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 This article presents an industrial and innovation highly efficient drone-

shaped slotted graphene-based multiple input multiple output (MIMO) 

antenna with improved isolation, designed for high-speed short-range 

communication, video rate imaging, medical imaging, and explosive 

detection in the THz band. The proposed antenna is constructed on an 

88×244 μm2 polyimide substrate. Key performance parameters such as 

reflection coefficient, gain, directivity, radiation pattern, and antenna 

efficiency are evaluated at the resonating frequencies of 1.7 THz, 3.35 THz, 

and 5.31 THz, covering a wide bandwidth of 4.88 THz with a reflection 

coefficient of less than -10 dB. The antenna achieves a maximum gain of 

13.92 dB and a radiation efficiency of 95.77% within the resonating band. 

The MIMO design parameters include an envelope correlation coefficient 

(ECC) of 0.00015, a diversity gain (DG) of 9.9992, and an isolation of less 

than -31.55 dB between its elements across the entire bandwidth. The 

outcomes from CST simulations were verified by designing and simulating a 

similar resistance-inductance-capacitance (RLC) circuit in advanced design 

system (ADS), with both simulators producing comparable reflection 

coefficients. These features underscore the potential of the proposed 

antenna, utilizing simulations and an equivalent RLC circuit model, as a 

robust candidate for THz band applications in 6G wireless communication. 
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1. INTRODUCTION  

The terahertz (THz) multiple input multiple output (MIMO) antenna is emerging as a cornerstone in 

the evolution of wireless communication, particularly as we transition towards 6G networks. Operating in the 

0.1-10 THz range, the THz band offers an expansive and largely untapped spectrum capable of supporting 

data rates up to terabits per second (Tbps) [1]. This makes it a promising solution to the bandwidth 

limitations inherent in GHz systems. However, despite its potential, the THz band faces significant 

challenges, including high atmospheric attenuation, path loss, and material constraints, which limit its 

practical implementation in wireless networks. The THz band is set to revolutionize a wide range of 

applications, from satellite and mobile communications to the internet of things (IoT) and advanced medical 

https://creativecommons.org/licenses/by-sa/4.0/
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systems [2]. As the demand for higher data rates and more reliable connections escalates, the integration of 

MIMO technology within the THz band is crucial. THz MIMO antennas utilize multiple transmitting and 

receiving elements to significantly enhance the capacity and reliability of wireless networks. These antennas 

can achieve data rates up to 10 Gbps, far exceeding the capabilities of traditional GHz systems [3]. Existing 

solutions to overcome the challenges in THz communication include advanced material development, 

efficient antenna designs, and beamforming techniques. However, these methods often fail to fully address 

issues like low efficiency, poor isolation, and limited bandwidth in practical scenarios. The THz band’s 

higher data rates and lower signal fading address the challenge of narrow bandwidths in the GHz spectrum, 

making THz MIMO antennas a key technology for future wireless communication [4]. 

6G communication networks are envisioned to leverage the THz band to deliver unprecedented 

performance metrics. With the potential to achieve Tbps data rates, 6G networks will support ultra-reliable 

low-latency communication (URLLC), massive machine-type communication (mMTC), and enhanced 

mobile broadband (eMBB) [5], [6]. This will enable new applications and services, such as real-time 

holographic communication, pervasive artificial intelligence (AI), and immersive augmented reality (AR) [7]. 

Recent progress in THz antenna technology has demonstrated significant advancements, bringing practical 

implementation within reach. This research aims to address the challenges of low efficiency and poor 

isolation in THz MIMO antennas by proposing a novel design optimized for dual-band operation and high 

gain. The proposed antenna is specifically tailored for 6G applications, with the goal of enhancing data rates 

and improving signal reliability. By exploring innovative antenna structures and materials, this work 

contributes to advancing the practical deployment of THz MIMO technology in future wireless 

communication systems. As 6G networks begin to take shape, the deployment of THz MIMO antennas is 

expected to unlock new possibilities, enhancing existing applications and enabling innovative services that 

were previously unattainable [8]. The integration of THz MIMO antennas in various sectors, from satellite 

and mobile communication to IoT and medical systems, highlights their wide-ranging impact and critical role 

in the evolution of wireless communication [9]. 

