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 This paper presents the design and analysis of a graphene-slotted hexagonal 

microstrip patch antenna and its extension to a compact 4×4 planar array 

operating in the sub-X-band. The objective of this work is to demonstrate 

that graphene-based electrical reconfigurability can be extended from a 

single antenna element to an array configuration while improving radiation 

performance. The proposed antenna integrates graphene slots etched into the 

radiating patch, where reconfigurability is achieved by electrically tuning the 

graphene conductivity through an external gate voltage Vg. The single 

antenna operates around 9.4 GHz with an impedance bandwidth of 400 MHz 

and a peak gain of 6 dB. The design is then extended to a 4×4 array with an 

inter-element spacing of approximately 1.2 wavelengths. The array operates 

in the 9–10 GHz range, provides a bandwidth of 380 MHz, and achieves a 

maximum gain of 13.08 dB. The results confirm that graphene-enabled 

reconfigurability can be preserved at the array level without increasing 

structural complexity. 
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1. INTRODUCTION 

Microstrip patch antennas are extensively employed in modern wireless communication systems due 

to their compact size, low profile, ease of fabrication, and compatibility with planar and printed circuit 

technologies [1]. They are commonly used in applications such as automotive radar, satellite 

communications, and wireless systems. It is in the fields of high-resolution radar, military communications, 

and advanced wireless applications that the X-band finds all its interest among the microwave bands, due to 

its balance between resolution and propagation. 

In addition to increasing the transmission rate, multiple-input-multiple-output (MIMO) technologies 

improve the reliability of systems and their robustness against interference [1]. Compact reconfigurable radar 

and communication platforms ideally operate in the 9-10 GHz band. However, to fully exploit optimal 

MIMO performance, the radiating elements must combine efficiency and flexibility. 

The high conductivity of copper patch antennas does not compensate for two main limitations in 

advanced applications: confined reconfigurability and spectral rigidity [2]. Graphene, a promising two-

dimensional material, effectively addresses these limitations thanks to its surface conductivity, which is 

adjustable by gate voltage, which ensures significantly improved electrical performance [3]. 

https://creativecommons.org/licenses/by-sa/4.0/
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Graphene enables frequency reconfigurability in radiating structures without relying on active 

components such as positive intrinsic negative (PIN) diodes, microelectromechanical systems (MEMS), or 

transistors [4]. Patch antennas incorporating graphene slots enable local impedance tuning and controlled 

activation of radiating zones [5]. Previous research highlights the superior performance of graphene-based 

antennas in terms of bandwidth, directivity, and adaptability [6]. Broadband architectures, adaptive MIMO 

systems, cognitive antennas, and intelligent radars are among the primary beneficiaries of this spectral 

flexibility [7]. Furthermore, graphene's atomic-scale thickness facilitates the realization of compact devices 

while maintaining high performance [8]. Nevertheless, most existing studies on graphene-based antennas 

remain limited to single-element configurations or theoretical analyses, with only a few works addressing 

practical reconfigurable implementations. Recent studies have demonstrated frequency reconfigurable radio 

frequency (RF) and microwave antennas based on graphene, exploiting gate-voltage control through surface 

conductivity or quantum capacitance [9], [10]. Other works have explored beam or radiation reconfiguration 

using graphene-based concepts at sub-6 GHz or higher frequency regimes [11], while comprehensive 

investigations of graphene-based antenna arrays are mainly reported outside the conventional microwave 

Sub-X-band or remain at a conceptual level [12]. As a result, the behavior of compact, reconfigurable 

graphene antenna arrays operating in the sub-X-band has yet to be thoroughly investigated. 

