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Abstract

:

Optimization of antenna parameters is important for achieving the best design that has higher results for gain and bandwidth while also having a smaller size. One such antenna design is numerically investigated and presented in this research. The antenna is optimized to an O-shape fractal design from a square patch design. The antenna is created by etching a slot of a square patch and making an O-shape fractal metamaterial patch antenna that operates on the THz band. The THz patch antenna is also investigated for its metamaterial properties. The optimization of the THz patch antenna is carried out for substrate height, slot length, and slot width. The optimized design has a size of 65 × 65 µm2. The highest bandwidth of 31.4 THz (138%) and the highest gain of 11.1 dBi is achieved. The optimized design is then investigated for multiple elements. The two-element MIMO antenna design using an O-shape patch is investigated to observe its performance and compare it with an O-shape single-element design. The two-element MIMO antenna design gives two bands with a bandwidth of 18 THz (113%) and 21 THz (56%). The gain of this design is 5.18 dBi and the size is 130 × 65 µm2. A comparison between the O-shape single-element fractal design, two-element fractal MIMO design, and other published designs is carried out. The compact, broadband, and high gain design presented can be used for 6G high-speed mobile communication devices.
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1. Introduction


The optimization of any design is important for achieving the best results. Optimization can produce optimized design, which produces good results with efficient utilization of resources [1]. Antenna design can be numerically optimized to achieve the optimum performance of the antenna. The numerically optimized antenna can then be applied to different communication applications. Antennas are made efficient enough to deliver their applicability to all communication applications. Communication has evolved from 1G communication to 6G communication, and this evolution has increased the data speed to a great extent. The increase in the data speed for these communications requires devices that operate at this high speed. One such device is an antenna, which has also evolved from bulky antennas to nano antennas. 5G communication has been rolled out in many countries, which have small and portable antennas that can be operated at high speed [2]. 5G communication will require higher speeds as we are now living in the digital age and high speed is the need of the hour. Research on 6G communication is underway and its high-speed communication devices require antennas that cover a broad bandwidth and have high gain at the same time. The compact size of the 6G antennas will make it handy for portable applications. 6G communication requires higher data rates compared to 5G communication and will use the THz frequency spectrum to meet the growing data rate demand. The need for THz antennas is increasing and current research is focusing on designing the THz antenna for 6G communications. A nanoantenna operating at THz frequency with broadband and high gain is required.



Optimization can be applied to the simple patch antenna to make it a fractal antenna. One such fractal antenna design is presented in [3]. The design is small in size, low weight, and is 3D-printed for ease of manufacturing. The fractional antenna can also be designed giving good impedance and good performance [4]. The metamaterials can also be helpful when designing fractal antennas. The fractal metamaterials can also improve the performance of the devices [5]. The optimization in the antennas can also be applied through different metamaterial shapes and inclusions. One such antenna design with optimization applied through metamaterial is presented with high gain and optimized performance parameters [6]. The metamaterial loading in the antenna can also help it to sense different biomolecules. Breast cancer detection is possible using one such metamaterial antenna [7]. Biomolecule detection is also performed with a split ring resonator-based antenna design. The antenna designed using a split ring resonator not only senses the biomolecule but also gives good impedance matching [8].



THz antenna are designed for enhancing antenna parameters using different approaches like superstrate, meandering, etc. [9,10]. One such THz antenna is designed with a superstrate cover, which improves the parameters of the design [11]. Graphene material is also used in this design, which also helps to improve the antenna parameters. The THz antenna is designed using a split ring resonator, which gives improved directivity. The improvement in the directivity makes it useful for THz imaging applications [12]. Multiband behavior is achieved for the THz frequency band using meandering slits. The meandering slits have been taken out of the patch to ensure good results, which can be applicable to THz communication applications [13]. A microstrip THz antenna is designed to improve the antenna parameters. The design is made with a gold radiating element which produces radiation in the THz region [14]. A high-frequency antenna is designed for THz applications for ultra-broadband applications. The design is based on GaAs substrate and produces results in the THz regime. The center frequency of operation is around 500 THz [15]. The Dualband antenna is designed for high gain operation in the THz band, which is applicable in space applications. The numerical analysis of the THz antenna is presented with good directivity [16]. Different antenna configurations can also help to achieve a good performance in MIMO antenna systems [17]. Variations in different substrate materials can also change the performance of the antenna, as a change in the substrate material changes its permittivity, which changes the performance of the antenna [18].