The proposed antenna design, as presented in Table 1, demonstrates remarkable advancements and 

superior performance metrics compared to existing designs. It achieves significantly broader bandwidths of 

4.88 THz, outperforming the bandwidth values of 0.114 THz, 0.4 THz, 0.11 THz, 1 THz, and 1.59 THz 

reported in the reference works [10]-[14], as well as bandwidth values of 0.038 THz, 0.043 THz, and 0.06 THz 

in the reference work [15]. The antenna provides a significant gain of 13.92 dB compared to 5 dB, 4.4 dB, 

5.49 dB, 4.45 dB, and 11.67 dB in the referenced work [10]-[12], [14], [15]. The proposed antenna’s isolation 

levels surpass -31.55 dB, effectively reducing interference and exceeding the measured levels of  

≥17 dB, >-25 dB, >-25 dB, >-23 dB, and >-25 dB cited in [10]-[14], and isolation values of -17 dB, -30 dB, and 

-23 dB in the referenced work [15]. With an efficiency of 95.77%, the proposed design outperforms the 

efficiencies of 60%, 94%, 85.24%, 98%, and 76.45% mentioned in studies [10], [11], [13]-[15]. Additionally, 

the proposed antenna demonstrates exceptional envelope correlation coefficient (ECC) and diversity gain metrics, 

with an ECC of 0.00015 and a diversity gain (DG) of 9.9992 dB, compared to ECC values of 0.2, 0.006, 0.015, 

0.01, 0.004859, and 0.003 found in the literature [10]-[15], and diversity gains of 9.99 dB as stated in [11], [12], 

[14], [15] and 9.97 in [10]. Notably, the proposed design incorporates resistance-inductance-capacitance (RLC) 

components, distinguishing it from the referenced designs and further enhancing its performance. Overall, the 

comprehensive evaluation underscores the significant advancements and superior performance metrics of the 

proposed antenna design, highlighting its potential to lead the field of antenna technology. 
 
 

Table 1. Result comparison between the proposed MIMO antenna and other publications 
Ref Resonance 

frequency 
(THz) 

Bandwidth 

(THz) 

Port Isolation 

(dB) 

Gain 

(dB) 

Efficiency 

(%) 

ECC 

DG (dB) 

Material RLC 

[15] 2.3, 3.2, 4.5 0.038, 0.043, 

0.06 

- -17, -30, -

23 

5 60 0.2/ 

9.99 

Polyimide No 

[10]  0.114 4 −17 4.4 94 0.006/ 

9.97 

RogersRO4835-t No 

[11] - 0.4 2 –25 5.49 85.24 0.015/ 
9.99 

Polyimide No 

[12] 1.8 0.11 2 −25 4.45 - 0.01/ 

9.99 

SiO2 No 

[13] 2.8 1 2 -23 - 98 0.004859/ 

N/A 

Teflon No 

[14] 1.89 1.59 - -25 11.67 76.45 0.003/ 
9.99 

Polyimide No 

This 

work 

1.7, 3.35, 

5.31 

4.88 2 -31.55 13.92 95.77 0.00015/ 

9.9992 

Polyimide Yes 
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2. DESIGNING OF THE SINGLE-ELEMENT ANTENNA AND ITS RESULT 

In our quest to develop a cutting-edge antenna for THz applications, we meticulously designed a 

single-element antenna, refining its structure through three iterative stages to achieve optimal performance. 

This section outlines the comprehensive design methodology. Figure 1(a) shows the reflection coefficient at 

each step, while Figure 1(b) depicts the respective gain, and Figure 1(c) presents the final antenna design. 