To address the limited investigation of compact graphene-based antenna arrays in the sub-X-band, 

we present the design, simulation, and analysis of a single microstrip patch antenna and its extension to a 4×4 

reconfigurable array incorporating graphene-based slots, optimized for 9–10 GHz operation. Unlike 

conventional approaches relying on PIN diodes or MEMS switches, the proposed method achieves frequency 

agility through gate-voltage-controlled surface conductivity modulation, dynamically controlling impedance 

matching and surface current distribution. The contributions of this work include the implementation of a 

passive graphene-slot reconfiguration mechanism within a scalable microwave array architecture and the 

validation of its electromagnetic performance. Thanks to graphene, the proposed structure outperforms the 

conventional copper design in terms of bandwidth, gain, and directivity. These improvements validate 

novelty and the practical interest of reconfigurable networks for adaptive microwave antenna structures. 

This work extends the theoretical framework of microstrip patch antennas by incorporating a 

material-driven reconfiguration mechanism based on the tunable surface conductivity of graphene. It shows 

that variations in graphene conductivity effectively modify the boundary conditions and the effective 

electrical length of the radiating element, thereby influencing the resonant behavior. This establishes a direct 

relationship between material properties and electromagnetic response. Consequently, the proposed approach 

refines conventional impedance matching and resonance models for adaptive antenna arrays. 

 

 

2. RESEARCH METHOD 

This section presents a methodology for designing a reconfigurable graphene-based antenna. It 

describes the transition from a single radiating element to a 4×4 array operating in the sub-X-band (9-10 

GHz). The antenna is modeled using full-wave electromagnetic simulations with CST Microwave Studio. 

Reconfigurability is achieved by integrating graphene slots, which are represented by a tunable surface 

impedance controlled through a gate voltage Vg. The array configuration is then optimized in terms of inter-

element spacing to evaluate the impact of graphene tunability on antenna performance. 

 

2.1.  Graphene conductivity model 

The surface conductivity of graphene, denoted by σs, arises from both interband and intraband 

electronic transitions. However, in the gigahertz frequency range, the intraband contribution dominates, while 

the interband contribution can be neglected. Under this assumption, the graphene surface conductivity can be 

expressed using the intraband Kubo formulation, as shown in (1) [13]. 

 

𝜎𝑠 =
−𝑗𝑒2𝐾𝐵𝑇

𝜋ℏ2(𝜔−𝑗𝜏−1)
[

µ𝐶

𝐾𝐵𝑇
+ 2𝑙𝑛 (𝑒

−µ𝑐
𝐾𝐵𝑇 + 1)] (1) 

 

Where ω is the angular frequency in (rad.s-1), τ is the relaxation time in (s), μc is the chemical potential of 

graphene in (eV), T is the absolute temperature in (K), e is the electron charge in (C), ℏ is the reduced Planck 

constant in (J.s), and kB is the Boltzmann constant in (J.K-1). 

As described by (1), the graphene surface conductivity is mainly governed by three key parameters: 

the relaxation time τ, the temperature T, and the chemical potential μc, which represents the doping level of 

graphene. The chemical potential can be controlled by an external gate-voltage denoted by Vg, allowing the 

graphene sheet to exhibit either high or low surface conductivity. As a result, this model accurately 

reproduces the high (ON state) and low (OFF state) conductivity of graphene. 
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2.2.  Electrical tunability with gate voltage 

The use of an applied gate voltage Vg enables dynamic control of the chemical potential μc of 

graphene and provides active control of its surface conductivity. The relationship between gate-voltage Vg 

and chemical potential μc is given by (2) [14]. 

 

𝑉𝑔 =
𝑒𝜇𝑐

2ℎ

𝜋ℏ2𝑣𝑓
2ℰ0ℰ𝑟

 (2) 

 

Where Vg is the applied gate-voltage in (V), e is the electron charge in (C), μc is the chemical potential of 

graphene in (eV), h is the substrate thickness in (mm), ℏ is the reduced Planck constant in (J.s), vf is the Fermi 

velocity in graphene in (m.s-1), Ꜫr is the relative permittivity of the substrate, and Ꜫ0 is the permittivity of free 

space in (F.m-1). According to (2), an increased chemical potential resulting from a higher gate-voltage 

improves the surface conductivity. This mechanism enables reconfigurable electromagnetic properties. 

