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Abstract

:

In the 5G system, multiple-input multiple-output (MIMO) antennas for both transmitting and receiving ends are required. However, the design of MIMO antennas at the 5G upper band is challenging due to the mutual coupling issues. Many techniques have been proposed to improve antenna isolation; however, some of the designs have impacts on the antenna performance, especially on the gain and bandwidth reduction, or an increase in the overall size. Thus, a design with a detailed trade-off study must be implemented. This article proposes a new C-shaped parasitic structure around a main circular radiating patch of a MIMO antenna at 16 GHz with enhanced isolation features. The proposed antenna comprises two elements with a separation of 0.32λ edge to edge between radiation parts placed in a linear configuration with an overall dimension of 15 mm × 26 mm. The C-shaped parasitic element was introduced around the main radiating antenna for better isolation. Based on the measurement results, the proposed structure significantly improved the isolation from −23.86 dB to −32.32 dB and increased the bandwidth from 1150 MHz to 1400 MHz. For validation, the envelope correlation coefficient (ECC) and the diversity gain (DG) were also measuredas 0.148 dB and 9.89 dB, respectively. Other parameters, such as the radiation pattern, the total average reflection coefficient and the mean effective gain, were also calculated to ensure the validity of the proposed structure. Based on the design work and analysis, the proposed structure was proven to improve the antenna isolation and increase the bandwidth, while maintaining the small overall dimension.
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1. Introduction


In order to develop a MIMO antenna system, multiple antenna elements are required for the transmitter and the receiver to achieve a linear increase in the data rate with an increase in the number of antennas. However, it is a challenge to keep multiple antennas within a small and compact space, especially at the user end, due to the mutual coupling effect between the antenna elements [1]. The mutual coupling arises due to the interaction of radiations from closely spaced antennas and the surface currents flowing on the ground plane [2]. These cause field correlation and an increase in mutual coupling and thus degrade the diversity performance of the MIMO antenna system and decrease isolation between adjacent antennas [3].



Various methods have been studied and analysed to suppress the mutual coupling and improve the isolation. Evaluating the antenna surface currents is one of the methods to determine the amount of mutual coupling between the antennas. Some of the MIMO antenna designers introduced parasitic elements [4], orthogonal polarization [5] and decoupling structure [6] to reduce the mutual coupling in MIMO antenna design. However, this method increases the distance between antenna elements. The easiest way to reduce the mutual coupling and improve the isolation between antennas is by adjusting the antenna distance to be more than λ/2, as mentioned in [7]. Although this method results in high isolation between multiple antennas, this configuration extends the distance between antenna elements; thus, the antenna size is increased. Meanwhile in [8], defected ground structure (DGS) was introduced to reduce the mutual coupling effects. However, the resonant frequency is shifted through this method due to higher coupling caused by the DGS structure. In addition, the DGS itself is a slot antenna, which causes an increase in back lobe radiation.



Studies were conducted in [9,10,11] to improve isolation and reduce mutual coupling between MIMO elements using metamaterials. The researchers proved that metamaterials can produce good isolation between multiple-element MIMO antennas. The metamaterial works by blocking the transmission of magnetic fields in a near-field environment. At the same time, it improves the far-field radiation and realized gain by increasing the directivity of the antennas [10]. However, the complexity of metamaterial design and structure make this method challenging to implement. Meanwhile, some researchers used stacked configuration to reduce mutual coupling between multiple antennas, as discussed in [12,13]. The multilayer substrate called superstrate was used to reduce the space waves and decrease the mutual coupling between the antenna elements. The multilayer substrate was also able to delay the current path, which can cancel the coupling effect between two closely placed feeding ports [13]. Implementing this stacked configuration was proven to suppress mutual coupling in MIMO systems, but it eventually increases the overall thickness of the antenna design.



In this work, the mutual coupling was reduced by introducing a novel C-shaped parasitic element around the radiating patch structure. The performance of the antenna was investigated through simulation and measurement data. Based on the results, it was proven that the proposed structure can be adopted for 5G MIMO operation due to the high isolation between the elements, improved bandwidth, high gain and small overall dimension.




