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Abstract
6G has been envisioned to utilize the upper mmWave (90-300 GHz) and Terabertz bands (0.1-10 THz). At such high
[frequencies, high path loss and atmospheric absorption are critical challenges. A highly directional and reconfigurable antenna is
required to mitigate these challenges. This research presents a novel, pattern-reconfignurable metamaterial-based antenna for sub-6
GHz mmWave applications. The antenna is based on a graphene metasurface loaded with a novel square-spherical split ring
resonator, positioned above a rectangular microstrip patch antenna to provide absorption of unwanted signals and improve gain
and spectral efficiency. Placed under the patch is Rogers 5800 substrate with permittivity (€) of 2.0 and thickness of 0.1mm. The
antenna operates between 90-120 GHz, spanning the 102-109 GHz, adopted at the World Radio Congress 2023 for advanced
use cases of 6G, and was simulated using the CST suite. The main beam is pattern-reconfigured by two bipolar junction diodes
(d1, d2) embedded on the patch antenna. The diodes reconfigure the radiation pattern and affect the S11 reflection coefficient.
Specifically, d1 switches between 90-98 GHz, obtaining a minimum S11 of -70.7 dB at 97.5 GHz, while d2 switches between
98-120 GHz, realizing a minimum S11 of -69.6 dB at 105.4 GHz. When fully loaded, a -64.5 dB was obtained, better than
similar work compared. These ST11 values indicate exceptional impedance matching and minimal signal reflection. The proposed
antenna introduces a novel design that integrates a square-spherical split ring resonator with a graphene metasurface, achieving
dynamic pattern reconfigurability and deep S11 nulls in a compact structure. The antenna is compact, has a wide bandwidth, and
can perform efficiently in 6G use cases, including holographic presence, and smart transport, among others require high radiation
efficiency. Real-world use cases include holographic presence, smart mobility, and on-chip THZ, systems, where beam reconfignrability

and low reflection loss are critical.
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1.0 Introduction

The evolution of wireless communication from analog telephone systems to today's broadband connectivity
has opened the door for new, data-intensive applications such as holographic presence, ultra-HD video, and tactile
internet. With the number of connected devices projected to exceed 90 billion by 2030 [1], current wireless
technologies are fast approaching their performance limits. The sixth generation (6G) of wireless communication
is emerging as a revolutionary solution, offering ultra-reliable, low-latency, and high-efficiency connectivity to
support these advanced use cases [2].

At the World Radio Conference (WRC) 2023, the International Telecommunication Union ITU)-R allocated
new frequency bands for 6G communication, spanning from 4.4 GHz to 14.8 GHz for general mobile use, and
102 GHz to 278 GHz for advanced applications [3]. To support communication at such high frequencies, wireless
devices must become more compact, efficient, and reliable—placing significant demands on their antenna systems.
Antennas, which serve as the interface between guided and free-space electromagnetic waves [4], must now be
reimagined to meet these new requirements.

As communication shifts to the sub-terahertz (sub-THz) and THz frequency bands, traditional antenna
designs face challenges such as high path loss and atmospheric absorption. These issues require antennas that are
not only highly directional but also reconfigurable. Existing solutions, including those based on square split ring
(SSR) resonators, often demand complex, multilayered implementations. To address these limitations, this project
proposes the design of a square split-spherical ring (SSSR) reconfigurable metamaterial antenna capable of
operating between 90 GHz and 120 GHz.

The motivation behind this study stems from the growing need for intelligent, compact antenna systems that
can adapt their transmission patterns in real time to minimize signal degradation. The proposed antenna is
designed using the CST Studio Suite and aims to achieve spectral efficiency by dynamically reorienting itself toward
the strongest available signal direction. The antenna was rigorously evaluated based on performance parameters
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such as reflection coefficient, bandwidth, and refractive index, and its effectiveness was also validated through
comparison with existing designs.

The success of this study depends on the antenna's ability to deliver high gain, broad bandwidth, and adaptive
reconfigurability all of which are crucial to overcoming the inherent limitations of high-frequency communication.