 

2.3.  Structural geometry of the proposed antenna 

The hexagonal-shaped microstrip patch is implemented on an epoxy FR4 substrate with a relative 

permittivity of 4.3 and a thickness of 1.6 mm. The main design parameters of this patch antenna are 

presented in Table 1. The proposed antenna is an irregular hexagonal microstrip patch. Its geometry is 

defined by the overall patch length Lp, the effective vertical dimension Lp1, and the lateral patch length Lp2. 

The cavity transmission line model from [15] provides an initial approximation of the effective 

electrical length of the radiating element Lp1, denoted by Leff (effective patch length), as expressed in (3). 

 

𝐿𝑒𝑓𝑓 =
𝑐

2𝑓𝑟√𝜀𝑒𝑓𝑓
 (3) 

 

Where 𝑐 is the speed of light in (m.s-1), fr is the resonant frequency in (GHz), and Ꜫeff is the effective 

dielectric constant of the substrate. 

The remaining dimensions, namely the main patch length Lp and the lateral length Lp2, are derived 

from the geometric constraints of the irregular hexagonal shape. For irregular geometries, closed-form 

analytical expressions have limited accuracy. Therefore, the parameters are adjusted through full-wave 

electromagnetic simulations to achieve the required resonance and impedance matching conditions [16]. 

The modification of the surface current distribution, induced by the insertion of slots in the patch, 

optimizes the impedance matching. Dynamic variation of the effective electrical length, without alteration of 

the physical dimensions, is ensured by the conductivity of the graphene. Figure 1 illustrates the antenna 

geometry, where Figure 1(a) shows the reference patch and Figure 1(b) presents the graphene-slotted 

configuration. The optimized dimensional parameters of the ground plane, substrate, patch, feed line, and 

slots are summarized in Table 2. 

 

 

Table 1. Essential parameters of the proposed antenna 
Parameter Value 

Resonant frequency, fr (GHz) 9.46 

Relative permittivity of the substrate (𝜀𝑟) 4.3 

Substrate thickness, h (mm) 1.6 

Antenna input impedance, Rin (Ω ) 50 

 

 

  
(a) (b) 

 

Figure 1. Geometry of the proposed hexagonal patch antenna: (a) reference element and (b) graphene-slotted 

configuration 
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Table 2. Optimized geometric parameters of the proposed graphene-slotted patch antenna 
Parameter Optimized value in (mm) 

Main patch length Lp 10.20 
Effective vertical patch dimension Lp1 8.80 

lateral patch length Lp2 8.50 

Feed line length L1 6.80 
Feed line width W1 2.00 

Impedance Matching length L2 2.90 

Impedance Matching width W2 3.00 
Slot width Wslot 0.75 

Slot length Lslot 8.75 

Inter slot spacing Sslot 3.75 

 

 

Following finalization of the antenna design, the surface current distribution is evaluated. An 

essential step for assessing how the graphene slots influence radiative performance and reconfigurability. In 

particular, surface current evolution highlights the role of graphene in modifying effective current paths and 

resonance characteristics. Accordingly, the following section examines the surface current distribution of the 

proposed antenna in both the ON and OFF states of the graphene slots. 

 

2.4.  Surface current distribution in ON and OFF states 

Frequency reconfigurability is achieved by controlling the current surface distribution through the 

integrated graphene slots, which are strategically placed in regions with high current density. The system is 

based on graphene switching: in the ON state, its reduced impedance allows the current to pass through the 

slots; in the OFF state, the increased impedance cuts off this conduction, which shifts the effective electrical 

length of the patch and modifies its resonance. This mechanism enables precise tuning of the antenna’s 

electromagnetic performance. 

The surface impedance values corresponding to the ON and OFF states are calculated using (4)  

to (9) [17]. 

