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ABSTRACT: Metamaterials are emerging as a key enabler for 6G wireless communications, attracting growing attention from industry
due to their engineered electromagnetic properties that enable control over wave propagation. Metamaterials have shown promise across
diverse applications; however, the desire to achieve 1 TBPS data rates in 6G communications is partially constrained by a major fun-
damental challenge in metamaterials: achieving gigahertz of instantaneous bandwidth (IBW) values. To address the IBW issue, we
designed, fabricated, and tested a fundamental component of metamaterial, i.e., a modified split ring resonator (MSRR), achieving 90%
of the targeted 1 GHz IBW and an effective permeability (u.5) close to 25 within the IBW. In addition, the gain-bandwidth product
(GBWP) is over 1.5 x greater than that of commercial 5G antennas, while maintaining the same aperture size of 1.59\.. We studied and
reported the effect of MSRR frequency-dependent . on the IBW and GBWP and proposed an optimized MSRR design that achieves
3% the bandwidth of a conventional SRR. Finally, we integrated the proposed MSRR atop a wideband patch antenna, enhancing peak

realized gain by 6 dBi.

1. INTRODUCTION

he metamaterial industry is projected to grow from USD

0.22 billion in 2024 to USD 1.38 billion by 2029, at a com-
pound annual growth rate (CAGR) of 44.8% [1]. Metamate-
rials have attracted increasing interest from researchers over
the past few decades due to their engineered ability to manipu-
late effective permittivity and/or permeability [2]. Studies have
shown that electromagnetic waves interacting with metamate-
rials — including double-positive (¢, > 1, pe > 1), negative-
index (NRI), or zero-index (ZIM) media — exhibit distinctive
refractive effects at the interface, such as normal or enhanced
refraction [3-5]. In particular, antenna prototypes incorporat-
ing metamaterials have experimentally demonstrated improved
and controlled radiation pattern response, including enhanced
gain and beam shaping [6—8]. Overall, metamaterials have been
found to be extremely effective in enhancing different metrics
of interest for a diverse set of applications, including satellite
communication, biosensing, and emerging wireless technolo-
gies such as 6G networks [7-10].

Patch antennas (PAs) are known for their planar structure
and ease of integration. They have long been at the center of
wireless communication systems delivering a high-quality con-
nection in a compact space. As 6G and other high-frequency
technologies emerge, PAs are increasingly expected to deliver
higher gains and broader bandwidths while maintaining com-
pactness and a high gain-bandwidth product (GBWP) [11, 12].
Although PAs are compact, there is a need to increase their
gain without enlarging the aperture size. In addition, wide-
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band (WB) characteristics are essential for modern communi-
cation systems, particularly in 6G, which demands high data
rates and increased spectral efficiency. Hence, 6G communica-
tion systems require a high gain-bandwidth product (GBWP).
Traditionally, GBWP is enhanced by manipulating the physi-
cal dimensions of the radiating patch, material properties of the
substrate, and/or thickness of the substrate [13, 14]. However,
an antenna with an electrically large form factor is unsuitable
for compact, high-frequency 6G devices. Therefore, there is
a growing need for non-traditional techniques to enhance the
GBWP of a PA while being compact and efficient. One such
technique is the use of metamaterials.

Metamaterials offer a transformative solution to enhance
PA’s GBWP by introducing artificial electromagnetic proper-
ties [15]. Among metamaterials, split ring resonators (SRRs)
constitute a subgroup that generates strong magnetic reso-
nances through circulating currents in concentric metallic rings
with gaps [16]. Khoutar et al. designed a circular SRR on top
of a PA, where the refractive index of these structures is close
to zero, and they concentrate the radiation energy of a PA to
enhance gain [17]. Choudhary et al. designed a PA with a com-
plementary SRR and rectangular slots, presented with a super-
strate [ 18]. Lakshmana et al. placed an SRR structure at a height
of half the wavelength above an antenna array [19]. Saha et al.
designed four rectangular complementary SRRs on a patch an-
tenna and a layer of square SRRs on top of the antenna [20].
While the designs proposed in [17-23] demonstrated an aver-
age gain enhancement of 4 dBi, they exhibit some level of loss
or attenuation, reduce the overall antenna efficiency, and re-
strict their capacity to enhance the antenna’s GBWP to specific
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FIGURE 1. Unit-cell designs: (a) conventional MSRR, (b) proposed MSRR, and (c) equivalent circuit model. C1-C'4 denote coupling/ring capaci-

tances; L1-L2 denote inner/outer ring inductances.

