

  sensors-22-03067




sensors-22-03067







Sensors 2022, 22(8), 3067; doi:10.3390/s22083067




Article



Single-Element and MIMO Circularly Polarized Microstrip Antennas with Negligible Back Radiation for 5G Mid-Band Handsets



Falih M. Alnahwi 1[image: Orcid], Yasir I. A. Al-Yasir 2,*[image: Orcid], Chan Hwang See 3[image: Orcid] and Raed A. Abd-Alhameed 2[image: Orcid]





1



Department of Electrical Engineering, College of Engineering, University of Basrah, Basrah 61001, Iraq






2



Faculty of Engineering and Informatics, University of Bradford, Bradford BD7 1DP, UK






3



School of Engineering and the Built Environment, Edinburgh Napier University, Edinburgh EH10 5DT, UK









*



Correspondence: y.i.a.al-yasir@bradford.ac.uk; Tel.: +44-127-423-8047







Academic Editor: Yuh-Shyan Chen



Received: 13 March 2022 / Accepted: 12 April 2022 / Published: 16 April 2022



Abstract

:

In this paper, single-element and MIMO microstrip antenna with two pairs of unequal slits is proposed as a circularly polarized antenna with negligible back radiation for 5G mid-band handsets. The unequal pairs of slits are engraved on the antenna patch to guarantee the presence of the circular polarization (CP). The proximity-coupled feeding technique is used to excite the proposed microstrip antenna in order to provide larger antenna −10 dB bandwidth which approaches 10.8% (3.48–3.87 GHz). A novel analysis technique is proposed in this paper that demonstrates the 3D axial ratio pattern in order to generate CP in the broadside direction without affecting the structure of the ground plane which ensures weak back radiation. The 3 dB axial ratio bandwidth (ARBW) is found to be equal to 4.1% extended along the range (3.58–3.73 GHz). To make the design more compatible with the 5G mid-band handsets, the 2 × 2 MIMO structure of the proposed antenna with reduced mutual coupling (less than −20 dB) is also presented in this work. The simulation and measured results are in good agreement, and both verify the CP characteristics and the weak back radiation of the proposed antenna.
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1. Introduction


The main significance of the circular polarization (CP) substantially comes from its noticeable mitigation for the multipath interference and polarization mismatching [1,2]. These outstanding features attract the researchers’ attention to designing planar and non-planar antennas whose radiation is circularly polarized. In recent years, the utilization of CP has been oriented toward many wireless applications, such as some satellite applications, WiMax, WLAN, and 5G applications. Consequently, a circularly polarized antenna plays a vital role in these kinds of applications; therefore, it is necessary to seriously investigate some novel designs that guarantee CP at the broadside direction with compact size and suitable bandwidth coverage.



There have been many attempts to design antennas with multiband CP [3,4,5] and wideband CP [6,7,8] to cover as large a bandwidth as possible. However, these designs have significant back radiation that is not circularly polarized. Therefore, a major part of the radiation does not contribute to the CP communication. As a result, many researchers have directed their attention to the design of CP antennas with reduced back radiation to avoid the unnecessary linearly polarized back radiation in addition to the design of MIMO structures to accommodate the 5G requirements. In [9], the microstrip antenna is fed by a microstrip feed line to obtain narrow band CP with main lobe to back lobe level ratio equal to 4 dB. The main lobe to back lobe level ratio improved in [10] to 30 dB but with a very narrow fractional axial ratio bandwidth (ARBW) approaching less than 1.5%. The design in [11] also obtains low main lobe to back lobe level ratio but also with a narrow fractional ARBW that is equal to 2.14%. The ARBW bandwidth is enhanced to about 7% with 10 dB main lobe to back lobe level ratio using the complex and non-planar structures of the dielectric resonator antennas (DRA) with coaxial feeding technique [12,13]. The ARBW is widened to 3% with 16 dB main lobe to back lobe level ratio in [14] using a large-dimensions leaky-wave antenna. With the aid of coaxial feeding [15], the ARBW improved to 6% but with large back radiation whose main lobe to back lobe level ratio approaches 3 dB. In addition to the polarization diversity, when the circularly polarized wave reflects from any surface, it undergoes a reversal in the direction of the rotation [1]. As a result, the reflected wave never interferes with the incident wave. This advantage is very beneficial for mitigating the multipath effects. Therefore, it can be exploited for 5G and mobile communication applications which severely suffer from these kinds of interferences. In [16], a CP antenna is proposed with reconfigurable capability for switching between the left-hand and the right-hand CP for 5G mid-band applications. A wearable circularly polarized antenna for 5G and health care applications is proposed in [17] with the aid of metamaterial stacked structure. The CP beam steerable antenna array for 60 GHz 5G applications is presented in [18] by utilizing 8 × 8 Butler matrix. The CP antenna is also used for 5G smartphones [19,20] due to its mitigation for the multipath effects. All the aforementioned works tolerate either the ARBW or the back lobe level. Thus, it is necessary to design a planar antenna with low back lobe level, acceptable ARBW, and compact size.



