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Abstract

:

The design of a 4 × 4 MIMO antenna for UWB communication systems is presented in this study. The single antenna element is comprised of a fractal circular ring structure backed by a modified partial ground plane having dimensions of 30 × 30 mm   2  . The single antenna element has a wide impedance bandwidth of 9.33 GHz and operates from 2.67 GHz to 12 GHz. Furthermore, the gain of a single antenna element increases as the frequency increases, with a peak realized gain and antenna efficiency of 5 dBi and >75%, respectively. For MIMO applications, a 4 × 4 array is designed and analyzed. The antenna elements are positioned in a plus-shaped configuration to provide pattern as well as polarization diversity. It is worth mentioning that good isolation characteristics are achieved without the utilization of any isolation enhancement network. The proposed MIMO antenna was fabricated and tested, and the results show that it provides UWB response from 2.77 GHz to over 12 GHz. The isolation between the antenna elements is more than 15 dB. Based on performance attributes, it can be said that the proposed design is suitable for UWB MIMO applications.
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1. Introduction


Recent progress in wireless communication necessitates a system capable of sharing massive amounts of data quickly with increased capacity, dependability, and security with less complexity. Ultra wideband (UWB) technology can meet these expectations since it allows high data rates while employing low-cost infrastructure [1,2]. The traditional UWB technology, on the other hand, has problems with multipath propagation. To mitigate this effect, multiple-input multiple-output (MIMO) technology has been introduced. Furthermore, one of the most promising solutions for meeting the needs of UWB systems is to design MIMO antennas. It is a difficult task to design such an antenna because it adds extra performance characteristics to consider. Antenna element isolation is one of the most essential performance characteristics, which should be as low as possible to avoid channel capacity loss.



Several configurations for improving isolation have been published in the literature. Designing stubs with the ground plane or the radiating element helps improve isolation between MIMO antenna elements. In [3], a spatial diversity-based MIMO antenna was designed for UWB applications. To obtain a wide impedance bandwidth, a triangular-shaped patch radiator with a modified ground plane was used. The radiators do not radiate directly towards each other, which can lead to better isolation. In the ground plane, inverted L-shaped stubs and a complementary split ring resonance (CSRR) were designed to improve isolation even further. The authors in [4] utilized the same kind of configuration. In this design, a tapered fed polygon-shaped patch radiator was designed to achieve UWB response. The authors in [5] used the same type of isolation enhancement technique as presented in [3,4]. They designed a co-planar waveguide (CPW)-fed beveled-shaped patch radiator to achieve a UWB response. In addition, the radiating structure was composed of two half-wavelength rectangular single CSRRs (RSCSRRs) of different dimensions to achieve band notch characteristics for Worldwide Interoperability for Microwave Access (WiMAX) and Wireless Local Area Network (WLAN) frequency bands. In [6], an eye-shaped slot radiator-based MIMO antenna design was presented. The ground plane was developed with an extruded T-shaped stub to improve isolation. This simple configuration tends to achieve an isolation of >20 dB and ECC < 0.02. In [7], a 2-element dual-ring-based MIMO antenna was designed. The main patch radiator consists of a ring element, while the second ring behaves as a parasitic element. To improve the isolation between the antennas, two inverted U-stubs were designed into the ground plane.



The employment of electromagnetic bandgap (EBG) structures, metamaterials, and frequency-selective surfaces (FSSs) to increase MIMO antenna element isolation has been proposed in the literature as a viable technology. In [8], a modified radiator with a FSS was reported. The design was non-planar, with four elements placed around a cube of polystyrene. A quad-port cognitive radio MIMO antenna was presented in [9]. The single antenna consists of a circular monopole geometry and a   λ / 4   monopole for the notch band. For high isolation, multiple EBG cells having different dimensions and an isolating stub between the UWB and notch band radiators were employed. A two-port MIMO antenna with improved E-plane isolation was presented in [10]. A meandered EBG structure was designed on both sides of the substrate to improve isolation. In [11], a MIMO antenna design was presented having arrow shaped radiator. The presented design operates within the UWB spectrum with three notch bands obtained by cutting the slots within the radiator. To improve the isolation performance, a T-shaped stub was used with the ground plane, and two EBG cells were placed on each side of the feeding line. Additionally, the size of the structure is quite large for a two-port configuration. In [12], a miniaturized UWB MIMO antenna design was presented. The MIMO antenna elements were composed of a combination of rectangle and semi-circular arc fed using a stepped microstrip fee line. For improved isolation between MIMO elements, a Jerusalem cross-shaped FSS structure and a meandered-shaped decoupling structure were designed. All the above-reported designs have EBG/FSS structures, which are complex to fabricate as they have a “via” that connects the top and ground plane and are large in size.



