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Abstract 

 

A planar 2×2 and 4×4 multiple-input multiple-output (MIMO) antennas are designed and analyzed in this 

study. The individual antenna elements that form the MIMO structure are located perpendicular to each 

other in order to facilitate polarization diversity. Except a notch band at 4.3 GHz, the 2×2 antenna nearly 

covers the entire 2.41-31.4 GHz frequency band. It is similar for the 4×4 antenna that has tri-band 

characteristic, where the impedance bandwidth (|S11| ≤ −10 dB) values are determined as 1.4, 10.05 and 

16.26 GHz. Beside these high bandwidth results, both MIMO antennas have perfect isolation 

characteristic which is important to prevent coupling in MIMO systems. The proposed MIMO antennas 

are convenient to be used in all S (2-4 GHz), C (4-8 GHz), X (8-12 GHz), Ku (12-18 GHz) and K-bands 

(18-27 GHz). Furthermore, omnidirectional radiation patterns are observed at the resonance frequencies, 

and the reported 2×2 and 4×4 antennas have compact sizes of 80×40×1 mm
3
 (64.5𝜆×32.25𝜆 ×0.8𝜆) and 

80×80×1 mm
3
 (64.5𝜆×64.5𝜆 ×0.8𝜆), respectively.   
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1. Introduction 

 

With the continuously developing technology, there is a 

high demand to monopole antennas because of their 

ease of fabrication, small size and wide bandwidth. 

Therefore, monopole antennas are used frequently in a 

variety of millimeter wave applications. For instance, 

they are used inside human body as a biocompatible 

implanted antenna operating at industrial, scientific and 

medical (ISM) band [1, 2]. They are also used with 

many wireless communication systems like 5G 

technology [3, 4], wireless local area network (WLAN) 

[5], wireless fidelity (wi-fi) applications [6, 7], vehicular 

applications [8], satellite communication systems and 

even with wearable antennas [9, 10]. Furthermore; when 

the need to a wide impedance bandwidth arises, 

monopole antennas are still considered to be 

implemented in ultra-wideband (UWB) [11, 12] and 

super wideband (SWB) [13] antenna designs. In [14], a 

nona-band loop monopole antenna is reported to be used 

for mobile handset. The bandwidth and directivity of a 

monopole antenna is enhanced with the help of a 

magnetic metamaterial slab used over the ground plane 

in [15]; whereas, the directivity is improved with a left-

handed medium metamaterial unit cell in [16]. Another 

monopole antenna is presented in [17], where signal  

 

interference technique and circular disk designed 

antenna are employed to form a filtering antenna 

structure.  

 

Multiple-input multiple-output (MIMO) antennas have 

many advantages like offering a high data rate and high 

quality of service (QoS), reducing bit error rate (BER) 

and supporting large number of subscribers. Therefore, 

combining MIMO technology with UWB or SWB 

antenna designs ensure a further improvement in the 

quality and performance [18]. A wideband MIMO 

antenna is designed in [4] to be used for the future 

mobile devices operating in the 5G technology. MIMO 

antennas are used for base station applications as well 

[19], where the presented tri-band multi polarized 

MIMO antenna is reported to have a resonance at 

28/38/48 GHz frequencies. It is important to note that in 

most of the former MIMO antenna studies, the MIMO 

design is generally created by positioning the individual 

antennas perpendicular to each other to facilitate 

polarization diversity. In [20], MIMO antennas are 

compared with directional slot and conventional slot 

antenna designs. The MIMO antennas proposed in [21, 

22] operate at around 3.5 GHz and 5.5 GHz wireless 

communication systems, respectively. A 2×2 MIMO 

antenna is developed in [23] with coplanar waveguide 
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technique, where the antenna is designed to operate at 

both 3.5 and 5.5 GHz frequencies. As seen from the 

abovementioned studies, MIMO antennas are frequently 

employed for wireless communication systems [24, 25] 

thanks to their high data rate feature.   

 

In our previous study [13], a SWB antenna that operates 

between 2.59 to 31.14 GHz frequency band with a 

reflection coefficient of |S11| ≤ −10 dB was designed. 