Central to our design is the strategic choice of materials. Polyamide was selected as the substrate material due 

to its favorable dielectric properties, including a dielectric constant of 3.5 and a low-loss tangent of 0.0027. 

Graphene, renowned for its exceptional conductivity, mechanical strength, and flexibility, was employed as 

the patch material on top of the substrate [16]. Complementing this, copper was chosen for the ground plane 

on the opposite side of the substrate to enhance conductivity, facilitating efficient signal grounding and 

radiation efficiency [17]. 

In the first stage, we implemented a basic design consisting of a rectangular patch with a central 

square slot and an additional circular patch in the middle. This initial configuration did not produce any 

distinct resonance frequency, and the observed gain was notably low, indicating the need for further 

modifications. The second stage involved adding four rectangular slots at each corner of the central square 

slot. This modification led to the emergence of two resonance frequencies, but the return loss was still 

insufficient, and the gain, although improved to 6.3 dB, remained below expectations. In the final stage, we 

introduced star-shaped slots at the top of the four rectangular slots, significantly enhancing the complexity of 

the design. This iteration yielded two resonance frequencies at 1.7 and 3.18 THz, with impressive return 

losses of -52.36 dB and -48.68 dB, respectively. The design also achieved a bandwidth of 3.2 THz, covering 

both resonance frequencies, and a maximum gain of 9.3 dB, meeting our performance criteria. 

 

 

 
(a) (b) (c) 

 

Figure 1. Analysis of the single element antenna: (a) S11 comparison, (b) gain comparison of three steps, and 

(c) single element antenna 

 

 

3. DESIGN OF THE PROPOSED ANTENNA AND RESULT ANALYSIS 

After designing the single-element antenna, we advanced to a 2-port MIMO configuration to 

enhance performance. This transition leverages the foundational design to amplify signal reception through 

multipath exploitation and increased security. The MIMO system is developed to transmit more data over a 

farther distance while maintaining acceptable MIMO characteristics [18]. 

Figure 2(a) illustrates the proposed MIMO antenna configuration, where two elements are 

positioned side by side with a 180-degree orientation relative to each other and we flip the second antenna 

over. As a result, on the front side, the configuration features the patch of Antenna 1 alongside the ground 

plane of Antenna 2. Conversely, the back side displays the ground plane of Antenna 1 next to the patch of 

Antenna 2, as shown in Figure 2(b). This unique arrangement ensures optimal performance by maximizing 

spatial diversity and minimizing mutual coupling, leading to improved signal quality and reliability. After 

implementing the MIMO configuration, we observed three resonance frequencies at 1.7 THz, 3.35 THz, and 

5.31 THz. A broad bandwidth of 4.88 THz covers these three resonance frequencies, as shown in Figure 2(c). 

Additionally, Figure 2(d) shows a maximum gain of 13.92 dB, significantly improving compared to the 

single-element antenna. These values represent the ideal setting of the antenna, all parameters are in μm, 

𝑠𝑤=90, 𝑠𝑙=90, 𝑟1=10, 𝑝𝑤=65, 𝑝𝑙=45, 𝑓𝑙=25, 𝑓𝑤=6, 𝑟2=4.08, 𝑑1=10, 𝑑2=2.94,  
𝑑3=31.31, 𝑑4=12, 𝑤1=2.83, 𝑤2=2.83, 𝐷=70, 𝑆𝑊=244, and 𝑆𝐿=88 μm. 
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(a) (b) 

  

  
(c) (d) 

 

Figure 2. MIMO Antenna overview: (a) front view, (b) back view, (c) S11, and (d) gain comparison 

 

 