The use of neutralization lines or decoupling structures between the radiators can also provide high isolation. In [13], a decoupling strip was diagonally placed between the antenna elements for isolation enhancement. In addition, a dumbbell-shaped stub was designed with the ground plane, and the same was placed on the top side of the substrate. From the presented configuration, an isolation of >15 dB was achieved in the frequency range of 3–11 GHz. In [14], a four-port dual-band nocth UWB MIMO antenna was presented. Four rhombic-shaped patch radiators were arranged in a polarization diversity configuration. Two CSRRs were etched from the radiators to reject WLAN and WiMAX frequency bands. A plus-shaped metal strip was designed with the ground plane for enhanced isolation. In [15], a design for a compact super wideband (SWB) antenna was presented. The presented SWB radiator geometry consists of a combination of circular, rectangular, and trapezoidal shapes. The bandwidth of the antenna was enhanced by placing slots in the radiator and by a modified ground plane. Different MIMO configurations were analyzed, such as spatial, pattern, and polarization diversity with a common ground plane. From the presented configurations, an isolation of ≥30 dB was achieved. In [16], an octagonal band notch UWB MIMO antenna design was demonstrated. Two hexagonal-shaped CSRRs (HCSRRs) were etched from the octagonal radiator to achieve band stop characteristics around the WLAN and WiMAX frequency bands. A decoupling structure consisting of three thin metal strips was designed in the middle of the radiation elements to achieve an isolation of >18 dB in the UWB frequency range. The same kind of isolation enhancement technique was described in [17]. In [18], a simple polarization diversity-based four-element MIMO configuration was presented for UWB applications. The single antenna element consists of a combination of rectangular and circular patch radiators. In [19], an eight-element semi-circular arc-based MIMO antenna design was presented for UWB applications. The UWB response was achieved by etching a semi-elliptical slot in the ground plane and designing an inverted L-shaped strip in conjunction with the ground plane. Initially, the authors realized a four-element MIMO antenna design placed in a plus-shaped configuration. After that, an eight-element MIMO antenna configuration was demonstrated for UWB applications. Thin metallic strips were designed between the radiators to achieve an isolation of >15 dB in the frequency range of 2.84–11 GHz.



In the literature, some researchers utilized defected ground structures (DGSs) to improve the isolation between MIMO antennas. A two-element aperture-coupled complementary Sierpinski gasket equilateral triangular fractal MIMO antenna was designed for UWB performance in [20]. For enhanced isolation, a complementary Archimedean spiral-based DGS was utilized. The use of DGS led to an isolation level of ≥15.8 dB. In [21], for UWB applications, a MIMO antenna with good isolation was demonstrated. For MIMO antenna design, slot elements having quasi F-shaped radiators and L-shaped open-slots were adopted. In the ground plane, a decoupling structure consisting of a thin slot and a fork-shaped slot was implemented to increase isolation between the radiators and in the lower band.



The techniques presented above provide better isolation between antenna elements, but they are quite complex and their fabrication is difficult. In this paper, a novel MIMO antenna configuration is presented for UWB applications. The antenna elements are positioned in a plus-shaped arrangement to provide pattern and polarization diversity [19,22]. It is observed from the presented results that the designed MIMO antenna operates from 2.77–12 GHz. Furthermore, the presented MIMO antenna did not utilize any isolation enhancement technique, which makes it simple and it can easily be fabricated through low-cost fabrication techniques.




2. Proposed MIMO Configuration


2.1. Mimo Single Element


The design of a single antenna element is depicted in Figure 1. The front side of the designed antenna consists of a fractal circular ring radiator [23] fed using a 50  Ω  microstrip feed line (see Figure 1a), while the back side consists of a notch loaded trapezoidal partial ground plane, as illustrated in Figure 1b. The radius   R 1   of the outer circular ring is calculated using the design expressions mentioned in [24], and the width of the feeding line is calculated using the procedure described in [25]. From Figure 1a, one can observe that six circular rings of radius   R 3   are embedded in the main radiator to realize a fractal geometry. These rings are rotated at an angle of 60   ∘  . Furthermore, the trapezoidal ground plane is utilized (see Figure 1b) to create wideband multi-resonance characteristics of the input impedance, which leads to achieving enhanced bandwidth [26], while the square notch etched from the ground plane offers maximum impedance matching in the operating bandwidth. The proposed antenna is designed using a low-cost FR-4 laminate with   ϵ r   = 4.3 and h = 1.6 mm. The overall design dimensions of the antenna are:   W S   = 30,   L S   = 30,   R 1   = 9.5,   R 2   = 7.5,   R 3   = 3.5,   R 4   = 2.4,   W f   = 3,   L f   = 10,   W g   = 30,   L g   = 9.5,   L  g 1    = 5.5, and S = 3 (all dimensions are in mm).