2. Antenna Design and Parasitic Element


Previously, a simple circular patch antenna with a ground plane was designed to demonstrate the capability of the approach in this research, as shown in Figure 1a [14,15,16]. The antenna was designed to resonate at 16 GHz, as shown in Figure 2. The frequency was chosen to cater for future mobile communication in Malaysia, which is expected to be up to 30 GHz [17]. Then, a C-shaped parasitic element, as shown in Figure 1b, was designed around the main circular patch to improve the antenna bandwidth to support a huge number of users and to cover various applications. The ability of the parasitic element to improve antenna bandwidth and change the radiation resistance is discussed in detail in [18,19,20]. Meanwhile, apart from enhancing the bandwidth, the parasitic element provides an alternative way for impedance matching [18]. In this design, two parameters were adjusted during optimization. First, the gap between the parasitic element and the center of the radiating patch was adjusted to improve the current distribution. This ensured that the surface current across the strip width and throughout the circular patch was uniform [20]. Second, the size of the parasitic element was adjusted, as the antenna became more inductance when the size was increased [18]. For both optimizations, a high bandwidth was needed.



Figure 3 shows the behavior of the antenna bandwidth over parasitic gap distance when the parasitic size was changed. The optimization on the parasitic element started with width size, Wp, of 1 mm to 3 mm. The distance from the circular patch to the parasitic element, Wg, varied from 0.2 mm to 1.0 mm. As shown in Figure 3, the maximum bandwidth obtained was 1459 MHz at Wg = 0.8 mm and Wp = 1 mm. When the Wp was increased to 2 mm, the bandwidth was slightly reduced to 1457 MHz at Wg = 0.4 mm. Then, when the Wp was 3 mm, the maximum bandwidth was only 886 MHz at Wg = 0.6 mm. This scenario indicates a trade-off between the dimension and gap of the parasitic elements and the bandwidth size. Therefore, by considering the size, the most optimum dimensions for the antenna were chosen to be 1 mm and 0.8 mm for Wp and Wg respectively. Table 1 shows the comparison between the antenna performance without and with the parasitic elements. Based on this table, the bandwidth of the antenna increased significantly when a parasitic element was added.



After optimizing the single element, the design was extended to dual element for multiple-input multiple-output (MIMO) operation, as shown in Figure 4a,b. For comparison, the initially designed single-element antenna without the parasitic element was arranged in a linear 2-element MIMO antenna configuration, as shown by Antenna 1. The isolation between the antennas was monitored when the antennas were placed close to each other. To improve the isolation in dual-antenna configuration, the C-shaped parasitic element, as designed previously, was included in Antenna 2. Besides improving the bandwidth, this parasitic element was used as a wall to block the electromagnetic current from traveling to another antenna element.



During optimization, the element spacing, d was adjusted from 0.50λ to 0.26λ and the isolation performance was analyzed [21]. For a MIMO antenna to work efficiently, the acceptance/minimum value for isolation must be −15 dB or lower, as mentioned in [22,23,24]. Figure 5 shows the isolation result concerning the element spacing without and with C-shaped parasitic elements, respectively.



Based on the graph, the antenna without parasitic elements had poor isolation, with a value of −12.33 dB at the desired frequency of 16 GHz. Meanwhile, the isolation value, at −23.86 dB, improved when the C-shaped parasitic element was introduced in Antenna 2, which showed that the mutual coupling was significantly reduced. Furthermore, Antenna 2 showed broader bandwidth as compared to Antenna 1. Therefore, based on the improved isolation value and the bandwidth, a separation of 0.32λ was chosen for the final MIMO antenna design. Moreover, based on Figure 5b, it is clear that by locating the parasitic element around the circular patch, the isolation between multiple antenna elements can be maintained as the spacing increases, as opposed to the scenario in Figure 5a when the parasitic element was not included. It was proven that the parasitic element acts as a perfect isolation tool at a specific frequency regardless of the spacing distance.



Figure 6 shows the return loss (   S  11    ) and the transmission loss (   S  21    ) of Antenna 1 and Antenna 2 with the element spacing, d, of 0.32λ. The proposed antenna showed improved S11 when both MIMO antenna elements were placed next to each other as compared to Antenna 1. The resonant frequency remained at 16 GHz for Antenna 2 as compared to Antenna 1, where the resonant frequency was slightly shifted to 16.2 GHz. Thus, it was proven that the antenna bandwidth and isolation can be improved by introducing the C-shaped parasitic element without altering the resonant frequency.



Figure 7 shows the final antenna structure with detailed dimensions, as shown in Table 2. The antenna was fabricated on RT-Duroid 5885 with relative permittivity, εr, of 2.2, loss tangent of 0.0009 and thickness, h, of 1.57 mm. A 50 Ohm feeding line was designed to connect the radiating patch with an electrical source. The main radiating patch was designed on the top substrate layer and a full ground plane was designed on the bottom substrate.