3.1.  Reflection coefficient and transmission coefficient 

The reflection coefficient, also known as return loss, measures the efficiency of power transfer 

between the antenna and the transmission line, indicating how well the antenna is matched to its feeding 

structure [19]. The proposed MIMO antenna exhibits excellent reflection coefficient values across multiple 

resonant frequencies, showcasing its capability for THz applications, as illustrated in Figure 3(a). The 

antenna resonates at 1.7 THz, 3.35 THz, and 5.31 THz with exceptionally low return loss values of -55.64 

dB, -52.76 dB, and -40.8 dB, respectively. These values indicate minimal signal reflection, thus ensuring 

efficient energy transfer and robust communication performance. The antenna operates over a wide 

frequency range from 1.09 THz to 5.98 THz, achieving an impressive bandwidth of 4.88 THz. This broad 

bandwidth is particularly advantageous for accommodating high-data-rate applications. In terms of isolation, 

a critical parameter for MIMO systems, the proposed antenna achieves a high isolation value of -31.5537 dB 

as shown in the same figure of S11. This excellent isolation ensures minimal interference between antenna 

elements, enhancing the overall system’s capacity and reliability [20]. 
 

3.2.  Gain and efficiency 

Gain and efficiency are vital parameters in assessing an antenna’s performance. Gain indicates the 

antenna’s ability to direct energy in a particular direction, while efficiency represents the ratio of power 

radiated to the power supplied to the antenna [21]. The designed antenna demonstrates significant gain and 

efficiency across the operational frequency range as shown in Figure 3(b). It achieves gains of 10.12 dB at 

1.7 THz, 11.32 dB at 3.35 THz, and 11.74 dB at 5.31 THz, with a maximum gain of 13.92 dB within the 

operating range. These gain values highlight the antenna’s effectiveness in directing RF energy, making it 

suitable for long-range communication and high-resolution imaging applications. The antenna also shows 

remarkable efficiency, achieving 91.24% at 1.7 THz, 92.82% at 3.34 THz, and 94.4% at 5.32 THz. The 

maximum efficiency reaches 95.77%, indicating minimal power loss and effective radiation of input power [22]. 
 

 

  
(a) (b) 

 

Figure 3. Performance characteristics of the proposed antenna: (a) reflection and transmission coefficient and 

(b) gain and efficiency  
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3.3.  Envelope correlation coefficient and diversity gain 

In a MIMO system, ECC and DG are crucial for evaluating the system’s ability to handle multipath 

environments and improve signal quality. ECC measures the degree of correlation between signals received 

or transmitted by different antenna elements. The value of ECC can be figured out by (1) [23]. 
 

|∫  
 

4𝜋
[𝐸1(𝜃,𝜑)∗𝐸2(𝜃,𝜑)]𝑑𝛺|

2

∫  
 

4𝜋
|𝐸1(𝜃,𝜑|2𝑑𝛺 ∫  

 
4𝜋

|𝐸2(𝜃,𝜑|2𝑑𝛺
  (1) 

 

Figure 4 demonstrates that the proposed antenna achieves an exceptionally low ECC value of 

0.00015, suggesting excellent isolation between the antenna elements and ensuring robust diversity 

performance. DG quantifies the improvement in signal quality that results from using multiple antenna 

elements. It represents the system’s ability to provide a more reliable signal by combining the received 

signals from different paths. The value of DG can be determined by (2) [24]. The designed antenna attains a 

DG value of 9.9992, as shown in Figure 4, which is nearly ideal, confirming the system’s excellent ability to 

mitigate the effects of fading and enhance the overall communication quality. 
 

𝐷𝐺 = 10√1 − 𝐸𝐶𝐶2 (2) 
 

 

 
 

Figure 4. The ECC and DG of the proposed antenna 
 

 

4. RADIATION PATTERN 

Figure 5 depicts that the proposed antenna demonstrates a notable radiation pattern at its resonance 

frequency of 3.35 THz, characterized by specific E-field and H-field main lobe magnitudes and half-power 

beamwidths. At ϕ = 0°, the E-field achieves a main lobe magnitude of 13.5 dBV/m with a 3 dB beamwidth of 

30.3 degrees, while the H-field presents a main lobe magnitude of -45.5 dBA/m with a narrower 3 dB 

beamwidth of 19.3 degrees [25]. In contrast, at ϕ = 90°, the E-field’s main lobe magnitude decreases to  