The construction of the proposed antenna starts with the design of a circular ring patch radiator backed by a conventional partial ground plane, shown in Figure 2a, and its respective reflection coefficient (S   11  ) is depicted in Figure 3. From the results, it is observed that the circular ring provides a dual-band response around 3 GHz and 10 GHz. To excite more resonant modes in the band of interest, six circular rings of radius   R 3   are embedded in the main radiator (see Figure 2b), which ultimately leads to a fractal geometry. This configuration increased the impedance bandwidth, but there is still a mismatch between 7.58 GHz and 9.38 GHz (see Figure 3). To improve the impedance matching, a trapezoidal shaped ground plane with a square notch is utilized, as shown in Figure 2c. The modification in the ground structure leads to achieving an UWB frequency response ranging from 2.69 GHz to 12 GHz, as shown in Figure 3.



Figure 4 depicts the presented antenna element’s realized gain and radiation efficiency. The antenna gain varies in the range of 0.55–5 dBi in the operating bandwidth, while the radiation efficiency is noted to be >75% in the band of interest (see Figure 4).




2.2. 4 × 4 MIMO Design


The proposed MIMO antenna configuration is shown in Figure 5. From the figure, one can observe that four antenna elements are arranged in a plus-shaped configuration, which tends to achieve both pattern and polarization diversity. Antenna-1 and antenna-2 are placed at a 90   ∘   angle, which is the typical configuration of polarization diversity, while antenna-1 and antenna-3 offer pattern diversity (see Figure 5). As a whole, each antenna element is able to provide both pattern and polarization diversity characteristics. It is also worth mentioning that no decoupling network is used to enhance the isolation between antenna elements. The dimensions of the antenna elements are the same as those of a single element (see Figure 1). As shown in Figure 5a, there is an extra space created between the antenna elements, which is represented by    W  S 1   ×  L  S 1     = 30 × 30 mm   2  . Therefore, the overall dimensions of the proposed MIMO antenna are 90 × 90 mm   2   (consider both sides of the plus shape).



Computer Simulation Technology (CST) Microwave Studio 2021 was used to develop and simulate the proposed MIMO antenna. The simulated S-parameters of the designed MIMO are shown in Figure 6. In the figure, the reflection coefficients are represented by   S  i i    (i∈ 1, 2, 3, 4), while the isolation between adjacent elements is denoted by   S  j i    (  i , j  ∈ 1, 2, 3, 4 and   i ≠ j  ), and for parallel elements, it is represented by   S  k i    (  k , i  ∈ 1, 2, 3, 4 and   | k − i |   = 2). The MIMO antenna’s impedance bandwidth is 9.27 GHz in the range of 2.73–12 GHz. Furthermore, the isolation between adjacent antenna elements, denoted by   S  j i   , is >17 dB whereas the isolation between parallel elements, denoted by   S  k i   , is ≥14 dB.



To better understand the isolation characteristics, the surface current distribution (see Figure 7) is plotted by exciting only port-1 of the array, while the rest of the ports are terminated with a 50  Ω  matched load. Three different frequencies, such as 3 GHz, 6 GHz, and 9 GHz, are used to depict the surface current. It can be observed from Figure 7 that the surface current generated by antenna-1 does not influence adjacent or parallel placed elements.





3. Fabrication and Measured Results


A prototype of the four-element MIMO antenna was fabricated (see Figure 8) to verify the simulations. For measurement purposes, a Precision Network Analyzer (PNA) E8363C by Agilent Technologies is utilized. The measured S-parameters are shown in Figure 9. Due to symmetry, the reflection coefficients of antenna-1 and antenna-2 are presented. From Figure 9, it is evident that the measured S-parameters matched well with the simulated ones (see Figure 6). The measured impedance bandwidth is 9.23 GHz in the frequency range of 2.77–12 GHz. As demonstrated in Figure 9b, the observed isolation is >15 dB for both neighbouring and parallel antenna elements. The discrepancies between the results are due to SMA connector losses and fabrication intolerances.