The influence of decoupling structure can be observed by visualizing the surface current on the dual-element antennas when the C-shaped parasitic structure was integrated in the design. As shown in Figure 8a, a strong surface current was observed on the patch of Antenna 1. When port 1 was excited, a high mutual coupling could be observed. Meanwhile, the surface current was reduced by introducing a C-shaped parasitic structure around the antennas, as shown in Figure 8b. Thus, it shows that, through the integration of the C-shaped structure, the mutual coupling was reduced. Hence, greater isolation between the antenna was achieved, as was validated further through measurement.



2.1. Observation of Electric Field Intensities along Antenna Edges


As mentioned before, the distance between the two elements affects the antenna isolation when they are located near each other. An electric and magnetic field’s intensity graph in the reactive near-field region can be analyzed to validate this condition [25]. Figure 8 shows the electric field (E-field) distribution along non-radiating edges, or length of the antenna, L. Theoretically, both graphs show an accurate representation of both conditions, where the E-field intensity is zero at the mid-patch region as the antenna radiating element behaves as a perfect electric conductor at the surface due to the zero impedance (Zin = 0 Ω). However, it was increasing towards the edge due to the rise in the value of Zin. By comparing Figure 8a with Figure 8b, it can be observed that the electric field intensity in the presence of a C-shaped parasitic element was slightly reduced. Based on theoretical current–voltage relation, the observation shows that when a C-shaped parasitic element was added, more energy was radiated to the air instead of trapped inside the substrate or antenna layer, increasing the radiated compared to the absorbed power. This claim can also be verified based on the simulated antenna efficiency, where it shows that the efficiency improved from 65.82% to 80.70% when the parasitic structure was added.




2.2. Observation of Surface Currents


Meanwhile, Figure 9 shows the magnetic surface currents along radiating edges, W, of the antenna. The currents were almost uniformly distributed throughout the antenna surface, with an average reading of 15.6 A6 + 9/m and 27.25 A/m for Antenna 1 (Figure 9a) and Antenna 2 (Figure 9b), respectively. It is important to ensure the constant behavior of the current to validate the correlation between E-field intensity and Zin. In Antenna 1, without the presence of a parasitic element, as the adjacent distance of the antenna increased, the magnitude of the surface current became low due to the mutual coupling effect between dual-element antennas and the distortion of the shapes of the current distribution. This scenario indicates that the isolation between elements was very poor and had significantly affected the right-hand-side region of the graph, which is the region where both elements were adjacent to each other. When the parasitic element was added to the structure, as shown in Figure 9b, the surface current had uniform distribution at all separation distances. The graph shows that the surface current was unaffected by the distance between the elements. This phenomenon was due to the excellent isolation for Antenna 2, with the presence of a C-shaped parasitic element.



The influence of the C-shaped parasitic structure can be further observed by visualizing the 3D surface current on the dual-element antennas. As shown in Figure 10a, a strong surface current was observed on the patch of Antenna 1. When port 1 was excited, high mutual coupling could be observed in the adjacent element. Meanwhile, the mutual coupling was reduced by the introduction of C-shaped parasitic structure around the antennas, as shown in Figure 10b, where the adjacent element was isolated when port 1 was excited. Thus, it shows that through the integration of the C-shaped structure, the mutual coupling was reduced. Hence, greater isolation between the antennas was achieved, which was validated further through measurement.





3. Measurement Results and Analysis


The performance of the proposed antenna in linear configuration was measured using the Keysight network analyzer (VNA) and the result is shown in Figure 11.



3.1. Return Loss and Isolation


The graph in Figure 11 shows that the measured S11 is slightly shifted from the simulated data. The discrepancies are due to the alignment at the SMA connector and fabricated tolerance. However, the difference is very small; thus, the result is acceptable because the bandwidth covers the desired frequency band.



As observed in Figure 10b, the C-shaped parasitic element can block the surface waves inside the antenna substrate and guide them in another direction by creating an indirect signal with the additional coupling path that opposes the signal going directly from an element to another element. Therefore, with the measured data in Figure 11, the theory is proven through the reduction in mutual coupling, resulting in an isolation of −32.32 dB and reflection coefficient of −15.17 dB over 15.56 GHz to 17.00 GHz bandwidth.




3.2. Radiation Pattern and Antenna Gain


To observe the performance of the parasitic element structure on the radiation pattern of the antenna, the simulated and measured E-plane and H-plane data are shown in Figure 12. It is observed that the radiation pattern is dominant at 0° angle and good agreement is obtained between the measured and simulated radiation patterns. The proposed antenna is able to produce a gain of 6.21 dB (Antenna 1) and 6.43 dB (Antenna 2), which is more desirable. Although the measured gain is less than the simulated result (7.98 dB Antenna 1 and 7.69 dB Antenna 2), the proposed antennas meet the research requirement for design, as the MIMO antenna shows a gain of more than 5 dBi. Meanwhile, the measurement result for the antenna efficiency is 53.58% (Antenna 1) and 59.17% (Antenna 2). The efficiency is directly proportional to the value of gain [26]. The lower efficiency in measurement reduces the total gain measurement.