10.9 dBV/m, expanding its 3 dB beamwidth to 61.1 degrees. Concurrently, the H-field’s main lobe 

magnitude is -29.4 dBA/m with a beamwidth of 38.6 degrees. Furthermore, for θ = 90°, the E-field’s main 

lobe magnitude peaks at 21.9 dBV/m with a 3 dB beamwidth of 32.4 degrees, while the H-field’s main lobe 

magnitude is -38.7 dBA/m, featuring a 3 dB beamwidth of 13.5 degrees. This detailed radiation pattern 

highlights the antenna’s efficiency and directional performance across different orientations. 
 

 

 
 

Figure 5. Radiation pattern of the proposed MIMO antenna 
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5. RESISTANCE-INDUCTANCE-CAPACITANCE EQUIVALENT CIRCUIT AND RESULT 

ANALYSIS 

In our quest to revolutionize antenna technology, we meticulously scrutinized the electromagnetic 

characteristics of our antenna through an R-L-C circuit model. Leveraging CST Studio, we extracted precise 

R-L-C parameters from simulations, which we further refined via circuit simulations in Agilent advanced 

design system (ADS) to comprehensively evaluate antenna performance [26]. To accurately depict the 

antenna patches, we employed three parallel R-L-C circuits, each representing a distinct resonance. A 

combination of L9, R9, L10, L11, and C9 symbolizes the slot of the patch. For the feedline, parameters such 

as resistance (R3), capacitance (C12), and inductance (L9) were integrated to capture its electrical attributes. 

This constructed model precisely replicates the single-element antenna’s behavior. Finally, the model 

extended to a MIMO antenna as shown in Figure 6 In transitioning to a MIMO configuration, we addressed 

mutual impedance between antenna elements using a parallel circuit of (L1+C1), R1, (L2+C2), C3, and 

(L3+R3+L4) to mitigate mutual coupling. Simulating this R-L-C circuit model in Agilent ADS validated its 

alignment with our antenna design. To ensure accuracy, we compared CST simulation outcomes with parallel 

circuit simulation results, focusing on the S11 parameter. Figure 7 elucidates this comparison, providing a 

thorough assessment of our R-L-C circuit model’s fidelity in replicating the antenna’s behavior. 

 

 

 
 

Figure 6. RLC equivalent circuit of the proposed antenna 

 

 

 
 

Figure 7. The S11 curve of the MIMO antenna and RLC circuit 

 

 

6. CONCLUSION 

This work presents a high-gain, ultrawide-band microstrip patch antenna designed for multi-

frequency operation in the Terahertz band. The inclusion of a slot in the radiating patch activates additional 

resonant modes, enabling operation at 1.7 THz, 3.35 THz, and 5.31 THz. The design achieves a substantial 

bandwidth of 4.88 THz, a peak gain of 13.92 dB, and a radiation efficiency of 95.77%. Exceptional inter-

element isolation below -31.55 dB ensures reliable performance across the THz frequency range. Diversity 

metrics, including ECC and DG, confirm the antenna’s suitability for MIMO applications. The alignment 

between CST simulations and the RLC equivalent circuit model validates the design’s accuracy and 
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robustness. With its remarkable efficiency, bandwidth, and diversity performance, the proposed antenna is a 

compelling solution for emerging Terahertz applications, offering transformative potential in areas such as 

high-speed communication, medical imaging, and industrial sensing. Future research may focus on the use of 

massive MIMO technologies to increase system capacity and coverage. Additional performance 

improvements and new functionalities could come from researching metamaterials. Another intriguing 

approach is to use machine learning techniques to enhance the MIMO antenna’s performance even more. 

Through the acquisition of big data sets, we want to improve future results by anticipating and optimizing 

various antenna settings using deep learning models such as convolutional neural networks (CNN) and 

artificial neural networks (ANN). The findings of the study provide a significant addition to the field and 

pave the way for future developments in THz communication. 
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