SRR resonances. Metasurfaces have been reported in [24-26]
for efficient cross-polarization conversion (CPC) for both nor-
mally and obliquely incident waves over ultra-wideband. How-
ever, their complex design and fabrication challenges make
them impractical for GBWP improvement. Moreover, the nar-
rowband (NB) effective permeability (1) of the metasurface
presented in [24—26] limits their ability to enhance the gain over
a wide frequency range. In contrast, our approach focuses on
enhancing the fi.5, which directly contributes to increasing the
magnetic field across the bandwidth, increasing GBWP.
Traditional SRRs are limited by their narrowband resonance,
which restricts their ability to enhance an antenna’s GBWP be-
yond specific frequency ranges [27]. The modified split-ring
resonator (MSRR) exhibits positive pi.; and permittivity at its
resonance frequency, enabling stronger magnetic coupling than
conventional SRRs [28]. The MSRR exhibits a stronger cou-
pling of the magnetic field than the SRR, enabling more effi-
cient power transfer, and has a wideband PA application [11].
The novelty of this work lies in developing a wideband
MSRR and integrating it with a PA, demonstrating close to
1 GHz of bandwidth and 2x-3x improvement in gain, yield-
ing a high GBWP value relative to other existing designs. The
study analyzes how the geometric parameters of the MSRR in-
fluence its p05 and, consequently, the instantaneous bandwidth
(IBW) of the antenna system, establishing a direct connection
between structural design, electromagnetic response, and trans-
mission characteristics. A comprehensive simulation approach
using Computer Simulation Technology (CST) Studio Suite
was employed to design and optimize the MSRR rings. Proto-
types of the optimized MSRR designs were then fabricated on
an FR-4 material, and measured and compared against simula-
tion data for S-parameter response, realized gain, and GBWP.

2. CHARACTERISTICS OF SRR RESONANCE

SRR unit-cell, a fundamental component in metamaterial
design, exhibits unique electromagnetic properties primarily
driven by its magnetic resonance [29]. The permeability p(w)
plays a key role in enhancing the magnetic response, allowing
efficient interaction with the electromagnetic waves [30]. SRR
consists of concentric metallic rings and gaps that induce
circulating currents when being subjected to an external mag-
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netic field, creating a magnetic dipole moment and enabling
resonance at specific frequencies.

Double SRRs, comprising two concentric rings, offer en-
hanced capacitance and reduced electric dipole interference
compared to single SRRs. In single SRRs, the charge accu-
mulation near the gap induces an electric dipole moment that
weakens the magnetic dipole. Conversely, in double SRRs, the
opposing electric dipole moments cancel each other, resulting
in stronger magnetic resonance and enhanced metamaterial per-
formance. Each ring within the unit cell exhibits a distinct reso-
nance frequency determined by its geometric dimensions. Con-
sequently, a single (SRR) has one resonance, while a double
SRR configuration introduces two resonances, and additional
rings further expand the resonance spectrum.

A dual-resonance SRR unit cell, consisting of two concentric
rings, supports distinct resonance frequencies ( finner and fouter)s
which are determined by the inductance (L) and capacitance
(C) of each ring [31-33]:

1

f inner —
27/ LouterCouter

fouter = (1)

b)
27/ LinperClinner

The outer ring resonates at a lower frequency due to its
larger dimensions, while the inner ring resonates at a higher
frequency. The dual resonances broaden the unit-cell’s effec-
tive IBW and enhances electromagnetic interactions. The total
impedance of the MSRR is given by:

Zp = jwL (1 —w?LC) " Q)

where L is the total inductance, and C is the total capacitance.
Eq. (2) shows how inductance and capacitance contributions
from both rings which result in two distinct resonance frequen-
cies.