3.3. MIMO Performance Analysis


In this section, MIMO parameters, such as the total active reflection coefficient (TARC), envelope correlation coefficient (ECC), diversity gain (DG) and mean effective gain (MEG) are evaluated to validate the MIMO characteristics for multipath propagation [27].



The total active reflection coefficient (TARC) is defined as the ratio of the square root of the total reflected power divided by the square root of the total incident power in a multiport antenna system [28]. TARC is a method of manipulating all S-parameters for all MIMO ports and displaying them on a single curve, representing the effects of the feeding phase on the antenna port [29]. The value was obtained randomly with a phase swept between 0° and 180° to create the TARC curve [30]. The measured TARC of the proposed antenna design with parasitic elements is shown in Figure 13. The result indicates that the TARC of the proposed antenna covers the desired band. For a two-port MIMO antenna system, TARC can be evaluated using (1) [30].


  τ =     (  (     |   S  11   +  S  12    e  j θ    |   2  +  (   |   S  21   +  S  22    e  j θ    |  ²  )   )       2     



(1)







The correlation coefficient (ρ) measures how much the communication channels are isolated or correlated between multiple MIMO antennas. This parameter considers the antenna radiation pattern when two or more antennas are working simultaneously. Meanwhile, the square of the correlation coefficient value is known as the envelope correlation coefficient (ECC) [31]. The envelope correlation coefficient can be calculated as mentioned in [32]. However, it is only valid for a uniform multipath environment, such as an isotropic environment. This equation can be simplified using the S parameter [33], as shown by (2). Ideally, the ECC value should be zero [34]. However, in [29] the maximum value was set to 0.5, an acceptable value for wireless systems. As shown in Figure 14, the ECC values for antenna without and with parasitic elements are 0.1408 and 0.1482, respectively.
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Diversity gain (DG) is a measure of the effect of diversity on communication systems [29]. The diversity occurs when a transmitter receives multiple signals from different source channels in MIMO systems. The parameter must be higher (uncorrelated) for better signal reception. The more an antenna is used in a MIMO system, the more the combined power is received in a diversity system. Diversity gain and correlation coefficient are interrelated. The higher the diversity gain means the lower the correlation coefficient. The DG can be calculated by using the equation as given in [35]. Figure 15 shows the comparison between the simulated and measured DG of the proposed MIMO antennas to verify this result. The measured values for Antenna 1 and Antenna 2 are 9.9024 dB and 9.8918 dB, respectively. This observation indicates that the DG of the proposed antenna is nearly at the maximum value of 10 dB, as mentioned in [36]. This is a productive value for the antenna because the lower the correlation coefficient, the higher the diversity gain.


  D G = 10  e p   



(3)
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(4)







Mean effective gain (MEG) is defined as a measure of the gain performance in a predefined wireless environment where the effect of the environment is taken into account [37]. The MEG is an important parameter to determine the antenna performance in the real environment. The easiest way to determine the MEG is by using a practical calculated method, as described in [38]. The technique is also discussed in [39]. The practicality of the environment was replaced by using a 3D radiation pattern and the proposed statistical model that can achieve MEG numerically by solving a mathematical expression that combines the two quantities. The MEG can be determined using a measured/simulated gain pattern in an ideal environment with this concept. Meanwhile, in [27] the MEG was calculated from the S-parameter (simulation/measurement) results using (5), where M is the total number of antennas [40]. The power ratio (k), which is the difference in the magnitude of MEG, was calculated using (6). Figure 16 shows that the measured MEG at selected frequency is 0.3514 dB and 0.1482 dB, respectively, for designs with and without parasitic elements. Meanwhile, the k (power ratio) value is almost 0 dB, which means that there is no significant difference between the average power received [27] at the proposed MIMO antenna design.
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(6)







Table 3 shows the comparison between the existing antenna design with the proposed MIMO antenna in terms of bandwidth, isolation, ECC and diversity gain. Based on the observation of previous antenna designs, some designers have ignored the diversity gain and enveloped correlation coefficient parameters that are very important to measure the MIMO antenna total performance. Meanwhile, the integration concept with a C-shaped parasitic element is proven to be able to improve the isolation and the antenna bandwidth. Additionally, with a smaller size than other designs, this antenna is suitable for future mobile applications.