This paper presents a circularly polarized microstrip antenna with two unequal pairs of slits for mid-band 5G applications. The proposed microstrip antenna is fully covered by the ground plane to avoid the undesired back radiation. In addition, the proximity-coupled feeding technique is selected to excite the proposed antenna to provide a broadband impedance matching. Based on the 3D axial ratio pattern, the direction of the CP is oriented toward the broadside of the antenna by controlling the width of each slit engraved on the antenna radiating patch. Since this novel analysis does not affect the structure of the ground plane, weak back radiation of the microstrip antenna is maintained. Moreover, a 2 × 2 MIMO structure is proposed in this work to accommodate the 5G handsets with minimized mutual coupling. The simulation and measured results are well agreed, and both show a good impedance bandwidth and acceptable ARBW. Furthermore, the results also show a broadside power pattern with negligible back radiation to avoid radiating in the undesired direction.




2. Antenna Structure


The structure of the proposed antenna is illustrated in Figure 1. The proposed design is a microstrip antenna that is fully covered by the ground plane. Moreover, the antenna consists of a double-layer structure with proximity-coupled feeding structure for broadening the microstrip antenna bandwidth [2]. The top view of the proposed antenna that is shown in Figure 1a consists of two unequal pairs of slits to provide two slightly separated resonant frequencies in order to attain the circular polarization (CP) criterion of the single feed structure [1]. If the length of the longer slit is equal to    l  s 1    , then the length of the shorter slit is equal to    (   l  s 2   =  l  s 1   − d  )   . The value of the difference in length ( d ) is optimized to obtain the suitable separation between the two resonant frequencies that results in a circular polarization. The width of each slit    (  W s  )    is found to be a vital parameter that can control the bandwidth and the orientation of the CP. Figure 1b shows the structure and the dimensions of the   50   Ω   feed line located in the second layer of the antenna. The antenna side view shown in Figure 1c is a composition of two   1.6   mm  -thick FR4 dielectric material with dielectric constant equal to    (   ε r  = 4.3  )    and loss tangent equal to   0.025  . The dimensions of the resulting antenna are 28 × 28 mm2.




3. Broadside CP Generation Mechanism


At first, it is worth mentioning that the simulation results of the proposed designs are obtained with the aid of CST Microwave Studio Simulation Suite manufactured by Dassault Systèmes UK, Coventry, United Kingdom.