The reported antenna had a bandwidth of 28.55 GHz 

and fractal bandwidth of 169%. Moreover, it had a 

compact size with the dimensions of 40×40×1 mm
3
. The 

single element radiation characteristics were proposed 

by analyzing the parameters like return loss, realized 

gain, radiation efficiency, far-field radiation pattern and 

surface current distribution. Successful results were 

obtained when compared with other state-of-arts for the 

designed SWB antenna.  

 

Using MIMO technology with wideband monopole 

antennas yields further enhancements in the speed of 

data transfer. Hence, the reported SWB antenna in our 

previous study is combined with MIMO technology in 

this study. A 2×2 and a 4×4 MIMO versions of the 

design are tested with CST Microwave Studio, a 

computer-based simulation program; where the 

reflection coefficient, isolation, diversity gain (DG) and 

envelope correlation coefficient (ECC) parameters of 

the proposed MIMO antennas are analyzed. It is 

observed that in the frequency range from 2.41 GHz to 

31.4 GHz, the 2×2 and 4×4 MIMO antennas have dual-

band and tri-band characteristics, respectively. Besides 

that, the wide bandwidth feature of the antenna is well 

maintained and both of the proposed MIMO antenna 

designs exhibit high isolation performance. Another 

importance of this study is that, an improvement is 

achieved in data rate and QoS, thanks to multipath 

property of the MIMO structure.  

 

2. Antenna Design  

 

A 2×2 and 4×4 MIMO antennas are analyzed in this 

study that consist of 2 layers as seen in Fig. 1. An 

octagonal shaped radiator is used for wide bandwidth. 

The radiator and microstrip transmission line are shifted 

to the left from the center part, in order to increase the 

impedance bandwidth. The width and length of the 

feeding line is determined to match the 50  

characteristic impedance. A stub is inserted to the right 

top of the radiator, and a small sized notch is introduced 

to the ground plane to further improve the bandwidth. 

The location of the notch is determined as to be on the 

projection of the transmission line. Rogers RT5880 

substrate with a loss tangent of 0.0009 and a 

permittivity of 2.2 is used with a thickness of 1 mm. 

The bright and dark parts seen in Fig. 1, represents the 

substrate and copper parts of the antenna, respectively. 

MIMO designs are formed by positioning the antenna 

elements orthogonal to each other. Moreover, copper 

thickness is used as 0.035 mm and the parameters of the 

proposed antenna is given in Table 1. The overall 

dimensions of the proposed 2×2 and 4×4 MIMO 

antenna designs are 80×40×1 mm
3
 (64.5𝜆×32.25𝜆 

×0.8𝜆) and 80×80×1 mm
3
 (64.5𝜆×64.5𝜆 ×0.8𝜆) 

respectively, where 𝜆 is the wavelength for the smallest 

operating frequency. Therefore, 𝑊1, 𝑊2 and 𝐿1 are 80 

mm, 𝐿1 has a value of 40 mm.  

 

 

 

 
 

Figure 1. The geometry of the proposed MIMO antenna 

(a) top view of the 2×2 version (b) bottom view of the 

2×2 version (c) top and bottom view of the 4×4 version. 

 

Table 1. Parameters of the proposed MIMO antennas. 

Parameters
 SL ST SP P 

Value (mm) 11.65 0.65 2.38 7.35 

Parameters
 GL NL NW TL 

Value (mm) 15.42 2.34 2.27 16.41 

Parameters
 TW R E  

Value (mm) 2.37 4.43 13.34  

 

3. Results and Discussion 

 