The slotted antennas are used to improve the gain and bandwidth of 5G antennas. One such concept is to incorporate metamaterial elements in the antenna to improve its gain and bandwidth. The multiple elements in the MIMO antenna also provide good gain and bandwidth. Metamaterial elements are created by cutting the slots from the patch antenna or taking out the slits from the edges of the square patch. The slotted or meandered metamaterial patch gives a bandwidth higher than a simple square patch antenna. Metamaterial antennas that enhance gain and bandwidth are presented in [19]. The superstrate layers are added, which provides the enhancement in the gain and the multiband behavior reported in this paper. The superstrate metamaterial, in the form of different shapes, is added to improve different antenna parameters [20]. Increasing the elements of the antenna can improve different parameters like gain and bandwidth but it also increases the size of the antenna [21]. Four-port MIMO produces an enhanced performance but increases the size by four times compared to the single-element design. The MIMO antenna and its arrays can be applicable for 6G applications but, again, there is an increase in the size [22].



6G communication antenna designs were started in the past 3–4 years to meet the high-speed demand of 6G communication. 6G THz antenna design, requirements, and specifications have been discussed in [23]. The 6G antenna is presented to be designed in the THz band. The evolution of 6G communication is presented for different design parameters in [24]. The different existing THz band-operated MIMO antennas are represented in Table 1.



The 6G band-operated antenna structure helps to target applications related to AI/ML, IoT, and the related literature. The exponential expansion of mobile data traffic and the persistent rise in the quantity of intelligent wireless linked devices poses unavoidable obstacles. The use of extensive MIMO intelligent antenna sensing equipment is a viable solution for addressing these worldwide challenges. Nevertheless, the increasing complexity and advanced designs of various technologies result in longer computing time, latency, and algorithmic complexity during the management of network operations. The use of artificial intelligence (AI) and machine learning (ML) techniques, together with analytical measures, has led to significant reductions in processing time and notable improvements in the robust operational performance of various technologies, such as mMIMO antennas. This study has provided a thorough and evaluative analysis of mMIMO networks, focusing on the essential mechanisms that enable their operation. The AI and mMIMO techniques have been extensively examined in the context of B5G and forthcoming wireless networks since they serve as crucial means by which to facilitate the development of future cellular systems. It is anticipated that this study will facilitate the realization of the anticipated shift from AI to massive MIMO technology, hence aiding researchers in their endeavors [32].



The wireless network system has seen significant advancements over time in order to enhance the overall quality-of-life via the use of novel technology. The promise of 5G network standards in enabling smart IoT devices to provide extensive network coverage and enhanced services to a large user base has been evident. With the increasing number of user devices, there is a corresponding rise in bandwidth needed to maintain uninterrupted network access. In addition, emerging hardware and software technologies are presenting prospects for enabling consumers with novel services that are not yet feasible with the existing 5G standard. This serves as a motivation for academics to investigate communication standards beyond the existing 5G and 6G technologies.



The significance of AI/ML in facilitating automated network operations has already been investigated by 5G network systems. Hence, in the deployment of B5G/6G systems, the significance of AI/ML must not be disregarded. This study presents a thorough examination of the use of AI/ML in communication systems to enhance the capabilities of future IoT. This paper examines the evolutionary trajectory of communication systems, emphasizing the need to incorporate artificial intelligence and machine learning algorithms into these systems. This paper examines the prevailing AI/ML algorithms and presents current research studies that have used these algorithms. The augmentation of IoT services offered by smart facilities may be achieved via the use of AI/ML algorithms. This study concludes by emphasizing the unresolved research concerns and possible research prospects in the realm of AI/ML-driven communication systems for forthcoming IoT applications [33].