The basic criterion of generating the CP using single-feed structure is concluded by providing two perpendicular current paths with slightly different lengths in order to generate two adjacent resonant frequencies [1]. Moreover, engraving slits on the antenna patch electrically elongates the current path so that it noticeably minimizes the antenna dimensions [1]. This basic idea was achieved using probe feeding with narrow slots or slits which resulted in a very narrow-band circularly polarized radiation pattern in the broadside [1]. This basic concept initializes the design of the microstrip antenna shown in Figure 1, and then it is developed to improve the CP bandwidth in the broadside direction. Figure 2a,b illustrates the simulated reflection coefficient and broadside axial ratio (AR), respectively, of the proposed antenna for different values of slit length difference ( d ). It is clear that at   d = 0.5   mm  , the difference in length between the two pairs of silts are so small that the separation between the two resonant frequencies is negligible. For this reason, there is no CP at this value of slit length difference. The same can be said for the case of   d = 1   mm   but with little improvement in the AR value because the two resonant frequencies barely start to separate from each other. At   d = 1.5   mm  , the separation between the two resonant frequencies becomes wider, so the 3 dB axial ration bandwidth (ARBW) has been improved to cover bandwidth of   150   M H z   along the range (  3.58 – 3.73   G H z  ). Increasing the value of    ( d )    to   2   mm   leads to a very wide frequency separation which results in noticeable loss in the CP bandwidth.



In fact, it is hard to obtain a broadside CP using the microstrip feeding or the proximity-coupled feeding. In this paper, it is noticed that these types of feeding can generate CP but not in the broadside direction. Therefore, one should find the key parameter that can justify the orientation of the CP toward the broadside direction. In the proposed design, the slit width (   W s   ) is found to be the vital key parameter that directly modifies the orientation of the CP since it can control the direction of the current path without a sensible effect on the resonant frequencies of the antenna. In addition, since there is no slit or slot engraved in the ground plane, the back radiation of the resulting antenna is still negligible.



Figure 3 illustrates the 3D AR pattern of the proposed antenna for different values of slit width at 3.6 GHz. It is clear from Figure 3a that the CP is entirely absent in the broadside direction. However, by increasing the slit width to 1 mm, two circularly polarized regions (the green spots) start to appear as shown in Figure 3b. A slit width equal to 1.5 mm brings the two circularly polarized regions close to each other almost within the broadside orientation (see Figure 3c). The overlapping of the two circularly polarized regions in the broadside direction is completed at slit width equal to 2 mm as revealed in Figure 3d. The reason behind this overlapping is that increasing the slit width compels the electrical surface current of the antenna to concentrate in the central part of the antenna patch. As a result, the rotation of the electrical current is restricted in the central part of the patch which results in CP in the broadside direction.



It is known that the slit width has a minor effect on the location of the resonant frequencies because it does not contribute to elongating the current path. However, increasing the slit width to more than 2 mm makes the frequency shifting sensible, and this leads to modifying the separation between the two resonant frequencies. Consequently, the condition of the CP may be broken for large values of slit width. This can be verified by taking a look at Figure 3e where the two CP regions start to detach from each other, and Figure 3f shows how the CP is lost at the broadside when the slit width is equal to 3 mm.



The bandwidth of the CP is improved in this design thanks to the presence of the two CP regions. The broadside CP is generated by overlapping two CP regions, so the CP cannot easily be lost because that requires the two CP regions to be completely detached from each other. Figure 4 illustrates the AR as a function of frequency which shows a CP bandwidth equal to 150 MHz. Figure 5 demonstrates the AR pattern for different frequencies. Figure 5a shows no CP in the broadside because the frequency is out of the CP bandwidth. Figure 5b,c exhibit a good overlapping for the CP regions in the broadside direction. The broadside CP is lost in Figure 5d where the frequency is not within the bandwidth of the CP.



Finally, to verify the presence of the CP within the broadside direction, the current distribution at the antenna patch is demonstrated in Figure 6 for different time instants at 3.6 GHz. The rotation of the current can clearly be seen in the central part of the radiating patch, and this confirms the presence of left-hand circular polarization (LHCP) in the broadside direction. If right-hand circular polarization (RHCP) is required, the positions of the longer and shorter pairs of slits should be swapped.




4. Results


This section presents the simulation and the measured results of the single-element and MIMO structures of the proposed microstrip antenna. The measurements were acquired at University of Bradford/Faculty of Engineering and Informatics using Agilent N5242A vector network analyser.