 

𝜂 =
𝜀0𝜀𝑟𝑉𝑔

𝑑𝑒
 (4) 

 

𝜇𝑐 = ℏ𝑣𝑓 √𝜂𝜋 (5) 

 

𝜏𝑠 =
4ℏ2𝜌𝑚𝑣𝑓𝑉𝑝ℎ

2

√𝜂𝜋 𝐾𝐵𝑇𝐷2  (6) 

 

𝜏𝐿 =
𝜇𝐿ℏ√𝜂𝜋

𝑒𝑣𝑓
 (7) 

 
1

𝜏
=

1

𝜏𝐿
+

1

𝜏𝑠
 (8) 

 

𝑍𝑠 =
1

𝜎(𝜔,𝜇𝑐,𝜏,𝑇)
=  

𝑗𝜋ℏ2(𝜔𝜏𝐿𝜏𝑠−𝑗(𝜏𝐿+𝜏𝑠))

𝑒2(𝜏𝐿𝜏𝑠)[𝜇𝑐+2𝐾𝐵𝑇𝑙𝑛(𝑒

−µ𝑐
𝐾𝐵𝑇+1)]

 (9) 

 

Where η is the carrier density in (m-2), 𝜌𝑚 = 7.6 × 10−7  𝐾𝑔 𝑚2⁄  is the two-dimensional mass density of 

graphene, 𝑣𝑝ℎ = 2.1 × 104 𝑚 𝑠⁄  is the sound velocity of longitudinal acoustic phonons in graphene, 𝐷 is the 

deformation potential in (eV), μL is the electron mobility in (m2.(V.s)-1), τL is due to long-range scattering 

mechanisms such as defects and in purities, and τs is due to short-range scattering mechanisms such as 

phonon and carrier interactions. 

The values of surface impedance Zs for the ON and OFF states are obtained from (9). In this study, 

these two states are achieved without the use of discrete RF switches. In CST, graphene is modeled as a 

tunable ohmic surface impedance controlled by the gate voltage Vg. High and low conductivity corresponds 

to the ON and OFF states, respectively. Consequently, the resulting frequency responses arise directly from 

the electrical modulation of the graphene properties. Figure 2 illustrates the simulated surface current 

distribution of the graphene-slotted patch antenna at the resonant frequency, and the corresponding 

impedance parameters are summarized in Table 3. 

The surface current distribution at 9.46 GHz exhibits strong confinement and effective guidance 

along the hexagonal patch. This behavior clearly highlights the structural influence of the graphene slots. As 
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explicitly shown in Figure 2(a), When graphene is in the ON state, it exhibits a low surface impedance  

Zs = 6.09 + j0.5 Ω. The high surface current density observed in the slots under this condition, validates the 

improvement of electromagnetic conduction. Consequently, the radiation efficiency improves, the resonance 

mechanism strengthens, and the bandwidth widens. The resulting current distribution is both uniform and 

appropriately oriented, demonstrating coherent interaction among the patch's distinct regions. 

Conversely, Figure 2(b) demonstrates that in the OFF state, graphene's high surface impedance  

Zs = 1552 + j1.8 Ω, electrically deactivates the slots and renders their radiative contribution negligible. 

Surface currents then concentrate on the main patch, weakening coupling and reducing bandwidth 

enhancement. These distributions provide physical insight into the radiation mechanism, validating the 

electromagnetic consistency of the simulations. 

 

 

 
(a) (b) 

 

Figure 2. Surface current distribution of the graphene-slotted patch antenna at 9.46 GHz: (a) graphene ON 

state and (b) graphene OFF state 

 

 

Table 3. Selected parameters of the graphene surface impedance for ON and OFF states 
State ON state OFF state 

Gate-voltage Vg (V) 21 0.05 

Temperature T (k) 300 300 

Carrier concentration η (m-2) 5.8 × 1017 6 × 1014 

Graphene Surface impedance Zs(Ω/□) 6.09 + j0.5 1552 + j1.8 

 

 

2.5.  Modeling of the 4×4 hexagonal patch array 

The 4×4 array topology was selected as the optimal compromise between performance and 

practicality. Smaller arrays lack sufficient aperture and gain in the X‑band, while larger arrays introduce 

excessive size, stronger coupling, and greater feeding complexity. The adopted layout thus combines 

compactness and symmetry with stable radiation, controlled side lobes, and enhanced bandwidth, making it 

ideal for intelligent antenna systems. 