The major contribution of this work is that the study presents a new Square-Spherical Split Ring (SSSR)
metamaterial-based antenna for sub-6G mmWave applications, addressing key challenges in 6G communications.
The design integrates a graphene metasurface with a PIN diode-driven reconfigurable patch antenna, enabling
dynamic four-directional beam steering in the 90-120 GHz band. The SSSR unit cell achieves a wide bandwidth
and dual-band operation with an exceptional reflection coefficient of -64.5 dB. The antenna's near-zero refractive
index enhances beamforming efficiency, and its compact Rogers 5800 substrate minimizes loss. This design offers
superior gain, reconfigurability, and spectral efficiency, making it ideal for 6G applications.

2.0 Related Works

The challenge of high path loss and atmospheric absorption at mmWave has led researchers to design different
antenna structures to mitigate the losses. The authors [5] designed a Rectangular Split Ring Resonator (RSRRs)
reconfigurable antenna using the CST suite. The presented design has a simplified geometry with dimensions
30%22x1.6 mm”3, and could be reconfigured to other desired frequencies by modification of the PIN diodes and
the dimensions of the RSRRs and across the circular patch antenna.

An ultra-wideband (UWB) reconfigurable mmWave/THz microstrip antenna with two PIN diodes mounted
on a benzocyclobutene polymer and a novel gold radiating patch was presented in another study by [6]. For the
ON and OFTF states of the PIN diodes deployed, the equivalent resistor (R), capacitor (C), and inductor (L) were,
respectively, 100 pH, 4 fF, and 10 ohms. Using frequency reconfiguration, the antenna achieved an 8.59 dB gain
while operating in the 100-303 GHz range.

A metasurface antenna with optically controlled radiation properties by PIN photodiodes was proposed by
[7]. With a reflection coefficient (S11) greater than —10 dB and a peak gain of 9 dBi at 1.35 GHz, the antenna
works between 0.978 GHz and 1.73 GHz. The proposed antenna consists of a standard rectangular patch with a
slot for an order 3 H-tree fractal embedded in it. There is a tiny air gap between the patch radiator and the
metasurface layer it is positioned atop. The antenna reconfiguration is made possible by the PIN photodiodes that
link the unit cells in the lattice structure that makes up the metasurface layer.

The authors [8] proposed a high-gain circularly polarised (CP) antenna with an MNG metamaterial slab and
NRZI (Near Zero Refractive Index). MNG (Mu Negative) metamaterial slab and Refractive Index. To attain high
gain and circular polarisation, the antenna used a substrate-integrated waveguide (SIW) approach loaded with a
small SSR resonator combined with a shape that has hexagonal structure of a 0.2 mm width slab as a unit cell. The
antenna was simulated across a broad range of frequencies, between 100GHz to 280GHz, recording maximum
11.3dB gain at 223GHz. Although high gain and good cross-polarization were achieved, the antenna was not
reconfigurable type.

The authors [9] designed an antenna for 6G applications, which has dimensions of 30 mm x 20 mm x 1.6 mm
and is built on FR-4 material with a relative permittivity of er= 4.4. The design allows for three operation modes:
mode 1 (SW1= Off and SW2= Off) covering a 4.6 GHz band, mode 2 (SW1= On, SW2= Off or SW1=0ff,
SW2=0n), and mode 3 (SW1= On, SW2= On). The design module's dimensions and performance are suitable,
demonstrating its practicality. However, the main disadvantages of the design are interference, fading, multipath,
and switch mismatching,.

In the work of [10], the authors present an analytical design of a new compact coplanar waveguide (CPW) fed
ultra-wideband (UWB) antenna operable in the spectrum between 23-150 GHz. It exhibits remarkable
performance in the mm-Wave Spectrum with simulated radiation efficiency over 90% and gain over 4.5 dBi in the
entire band. Moreover, with a 147.2% fractional bandwidth, this newly proposed miniaturized antenna (17 x 15 x
0.787 mm3) is envisaged to be deployed for the higher band of 5G as well as the next generation 6G wireless
communication.