Figure 10, Figure 11, Figure 12 and Figure 13 demonstrate the radiation parameters of the proposed MIMO antenna for all ports at frequencies of 3 GHz, 6 GHz, and 9 GHz. In case of port-1, for 3 GHz (see Figure 10a), omnidirectional pattern is observed for   x z  -plane ( ϕ  = 0   ∘  ), while for   y z  -plane ( ϕ  = 90   ∘  ), antenna exhibits typical monopole like pattern. For 6 GHz, a quasi-omnidirectional pattern is noted for   x z  -plane and a monopole like pattern is observed for   y z  -plane, as shown in Figure 10b. For higher frequencies, such as 9 GHz, a quasi-omnidirectional pattern with some ripples is observed for both the planes, as illustrated in Figure 10c. For port-2, the same kinds of patterns are observed, but in this case, antenna-1   x z  -plane radiation pattern is equal to antenna-2’s   y z  -plane radiation pattern, and vice versa. This effect can clearly be observed from the patterns in Figure 11. From Figure 12, one can observe that antenna-3 offers the same radiation characteristics as antenna-1. In this case, the   y z  -plane of antenna-3 provides pattern diversity for the reported frequency bands. The same is the case with antenna-4, whose   y z  -plane offers pattern diversity in comparison to antenna-2’s characteristics. As a whole, from the results of Figure 10, Figure 11, Figure 12 and Figure 13, one can observe that all the antenna elements have the ability to exhibit pattern and polarization diversity. Furthermore, from Figure 10, Figure 11, Figure 12 and Figure 13, one can also observe that the simulated and measured radiation characteristics are in good agreement. Some discrepancies are observed between the simulated and measured data, especially at higher frequencies (9 GHz), which could possibly arise due to fabrication tolerances at higher frequencies and far-field measurement setup losses.




4. Diversity Performance Parameters


4.1. Envelope Correlation Coefficient (ECC)


To evaluate the proposed MIMO antenna’s diversity performance, ECC is analyzed and presented in Figure 14. The far-field characteristics are used to determine the ECC as [27,28]:


  E C C =         ∫   ∫     4 π    S i   ( θ , ϕ )  ·  S j *   ( θ , ϕ )  d Ω        ∫   ∫     4 π    S i   ( θ , ϕ )  ·  S i *   ( θ , ϕ )  d Ω     ∫   ∫     4 π    S j   ( θ , ϕ )  ·  S j *   ( θ , ϕ )  d Ω     2   



(1)




where   S i   and   S j   represents far-field radiation characteristics of port i and port j.



According to [29], the value of ECC should be set at <0.5 for practical applications. As shown in Figure 14, the proposed MIMO antenna exhibits ECC < 0.1.




4.2. Diversity Gain (DG)


Another important feature that needs to be assessed is DG. The DG of the MIMO antennas should be high (≈10 dB) in the operating bandwidth. It is expressed in terms of ECC as [28]:


  DG = 10   1 − E C  C 2     



(2)







Figure 15 depicts the DG of the proposed MIMO antenna, and it is observed that it fluctuates around a 10 dB scale for the entire operating bandwidth.




4.3. Mean Effective Gain (MEG)


In comparison to an isotropic antenna, MEG is a measurement of how much power the antenna elements receive. The S-parameters of the MIMO antenna system can be used to calculate the MEG as [22,28]:


  M E  G i  = 0.5   1 − |   S  n n     |  2  −   |  S  n m   |  2    



(3)




and


  M E  G j  = 0.5   1 − |   S  n m     |  2  −   |  S  m m   |  2    



(4)







For the proposed MIMO antenna, the MEG is predicted between port-1 & port-2 and port-1 & port-3 (see Figure 16). It can be noted that the MEG of the ports is ≤−3 dB, while the ratios of MEG1/MEG2 and MEG1/MEG3 are less than 3 dB.



A comparison among proposed and previously presented four-port UWB MIMO antenna designs is presented in Table 1. The proposed design offers high impedance bandwidth compared to the designs presented in [8,12,13,19]. Although the dimensions of the proposed MIMO antenna are large, it provides comparable isolation and ECC characteristics without the utilization of any isolation enhancement network compared to the designs listed in Table 1. Moreover, the design of [18] did not utilize any isolation enhancement network, so it offers a high value of ECC compared to the proposed design. In addition, the authors in [8,13,14,16,19] calculated ECC using S-parameters, which is not recommended for practical applications.