The performance of 2×2 and 4×4 antenna structures are 

analyzed and interpreted under this title by using the 

results obtained from CST Microwave Studio. S-

parameters versus frequency graph of the 2×2 antenna is 

a 

b 

c 
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depicted in Fig.2(a), whereas the VSWR graph is 

plotted in Fig.2(b). As seen from Fig.2(a), the simulated 

return loss results of both of the antenna elements (S11, 

S22) in 2×2 design align well with each other. As the 

return loss curves rise above the -10 dB at 4.3 GHz, the 

antenna elements have dual band between 2.41-31.4 

GHz interval. The impedance bandwidth (|S11| ≤
−10 dB) of 2×2 antenna is 1.69 GHz (2.41-4.1 GHz) 

and 26.85 GHz (4.55-31.4 GHz), respectively. It is also 

possible to say that the 2×2 MIMO antenna has an 

operating bandwidth from 2.41 GHz to 31.4 GHz 

excluding 4.3 GHz notch band. When the insertion loss 

(S12, S21) analysis is performed, it is seen that the values 

are kept below -25 dB through the operating frequency 

range. This means that, the isolation between the 

antenna elements are successfully provided. The success 

in providing a good impedance matching for the 

designed antenna is also measured by analyzing VSWR 

values; since VSWR is dependent on the reflection 

coefficient (Γ) with the formula of 𝑉𝑆𝑊𝑅 =
1+|Γ|

1−|Γ|
. As 

seen from Fig. 2(b), VSWR values are kept below 2 in 

the entire simulated frequency range.  

 

 

 

       (a) 

 

       (b) 

 

Figure 2. (a) The return loss and insertion loss graph, 

(b) VSWR graph of 2×2 MIMO antenna. 

Same analyses are made for the 4×4 design, as seen 

from Fig. 3. The four return loss and VSWR curves of 

each antenna element are overlapping, which proves 

that each element performs the same characteristic. This 

design has three separate bands in the operating 

frequency range, the bandwidths of which are 

determined as 1.4 GHz (2.41-3.81 GHz), 10.05 GHz 

(4.78-14.83 GHz) and 16.26 GHz (15.24-31.5 GHz), 

respectively. Furthermore, the insertion loss values are 

almost always below -20 dB. As this design has 

multiple bands, the VSWR value at 4.3 GHz rises above 

2 as seen in Fig. 3(b). The bandwidth values of 2×2 and 

4×4 antennas are given in Table 2, where they are 

compared with our previous single element antenna 

design [13]. One can say that, as the number of antenna 

elements increases in the MIMO structure, the 

bandwidth of the antennas decreases and the number of 

bands appearing in the operating range increases. On the 

other hand, the isolation between the antenna elements 

are well maintained in both 2×2 and 4×4 MIMO 

antenna designs. 

 

 

 

        (a) 

 

    (b) 

Figure 3. (a) The return loss and insertion loss graph, 

(b) VSWR graph of 4×4 MIMO antenna.  
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Table 2. Parameters of the proposed MIMO antennas. 

Design BW-1 BW-2 BW-3 

Single antenna element  

[13] 

28.55 GHz 

(2.59-31.14 GHz) 
- - 

2×2 
1.69 GHz  

(2.41-4.1 GHz) 

26.85 GHz  

(4.55-31.4 GHz) 
- 

4×4 
1.4 GHz  

(2.41-3.81 GHz) 

10.05 GHz  

(4.78-14.83 GHz) 

16.26 GHz  

(15.24-31.5 GHz) 

* BW-i: ith bandwidth.  

The vectoral surface current distribution of the MIMO 

antennas are shown in Fig. 4. As seen from the figure, 

Ant-1 is the excited element for both 2×2 and 4×4 

structures. The simulations are performed at 13.3 GHz, 

since both structures have a resonance frequency at 13.3 

GHz. The surface currents are concentrated mainly at 

the edge of the feeding line and they also seem to be 

denser at the stub located on the top right corner of the 

radiator patch. Both 2×2 and 4×4 structures are nearly 

in the same current distribution form, as they are both 

measured at 13.3 GHz.  

 

Radiation pattern is another important antenna property 

that defines the radiation behavior of the antenna [26]. 

The far field radiation patterns of 2×2 and 4×4 

structures are depicted in polar form in Fig. 5. The 

simulations for E (xz-plane) and H (yz-plane) planes are 

performed at 13.3 GHz resonance frequency and it is 

observed that both MIMO antennas have omni-

directional radiation characteristic. 

 

 

 
 

Figure 4. Vectoral surface current distribution of the 

proposed (a) 2×2 and (b) 4×4 MIMO antennas at 13.3 

GHz, when Ant-1 is excited. 