4. Conclusions


Detailed analysis on the ability of the new antenna structure with a C-shaped parasitic element to suppress the mutual coupling between the MIMO antenna elements was successfully demonstrated. The antenna performance was validated through fabrication and measurement, and excellent results were obtained. The proposed antenna is well matched at the resonant frequency of 16 GHz, and it is suitable for 5G mobile applications. The C-shaped element was proven to block the surface current due to the high value of isolation between the MIMO elements. The result shows that the mutual coupling was improved by 8.58 dB, from −23.74 dB to −32.32 dB when the C-shaped parasitic element was added. The improvement is excellent for a typical MIMO system that requires isolation of more than −15 dB. The relevant MIMO parameters were measured (ECC < 0.1482), (DG > 9.8918) and (MEG > 0.3514) in the operating band. The radiation pattern of the MIMO antenna was also measured in an indoor OTA500 chamber facility. Although the gains were slightly less than the simulated values, the obtained values are acceptable with 6.21 dB for Antenna 1 and 6.43 dB for Antenna 2, showing that the parasitic element improved the radiation performance.







Author Contributions


Conceptualization, H.Y. and H.J.; methodology, I.K.C.L. and M.H.J.; formal analysis, N.H.A.R. and Y.Y.; writing—review and editing, N.H.A.R.; supervision, N.H.A.R., M.H.J. and M.A.A.; funding acquisition, F.N.M.R. and M.A.A. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Universiti Teknologi MARA through the Young Talent Researcher Grant (No.: 600-RMC/YTR/5/3 (012/2020).




Acknowledgments


This work was supported by Universiti Teknologi MARA through the Young Talent Researcher Grant (No.: 600-RMC/YTR/5/3 (012/2020). Authors would also like to thank all researchers of Antenna Research Centre, College of Electrical Engineering, Universiti Teknologi MARA, Shah Alam, Selangor, Malaysia for supporting this project.




Conflicts of Interest


The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence the work reported in this paper. The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Nedil, M. Coupling Reduction between Dipole Antennas. IEEE Antennas Propag. Mag. 2016, 16, 3–4. [Google Scholar]

	



Qian, K.; Zhao, L. An Integrated Antenna Interference Cancellation Chip with Frequency Rejection Characteristic for MIMO Systems. IEEE Antennas Wirel. Propag. Lett. 2017, 16, 1285–1288. [Google Scholar] [CrossRef]

	



Alibakhshikenari, M. A Comprehensive Survey on “Various Decoupling Mechanisms with Focus on Metamaterial and Metasurface Principles Applicable to SAR and MIMO Antenna Systems”. IEEE Access 2020, 8, 1. [Google Scholar] [CrossRef]

	



Parchin, N.O.; Al-yasir, Y.I.A. Eight-Element Dual-Polarized MIMO Slot Antenna System for 5G Smartphone Applications. IEEE Access 2020, 7, 15612–15622. [Google Scholar] [CrossRef]

	



Suriya, I.; Anbazhagan, R. Inverted-A based UWB MIMO antenna with triple-band notch and improved isolation for WBAN applications. AEU-Int. J. Electron. Commun. 2019, 99, 25–33. [Google Scholar] [CrossRef]

	



Malathi, A.C.J.; Thiripurasundari, D. Review on Isolation Techniques in MIMO Antenna Systems. Indian J. Sci. Technol. 2016, 9, 1–10. [Google Scholar] [CrossRef]

	



Hussain, R.; Alreshaid, A.T.; Podilchak, S.K.; Sharawi, M.S. Compact 4G MIMO antenna integrated with a 5G array for current and future mobile handsets. IET Microw. Antennas Propag. 2016, 11, 271–279. [Google Scholar] [CrossRef]

	



Cheung, S.W.; Li, Q.; Wu, D.; Zhou, C.; Wang, B. Defected Ground Structure with Two Resonances for Decoupling of Dual-band MIMO Antenna. IEEE Antennas Wirel. Propag. Lett. 2017, 1645–1646. [Google Scholar] [CrossRef]

	



Zhu, X.; Yang, X.; Song, Q.; Lui, B. Compact UWB-MIMO antenna with metamaterial FSS decoupling structure. EURASIP J. Wirel. Commun. Netw. 2017, 2017, 115. [Google Scholar] [CrossRef]

	



Panda, P.K.; Ghosh, D. Isolation and gain enhancement of patch antennas using EMNZ superstrate. AEU-Int. J. Electron. Commun. 2018, 86, 164–170. [Google Scholar] [CrossRef]