Article [25] presents a study that introduces a graphene plasmonic two-port MIMO antenna with good performance for use in terahertz wireless communication applications. The use of characteristic mode analysis (CMA) in conjunction with a complementary Dumbbell-structure metamaterial (MTM) unit cell has effectively mitigated the mutual coupling between the antenna parts. The MTM structure functions as a band stop filter within the specified frequency range. The ground plane is engraved in such a manner as to decrease the level of mutual coupling from −25 dB to −55 dB when the MTM unit cell is present. Coupled mode analysis has been employed to investigate the operational behavior of antenna modes. Its purpose is to identify the specific mode that facilitates coupling between antenna elements and determines the optimal position of this mode. This positioning ensures that the MTM structure can illuminate the mode without causing any distortion in the dominant resonance mode of the main antenna. In addition, an examination and presentation of the MIMO antenna characteristics, including ECC, DG coefficients, and CCL, are conducted to validate the appropriateness of the proposed graphene MIMO antenna for various applications in the terahertz frequency range. The user’s text is already academic in nature.



The emergence of 6G has generated significant attention from both business and academics, mostly because of its attractive characteristics in comparison to earlier iterations of wireless networks. This article examines the potential advantages presented by 6G technologies for facilitating IoT networks. This examination is conducted via a comprehensive survey that is based on the ongoing research efforts in this domain. The motivation for this study stems from the absence of a thorough survey about the use of 6G technology for Internet of Things (IoT) applications. In order to address this disparity, we first presented the latest advancements in federated learning (FL) and the Internet of Things (IoT), and then examined the essential prerequisites for integrating 6G and IoT. The authors have identified and conducted an analysis of the primary technologies associated with 6G that facilitate the establishment of IoT networks. These technologies include edge intelligence, reconfigurable intelligent surfaces (RISs), communications across space, air, ground, and underwater domains, terahertz (THz) communications, ultra-reliable and low-latency communications (mURLLC), and blockchain.



In the next section, we provide a comprehensive analysis of the use of 6G technology in upcoming Internet of Things (IoT) applications. Specifically, the application in areas such as healthcare, vehicles, and autonomous driving, unmanned aerial vehicles, and smart and industrial IoT. The comprehensive survey has also provided a summary and analysis of the important technical features and upcoming use cases in 6G-IoT via the use of taxonomy tables. Ultimately, we have successfully identified prospective obstacles and emphasized viable avenues for further investigation. The current state of research on 6G-IoT networks and applications is in its early stages. With this statement, it is anticipated that the advent of 6G would revolutionize the existing network infrastructures of the IoT and provide enhanced levels of service quality and user experience in forthcoming applications. It is anticipated that our study, conducted in a timely manner, would provide significant insights into the research pertaining to the integration of 6G and IoT. Moreover, it is expected that our findings will serve as a catalyst for researchers and stakeholders to enhance their research endeavors in this promising domain [34].



The optimization of Multilayer Perceptron (MLP) weights is achieved by using a novel Meta-Heuristic Optimization approach, which combines the Sine Cosine Algorithm (SCA) with the Grey Wolf Optimizer (GWO). The empirical findings indicate that the use of machine learning methods, using the suggested SCGWO algorithm, enables the scalability of a double T-shaped monopole antenna. This approach also establishes a theoretically autonomous design, offering potential benefits for many applications, such as the Internet of Things [35]. The novelty of the proposed design is incorporated into the manuscript as follows:




	
Optimization to O-shape fractal design: The research presents a novel approach by optimizing an antenna design to an O-shape fractal design from a square patch design. This change in design is a unique feature.



