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Abstract

:

The isolation between the microstrip patches has a great significance to examine the performance of the multiple-input-multiple-output (MIMO) antennas. The patch antennas are placed on the top of 1.46 mm thick Rogers RO3003 substrate having a length of 60 mm, a width of 50 mm, and relative permittivity of 3. The distance between the resonators is 0.06λ and they are stimulated by two coaxial probes extended from the bottom ground layer. The defective ground structure of the H-shape slot is inserted on the bottom ground layer to achieve high isolation (mutual coupling reduction). The proposed MIMO antenna operates at 5.3 GHz frequency, which can be used for WiMAX, Wi-Fi, and future 5G services all over the world. The results of the designed structure have been simulated in a finite element method-based solver high-frequency structure simulator (HFSS). The simulated results show that the reflection coefficient (S11) and isolation (S21) at the desired frequency are −32 dB and −41 dB, respectively.
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1. Introduction


With the fast speed development experienced in wireless communication technology, there is an ever-increasing requirement for the high performance of moveable handheld applications, which mainly comprise very high data rates. An upcoming generational telecommunication standard, 5G, is projected to have data rates of 10 megabits per second up to 10 gigabits [1,2]. Microwave is a wide term that covers the ultra high frequency (UHF) with a range of frequency between 300 MHz and 3000 MHz to the extremely high frequency (EHF) with a range of frequency from 30 GHz to 300 GHz. The unlicensed wireless Ethernet links and licensed microwave bridges usually operate in the super high frequency (SHF) with frequencies between 3 GHz to 30 GHz and the EHF bands. The general fact is that the signal will travel having a low frequency. Consequently, at lower frequencies, the throughput is lower and vice versa. The link of the frequencies of licensed microwaves used for wireless backhaul networking a point to point connection works at 6 GHz, 11 GHz, 18 GHz, and 23 GHz bands. Meanwhile, the E-band wave for the above wireless backhaul communication works at an 80 GHz millimeter wave. On the other hand, the unlicensed wireless Ethernet bridges are utilized in point to point wireless links, point to multipoint wireless links, or wireless mesh topologies. Typically, they operate in the range of 0.9 GHz, 2.4 GHz, 5.3 GHz, 5.4 GHz, or 5.8 GHz frequencies. The popular choice for the outdoor wireless backhauls is to use unlicensed wireless Ethernet bridges of microwave communication. The unlicensed band of 5 GHz (5.3 GHz, 5.4 GHz, and 5.8 GHz band) became the most important selection by several end-users and outdoor wireless installation, because of their flexibility, cost-effectiveness, and quick consumptions.



For the transmission of a high data rate, the MIMO system was introduced in the recent past years. The MIMO antenna is the combination of two or more antenna elements that are used simultaneously for transmission as well as for reception over a radio channel. Meanwhile, the mutual coupling is the major problem that occurred in the MIMO antenna, which decreases the effectiveness of the antenna and has a negative effect on the execution of the MIMO antenna. The researchers proposed and developed many techniques for the reduction of mutual couplings, such as electromagnetic bandgap (EBG) structure, resonator, placing MIMO antenna in orthogonal position, [3,4], etc. Through the suppression of surface-wave, the coupling between antennas can be deceased by EBGs, and the mushroom-like EBG configuration is placed between antenna elements to decrease the mutual coupling of microstrip MIMO antennas [3,5]. Inserting a parasitic element also is another technique that has been used to achieve high isolation between closely spaced array elements. The parasitic structure is generally placed between the two elements to decrease the plane current. However, this technique affects the matching level of the general system, and that amplified the complexity of the design by adding an exterior matching circuit [6,7]. Furthermore, differential feeding technique is also utilized to achieve high isolation in MIMO antennas without inserting any element in the ground plane, or any part of the system needs to place the antenna in the opposite direction. In this technique, each port consists of a dual-element subarray with two subarrays interlaced [8]. There are also many other decoupling methods used for the reduction of mutual couplings, such as decoupling networks [9,10], neutralization lines [11,12], ground plane medications [13,14], metasurface structures or frequency selective surfaces [15,16]. In [17], the authors achieved enhanced isolation by putting a rectangular stub between the two patches. Other procedures to increase isolation between the patches is to launch a reactor of a T-shaped [18], meandered line resonator in [19], different elements for polarization diversity in [20], using electromagnetic bandgap (EBG) structures [21], defective ground structure [22], and a perpendicular feeding system in [23]. In [24], the mutual coupling is decreased by using parasitic-piece-type elements between the MIMO antenna radiators.