Inter‑element spacing is a key design parameter in array antennas. Excessive separation generates 

grating lobes, whereas insufficient spacing widens the main beam and increases mutual coupling. Very tight 

spacing also complicates feeding network integration. Hence, the inter element distance must be optimized to 

balance radiation performance with practical feasibility [18]. 

An inter-element spacing of 1.2λ, selected along the x and y axes, serves to create the proposed 4×4 

array by replication of the optimized single radiating element. Increased directivity and gain, with a 

controlled size: this spacing ensures compatibility with radar and wireless systems. 

A waveguide port, positioned at the input of the structure, ensures proper excitation of the array. 

The frequency response, the gain and the radiation behavior of the array are evaluated using full-wave 

electromagnetic simulations. Figure 3 presents the final layout of the optimized 4×4 antenna array.  

All electromagnetic simulations are performed using the time-domain solver. The antenna is excited 

via a 50 Ω waveguide port, and open (radiation) boundary conditions are applied.to emulate the propagation 

in free space. An adaptive mesh refinement strategy is employed to ensure numerical convergence. The 
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antenna performance is evaluated in terms of reflection coefficient (S11), impedance bandwidth, realized 

gain, and radiation patterns. 

 

 

 
 

Figure 3. Corporate feeding network architecture of the proposed 4×4 hexagonal patch antenna for uniform 

power distribution 

 

 

Fabrication feasibility of the proposed antenna is supported by recent studies in literature. It has 

been demonstrated that graphene can be synthesized by chemical vapor deposition (CVD), transferred onto 

dielectric substrates, and patterned using lithography techniques suitable for RF applications. However 

fabrication tolerances may affect the resonant frequency, impedance matching, and gain [19]. Furthermore, 

the performance of graphene-based antennas has been shown to depend on material properties such as 

surface conductivity, post-transfer uniformity, and metal-graphene contact resistance, yet it remains robust 

under realistic fabrication conditions [20]. Experimental fabrication and characterization therefore constitute 

natural directions for future work. 

 

 

3. RESULTS AND DISCUSSION 

In this section, the simulated results of the proposed antennas are presented and discussed. These 

results are obtained from full-wave electromagnetic simulations conducted under validated and realistic 

modeling conditions. They include the reflection coefficient, gain, and radiation patterns for both the single 

hexagonal patch element and the 4×4 array, considering the graphene OFF and ON configurations. 

 

3.1.  Single hexagonal patch antenna 

Figure 4 shows the reflection coefficient S11 of the proposed antenna. Graphene slot integration 

improves impedance matching and increases the operating bandwidth compared with the copper reference. 

Electrical biasing induces a frequency shift of about 30 MHz between the ON and OFF states, confirming 

frequency reconfigurability. The ON states 400 MHz bandwidth serves as confirmation of graphene's dual 

functionality: improving bandwidth and enabling frequency reconfigurability at the same time. 

 

 

 
 

Figure 4. Comparison between the S₁₁ responses of the copper reference and the graphene-based antenna in 

ON and OFF state 
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Figure 5 illustrates the gain achieved by the copper and graphene-based antenna configurations, 

alongside that of a conventional copper antenna. Thanks to graphene slot integration, both peak gain and gain 

stability are improved across the operating band. The OFF state provides higher gain levels over a wider 

frequency range, while the ON state achieves the highest gain performance, reaching approximately 6 dB. 

The findings show that graphene provides improved radiation performance while simultaneously enabling 

electrical gain control. 