3.0 Methodology

6G is at the design and testing stage. Within the scope of this work to design an antenna that meets the
requirements for 6G antennas (reconfigurability, high gain, and wide bandwidth), the CST suite has been utilized.
The antenna is designed following Figure 1.
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Figure 1: Design steps

3.1 Proposed System

In the field of electromagnetism, materials are either homogeneous or non-homogeneous. Homogeneous
materials are defined by their constituent intrinsic parameters such as permittivity (¢) and permeability (i), while
non-homogeneous materials, such as Metamaterials (MMs), are defined by effective (¢) and (u). Let the effective
permittivity, permeability, and refractive index [11].

3.2 Antenna Structure Design
1) Unit Cell Design

The final metamaterial's properties are largely determined by the shape of the unit cell. From the literature,
the fishnet structures, mushroom structures, or split ring resonators have been generally adopted; however, in this
work, a square-spherical split ring (SSSR) has been presented.

In order to create a metamaterial, a unit cell must first be created. This will allow for the necessary propagation
properties, such as strong absorption, negative-refractive index, negative (¢), and positive (i), to be achieved.
Figure 2 shows how the suggested unit cell has evolved. In CST MWS, the unit cell has been developed and
modelled to function in the sub-mmWave frequency range of 90GHz to 120GHz. Table 1 contains the unit cell's
measurements.
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Figure 2: (a) Evolution of square spherical split ring (SSSR) unit cell (b) Proposed SSSR

Table 1: Antenna design parameters

Parameter Unit (mm) Representation
L 0.6 Length of the patch
W 1.11 Width of the patch
f, 0.10 Feed line gap
t 0.05 Thickness of the substrate
L 0.8 Length of unit cell
W 0.8 Width of unit cell
ty 0.8 Unit cell ground thickness
Rel 0.2 Outer square ring cut
Re2 0.08 Inner square ring cut
Ce 0.02 Thickness of the spherical ring
R 0.6 Radius of the spherical ring
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2)  Pattern Reconfigurable SSSR Metamaterial Antenna Design
A pattern reconfigurable metamaterial antenna was designed as depicted in Figure 3. The antenna structure

consists of six parts, which include, ground, substrate, SSSR graphene surface, antenna radiating structure, PIN
diode, and feedline.

Graphene

Antenna
structure

Substrate Ground PIN diode
Microstrip feed line

Figure 3: Structural design of 6G reconfigurable antenna

The designed antenna structure was based on a graphene metamaterial placed above the patch antenna to
provide absorption of unwanted signals, improve gain, and spectral efficiency. The metasurface layer comprises a
5 X 7 SSSR unit-cell matrix. The length and width of each unit cell are 0.8mm. There is a 2 mm space between
subsequent unit cells. Integrated PIN diodes (d1, d2) in the patch antenna reconfigure the main beam. Placed
under the patch is Rogers 5800 substrate with permittivity () of 2.0 and thickness of 0.1mm, and a reflective
annealed copper that reduces radiation coming from the patch's back. This is essential for increasing the antenna's
front-to-back ratio. Pattern reconfiguration is achieved by the PIN diodes (d1 and d2), which switch according to
the current distribution on the metasurface. The antenna is fed through a 50 Q microstrip line.

The antenna was modeled and simulated using CST Microwave Studio. Two main simulation types were used
to evaluate its performance. First, frequency-domain analysis was performed to extract the S-parameters, especially
the S11 reflection coefficient, across the target band of 90-120 GHz. This directly supports the S11 results
presented later, including the deep nulls at 97.5 GHz, 105.4 GHz, and 102.17 GHz. Secondly, parameter sweeps
were used to simulate the ON/OFF states of the two PIN diodes (d1 and d2), modeling their influence on
bandwidth, gain, and pattern reconfiguration. These simulations collectively confirmed the antenna’s performance
as presented in the result sections.

Graphene, used in the metasurface layer, plays a crucial role in the reconfigurability and performance of the
antenna. Its electrical conductivity is tunable by applying an external voltage bias, which allows dynamic control
of surface current distribution and thereby real-time beam redirection. Furthermore, graphene has a low loss
tangent in the sub-terahertz frequency range, which significantly reduces dielectric loss and enhances radiation
efficiency. These properties make graphene highly suitable for sub-THz metamaterial antennas and directly
support the deep S11 values and beam steering performance [7].