Besides this, one of the recognized methods to decrease the mutual coupling is to use the defected ground structure (DGS) where slots are placed in the general ground between the closely spaced antennas. This technique is enough for isolation purposes, where the front-to-back ratio is not judged as the slots could be a source of the undesired back radiation [25].



The main contributions of this research work are summarized below:




	
Different DGS structures are proposed to obtain mutual coupling reduction between two circular patches. These structures, which are closely placed to each other on top of the substrate, operate at a frequency of 5.3 GHz which is better than 4.8 GHz [26].



	
In this work, circular patches are used instead of rectangular patches because circular resonators provide better performance in terms of S-parameters, voltage standing wave ratio (VSWR), and other parameters [27].



	
A novel approach is implemented on different DGS shapes (the ground is cut off in I-shaped, T-shaped, and H-shaped) to get less return loss (S11) and insertion loss (S21) which results in −32 dB and −41 dB, respectively. The reduction in the insertion loss is better than previous work (e.g., [12,28]). A compact MIMO antenna is presented with high isolation between the MIMO radiating elements (S21/S12 < −41 dB).



	
The proposed H-shape MIMO antenna has a better gain performance compared to previous work (e.g., [29,30]). Additionally, the envelope correlation coefficient (ECC) and diversity gain are utilized to evaluate antennas for the first time to check the performance along with efficiency, directivity, and gain.



	
The feeding scheme for the two patches is coaxial probes extended from the bottom ground layer. This scheme is easily implemented due to less spurious radiation effects as compared with [31]. Meanwhile, to obtain impedance matching this method can be placed at any desired position inside the patch.








The designed antenna is the best candidate for the 5G and WIFI devices because of its very high mutual-decoupling between the antenna elements. Low ECC, high efficiency, and high gain. This paper is divided into six main sections. Section 2 defines the antenna characterization while Section 3 presents the simulation results. In Section 4, the given MIMO antenna performance is analyzed. Comparisons of the proposed technique and the previous works are investigated in Section 5. Finally, the conclusion is discussed in Section 6.




2. Proposed Model Design and Analysis


This section describes how to design and analyze the proposed MIMO antenna model, the antenna design is first designed. Then, the evolution process is analyzed.



2.1. Antenna Design


The geometry and arrangement of the given MIMO antenna are given in Figure 1. A circular resonator antenna with a radius of 9 mm is placed on the top of 1.46 mm thick Rogers RO3003 substrate having a length of 60 mm, a width of 50 mm, and relative permittivity of three and the ground plane is designed on the bottom of the substrate. A radiating element is agitated by the coaxial feeding technique. The coaxial feeding technique consists of a pin, probe, and coaxial. The probe height is 1.46 mm from the ground plane to the patch, and similarly, the pin height is 3 mm below the ground plane in opposite direction to the probe, while the length of the coaxial is same like pin and also in the same direction, but the only difference is the radius, we have taken radius of the coaxial according to ground cut off means 1 mm and below feeding point port is placed radius of 1 mm. One thing that should be noted first is that we need to cut off the ground according to the coaxial feeding radius means the radius of the coaxial.



However, the suggested design has only a relation to the isolation of the antenna array. Further, the proposed antenna also provides desirable gain, reliable efficiency, which are the important parameters for any antenna array. Table 1 charts the advanced parameters of the given MIMO antenna.



A second patch of the same shape and size is placed close to the first one, as displayed in Figure 2. One is having a mutual ground plane. Greater space for enhanced isolation between the patches is achieved by using a circular-shaped antenna array instead of the conventional rectangular radiators. The elements of each antenna in the MIMO system are fed with a 50 Ω microstrip feed line in order to get perfect impedance matching.