	



Pan, B.C.; Tang, W.X.; Qi, M.Q.; Ma, H.F.; Tao, Z.; Cui, T.J. Reduction of the spatially mutual coupling between dual-polarized patch antennas using coupled metamaterial slabs. Sci. Rep. 2016, 6, 30288. [Google Scholar] [CrossRef]

	



Chaudharil, A.A. Microstrip MIMO/Diversity Antenna with High Isolation for WLAN Applications. Prog. Electromagn. Res. Symp. 2016, 887–891. [Google Scholar] [CrossRef]

	



Lim, S.; Choi, W.C.; Yoon, Y.J.; You, C. An Isolation Technique for Closely Stacked MIMO Antennas. Proc. ISAP 2016, 1, 356–357. [Google Scholar]

	



Yon, H.; Rahman, N.H.A.; Aris, M.A.; Jumaat, H. Developed high gain microstrip antenna like microphone structure for 5G application. Int. J. Electr. Comput. Eng. 2020, 10, 3086–3094. [Google Scholar] [CrossRef]

	



Yon, H.; Rahman, N.A.; Aris, M.; Jamaluddin, M.; Jumaat, H. Parametric Study on Mutual Coupling Reduction for MIMO Future 5G Antennas. J. Electr. Electron. Syst. Res. 2020, 16, 59–65. [Google Scholar] [CrossRef]

	



Yon, H.; Ali, M.T.; Aris, M.A.; Baharom, B.; Nasir, N.A.M. A New Model Microstrip Antenna like Microphone Structure for 5G Application. In Proceedings of the 2018 IEEE International RF and Microwave Conference (RFM), Penang, Malaysia, 17–19 December 2018; pp. 17–20. [Google Scholar]

	



Malaysian Communications and Multimedia Commission. Radio Spectrum Allocations in Malaysia; Malaysian Communications and Multimedia Commission: Cyberjaya, Selangor Darul Ehsan, Malaysia, 2017; p. 200.

	



Au, T.M.; Luk, K.M. Effect of parasitic element on the charecteristics of microstrip antenna. IEEE Trans. Antennas Propag. 1991, 39, 1247–1251. [Google Scholar] [CrossRef]

	



Agrawal, A.; Jain, A. Effect of Directly Coupled Parasitic Patch on Floral Shaped Patch Antenna. Int. J. Eng. Res. Appl. 2012, 2, 954–957. [Google Scholar]

	



Garg, R.; Bhartia, P.; Bahl, I.J. Microstrip Antenna Design Handbook; Artech House Publisher: London, UK, 2001. [Google Scholar]

	



Anitha, R.; Sarin, V.; Vasudevan, K.; Mohanan, P. Enhanced isolation with defected ground structure in MIMO antenna. Electron. Lett. 2014, 50, 1784–1786. [Google Scholar] [CrossRef]

	



Choudhary, A.; Morya, S. A Review Paper on MIMO Antenna Isolation Improving Techniques. J. Int. Shodh Eng. Technol. 2017, 2, 1–5. [Google Scholar]

	



Luo, C.; Hong, J.; Zhong, L. Isolation Enhancement of a Very Compact UWB-MIMO Slot Antenna With Two Defected Ground Structures. IEEE Antennas Wirel. Propag. Lett. 2015, 14, 1766–1769. [Google Scholar] [CrossRef]

	



Li, G.; Zhai, H.; Ma, Z.; Liang, C.; Yu, R.; Liu, S. Isolation-improved dual-band MIMO antenna array for LTE/WiMAX mobile terminals. IEEE Antennas Wirel. Propag. Lett. 2014, 13, 1128–1131. [Google Scholar]

	



Rahman, N.H.A.; Yamada, Y.; Nordin, M.S.A. Analysis on the Effects of the Human Body on the Performance of Electro-Textile Antennas for Wearable Monitoring and Tracking Application. Materials 2019, 12, 1636. [Google Scholar] [CrossRef] [PubMed]

	



Matzner, H.; Levy, S. Antenna Gain. Available online: https://www.hit.ac.il/.upload/engineering/antenna_-_exp4gain.pdf (accessed on 28 September 2021).