Two PIN diodes, d1 and d2 perform pattern reconfiguration of the beam incident on the metasurface. The
dimensions of the rectangular patch antenna are obtained from [7]. The evolution of the antenna structure is
shown in Figure 4. Antennal is the rectangular patch with two cuts at strategic positions to allow for the
interconnection of the diodes. Antenna2 is PIN diode enabled, while Antenna3 is the full antenna structure loaded
with SSSR-metasurface. Table 1 displays the dimensions of the designed antenna.

T
[

[
Antenna 1 Antenna 2 Antenna 3

=n
(5]
e
L
=
=
(ot
L
=
Ll

Figure 4: Evolution of the antenna and simulation set-up

3.3 Antenna Reconfiguration

An antenna's spatial dispersion of radiation field is directly influenced by its current orientation. The antenna's
radiation pattern can be changed without changing its frequency by utilizing the relationship between the source
current and the radiation field, resulting in a reconfigurable pattern design [12]. An antenna is pattern reconfigured
by changing the metasurface layer's characteristics [13]. This was achieved in this work by inter-switching the PIN
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diodes d1 and d2 as shown in Figure 5. d1 with respect to the magnetic radiation incident on the metasurface
plane. The metamaterial provides maximum directivity along the axis with more current density.

The two diodes (d1, d2) employed in this research work are BAR50-02L PIN. According to the datasheet, the
diode is equivalent to a seties RLC (R = 4Q, L=C=0) for the ON state and a parallel RLC R=5kQ, L =0,C =
0.07 pF) for the OFF state. The justification for PIN switching includes high isolation between on and off states,
low insertion loss, fast switching time, and low power consumption. Additionally, it can easily be implemented
using a simple biasing circuit, it allows for flexible control over the antenna’s radiation pattern and is relatively low
in cost compared to other switching techniques.

4.0 Results and Discussion
4.1 Metamaterial Unit Cell Result

The S11 plot along the x-axis at each stage of the unit cell design evolution is illustrated in Figure 5. The S11
parameter depicts the reflection coefficient of an antenna, indicating the radiation of useful power.

In stagel, the S11 < -10 dB is not satisfied as the resonator performs poorly. A 2.55 GHz single-bandwidth
is however, realized in stage2 with acceptable return loss. The unit cell performs better in stage4, realizing a wide
bandwidth of 11.77 GHz, an S11 < -10dB of -25.35 dB, and a double band (91.27-93.58 GHz and 101.17-112.94
GHz) operation. Along the z-axis, the S12 plot of the unit-cell was displayed in Figure 6. The antenna exhibits
peak radiation at 118 GHz.
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Figure 5: S11 Results of SSSR metamaterial unit cell along the x-axis
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Figure 6: S12 of SSSR unit cell along the z-axis

The effective permittivity of the SSSR unit cell is displayed in Figure 7. The integration of the unit-cell to the
antenna structure in Figure 2 enhanced the overall performance of the antenna.
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Figure 7: Effective permittivity of unit cell

4.2 Pattern Reconfigurable SSSR Antenna Results

The presented pattern reconfigurable antenna follows three stages. The S11 of the antenna is displayed in
Figure 8. Antennal offers a bandwidth of 100.05 GHz (90.51-100.56), over the only region where its S11 < -10
dB. Antenna2 realized a bandwidth of 4.31 GHz (93.87-97.87), while Antenna3 offers a bandwidth of 2 GHz
(116-118). So, the addition of SSSR resonators metasurface leads to better performance of the antenna. Notably,
an S11 of -10 dB or below is typically considered acceptable for antenna designs, indicating our design significantly
outperforms the baseline.
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Figure 8: Performance of antenna design stages