2.2. Evolution Process


In the proposed model, Figure 2 presents the front outlook of the given MIMO antenna while Figure 3a–d shows the process of evolution in the ground surface of the given antenna array. In the first step, two simple circular-shaped patches were designed and experienced for the desired results (Antenna-1), and then it is modified to I-shaped DGS for better MIMO performance (Antenna-2). Figure 3a,b shows a simulated reflection coefficient (S11) and mutual coupling reduction (S21) of the given antenna for the simple ground plane and ground plane with differently-shaped DGS. It should be noted that high isolation is always enviable for high-performance MIMO antennas. It is observed that Antenna-1 is not operating at the given frequency when the usual ground plane is used. The isolation between the proposed antennas is increased by varying the ground plane. To get proper operation of the MIMO antenna, which can be achieved by putting an I-shaped DGS on the plane used in the designing of Antenna-2, is varied and promotes T-shaped DGS to further reduce mutual coupling between the MIMO antennas as evident from Figure 3a–c.



High isolation between two patches is obtained by producing H-shaped DGS in the ground plane. An H-shaped DGS is utilized in the designed antenna for a specific purpose. It increases the isolation between the antenna arrays by acting as reactors to distinct the radiation of the arrays. As shown in Figure 3, more than 41 dB of mutual coupling reduction is produced at 5.3 GHz by placing an H-shaped DGS in the ground plane. Similarly, for better performance of the antenna, it must need to have a better return loss (S11) value which is 31 dB in this design. In Table 2, a lot of comparisons of the proposed design with the previous designs provide the superiority of the given antenna design.





3. Simulation Results


The results of the proposed antenna have been simulated in a finite element method-based solver high-frequency structure simulator (HFSS). The simulation results are presented in the following five sections. All the following simulations are achieved using a finite element modeling (FEM) based high-frequency structure simulator (HFSS) ver. 15.0.3 environment with a hardware platform of Intel i7-7700 CPU, 3.60 GHz, 16.0 GB RAM, and personal computer. This HFSS software has been used for simulating and optimizing the proposed antenna design. The analytic solving method is the method of moments (MoM). Meanwhile, for meshing, the auto mesh method in HFSS has been utilized.



3.1. S-Parameters


Two Circular patches are placed on a commercially available substrate of Rogers RO3003 having a dielectric constant of three and height 1.46 mm. Return Loss and Insertion Loss S11 is the return loss (represents the number of radiations bounce back from the antenna), also known as the reflection coefficient, while S21 is the insertion loss or isolation (represents the power received at antenna two relative to the power input to Antenna-1 in MIMO antenna) before decoupling. The simulated S11 result of the given MIMO antenna while using H-shaped DGS in the ground at 5.3 GHz is less than −32 dB.



The decoupling parameter S21 of the designed MIMO antenna is less than −41 dB at frequency 5.3 GHz. The S11 parameter and S21 parameter of the simulated MIMO antenna are illustrated in Figure 4, respectively.




3.2. Voltage Standing Wave Ratio


Voltage standing wave ratio (VSWR) is the amount of mismatch of a line and it is an important part S11 parameter in antenna system the appropriate value of VSWR for an antenna is between one and two.



In Figure 5, the results show that VSWR of Antenna-1 is about three which is not ideal value for an antenna, as we are doing variation in the ground field the value of VSWR gets better. The VSWR value of Antenna-2 is more than five which is also not appropriate for antenna performance. Consequently, the value of Antenna-3 is two, which is not suitable, and the value of VSWR of Antenna-4 is 1.34, which is ideal for communication.




3.3. Antenna Gain


An antenna’s gain is a key parameter that unites the antenna‘s directivity and efficiency. It is the directionality of an antenna; if the gain of the antenna in a specific direction is high it means the antenna works properly.



In Figure 6, the total gain of Antenna-1, Antenna-2, Antenna-3, and Antenna-4 is approximately 7.88 dBi, 6.65 dBi, 6.84 dBi, and 8.4 dBi at 5.3 GHz, respectively.




3.4. Directivity


Directivity is also another parameter in terms of the antenna and defined as the amount of the radiation intensity in the proposed direction to its average in the overall directions, it is also similar to gain means that if directivity is high then the antenna will work properly. The directivity of MIMO Antenna-1, Antenna-2, Antenna-3, and Antenna-4 is approximately 8.0 dBi, 6.78 dBi, 6.95 dBi, and 8.4 dBi at 5.3 GHz, respectively, as shown in Figure 7.




3.5. Radiation Pattern


Radiation patterns of Antenna-1, Antenna-2, Antenna-3, and Antenna-4 are shown in Figure 8a–d, respectively.