4.1. Single-Element Structure


Figure 7 illustrates the prototype of the proposed microstrip antenna. The top and bottom layers were joined using cyanoacrylate adhesive material. The simulated and measured reflection coefficients are demonstrated in Figure 8a, while the simulated and measured AR at the broadside direction of the antenna as a function of frequency is exhibited in Figure 8b. The simulated impedance bandwidth of the proposed antenna is found to be equal to 10.8% along the range (3.48–3.87 GHz), while the measured impedance bandwidth is equal to 10.9% along the range (3.46–3.86 GHz). On the other hand, the simulated ARBW is equal to 4.1% extended along the range (3.58–3.73 GHz), whereas the measured ARBW is found to be equal to 4.12% along the range (3.57–3.72 GHz).



The simulated and the measured normalized power patterns at the YOZ and XOZ planes of the proposed antenna at 3.6 GHz and 3.7 GHz are revealed in Figure 9. By taking a look at these normalized power patterns, one can easily deduce that the antenna has a broadside radiation with a subtle amount of back radiation with main lobe to back lobe level ratio that approaches values larger than 20 dB. Unlike the omnidirectional pattern, the small amount of back radiation is very important in the 5G handsets to protect the consumer’s head from the radiation of these devices. Figure 10 illustrates the simulated and the measured maximum realized gain over the entire operating band of the antenna. This figure shows a very acceptable gain value along the frequency range of interest. The deviation between the simulated and the measured gain is attributed to many factors, such as the reflections coming from the surrounding equipment inside the chamber, the irregular distribution of the dielectric constant with the frequency, and the losses caused by the imperfect soldering and the adhesive material used to stick the two layers of the antenna.




4.2. MIMO Structure


This work exploits the previous single-element antenna structure to design 2 × 2 MIMO structures as shown in Figure 11. Figure 11a,b represent the front and the back views of the proposed MIMO antenna, while Figure 11c shows the prototype of the proposed design. The proposed MIMO structure is etched on FR4 dielectric substrate with the standard cellphone dimensions (  150 × 75   mm  ). The antenna elements are arranged at the corners of the substrate in such a way that all the antennas give LHCP. It is important to notice that all the dimensions of the single antenna are kept as they are.



The mutual coupling between the four antennas can be demonstrated with the aid of the transmission coefficients between the antennas. Unlike the non-symmetrical MIMO structure which requires the forward and the backward transmission coefficients [21,22], the symmetrical MIMO structures requires just the forward transmission coefficient in describing the mutual coupling between the antennas. Figure 12 shows the simulated s-parameters of the MIMO antenna, whereas Figure 12 illustrates the measured s-parameters of the proposed MIMO antenna. Since the MIMO antenna have transmission coefficients less than   − 20   dB  , the isolation between the antennas is almost perfect without the need for adding isolation elements because it is less than the margin of −15 dB [9,23,24]. The Envelop Correlation Coefficient (  E C C  ) between every two antenna elements (say 1 and 2) is given by [25]:


  E C C =      |   S  11     *   S  12   +  S  22    S  21     *   |   2     (  1 −  (     |   S  11    |   2  +    |   S  21    |   2   )   )   (  1 −  (     |   S  22    |   2  +    |   S  12    |   2   )   )     



(1)







Figure 13 illustrate the simulated and the measured   E C C   of the proposed MIMO antenna structures as a function of frequency. In general, the   E C C   has values less than   0.02  , and this is another important evidence about the excellent isolation between the antenna elements of the proposed design. The deviation between the simulated and measured results in Figure 12 and Figure 13 comes from the imperfect soldering of the SMA connector, the fabrication imperfection, as well as the adhesive material which is not considered in the simulation process.



As a matter of comparison, Table 1 gives a comparison between the proposed design and some other important works in terms of the impedance bandwidth, ARBW, and main lobe to back lobe level ratio. It is clear from this table that the proposed antenna provides an incredible balance between the width of the ARBW and the level of the back radiation.