	



Lin, I.K.C.; Jamaluddin, M.H.; Awang, A.; Selvaraju, R.; Dahri, M.H.; Yen, L.C.; Rahim, H.A. A Triple Band Hybrid MIMO Rectangular Dielectric Resonator Antenna for LTE Applications. IEEE Access 2019, 7, 122900–122913. [Google Scholar]

	



Manteghi, M.; Rahmat-Samii, Y. Multiport characteristics of a wide-band cavity backed annular patch antenna for multipolarization operations. IEEE Trans. Antennas Propag. 2005, 53, 466–474. [Google Scholar] [CrossRef]

	



Sharawi, M.S. Printed MIMO Antenna Engineering; Artech House: London, UK, 2014. [Google Scholar]

	



Su, S.-W.; Lee, C.-T.; Chang, F.-S. Printed MIMO-antenna system using neutralization-line technique for wireless USB-dongle applications. IEEE Trans. Antennas Propag. 2012, 60, 456–463. [Google Scholar] [CrossRef]

	



Sharawi, M.S. Printed MIMO Antenna Systems: Performance Metrics, Implementations and Challenges. Forum Electromagn. Res. Methods Appl. Technol. 2013, 1, 1–11. [Google Scholar] [CrossRef]

	



Wu, Y.; Long, Y. A High Isolation MIMO Antenna without Decoupling Structure for LTE 700 MHz. Hindawi Int. J. Antennas Propag. 2015, 2015, 1–7. [Google Scholar] [CrossRef]

	



Blanch, I.C.S.; Romeu, J. Exact representation of antenna system diversity performance from input parameter description. Electron. Lett. 2003, 53, 1689–1699. [Google Scholar]

	



Al-Saif, H.; Usman, M.; Chughtai, M.T.; Nasir, J. Compact Ultra-Wide Band MIMO Antenna System for Lower 5G Bands. Wirel. Commun. Mob. Comput. 2018, 2018, 1–6. [Google Scholar] [CrossRef]

	



Kildal, P.-S.; Rosengren, K. Electromagnetic analysis of effective and apparent diversity gain of two parallel dipoles. IEEE Antennas Wirel. Propag. Lett. 2003, 2, 9–13. [Google Scholar] [CrossRef]

	



Xu, Q.; Huang, Y.; Zhu, X.; Alja’Afreh, S.; Xing, L.; Tian, Z. Diversity Gain Measurement in a Reverberation Chamber Without Extra Antennas. IEEE Antennas Wirel. Propag. Lett. 2015, 14, 1666–1669. [Google Scholar] [CrossRef]

	



Sharawi, M.S. Printed multi-band MIMO antenna systems: Techniques and Isolation mechanisms. Eur. Conf. Antennas Propag. 2014, 1, 779–783. [Google Scholar]

	



Taga, T. Antennas in Land Mobile Radio. IEEE Trans. Veh. Technol. 1990, 39, 117–131. [Google Scholar] [CrossRef]

	



Nielsen, J.Ø.; Pedersen, G.F.; Olesen, K.; Kovacs, I.Z. Computation of mean effective gain from 3D measurements. In Proceedings of the 1999 IEEE 49th Vehicular Technology Conference, Houston, TX, USA, 16–20 May 1999; Volume 1, pp. 787–791. [Google Scholar]

	



Zou, L.; Abbott, D.; Fumeaux, C. Omnidirectional cylindrical dielectric resonator antenna with dual polarization. IEEE Antennas Wirel. Propag. Lett. 2012, 11, 515–518. [Google Scholar] [CrossRef]

	



Wani, Z.; Abegaonkar, M.P.; Koul, S.K. A 28-GHz antenna for 5G MIMO applications. Prog. Electromagn. Res. Lett. 2018, 78, 73–79. [Google Scholar] [CrossRef]

	



Tu, D.T.T.; Thang, N.G.; Ngoc, N.T.; Phuong, N.T.B.; Van Yem, V. 28/38 GHz Dual-Band MIMO Antenna with Low Mutual Coupling using Novel Round Patch EBG Cell for 5G Applications. In Proceedings of the 2017 International Conference on Advanced Technologies for Communications (ATC), Quynhon City, Vietnam, 18–20 October 2017; pp. 64–69. [Google Scholar]

	



Alibakhshikenari, M.; Khalily, M.; Virdee, B.S.; See, C.H.; Abd-Alhameed, R.A.; Limiti, E. Mutual Coupling Suppression Between Two Closely Placed Microstrip Patches Using EM-Bandgap Metamaterial Fractal Loading. IEEE Access 2019, 7, 23606–23614. [Google Scholar] [CrossRef]

	



Kayabasi, A.; Toktas, A.; Yigit, E.; Sabanci, K. Triangular quad-port multi-polarized UWB MIMO antenna with enhanced isolation using neutralization ring. AEU-Int. J. Electron. Commun. 2018, 85, 47–53. [Google Scholar] [CrossRef]

	