4.3 Performance Evaluation of the Antenna

Figure 9 illustrates the antenna’s performance across three distinct pattern reconfiguration states, highlighting
the reflection coefficient (S11) under various metasurface loading conditions. In the first configuration (SSSR1),
where only PIN diode d1 is activated and a single unit cell is present on the metasurface, an S11 value of —=59.96
dB is achieved at 101.2 GHz. In the second configuration (SSSR2), with only d2 activated and an array of unit
cells applied, the reflection coefficient improves by approximately 4%, reaching —62.36 dB at 101.21 GHz, along
with enhanced radiation efficiency. The optimal performance is observed when both diodes (d1 and d2) are turned
on simultaneously, achieving a minimum S11 of —64.5 dB. These results demonstrate that incorporating SSSR unit
cells significantly enhances the antenna's reflection characteristics, affirming its suitability for 6G millimeter-wave
(mmWave) on-chip applications. Compared to prior work by [5], which reported -38 dB S11 using RSRRs, our
proposed SSSR-based antenna achieves significantly better performance in terms of return loss and frequency
selectivity.
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Figure 9: Reflection coefficient of the full metamaterial antenna

The graph above visually presents the Reflection Coetficient (S11) across the three antenna configurations,
showing a clear enhancement in performance as more unit cells are activated.

4.4 Validation of the Proposed Work

To ensure the reliability and effectiveness of the proposed pattern reconfigurable metamaterial-based antenna,
the validation process was conducted through multiple approaches. This section presents the validation methods
and comparisons performed to establish the credibility of the design.

1) Simulation Validation
The antenna design was simulated using the CST Microwave Studio Suite, a widely accepted electromagnetic
simulation tool. The following validations were conducted:

a) Reflection Coefficient Analysis: The S11 parameter was verified to be within the acceptable limit (< -10
dB) across the desired frequency range.

b) Radiation Pattern Verification: The proposed reconfigurable radiation pattern was analyzed under
different PIN diode switching conditions, confirming successful beam steering.

c) Effective Permittivity and Permeability Validation: The metamaterial characteristics were analyzed to
ensure negative or near-zero refractive index, demonstrating the expected electromagnetic wave
manipulation.

2) Cross-Validation with Theoretical Calculations

The antenna parameters, including resonant frequency, bandwidth, and gain, were cross-validated with
theoretical models using well-established formulas from antenna design principles. The calculated and simulated
results closely aligned, verifying the correctness of the design process.

3) Sensitivity Analysis

To assess the robustness of the antenna, sensitivity analysis was performed by slightly varying the dielectric
substrate properties, unit cell dimensions, and diode switching states. The results showed minimal performance
degradation, confirming the design's stability and reliability.

The validation results confirm that the proposed SSSR-based reconfigurable metamaterial antenna meets the
required specifications for sub-6G mmWave applications. The combination of simulation benchmarking,
theoretical verification, and sensitivity analysis ensures that the design is robust, efficient, and practical for future
high-frequency wireless communication systems.

5.0 Conclusion

The development of a Square Split Spherical Ring (SSSR) Reconfigurable Metamaterial Antenna for 6G
mmWave applications has been successfully achieved. This novel antenna operates in the 90 GHz to 120 GHz
range, covering the allocated 102-109 GHz band for advanced 6G use cases. It consists of a rectangular patch and
a metasurface comprising a 12 X 8 array of SSSR unit cells, achieving three pattern reconfigurable modes
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controlled by two PIN diodes. The innovation of this work lies in the integration of a graphene-based metasurface
with a novel square-spherical split ring resonator geometry, enabling both high reconfigurability and deep S11
performance in a compact layout.

The antenna demonstrates optimal performance when both PIN diodes are ON, achieving an S11 of —64.5
dB at 102.17 GHz and exhibiting a near-zero refractive index across multiple bands, including 91-92.5 GHz, 100.8
GHz, 112.4 GHz, and 114.5 GHz. These characteristics make the proposed antenna well-suited for 6G mmWave
on-chip applications, offering significant advancements in reconfigurable antenna design. The system holds
promising potential for next-generation wireless communication and integrated circuit implementations. It applies
to practical 6G scenarios such as immersive holographic presence, smart vehicular networks (V2X), and chip-scale
THz communication systems.

The integration of switching on the metasurface by the unit cells further improves the reconfigurability of
metamaterial-based antennas [12]. It is therefore recommended to implement switching between unit cells for the
improvement of the realized gain and reconfigurations. Also, the antenna could be fabricated and tested.
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