3.6. Surface Current Distribution


The given MIMO antenna array performance is further examined by designing surface current distribution with a modified ground plane (introduction of different DGS-shaped) at 5.3 GHz. The current distribution of the surface in the given MIMO antenna is displayed in Figure 9a when Port 1 is electrified, low isolation is accomplished between the antenna arrays as the current is highly coupled with another patch, as shown in Figure 9a isolation is increased by digging I-shaped DGS in the ground surface but still enough current is overlapped with the second patch as shown in Figure 9b and the implementation of the given MIMO antenna was improper-shaped DGS is placed in the ground plane to further decrease the mutual coupling reduction between elements of the MIMO antenna but still some current was passing through the channel as shown in Figure 9c.



H-shaped DGS is placed in the ground plane to decrease the mutual coupling between MIMO antenna elements further. Very less current is overlapped with the other patch, and hence greater isolation is achieved between the antennas by introducing H-shaped DGS in the ground plane as shown in Figure 9d.





4. Proposed MIMO Antenna Performance


The performance of the proposed MIMO antenna is validated by utilizing diversity analysis. This analysis is performed by using two parameters i.e., the diversity gain (DG) and envelope correlation coefficient (ECC).



4.1. Diversity Analysis


The diversity analysis of the given antenna is presented in the following sections.



4.1.1. Envelope Correlation Coefficient


To authorize the performance and competence of the given MIMO antenna array, it is essential to have an ECC. The ECC can be calculated using S-parameters by the following equation [28].


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



(1)







The efficiency of an antenna is a number between 0 and 1 being ratio. However, antenna efficiency is usually found in terms of a percentage; for example, an efficiency of 0.5 means 50% efficiency. The efficiency of the given MIMO antenna is shown in Figure 10 which is 98.01% at 5.3 GHz.




4.1.2. Diversity Gain


The effects of diversity are usually achieved when transmitters receive multiple forms of the transmission stream over different channel paths.



It is supposed as the difference between the time average SNR in the combined signal in a MIMO antenna and the individual antenna system in a single antenna, where the SNR is higher than the standard reference level [32].



From the envelope correlation coefficient, the value of diversity gain can be calculated as:


  D G = 10   1 −  (  E C C  )     



(2)




where ECC refers to the envelope correlation coefficient and DG refers to diversity gain. The simulated diversity gain of the proposed antenna is also shown in Figure 11 which is almost 10 dB.





4.2. Total Active Reflective Coefficient


In terms of the S-parameter, the total active reflective coefficient is evaluated by using the equation is:


  T A R C =        |   S  11   +  S  12    e  j θ    |   2  +    |   S  21   +  S  22    e  j θ    |   2       2     



(3)




where  θ  is a variable and it has a range from 0 to 2 π .



The TARC of the given antenna is shown in Figure 12. The value TARC is −5.1 dB at 5.3 GHz which is suitable for the given MIMO antenna.




4.3. Efficiency


The efficiency of the antenna is a relation of the delivered power to the antenna relative to the radiated power from the antenna. Antenna with high efficiency has maximum power absorbed at the antenna’s input radiated. A low-efficiency antenna has a minimum of the power absorbed as losses within the antenna. The efficiency of the antenna can be expressed as follows:


   ε  R     =    P  r a d i a t e d      P  i n p u t      



(4)







The efficiency of an antenna is a number between 0 and 1 being ratio. However, antenna efficiency is usually found in terms of a percentage; for example, an efficiency of 0.5 means 50% efficiency. The efficiency of the given MIMO antenna is shown in Figure 13 which is 98.01% at 5.3 GHz.





5. Comparison of Proposed Work with Related Works


As stated before, some other techniques are applied to high isolation between antenna resonators such as parasitic cells [6], differential feeding [8], neutralization [12], complementing split ring resonator [4], and annular slot [33]. One of the popular techniques for mutual coupling reduction is DGS, which is also used in previous works [25,26]. In this paper, a novel approach applied to four different DGS-shaped antennas to obtain high isolation, peak gain, low ECC, high directivity, and high efficiency.



The overall comparisons with previous works are presented in Table 2. It can be noticed from this table that, the simulated S21 (isolation) of the proposed model is ≥41 which is better than [4,6,8,12,25,26,29,30,33,34]. Gain, directivity, ECC, diversity gain, and efficiency of the given MIMO antenna are also improved in this work.