3. RESULTS AND DISCUSSION

3.1. Simulation Analysis

The first step is to set up the outer ring based on Eqgs. (1) and (2)
by calculating the capacitance and inductance to achieve reso-
nance around 8 GHz as shown in Fig. 1(a). Next, we add the
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FIGURE 2. Comparison of a unit cell design with dual traces on one side, W By1 = W By 2 is adjusted by 0.5 mm: (a) S11 and S21, shown as solid

and dotted lines respectively, (b) effective permeability (tiep).
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FIGURE 3. Comparison of a unit cell design with two traces on both sides rotated 180 degrees in phase, W Byw1 = W By is adjusted by 0.5 mm
(a) S11 and Sa1, shown as solid and dotted lines respectively, (b) effective permeability (pep).
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FIGURE 4. Comparison of a unit cell design with two traces on both sides rotated 180 degrees in phase, W Br12 is adjusted by 0.5 mm while W By 2
kept fixed at 0.3 mm: (a) S11 and S21, shown as solid and dotted lines respectively, (b) effective permeability (ttep).

inner ring and vary the trace width until both rings exhibit in-
terference and coupled resonance with their equivalent circuit
(Figs. 1(b) and (c)). The design process focused on optimizing
the dual-resonance MSRR unit cell to achieve a wideband res-
onance frequency of 8 GHz. Figs. 2(a) and 2(b) show the unit
cell, Si1, and p.y responses for the initial design. The narrow
resonance at 8 GHz, limited by low . restricts transmission
bandwidth. Changes in gap size and trace width shift the reso-
nance frequency.

To broaden the IBW, a backside trace was added and rotated
180 degrees. The change created a dual-resonance mechanism
that broadened the operational bandwidth, as seen in Figs. 3(a)
and 3(b), while maintaining strong coupling at both resonant
frequencies. The IBW enhancement was achieved through
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asymmetry in ring widths, as depicted in Figs. 4(a) and 4(b),
where inner and outer rings resonate at distinct frequencies.
Each adjustment in the MSRR parameters affects the electric
and magnetic field distribution. The final design achieved a
balance between inductive and capacitive elements, enabling
wider IBW and stronger coupling for wideband applications.
The genetic algorithm (GA) approach yielded optimal val-
ues for inductance and capacitance to achieve dual resonances,
achieving a 1 GHz IBW at the desired resonance frequency of
8 GHz. The MSRR parameters are: Py = 43.37mm, Py, =
35.94mm, Gy 80mm, Gy = 80mm, Piny = 40mm,
Ping = 40mm, Piny = 34mm, Ping = 36mm, L =
10mm, NBg = 0.5mm, NBy = 3mm, NB;, = 6.8mm,
WBw1 = 04mm, WBwy9o = 1.35mm, WBys = 6.2mm,
WBg = 0.5mm, WBr, = 82mm, and W B2 = 1mm.
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MSRR samples positioned between the two waveguides.
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FIGURE 6. A simulation and measurement comparison of: (a) S11 and (b) effective permeability of MSRR (tcp).

The goal was to test the WB versus NB capability for improv-
ing PA GBWP. The antenna radiates frequencies from 7.6 to
8.4 GHz.

3.2. Waveguides Measurements

The waveguide-based measurement method is used to char-
acterize the MSRR magnetic resonance, and a calibrated ex-
perimental setup was implemented, consisting of transmitting
and receiving waveguides, a vector network analyzer (VNA),
and a sample holder. The metamaterial sample, featuring
specific geometric characteristics conducive to magnetic res-
onance, is placed between transmitting and receiving waveg-
uides as shown in Fig. 5. VNA is utilized to sweep through
the frequency range of 4 GHz—10 GHz, capturing scattering pa-
rameters (S-parameters) during the process using the through,
reflect, line (TRL) calibration technique.

The reflection coefficient (S11) plot, which reveals distinc-
tive features associated with reflection linked to the magnetic
response, is analyzed. Key equations used in this analysis in-
clude [34]:

[T11 — L11]

MUT __ _

Sll - [Mll . Lll]( 1) (3)
MUT __ [T21] —jpBod

521 - [L21] € (4)

Equations (3) and (4) represent the reflection and transmis-
sion coefficients for the material under test (MUT), respec-
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tively, where 111, L1y, Mi1, 151, and Lo are scattering pa-
rameters associated with the metamaterial and reference com-
ponents. Specifically, L represents the scattering parameters of
air, 1" the through scattering parameters, and M a metal com-
posite panel MCP (reflect). The term Sy is the plane wave
propagation constant of the dominant TE;y mode in the empty
waveguide, and d is the thickness of the MSRR [34]. The mag-
netic resonance is identified from features in the S7; plot, re-
vealing insights into the material’s magnetic properties. The
effective permeability (p.5) of the MSRR is given by [35]:

" /(w) _ 2 % 1-— (Sgl — 511)
7 VExd " 1+ (Sa1 — S11)

©)

where d is the thickness of the MSRR, w = 27 f, and c is the
speed of light.