 

 

 
 

Figure 5. Gain for the copper-antenna and the graphene-based antenna in ON and OFF states 

 

 

The simulated H‑plane far‑field radiation patterns of the copper and graphene‑based antenna 

configurations are reported in Figure 6. Specifically, Figure 6(a) illustrates the radiation pattern of the 

conventional copper antenna, which serves as a baseline. The graphene-based antenna offers higher 

directivity while preserving a beamwidth comparable to that of the copper reference, as clearly demonstrated 

by the patterns for the OFF and ON states in Figure 6(b) and Figure 6(c), respectively. The slight 

modification of radiation characteristics under electrical biasing demonstrates that frequency 

reconfigurability is achieved without significantly distorting the beam. The findings confirm that graphene 

integration improves directivity while preserving pattern stability. 

 

 

   

(a) (b) (c) 

 

Figure 6. Comparison of the radiation diagrams (H-plane) obtained by simulation for the copper antenna and 

the graphene antenna in its two operating states: (a) conventional copper antenna as a reference, (b) graphene 

antenna in the OFF state, and (c) graphene antenna in the ON state 

 

 

3.2.  4×4 hexagonal patch array 

Figure 7 shows the reflection coefficient S11 of the proposed graphene-based 4×4 array. A wide 

operating bandwidth is attributed to the presence of multiple resonant modes. A bandwidth of approximately 

380 MHz is attained in the ON state, representing a 26% increase relative to the 300 MHz observed in the 

OFF state. The two states exhibit a frequency shift of approximately 80 MHz, thereby confirming the array's 

reconfigurable behavior. These findings confirm that integrating graphene enhances bandwidth and provides 

tunable operation at the array level. 
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The gain performance of the 4×4 array is depicted in Figure 8. Around 9.25 GHz, the OFF state 

delivers a peak gain of about 11.8 dB. By contrast, activating the ON state enhances the gain at higher 

frequencies, with a maximum value of 13.08 dB recorded at 9.9 GHz. These findings confirm the efficacy of 

the proposed array architecture. 

Figure 9 shows the far-field radiation pattern of the 4×4 array at 9.9 GHz. The main beam is directed 

close to broadside and provides a high directional gain of about 11.5 dB. The sidelobe levels remain limited 

to approximately –6.7 dB, which is acceptable for a compact planar array. This behavior reflects the trade-off 

between gain enhancement and side-lobe control associated with the chosen inter-element spacing of about 

1.2 wavelengths. Overall, the results confirm that the selected array configuration achieves high gain while 

maintaining controlled radiation characteristics. 

 

 

 
 

Figure 7. Reflection coefficient S11 of the 4×4 hexagonal patch antenna array (graphene ON/OFF states) 

 

 

 
 

Figure 8. Frequency dependent gain of the 4×4 hexagonal patch antenna array (graphene ON/OFF state) 

 

 

 
 

Figure 9. Directivity pattern of the 4×4 hexagonal patch antenna array at 9.9 GHz 
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The gain improvement obtained with the 4×4 network is more than twice that of the single element, 

without altering the impedance bandwidth. Moreover, the array response is characterized by multiple 

resonant modes, which contribute to improved frequency coverage in the sub-X-band. These results 

demonstrate that the chosen array configuration provides an effective compromise between gain, bandwidth, 

array efficiency, and sidelobe performance. 

Unlike the majority of existing studies, which are primarily restricted to single reconfigurable 

antenna elements, the present work demonstrates the extension of graphene tunability to a compact 4×4 

planar array, while preserving reconfigurability at the array level and enabling gain enhancement without the 

use of discrete RF switches or complex biasing networks. This approach represents a scalable and practically 

viable solution for graphene reconfigurable antenna arrays operating in the sub-X-band. 
 