	
Operation in the THz band: The antenna is designed to operate in the THz (Terahertz) band, which is a relatively unexplored and cutting-edge frequency range. This is a novel application for antennas.



	
Metamaterial properties: The THz patch antenna is investigated for its metamaterial properties, indicating a focus on advanced materials, which is a novelty.



	
High bandwidth and gain: The optimized design achieves a very high bandwidth of 31.4 THz (138%) and the highest gain of 11.1 dBi. These performance metrics are noteworthy and represent a novel achievement.



	
Two-element MIMO antenna design: The research explores a two-element MIMO antenna design using the O-shape patch, which provides a dual-band operation with unique bandwidths and gain values, showcasing a novel multi-element configuration.



	
Comparison with other designs: The comparison between the O-shape single-element fractal design, two-element fractal MIMO design, and other published designs helps highlight the uniqueness and novelty of the presented antenna design.



	
Application to 6G high-speed mobile communication devices: The manuscript suggests that the compact, broadband, and high-gain antenna design can be used for 6G high-speed mobile communication devices, implying a novel potential application.








The literature discussed so far shows that there is a need for an antenna that is compact in size which can be applicable for portable mobile devices for 6G applications. The antenna should also provide ultra-broadband and high gain features for high-speed communication and good coverage. So, the need for compact, ultra-broadband, and high gain antenna arises for 6G communications. We have proposed an antenna with a high gain, ultra-broadband response and a compact size, which are required for 6G communication antennas. We have designed a single-element antenna and a 2 × 2 MIMO antenna. The antenna performance is also analyzed for different physical parameter variations as well as for different element variations for the patch to achieve a compact design with good performance parameters. The antenna design, modeling, results, and conclusions are analyzed and presented in upcoming sections.




2. Single Element Design and Its Results


The design of a single-element patch antenna is presented in this section. The patch antenna is designed based on the standard patch equations available in Equations (1)–(4) [36]. The antenna is a square patch which is slotted with a small square patch from the middle which makes it an O-shape patch antenna. The slotted O-shape patch forms the metamaterial element in the patch antenna design. The slotted O-shape also forms the fractal metamaterial shape, which helps to improve the results compared to the simple patch design. The metamaterial fractal shape is also investigated for its metamaterial properties. The metamaterial element is also verified for its electrical permittivity and magnetic permeability in this section. The metamaterial equations presented in Equations (5)–(9) are used to obtain metamaterial properties [37]. The obtained O-shape patch is placed in two port waveguides to test the metamaterial properties. The results obtained by placing the values of reflectance (S11) and transmittance (S21) are presented in this section.
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The design of the O-shape patch nanoantenna is presented in Figure 1. The size of the patch is very compact at 45 × 45 µm2. The substrate size is 65 × 65 µm2. The total antenna size is 65 × 65 × 2.9 µm2. The size is very compact and is essential for the nanoantenna designs and for accommodation in small portable devices. The different views are presented in Figure 1. The slot size taken out of the patch is 30 × 30 µm2 from the center of the patch, which makes the O-shape. The O-shape patch is fed with a microstrip line feed shown in the figure. The substrate is made up of a polyamide substrate material. The ground plane of the patch is defected by etching one part of the ground plane and the new defected ground plane is now 20 µm wide. The length of the ground plane is 65 µm. The etching of the ground plant and patch makes it more effective and achieves a better performance. The performance of the O-shape patch antenna in terms of its reflectance and gain is shown in Figure 2.



The design results for the S11 are presented in Figure 2a. If we consider the −10 dB cut-off for the antenna bandwidth then the bandwidth of this antenna is 31.4 THz. The bandwidth presented also shows that all the values between this bandwidth are less than −10 dB. The plot shows that there is one point where the plot shows the bandwidth near −10 dB but again it reduces further and the overall bandwidth for this band comes up to 31.4 THz, starting at 7 THz and ending at 38.4 THz, which is about 138% of the bandwidth; this is good for portable communication antennas. The gain of the single-element O-shape plasmonic nanoantenna is presented in Figure 2b. The highest gain of the O-shape plasmonic nanoantenna is about 11.1 dBi, as presented in the red color in the figure. The gain improvement in the design is because of the slot taken out of the simple patch antenna, which makes it an O-shape patch antenna.