Diversity gain (DG) and envelope correlation 

coefficient (ECC) are other parameters that need to be 

examined to analyze the performance of MIMO 

antennas. The numerical expressions of ECC and CG 

are given in Eq. (3.1) and (3.2), respectively. As seen 

from Eq. (3.1), the ECC value at a certain frequency is 

dependent on the return loss and insertion loss values at 

that frequency. The ideal value of ECC is expected to be 

0.1 or less and it is expected to be higher than 9.5 for 

DG. As seen from Fig. 6(a), both MIMO antennas have 

an ECC value below 0.01; and even between 4.5 GHz to 

31 GHz it is below 0.001, which is a very successful 

result. This shows that the antennas that form the 

MIMO structure are independent of each other. It is 

important to emphasize that positioning the antenna 

elements perpendicular to each other has an effect on 

this low ECC value. Same successful results are 

obtained for DG as seen in Fig. 6(b), which is higher 

than 9.995 in the operating frequency range.  

 

𝐸𝐶𝐶 =
|𝑆11

∗ 𝑆12+𝑆21
∗ 𝑆22|2

(1−(|𝑆11|2+|𝑆21|2))(1−(|𝑆22|2+|𝑆12|2))
       (3.1) 

 

𝐷𝐺 = √100 − 100𝐸𝐶𝐶)                 (3.2) 

 

 

 

b 

a 
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Figure 5. Far field radiation patterns of Ant-1 at 13.3 

GHz for the MIMO antennas.  

 

In Table 3, the proposed MIMO antennas are compared 

with other MIMO antennas that are most recently 

reported in literature. As seen from the comparison 

table, both of the presented MIMO antennas have the 

highest impedance bandwidth of all. Apart from the one 

reported in [27], the proposed antennas in this study 

have better isolation and ECC value. On the other hand, 

except the antenna in [28], the proposed 2×2 and 4×4 

MIMO designs have larger sizes than the antennas 

reported in [27, 29, 30].  

 

 
(a) 

 
(b) 

Figure 6. The simulated (a) envelope correction 

coefficient and (b) diversity gain results of the 

proposed 2×2 and 4×4 antennas.

Table 3. Comparison with other studies available on literature.  

Reference Structure 
Size 

(mm
2
) 

No. of 

Bands 

Operating Bands 

(GHz) 
Bandwidth 

Isolation 

(dB) 
ECC 

[29] 4×4 45×45 3 

3-5 

6-8.5 

9.3-10.6 

2 

2.5 

1.3 

<-17 <0.08 

[30] 4×4 40×40 1 3-11 8 <-15 <0.006 

[27] 2×2 50×30 1 2.5-15 12.5 <-20 0.04 

[28] - 60×60 1 2.35-2.45 0.1 <-18 <0.002 

Proposed 2×2 80×40 2 
2.41-4.1 

4.55-31.4 

1.69 

26.85 
<-25 <0.0005 

Proposed 4×4 80×80 3 

2.41-3.81 

4.78-14.83 

15.24-31.5 

1.4 

10.05 

16.26 

<-20 <0.0005 

 

4. Conclusion 

 

The 2×2 and 4×4 versions of the previously reported 

planar SWB monopole antenna are developed and 

analyzed in this study. MIMO antenna structures are 

formed by positioning the single antenna elements 

perpendicular, which facilitates polarization diversity. 

The 2×2 antenna has an impedance bandwidth (|S11| ≤
−10 dB) of 1.69 and 26.85 GHz; whereas the 4×4 

antenna’s bandwidth values are calculated as 1.4, 10.05 

and 16.26 GHz. Therefore, the presented MIMO 

antennas are suitable to be used with millimeter wave 

applications. Successful results are obtained from the  

 

simulated insertion loss and ECC values. The 2×2 and 

4×4 antennas have dimensions of 80×40×1 and 

80×80×1 mm
3
 respectively, so they can be implemented 

easily in portable devices. Owing to all these 

aforementioned features the proposed MIMO antennas 

are appropriate to be used in many different applications 

operating at many different frequency bands.  
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