Wang, F.; Duan, Z.; Li, Q.; Wei, Y.; Gong, Y. Compact Wideband MIMO Antenna for 5G Communication. In Proceedings of the 2017 IEEE International Symposium on Antennas and Propagation & USNC/URSI National Radio Science Meeting, Boston, MA, USA, 8–13 July 2018; pp. 939–940. [Google Scholar]

	



Mathur, R.; Dwari, S. Compact CPW-Fed ultrawideband MIMO antenna using hexagonal ring monopole antenna elements. AEU-Int. J. Electron. Commun. 2018, 93, 1–6. [Google Scholar]








[image: Electronics 10 02431 g001 550] 





Figure 1. Single-element antenna (a) without and (b) with parasitic elements. 
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Figure 2. S11 performance of both antennas. 
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Figure 3. Antenna bandwidth for various widths, Wp, and gap distances, Wg. 
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Figure 4. Two-element MIMO antenna (a) without parasitic elements (Antenna 1) and (b) with parasitic elements (Antenna 2). 
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Figure 5. Isolation for various spacing distances, d, (a) without (Antenna 1) and (b) with parasitic elements (Antenna 2). 
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Figure 6. Comparison of S-parameters for Antenna 1 and Antenna 2. 
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Figure 7. Proposed antenna with C-shaped parasitic structure. 
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Figure 8. E-field distribution for (a) Antenna 1, (b) Antenna 2, (c) 3D view (without parasitic element) and (d) 3D view (with parasitic element). 
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Figure 9. Current distribution for (a) Antenna 1 and (b) Antenna 2. 
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Figure 10. Current distribution for (a) Antenna 1 and (b) Antenna 2. 
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Figure 11. Measurement and simulation results of S-parameter for Antenna 1 and Antenna 2. 
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Figure 12. Measured and simulated radiation pattern for MIMO antenna: (a) E-plane and (b) H-plane. 






Figure 12. Measured and simulated radiation pattern for MIMO antenna: (a) E-plane and (b) H-plane.



[image: Electronics 10 02431 g012]







[image: Electronics 10 02431 g013 550] 





Figure 13. Measurement of total average reflection coefficient (TARC). 
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Figure 14. Measurement and simulation of the enveloped correlation coefficient (ECC). 
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Figure 15. Measurement and simulation of the diversity gain (DG). 






Figure 15. Measurement and simulation of the diversity gain (DG).



[image: Electronics 10 02431 g015]







[image: Electronics 10 02431 g016 550] 





Figure 16. Measurement of the mean effective gain (MEG). 
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Table 1. Single-element antenna performance with and without C-shaped parasitic structure.
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	Parameters
	Without Parasitic
	With Parasitic





	Frequency (GHz)
	16
	16



	Gain (dBi)
	7.98
	7.69



	Reflection coefficient (dB)
	−18.74
	−17.98



	Efficiency (%)
	80.09
	81.07



	VSWR
	1.2614
	1.2892



	Bandwidth (MHz)
	913
	1459
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Table 2. Antenna parameter.
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	Parameters
	Value (mm)





	Diameter of patch (Dp)
	3.22



	Distance between element (d)
	0.32λ



	Length of feed (Lf)
	2



	Length of substrate (Ls)
	15



	Material thickness (Hs)
	1.57



	Width of parasitic element (Wp)
	1



	Width of feed (Wf)
	4.77



	Width parasitic (Wp)
	1



	Width of substrate (Ws)
	26



	Width gap (Wg)
	0.8
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Table 3. Comparison between the proposed and existing MIMO antennas.
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	Cite
	Size (mm²)
	Bandwidth (GHz)
	Isolation (dB)
	TARC (dB)
	ECC (dB)
	Diversity Gain (dB)
	MEG (dB)





	[41]
	2.89λ × 1.03λ
	26 to 31
	>−21
	-
	0.15
	-
	-



	[42]
	1.77λ × 2.42λ
	28 to 28.5
	>−25
	-
	-
	-
	-



	[43]
	5.6λ × 2.96λ
	15.6 to 17.1
	>−20
	-
	-
	-
	-



	[44]
	2.5λ × 2.5λ
	3.1 to 17.3
	>−15
	-
	0.1
	-
	-



	[45]
	1.13λ × 1.13λ
	3 to 30
	>−20
	-
	-
	-
	-



	[46]
	0.9λ × 0.5λ
	3 to 12
	>−20
	-
	0.2
	-
	-



	Proposed
	0.8λ × 1.33λ
	15.5 to 17
	>−30
	Yes
	0.14
	9.89
	0.351
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