The realization of the antenna’s structure is carried out in the millimeter scale and the performance in terms of return loss is compared among the simulated and measured results at the gigahertz frequency. The upper view is represented in Figure 3a and the bottom view is represented in Figure 3b. The proposed two-port MIMO antenna structure provides a multiband response. The first band is observed in the 6.451 GHz to 6.561 GHz range, the second band between 8.021 GHz and 9.061 GHz, the third band is observed between 9.321 GHz and 9.581 GHz, and the fourth band between 10.751 GHz and 12.051 GHz. The minimum return losses of all bands are, respectively, −14 dB at 6.51 GHz, −30 dB at 8.681 GHz, −12.43 dB at 9.451 GHz, and −15.73 dB at 10.951 GHz. The peak bandwidth of 1.3 GHz is observed in the fourth band. The healthy similarity among simulated and measured responses can be observed in Figure 3c. The physical realization of the same shaped structure in the micrometer scale for the THz span is also possible by choosing the proper fabrication methods.



The metamaterial properties are presented in Figure 4. The permittivity results, provide the behavior of the electric field and permeability, which give the behavior of the magnetic field. When both parameters show negative values, the metamaterial effect is achieved in the antenna. The metamaterial properties are essential to determining whether it is a metamaterial antenna. Here, we have investigated the properties by applying the S-parameter values of the two port systems in Equations (5)–(9). The O-shape patch is placed in between the two port waveguides and two port parameters are obtained, which are placed in the equations to obtain permittivity and permeability values. The values are presented in Figure 4. The permeability presents the amount of change in the magnetic field of the antenna and the current distribution effect shows the negative real permeability for the values around 25 THz onwards, which shows that it has negative behavior above 25 THz. The permittivity shows the negative real values near 25 THz only for a small range. Thus, the antenna shows double negative behavior around the 25 THz frequency. The red line solid curve in the figure shows real values while the blue dash curve shows the imaginary values. The negative values of the permittivity and permeability also create a negative refractive index. Thus, negative refraction is achieved in the material using this metamaterial design. The investigation of the metamaterial properties clearly shows that the created fractal metamaterial O-shape has metamaterial properties. The real and imaginary values of the plot clearly indicate the metamaterial behavior.




3. Parametric Variation for Optimization


Optimizations have two main types. The first is linear parametric optimization, which is applied to designs that behave linearly, and the second is nonlinear optimization, where the designs behave nonlinearly. The nonlinear parametric optimization is used when there is the dependence of one parameter on the other parameter, while the other parameters are kept the same and the behavior is nonlinear. We have also investigated the response for a different variation of the structural parameters and optimized those parameters to obtain the highest results. The response presented for this antenna design behaves nonlinearly and can also be applied to this design [38]. The O-shape antenna design presented in Figure 1 is varied for different physical parameters before the final values are set. The variation is kept for those parameters that affect the antenna performance more. One such parameter is substrate thickness. This parameter is important because the change in the thickness changes the inductance of the design and it changes the impedance and resonance of the antenna. The variation in this thickness helps in finding out the optimal performance of the design. The substrate height is varied from 0.5 to 2 µm and the results are presented in Figure 5. The results presented in the figure are shown in different colors and the one with the dashed line shows the best performance at a 2 µm thickness of the substrate material.



The optimization of the substrate height presented in the figure shows that, for an initial thickness of 0.5 µm, there is only one band available around the 3 THz bandwidth. The increase in the value of the substrate height increases the bandwidth further to 10 THz, but as we increase the thickness there is an increase in the inductance of the structure, which changes the resonance and that is why we have varied it to only 2 µm. The structure shows a 31.4 THz bandwidth for the 2 µm substrate height. The color plot in the figure shows that the blue color curve is more on the higher side of substrate thickness. The blue color shows high values and the yellow color shows low values.