The MSRR (i) can be affected by its design parameters.
By optimizing the dimensions of the rings and gaps, we can
tailor the resonance frequency and the IBW of the MSRR to
suit specific applications. The enhanced effective permeability
introduced by the MSRR structure allows for the precise control
over the electromagnetic response of the metamaterial.

The waveguide measurements of |.S11| and (i) highlight
the performance improvements and have been measured us-
ing two waveguides as shown in Fig. 5. Fig. 6(a) presents
the reflection coefficient |S1;| results, where the wideband
(WB) configuration maintains values below the —10 dB thresh-
old over an IBW of 1 GHz, demonstrating effective impedance
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FIGURE 8. Comparison of simulation and measurement results for (a) |S11| and (b) realized gain of the PA.

matching and resonance. The narrowband (NB) configuration
also exhibits resonance but over a narrower frequency range.
While the measured results align well with the simulations,
slight discrepancies are observed. Specifically, the measured
resonance dips are shifted by less than 200 MHz from the sim-
ulated values, which can be attributed to fabrication tolerances
and alignment factors during measurement. The permeability
Itefs shown in Fig. 6(b), was derived using Eqs. (3), (4), and (5).
The WB configuration exhibits higher 1. peaks than the NB
configuration, signifying a stronger magnetic response over a
broader frequency range. This enhanced permeability directly
contributes to the improved resonance and extended IBW ob-
served in the WB configuration. Differences between the simu-
lated and measured pi. curves are evident, particularly in peak
magnitude and sharpness. These deviations likely result from
slight inconsistencies in material properties. The magnetic field
alignment facilitated by the MSRR strengthens the electromag-
netic properties of the antenna, enabling higher realized gain
and wider IBW without compromising impedance matching.

It should be noted that the MSRR unit cell at 8 GHz is not
deeply subwavelength, and therefore, the extracted effective
permeability does not represent a unique bulk material param-
eter in the strict homogenization sense. Instead, the retrieved
e should be interpreted as an effective response parameter of
a finite periodic MSRR structure under TE;, waveguide exci-
tation, inherently dependent on the excitation polarization and
boundary conditions. Nevertheless, since both the narrowband
and wideband MSRRs are characterized using identical waveg-
uide fixtures, excitation modes, and retrieval procedures, the
extracted (i provides a consistent and meaningful metric for
comparative evaluation of their magnetic response strength and
operational bandwidth.
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Figure 7 illustrates the surface current density distribution of
the MSRR unit cell at representative frequencies. In Fig. 7(a),
the current is primarily concentrated along the outer ring, in-
dicating a dominant low-frequency magnetic resonance. In
Fig. 7(b), the increased coupling between the inner and outer
rings is observed, corresponding to the interaction region be-
tween the two resonances. Finally, Fig. 7(c) shows strong and
localized current confinement on both rings, confirming coop-
erative dual-resonance behavior that underpins the wideband
response of the proposed MSRR.

3.3. Reflection Coefficient | S|

The simulated and measured |S11| for the PA, with and with-
out the MSRR, remain below the —10dB threshold across a
wide bandwidth, indicating effective impedance matching (see
Fig. 8(a)). Without the MSRR, |S7;| shows a single resonance
dip at 8 GHz, corresponding to the inherent matching condition
of the patch antenna. The addition of the MSRR, especially the
WB MSRR, improves the |51 | profile by broadening the reso-
nance. The NB MSRR sharpens impedance matching at a nar-
row resonance frequency, limiting IBW, while the WB MSRR
broadens the resonance due to dual-resonance mechanisms, im-
proving impedance matching and reducing losses.