5. Conclusions


A microstrip antenna with proximity-coupled feeding and two pairs of unequal slits for 5G mid-band applications has successfully been proposed in this paper. Based on the 3D axial ratio pattern, a novel analysis technique is used to orient the CP toward the broadside of the antenna without distorting the ground plane in order to keep the back radiation as low as possible. The simulated impedance bandwidth of the antenna is equal to 10.8% along the range (3.48–3.87 GHz), while the measured impedance bandwidth is equal to 10.9% along the range (3.46–3.86 GHz). On the other hand, the simulated ARBW is equal to 4.1% occupying the range (3.58–3.73 GHz), whereas the measured ARBW extends along the range (3.57–3.72 GHz) with fractional value equal to 4.12%. The main lobe to back lobe level ratio of the proposed antenna is found to be 20 dB, which guarantees weak radiation toward the undesired radiation. A 2 × 2 MIMO structure has also been designed in this work with mutual coupling less than −20 dB and   E C C   less than 0.02.







Author Contributions


Conceptualization, F.M.A. and Y.I.A.A.-Y.; methodology, F.M.A.; investigation, F.M.A., Y.I.A.A.-Y., and R.A.A.-A.; resources, F.M.A., Y.I.A.A.-Y., and C.H.S.; writing—original draft preparation, F.M.A. and Y.I.A.A.-Y.; writing—review and editing, F.M.A., Y.I.A.A.-Y., C.H.S., and R.A.A.-A.; visualization, F.M.A., Y.I.A.A.-Y., C.H.S., and R.A.A.-A. All authors have read and agreed to the published version of the manuscript.




Funding


This paper is partially funded by British Council “2019 UK-China-BRI Countries Partnership Initiative Programme” with project titled “Adapting to Industry 4.0 Oriented International Education and Research Collaboration”.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wong, K. Compact and Broadband Microstrip Antennas; Wiley: New York, NY, USA, 2002. [Google Scholar]

	



Balanis, C. Antenna Theory Analysis and Design, 4th ed.; Wiley: Hoboken, NJ, USA, 2016. [Google Scholar]

	



Evans, N.; Liu, Y.; Shafai, L.; Isleifson, D. Capacitively Coupled Single-Layer Dual-Band Circularly Polarized GPS Ring Antennas. In Proceedings of the IEEE 19th International Symposium on Antenna Technology and Applied Electromagnetics (ANTEM), Winnipeg, MB, Canada, 8–11 August 2021. [Google Scholar] [CrossRef]

	



Zhang, E.; Michel, A.; Nepa, P.; Qiu, J. Multifeed Tri-Band Circularly Polarized Antenna for UHF/MW-RFID Application. Int. J. RF Microw. Comput. Aided Eng. 2022, 32, e22939. [Google Scholar] [CrossRef]

	



Fatima, I.; Ahmad, A.; Ali, S.; Ali, M.; Baig, M. Triple-Band Circular Polarized Antenna for WLAN/Wi-Fi/Bluetooth/WiMAX Applications. Prog. Electromagn. Res. C 2021, 109, 65–75. [Google Scholar] [CrossRef]

	



Farooqui, M.; Kishk, A. 3-D-Printed Tunable Circularly Polarized Microstrip Patch Antenna. IEEE Antennas Wirel. Propag. Lett. 2019, 18, 1429–1432. [Google Scholar] [CrossRef]

	



Liu, Y.; Cai, S.; Xiong, X.; Li, W.; Yang, J. A Novel Wideband Circularly Polarized Modified Square-Slot Antenna with Loaded Strips. Int. J. RF Microw. Comput. Aided Eng. 2019, 29, e21873. [Google Scholar] [CrossRef]

	



Hao, L.; Fan, C.; Wang, H.; Li, B.; Yin, W. Novel Square Slot Circularly Polarized Antenna with Broadband Characteristics. Int. J. RF Microw. Comput. Aided Eng. 2022, 32, e22921. [Google Scholar] [CrossRef]