The slot was inserted in the center of the square patch, which makes it an O-shape patch antenna. The slot length and width are also varied, and performance is observed for this variation and optimum values are selected. The variation in the slot length and its effect on the results are presented in Figure 6. The variation in the slot length changes the O-shape, which changes the results and also changes the metamaterial effect, which is introduced because of this variation in the design. The slot length variation is applied for 20 to 30 µm. As shown in the results for the slot length of 26 µm, the resonance changes and the values show that the position S11 values are not valid for the antenna design. The blue dash curve shows the 30 µm slot length, which has the highest bandwidth of 31.4 THz.



Similarly, slot width is also varied to observe its effect on the results and variation is applied for 20 to 30 µm. The reason for selecting this range is because the total size of the patch is 45 µm, so increasing the slot size further reduces the effective area of the patch. The results for slot width are presented in Figure 7. The initial width of 20 µm shows one band near 26 THz and its bandwidth is high and the color plot presented in Figure 7 shows it with a blue color. The blue color shows high values and the yellow shows low values. The increase in the slot width increases the results and this is shown in Figure 7. For the highest slot width, the results are higher compared to other values. The highest bandwidth of 31.4 THz is achieved for the highest width of 30 µm.




4. Two-Port MIMO Antenna Design and Results


The two-port MIMO antenna is designed by applying the two single-element O-shape antenna 20 µm apart as shown in Figure 8. The two-port antenna design is backed by a defected ground structure with a length of 130 µm and a width of 20 µm. The two elements are accommodated in 130 × 65 µm2. The design has a similar size in terms of width while the length is doubled compared to the design presented earlier with a single element. Thus, the area of the antenna is increased compared to the single element design but the results are improved in terms of bandwidth, as presented in Figure 9. The bandwidth of the antenna is improved, giving two bands with 18 THz and 21 THz bandwidth for the investigated range of 5 THz to 50 THz. The investigated range is the same as that given in the single-element design. The bandwidth is improved for the two-element MIMO antenna design. The two bands are presented in Figure 9a. The gain of this design is also investigated, which has a maximum value of 5.11 dBi. The design of the O-shape MIMO antenna is fed with two different port as shown in Figure 7.



The antenna performance of the two-element design has some gain in a few parameters while other parameters do not improve. Thus, both designs can be used based on the requirement of the device. When there is a compact design requirement, the design with single elements can serve better compared to the two-element design. If the design needs a multiband response, then the two-element design is better as it has two bands with good bandwidth. The single-element design also has a higher gain so can be applicable to higher gain requirements. The material used for the two-port MIMO antenna design is the same as that for the single-element design. There has been no variation in the materials, so the comparison of the two antenna design results shows information about the different important parameters.



The MIMO antenna with two elements shows more bands compared to the single-element design. The overall bandwidth of the MIMO antenna is higher compared to the single element if we consider both bands. The single-element design has a compact size compared to the MIMO antenna and the gain of the single-element design is higher compared to that of the two-port MIMO antenna design. The comparison of the two-port MIMO antenna with the single-element design and other published designs is presented in Table 2. The investigation is carried out for gain, bandwidth, and size of the design.