5. Conclusions


A four-port MIMO antenna is designed for UWB applications. The array’s single element consists of a fractal circular ring patch radiator backed by a square notch loaded trapezidal-shaped partial ground plane. The results show that the designed single antenna element resonates from 2.67 GHz to over 12 GHz, and it offers a peak realized gain of 5 dBi and an antenna efficiency of >75%. Furthermore, a novel MIMO antenna configuration is designed to assess single element performance for UWB MIMO applications. To achieve pattern and polarization diversity, the MIMO antenna elements are placed in a plus-shaped configuration. According to the measured data, the designed MIMO antenna operates in the frequency range of 2.77–12 GHz and has a 9.23 GHz impedance bandwidth. In addition, isolation of >15 dB is noted between antenna elements with an ECC of <0.1, DG of ≈10 dB, and MEG of <3 dB.
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Figure 1. Schematic of the proposed single antenna element (a) front side (b) back side. 
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Figure 2. Design evolution of single antenna element. (a) Step-1. (b) Step-2. (c) Step-3 (Proposed). 
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Figure 3. Reflection coefficients (S   11  ) of different design stages. 
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Figure 4. Simulated realized gain and radiation efficiency of single antenna element. 
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Figure 5. Configuration of the proposed UWB MIMO antenna (a) front side (b) back side. 
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Figure 6. Simulated S-parameters of the proposed UWB MIMO antenna. 
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Figure 7. Surface current distribution of the proposed UWB MIMO antenna when port-1 is excited. (a) 3 GHz. (b) 6 GHz. (c) 9 GHz. 
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Figure 8. Fabricated prototype of the proposed UWB MIMO antenna (a) front side (b) back side. 
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Figure 9. Measured (a) reflection and (b) transmission coefficients of the proposed UWB MIMO antenna. 
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Figure 10. Radiation characteristics of the proposed UWB MIMO for port-1. (a) 3 GHz. (b) 6 GHz. (c) 9 GHz. 
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Figure 11. Radiation characteristics of the proposed UWB MIMO for port-2. (a) 3 GHz, (b) 6 GHz. (c) 9 GHz. 
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Figure 12. Radiation characteristics of the proposed UWB MIMO for port-3. (a) 3 GHz. (b) 6 GHz. (c) 9 GHz. 
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Figure 13. Radiation characteristics of the proposed UWB MIMO for port-4. (a) 3 GHz. (b) 6 GHz. (c) 9 GHz. 
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Figure 14. ECC of the proposed UWB MIMO antenna. 






Figure 14. ECC of the proposed UWB MIMO antenna.



[image: Applsci 12 03684 g014]







[image: Applsci 12 03684 g015 550] 





Figure 15. Diversity gain of the proposed UWB MIMO antenna. 
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Figure 16. MEG between (a) port-1 & port-2 and (b) port-1 & port-3. 
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Table 1. Comparison among proposed and previously published four-port UWB MIMO antennas.
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Ref.

	
Array Size

	
Isolation Enhancement

	
Frequency Band

	
Bandwidth

	
Isolation

	
ECC

	
DG




	
(mm    2   )

	
Network

	
(GHz)

	
(GHz)

	
(dB)

	
(dB)






	
[8]

	
32 × 36

	
FSS

	
3–10

	
7

	
>16

	
<0.0025

	
−




	
[12]

	
45 × 45

	
FSS + Decoupling Structure

	
3.1-10.6

	
7.5

	
>10

	
<0.17

	
>9.92




	
[13]

	
43 × 40

	
Decoupling Structure

	
3–11

	
8

	
>15

	
<0.2

	
>9.75




	
[14]

	
72 × 72

	
Neutralization Lines

	
2.8–13.3

	
10.5

	
>18

	
< 0.06

	
−




	
[16]

	
58 × 58

	
Decoupling Structure

	
3–16

	
13

	
>18

	
<0.07

	
−




	
[18]

	
40 × 40

	
Not utilized

	
3–13.5

	
10.5

	
>15

	
<0.4

	
>9.9




	
[19]

	
92 × 92

	
Neutralization Lines

	
2.84–11

	
8.16

	
>15

	
<0.02

	
−




	
This work

	
90 × 90

	
Not utilized

	
2.77–12

	
9.23

	
>15

	
<0.1

	
>9.97
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