	



Malik, J.; Patnaik, A.; Kartikeyan, M. Novel Printed MIMO Antenna with Pattern and Polarization Diversity. IEEE Antennas Wirel. Propag. Lett. 2015, 14, 739–742. [Google Scholar] [CrossRef]

	



Malviya, L.; Panigrahi, R.; Kartikeyan, V. Circularly Polarized 2 × 2 MIMO Antenna for WLAN Applications. Prog. Electromagn. Res. C 2016, 66, 97–107. [Google Scholar] [CrossRef]

	



Sharma, Y.; Sarkar, D.; Saurav, K.; Srivastava, K. Three-Element MIMO Antenna System with Pattern and Polarization Diversity for WLAN Applications. IEEE Antennas Wirel. Propag. Lett. 2017, 17, 1163–1166. [Google Scholar] [CrossRef]

	



Sahu, N.; Das, G.; Gangwar, R. L-shaped dielectric resonator based circularly polarized multi-input-multi-output (MIMO) antenna for wireless local area network (WLAN) applications. Int. J. RF Microw. Comput. Aided Eng. 2018, 28, e21426. [Google Scholar] [CrossRef]

	



Varshney, G.; Singh, R.; Pandey, V.; Yaduvanshi, R. Circularly Polarized Two-Port MIMO Dielectric Resonator Antenna. Prog. Electromagn. Res. M 2020, 91, 19–28. [Google Scholar] [CrossRef]

	



Xu, S.; Guan, D.; Liu, L.; Zhang, Q.; Xu, H.; Yong, S. A narrow-band circularly polarized leaky-wave antenna with open stopband suppressed. Int. J. RF Microw. Comput. Aided Eng. 2021, 31, e22647. [Google Scholar] [CrossRef]

	



Khan, I.; Wu, Q.; Ullah, I.; Rahman, S.; Ullah, H.; Zhang, K. Designed Circularly Polarized Two-Port Microstrip MIMO Antenna for WLAN Applications. Appl. Sci. 2022, 12, 1068. [Google Scholar] [CrossRef]

	



Al-Muttairi, A.; Farhan, M. Circular polarization reconfigurable antenna for mid-band 5G applications with a new reconfigurable technique. Indones. J. Electr. Eng. Comput. Sci. 2020, 19, 802–810. [Google Scholar] [CrossRef]

	



Sabban, A. Wearable Circular Polarized Antennas for Health Care, 5G, Energy Harvesting, and IoT Systems. Electronics 2022, 11, 427. [Google Scholar] [CrossRef]

	



Park, Y.; Bang, J.; Choi, J. Dual-Circularly Polarized 60 GHz Beam-Steerable Antenna Array with 8 × 8 Butler Matrix. Appl. Sci. 2020, 10, 2413. [Google Scholar] [CrossRef]

	



Gunjal, A.; Kshirsagar, U. Broadband Asymmetrically Fed Circularly Polarized Slot Antenna for Mid-Band 5G Smartphone Applications. Prog. Electromagn. Res. C 2021, 115, 233–244. [Google Scholar] [CrossRef]

	



Pathak, R.; Mangaraj, B.; Kumar, A.; Kumar, S. Dual Feed Multiband Microstrip Patch Antenna Design with Circular Polarized Wave for 5G Cellular Communication. Prog. Electromagn. Res. B 2021, 93, 87–109. [Google Scholar] [CrossRef]

	



Abdulhameed, A.; Alnahwi, F.; Swadi, H.; Abdullah, A. A compact cognitive radio UWB/reconfigurable antenna system with controllable communicating antenna bandwidth. Aust. J. Electr. Electron. Eng. 2019, 16, 1–11. [Google Scholar] [CrossRef]

	



Alnahwi, F.; Abdulhameed, A.; Swadi, H.; Abdullah, A. A Planar Integrated UWB/Reconfigurable Antenna with Continuous and Wide Frequency Tuning Range for Interweave Cognitive Radio Applications. Iran. J. Sci. Technol. Trans. Electr. Eng. 2020, 44, 729–739. [Google Scholar] [CrossRef]