5. Conclusions


An optimized THz antenna design is presented that can operate for 6G high-speed wireless communication applications. The square-shaped patch antenna design is optimized by etching it with a square slot of 30 × 30 µm2. The slot length and width are optimized for 20 µm to 30 µm, and an optimized value of 30 µm is obtained. The optimization of substrate height is also carried out, which resulted in an optimized value of 2 µm. The optimized design is an O-shape patch design that has compact dimensions and a gain of 11.1 dBi with a bandwidth of 31.4 THz (138%). Further analysis is given for two two-element MIMO designs, created using two elements of the optimized O-shape patch design. The two-port MIMO antenna design shows a bandwidth of 18 THz (113%) and 21 THz (56%). The gain of this design is 5.18 dBi. The gain and size of a single element are better when compared to the two two-element MIMO antenna designs, but the bandwidth of the two-element MIMO antenna design is better if we consider both bands. A comparative analysis of both designs with other published designs is also investigated.
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Figure 1. O-shape patch antenna design with its different views (a) 3D (b) top (c) back. 
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Figure 2. Results of the O-shape patch antenna (a) S11 (b) Gain. The highest bandwidth of 31.4 THz (138%) and the highest gain of 11.1 dBi is achieved. 
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Figure 3. The physical realization of two-port MIMO antenna structure at mm scale. (a) Upper view. (b) Bottom view. (c) The comparison among simulated and measured responses. The response provides a peak bandwidth of 1.3 GHz and a minimum return loss of −30 dB. 
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Figure 4. O-shape patch antenna metamaterial properties: (a) Permeability; (b) Permittivity. 
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Figure 5. Substrate height change and its effect on S11. (a) Line plot. (b) Contour Plot. 
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Figure 6. Slot length change and its effect on S11. (a) Line plot. (b) Contour Plot. 
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Figure 7. Slot width change and its effect on S11. (a) Line plot. (b) Contour Plot. 
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Figure 8. O-shape two port MIMO antenna design with its different views: (a) top; (b) back. 
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Figure 9. Results of the O-shape two-port MIMO antenna: (a) S11; (b) gain. Two bands are achieved with the bandwidth of 18 THz (112%) and 21 THz (53%) and the highest gain of 5.18 dBi is achieved. 
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Table 1. Literature survey related to THz band operated MIMO antenna structures.
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	Ref.
	Band
	Structure Type
	Application





	[25]
	1 THz to 10 THz
	MTM-inspired, graphene-based THz MIMO antenna.
	6G/IoT



	[26]
	0.1 THz to 2 THz
	Metasurface-inspired
	Nanocommunication



	[27]
	0.1 THz to 10 THz
	Elliptical-shaped microstrip feed
	Health care and astronomical radiometric



	[28]
	0.25 THz to 15.4 THz
	Tetradecagonal ring-shaped
	Explosive detection, weapon detection



	[29]
	8.5 THz to 9 THz
	Rectangular-shaped four Array
	WBAN



	[21]
	2 THz to 10 THz
	Circular monopole antenna
	HMX, detection of biotin and WBAN



	[30]
	0.1 THz to 10 THz
	Fractal-loaded planar
	B5G technology



	[31]
	0.1 THz to 1 THz
	Tree-shaped micro-scaled graphene antenna
	Sensing and security scanning, biomedical imaging










 





Table 2. Comparison of size, gain, bandwidth, and isolation.
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	Design
	Size of Antenna (µm2)
	Bandwidth

(THz)
	Gain (dB)





	[39]
	360 × 220
	0.6
	11.8



	[40]
	60 × 40
	6.99
	4.635



	[41]
	800 × 600
	9
	9.5



	[27]
	1000 × 1400
	9.6
	19



	[25]
	130 × 85
	0.6
	7.23



	[27]
	1000 × 1400
	9.67
	19



	[42]
	300 × 210
	0.83
	3.99



	[43]
	13 × 26
	18.18
	1.5



	[30]
	125 × 125
	9.3
	-



	[44]
	2000 × 1000
	76
	10.43



	[28]
	800 × 1170
	14.8
	-



	[45]
	600 × 300
	72.72
	5.49



	[46]
	822 × 280
	0.116
	13.6



	[47]
	800 × 600
	5.71
	7.934



	O-shape patch antenna single element design
	65 × 65
	31.4
	11.1



	O-shape two port MIMO antenna design
	130 × 65
	18.21
	5.18
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