3.4. Far-Field Realized Gain

Figure 8(b) compares the simulated and measured realized
gains of the patch antenna with and without the proposed
MSRR. The WB MSRR achieves a peak realized gain of 5—
6 dBi across the 7.6-8.4 GHz band, representing an improve-
ment of about 6 dBi compared to the standalone PA. In contrast,
the NB MSRR enhances the gain only near its resonance and
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FIGURE 9. Effect of geometric scaling on MSRR performance: (a) normalized center frequency as a function of scale factor, (b) relative bandwidth

as a function of scale factor.

TABLE 1. Comparison between proposed work and other SRR-based patch antenna designs.

Method fc [GHz] | Gain [dBi] | BW [%] | GBWP | Aperture [A.]
[1712018 3.75 3.17 5.8 145.70 1.41
[18]2021 10.00 2.5 6.0 42.48 0.34
[19]12018 9.00 1.0 7.7 74.57 0.75

[20] 2021 13.00 2.0 3.8 34.66 0.40
[22]2025 4.50 ~3.0 ~12.0 <100 0.20
This Work 8.00 6.0 12.5 292.38 1.59

fails to maintain high performance across the full band. These
results confirm that the proposed MSRR significantly enhances
both peak gain and bandwidth, thereby validating the 3 x im-
provement in transmission bandwidth over conventional SRRs.
The reported 3 x bandwidth refers to the —10 dB transmission
impedance bandwidth of the proposed wideband MSRR unit
cell, compared with a baseline double-ring SRR of the same
footprint, fabricated on the same FR-4 substrate and tuned to
the same center frequency (8 GHz). Table 1 demonstrates that
the proposed MSRR-based patch antenna significantly outper-
forms previously reported designs in terms of gain-bandwidth
product (GBWP) [17-20,22]. Whereas earlier implementa-
tions exhibit restricted gain and narrow operational bandwidth,
the proposed structure achieves a measured gain of 6 dBi to-
gether with a fractional bandwidth of 12.5%, yielding a GBWP
of 292.38, the highest among the compared designs. These
results validate the effectiveness of the MSRR-based config-
uration in simultaneously enhancing both gain and bandwidth
without increasing the electrical aperture, highlighting its suit-
ability for compact high-performance antenna applications.

3.5. Scalability and Fabrication Tolerance

To evaluate the scalability and fabrication tolerance of the pro-
posed MSRR, a parametric study was conducted by uniformly
scaling the lateral dimensions of the resonator while maintain-
ing a fixed substrate thickness and material properties. Fig. 9(a)
shows the normalized center frequency as a function of the
scale factor, where a near-linear trend is observed. This be-
havior confirms that the MSRR resonance frequency scales pre-
dictably with geometry, indicating robustness against moderate
dimensional variations and suitability for frequency translation
to other operating bands.
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Figure 9(b) presents the relative bandwidth normalized to
the nominal design. The results indicate that the bandwidth
remains nearly constant across the considered scaling range,
demonstrating that the wideband response is preserved un-
der geometric scaling. It confirms that the proposed dual-
resonance MSRR architecture maintains its wideband charac-
teristics despite dimensional variations, supporting its applica-
bility to higher-frequency implementations and practical fabri-
cation tolerances.

4. CONCLUSION

The study successfully overcomes the narrowband limitations
of conventional SRRs by introducing an optimized wideband
MSRR structure. The proposed MSRR expands the operating
IBW to three times that of traditional SRRs, achieving a close to
1 GHz IBW and a peak gain improvement of 6 dBi when being
integrated with a patch antenna. The optimization process, in-
corporating precise dimensional tuning and a genetic algorithm,
highlights the role of dual-resonance mechanisms in enhancing
IBW. The increased fi.5 of the MSRR improves magnetic cou-
pling, impedance matching, and reduces reflection losses, mak-
ing it highly effective for wideband antenna applications. The
findings have broad implications for 6G wireless networks, re-
mote sensing, satellite communications, and medical imaging,
where high gain and wideband performance are crucial. Ad-
ditionally, the MSRR’s adaptability enables integration with
various antenna types, extending its applicability across elec-
tromagnetic systems. Future research could explore higher-
frequency optimizations, multi-band operation, and adaptive
designs to further expand its technological impact.
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