	



Alnahwi, F.; Abdulhameed, A.; Abdullah, A.; Ulla, A.; Abd-Alhameed, R. Mutual Coupling Reduction of a Dual-Band (2×1) MIMO Antenna Using Two Pairs of λ/4 Slots for(WLAN/WiMAX) Applications. In Proceedings of the IET Loughborough Antennas & Propagation Conference (LAPC), Loughborough, UK, 12–13 November 2018. [Google Scholar] [CrossRef]

	



Tsoulos, G. MIMO System Technology for Wireless Communications; CRC Press, Taylor & Francis Group: Boca Raton, FL, USA, 2002. [Google Scholar]

	



Alnahwi, F.; Abdulhameed, A.; Abdullah, A. A Compact Integrated UWB/Reconfigurable Microstrip Antenna for Interweave Cognitive Radio Applications. Int. J. Commun. Antenna Propag. 2018, 8, 81–86. [Google Scholar] [CrossRef]








[image: Sensors 22 03067 g001 550] 





Figure 1. The structure of the proposed single-element CP antenna with two unequal pairs of slits with its optimized parameter values (a) top view, (b) the feed line structure, and (c) the side view. (All dimensions are in mm). 
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Figure 2. (a) Reflection coefficient and (b) broadside AR of the proposed microstrip antenna at   W s = 2   mm   and different values of  d . 
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Figure 3. The axial ratio pattern of the proposed microstrip antenna for various values of slit width at 3.6 GHz using CST microwave Studio. (a)    W s  = 0.5   mm  ; (b)    W s  = 1   mm  ; (c)    W s  = 1.5   mm  ; (d)    W s  = 2   mm  ; (e)    W s  = 2.5   mm  ; (f)    W s  = 3   mm  . 
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Figure 4. Broadside AR of the proposed microstrip antenna of slits at   d = 1.5   mm   and different values of   W s  . 
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Figure 5. The AR pattern of the proposed antenna at various frequencies. (a)   f = 3.57   GHz  ; (b)   f = 3.6   GHz  ; (c)   f = 3.7   GHz  ; (d)   f = 3.74   GHz  . 
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Figure 6. The current distribution on the radiating patch of the proposed antenna at different time instants at   f = 3.6   GHz  . (a)   ω t =  0 °   ; (b)    ω t =   90  °   ; (c)   ω t =   180  °   ; (d)   ω t =   270  °   . 
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Figure 7. Prototype of the proposed single-element circularly polarized microstrip antenna. 
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Figure 8. Simulation and measured (a) reflection coefficient and (b) AR of the proposed single-element circularly polarized microstrip antenna. 
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Figure 9. Simulation and measured normalized power patterns of the proposed single-element circularly polarized microstrip antenna at (a) 3.6 GHz and (b) 3.7 GHz. 
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Figure 10. Simulation and measured maximum realized gain of the proposed single-element circularly polarized microstrip antenna. 
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Figure 11. The proposed MIMO structure (a) top view of the antenna, (b) back view of the antenna, and (c) the prototype of the proposed MIMO antenna. (All dimensions are in mm). 
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Figure 12. Simulated and measured s-parameters of the proposed MIMO structure. 
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Figure 13. Simulated and measured   E C C   of the proposed MIMO structure. 
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Table 1. Comparison between the proposed design with some important designs related to some other important designs.
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	Ref.
	Impedance

BW %
	ARBW

%
	Main Lobe to Back Lobe Level Ratio (dB)





	[9]
	13.8%
	4.5%
	4 dB



	[10]
	7%
	1.5%
	30 dB



	[11]
	4.2%
	2.14%
	20 dB



	[14]
	11.1%
	3%
	16 dB



	[15]
	10.5%
	6%
	3 dB



	Proposed
	10.9%
	4.12%
	20 dB
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