6. Conclusions


A MIMO antenna array with enhanced isolation is investigated. In this paper, two circular patch antennas are closely placed to each other on the RO3003 substrate with a thickness of 1.46 mm while using a differently shaped DGS slot for isolation in the ground layer. The main purpose of the differently shaped DGS is to obtain high mutual coupling reduction, which was obtained −41 dB in this paper while we used the H-shaped DGS.S11 parameter, S21 parameter, VSWR, total Gain, Directivity, Radiation Pattern, ECC, diversity gain, and TARC are discussed. The obtained results are −32 dB, −41 dB, 1.34, 8.40 dBi, 8.47 dBi, 0.0072, and 9.982 dB, respectively, for the above parameters at 5.3 GHz frequency. The projected antenna is valuable for the MIMO antenna system, where a high reduction of mutual coupling is required.



In the future works, the proposed simulated antenna in this paper will be fabricated for experimental validation in order to use in industry.
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Figure 1. The proposed MIMO antenna. 
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Figure 2. (a,b) A front outlook of the designed antenna. 
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Figure 3. (a–d) The geometry of the given MIMO antenna with modification in the ground plane. 
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Figure 4. (a,b) Simulated S-Parameters of Antenna-1, Antenna-2, Antenna-3, and Antenna-4. 
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Figure 5. Presents voltage standing wave ratio of the proposed Antenna-1, Antenna-2, Antenna-3, and Antenna-4. 
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Figure 6. Shows the total gain of the proposed Antenna-1 Antenna-2, Antenna-3, and Antenna-4. 
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Figure 7. Directivity of Antenna-1, Antenna-2, Antenna-3, and Antenna-4. 
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Figure 8. (a–d) Simulated radiation patterns at 5.3 GHz. 
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Figure 9. Surface current distribution for (a) Antenna-1, (b) Antenna-2, (c) Antenna-3, and (d) Antenna-4. 
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Figure 10. Envelope correlation coefficient. 
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Figure 11. Simulated diversity gain. 
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Figure 12. Simulated total active reflective coefficient. 
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Figure 13. Simulated radiation efficiency. 






Figure 13. Simulated radiation efficiency.



[image: Electronics 09 01217 g013]







[image: Table] 





Table 1. Dimensions of the proposed MIMO antenna.
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	Parameters
	Value (mm)
	Parameters
	Value (mm)





	Substrate length (L)
	60
	Patch-2 radius (R2)
	9



	Substrate width (W)
	50
	Pin-2 radius
	0.6



	Height (H)
	1.46
	Pin-2 height
	3



	  Permittivity   (  ε r   )
	3
	Probe-2 radius
	0.6



	Patch-1 radius (R1)
	9
	Probe-2 height
	1.46



	Ground length
	60
	Coaxial-2 radius
	1



	Ground width
	50
	Coaxial-2 height
	3



	Pin-1 radius
	0.6
	Ground cutoff-1 length (Ls)
	23



	Pin-1 height
	3
	Ground cutoff-2 length (Ws)
	16.5



	Probe-1 radius
	0.6
	Ground cutoff-3 length (Ws)
	16.5



	Probe-1 height
	1.46
	Ground cutoff width
	0.2



	Coaxial-1 radius
	1
	Port-1 radius
	1



	Coaxial-1 height
	3
	Port-2 radius
	1



	Ground cut off-1 radius
	1
	Ground cut off-2 radius
	1
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Table 2. Performance comparisons with the related works.






Table 2. Performance comparisons with the related works.





	Ref.
	Isolation Technique
	S21 (dB)
	Gain (dB)
	ECC
	Efficiency (%)





	[4]
	CSRR
	−22
	3.4
	0.4
	84.6



	[6]
	Parasitic cells
	−13
	NA
	NA
	NA



	[8]
	Differential feeding
	−17
	8
	NA
	NA



	[12]
	Neutralization Line
	−22
	5
	0.1
	NA



	[25]
	DGS 1-antenna
	−17
	NA
	NA
	NA



	[26]
	DGS2-antennas
	−18
	5.5
	NA
	NA



	[29]
	Rectangular slot
	−30
	2
	NA
	65



	[30]
	U-shape slot
	−20
	1.6
	0.5
	NA



	[33]
	Annular slot
	−22
	2.3
	0.015
	83



	[34]
	Loop type
	−14
	2.05
	0.3
	62.5



	Proposed
	DGS 4-antennas
	−41
	8.40
	0.0072
	98.01
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