3.3.  Performance comparison with previous studies 

3.3.1. Single hexagonal patch antenna  

Table 4 compares the proposed antenna with recent state-of-the-art reconfigurable designs. While 

active antennas using PIN diodes achieve wide bandwidths or multi-band operation [21]–[23], they require 

complex biasing networks and consume DC power. In contrast, the proposed hexagonal patch antenna with 

graphene slots provides passive frequency selectivity centered at 9.42 GHz within the sub-X-band. It 

achieves a peak gain of 6 dB, comparable to the 6.7 dB of [21] but with significantly lower implementation 

complexity and zero DC power consumption. Although its impedance bandwidth (400 MHz) is narrower 

than some active designs, this selectivity is advantageous for interference rejection in fixed-frequency 

X-band applications, making it ideal for compact, low-cost, and energy-efficient wireless systems. 

 

 

Table 4. Comparison of the proposed single hexagonal patch antenna with reported reconfigurable antennas 
Reference Technology Resonant 

Frequency 

(GHz) 

Impedance 

Bandwidth (MHz) 

Peak gain 

(dB) 

Reconfigurability Implementation 

complexity 

[21] Circular fractal patch with 

PIN diodes 

10.22 670 6.7 active High (diode + 

bias lines 

[22] Patch antenna with two PIN 

diodes 

2.44 

2.47 

30 4.8 active Medium (2 

PIN+ micro-

controller) 

[23] UWB fractal antenna with 
plus-shaped parasitic 

elements and 2 PIN diodes 

4.7, 7.92, 10 6570 5.83 active Medium 
PIN diodes 

This work Hexagonal patch antenna 

with graphene slots 

9.42 

9.43 

400 6 passive Low (no active 

elements) 

 

 

3.3.2. 4×4 hexagonal patch array 

A comparison between the proposed 4×4 hexagonal graphene-slotted patch array and recent multi-

element antenna arrays is presented in Table 5. A peak gain of 13.08 dB is achieved at 9.30 GHz within the 

sub‑X-band by the proposed design, which simultaneously offers two distinct advantages. The design 

integrates 16 radiating elements in a compact hexagonal layout, far more than the 4 elements used in typical 

high-gain arrays. The improvement in aperture efficiency and beamforming is directly attributed to the higher 

element density. While narrower than many ultra‑wideband antennas, the 380 MHz bandwidth results from a 

conscious trade‑off to maintain frequency selectivity. Graphene slots enable passive frequency 

reconfigurability, thereby removing the need for active components and lowering both system complexity 

and DC power consumption. This design attributes equal weight to architectural simplicity, gain, element 

density, and frequency relevance, thus avoiding any exclusive focus on a single performance criterion. 

 

 

Table 5. Comparison of the proposed 4×4 hexagonal patch array with reported multi element antenna arrays 
Reference Technology Resonant 

Frequency (GHz) 

Impedance 

Bandwidth (MHz) 

Peak gain 

(dB) 

Number of 

elements 

[24] Dual-band cascaded patch antenna 

array with CSRR  

3.1 

4.4 

210 5.69 16 

[25] Dual-band dipole array antenna with 

fan-beam characteristics 

9.08 

9.66 

580 11.30 4 

[26] Multiport patch antenna for 2-D beam 

synthesis 

27.5 

28.5 

1000 9 8 

[27] Dual circularly polarized patch array 
with orthogonal feed 

10 132 12.87 4 

This 

work 

Graphene-slotted 4×4 hexagonal patch 

antenna array 

9.30 

9.55 

9.78 

380 13.08 16 
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4. CONCLUSION 

While conventional copper designs are characterized by limited adaptability, the integration of 

graphene slots in the proposed hexagonal patch antenna offers improved impedance matching, extended 

bandwidth, and higher gain. The single-element configuration, operating in the sub‑X-band (9–10 GHz), 

exhibits a bandwidth of 400 MHz and a peak gain of 6 dB. When extended to a 4×4 planar array, the 

graphene-based structure delivers a bandwidth of 380 MHz and a gain of approximately 13 dB, all the while 

maintaining a compact and lightweight footprint. The main limitations are the reliance on simulations, 

simplified graphene modeling, and the absence of experimental validation and practical biasing. Future 

research will focus on antenna fabrication and measurements, as well as on the investigation of real-time 

electrical tunability of graphene parameters using dynamic biasing schemes. 
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