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Abstract ─ In this paper, a compact wideband MIMO 

directional antenna array with a single-layered meta-

material is proposed to realize high isolation. The meta-

material decoupling structure, which is composed of 

a modified split-rings and a square loop structure, is 

suspended over the two antenna elements to reduce the 

mutual coupling. The achieved results show that the 

proposed antenna array owns a −10 dB impedance 

bandwidth ranging from 8.5 GHz to 11.5 GHz. 

Furthermore, by loading the proposed meta-material 

superstrate over the two-element MIMO antenna, the 

designed MIMO antenna array not only has good 

performance but also enhances the isolation to be more 

-15 dB within the operating frequency band. In

addition, the performances of the proposed antenna

array are also tested by radiation pattern, gain, envelope

correlation coefficient, diversity gain, total active

reflection coefficient and so on. Therefore, these

simulation results prove that the proposed wideband

MIMO directional antenna array is a suitable candidate

for X-band communication.

Index Terms ─ Directional, high isolation, low mutual 

coupling, low mutual coupling, meta-material, MIMO 

antenna, wideband, X-band. 

I. INTRODUCTION
The X-band (8–12 GHz) of the radio spectrum 

is used in many applications including satellite 

communications, and radar [1-3]. To improve the link 

quality at X-band, it is often desirable to use directional 

antennas for their higher gain, narrower beam width, 

and better interference tolerance [4]. Meanwhile, 

wideband technologies have also received extensive 

attention for their ability to support higher data 

transmission and multi-channel connectivity [5]. When 

the channel bandwidth is large, however, multipath 

fading can degrade of channel capacity [6]. Multiple-

input multiple-output (MIMO) technology has been 

proposed to overcome some of these problems. Because 

multiple data signals can be transmitted simultaneously, 

MIMO technology can enable high-capacity 

communications without increasing the bandwidth or 

signal-to-noise ratio (SNR) [7,8]. Thus, combining 

wideband technology with MIMO technology has 

become a research focus, and will play an important 

role in the future wireless communications [9–11]. 

In addition, owing to the increasing demand for 

miniaturization and portability of modern wireless 

communication devices and the increased number of 

antennas in MIMO systems, the antenna array structure 

is becoming more and more compact. However, the 

close proximity of antenna elements will cause strong 

mutual coupling between the antenna elements. Mutual 

coupling in an MIMO antenna array is mainly due to 

three factors: (1) surface wave, (2) coupling between 

the adjacent feeding lines, (3) coupling caused by space 

electromagnetic field [12, 13]. If the mutual coupling 

effect is not considered in the MIMO wireless 

communication system, it may cause antenna 

performance deterioration [14, 15]. Therefore, it is 

essential to give a solution to reduce the mutual 

coupling effect. 

Several techniques have been proposed to mitigate 

mutual coupling in arrays. These techniques can be 

broadly categorized as the following: 
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(1) The neutralization line techniques: in this 

method, the two antenna elements are connected by  

a microstrip line, and the phase of current passing 

through this microstrip is opposite to the phase of 

equivalent current of the mutual coupling, thereby 

achieving the decoupling effect [16–18]. 

(2) The defected ground structure (DGS) 

techniques: in [19–21], the DGS is etched in the ground 

plane between microstrip patch antennas to change the 

distribution of effective substrate permittivity and the 

distributed inductance and capacitance of microstrip 

line to reduce mutual coupling. 

(3) The parasitic element decoupling techniques: in 

[22–24], the researchers use the indirect coupled field 

generated by the parasitic element to cancel the direct 

coupling field to weaken the mutual coupling. 

(4) The pattern and space diversity techniques: in 

[25–27], the antennas are placed in an orthogonal 

fashion to reduce the mutual coupling by taking 

advantage of the polarization orthogonality. 

(5) The meta-material decoupling techniques: in 

[28–30], the electromagnetic band gap (EBG) structures 

are placed between two antenna elements to increase 

the isolation. In [32–33], meta-surface walls are inserted 

between the two antennas to reduce the mutual coupling. 

A disadvantage of these methods is that they 

invariably occupy a large space between the two 

antenna elements, which is contrary to the trend of 

miniaturization. 

Placing a meta-material superstrate above the 

antennas presents a viable solution to reduce the 

coupling between the two antenna elements while 

ensuring the miniaturization of antenna [34, 35]. As a 

two-dimensional periodic artificial structure, the meta-

material is a structure in which plurality of slot cells or 

ideal conductor patches are distributed in a plane with a 

specific arrangement [36]. The meta-material superstrate 

has been used in many antenna applications, such as 

gain enhancement [37], radar cross section (RCS) 

reduction [38], radar radome [39], polarization converter 

[40], and microwave absorber [41]. Thus, various 

configurations such as patch, square loop, circular ring 

and slot shapes have been used to design the meta-

material superstrate. However, most of the meta-

materials are utilized in the field of narrowband antenna 

developments because the bandwidth of meta-material 

is limited [42]. Traditionally, the bandwidth of meta-

material can be broadened by cascading multiple 

substrate layers [43, 44]. But this method increases the 

overall thickness, complexity and cost of fabrication. 

In this paper, a meta-material based mutual 

coupling reduction structure is proposed and 

demonstrated. As a proof-of-concept example, a single-

layered meta-material superstrate is suspended over  

a two-element patch antenna array working in the 

frequency of 8.5–11.5 GHz. We demonstrate that the 

proposed meta-material structure can enhance the 

isolation between the two patch elements, resulting in a 

low mutual coupling of less than -15 dB. 

The organization of the rest of the paper is as 

follows: In Section II, the evolution process and the 

final optimized configuration of MIMO wideband 

directional antenna array and meta-material superstrate 

are proposed. Section III demonstrates the simulated 

results and analyzes the characteristics of optimized 

wideband MIMO directional antenna array. Finally, a 

conclusion is made in the last section. 

 

II. DESIGN OF THE PROPOSED ANTENNA 

ARRAY 
Figure 1 shows the proposed antenna array which 

is composed of two layers including the radiating patch 

antenna array and the meta-material superstrate. 
 

 
 

Fig. 1. Proposed MIMO antenna array with meta-

material superstrate. 

 

A. Design process of the antenna array 

Microstrip patch antennas are widely used because 

of their low profile and ease of fabrication. However,  

a significant disadvantage of patch antennas is their 

narrow bandwidth. In order to improve the bandwidth, 

regular microstrip patch monopole antennas have been 

modified and optimized in this work. Figure 2 shows 

the evolution of the designs (denoted by antenna 1, 2, 

and 3, where antenna 3 is the final design used in this 

work). Figure 3 shows their respective S11. The design 

starts from Antenna 1 with two identical monopole 

antennas, which have only two resonant frequency at 8 

GHz and 13 GHz. In order to obtain a wider bandwidth, 

two rectangular parasitic patches are added as shown  

in Antenna 2. It can be seen that the higher resonant 

mode moved from 13 GHz to 12 GHz and impedance 

matching has been significantly improved over 10.5–

12.5 GHz. However, the reflection coefficient of 

Antenna 2 over 8.5–10.5 GHz is still higher than −10 
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dB. Then, slot and beveled edge are added into the 

patch element to improve the impedance match over 

8.5–10.5 GHz as shown as Antenna 3. Figure 3 shows 

that the lower resonant frequency shift to 9 GHz and the 

bandwidth range from 8.5 GHz to the 12.5 GHz. 
 

 
 

Fig. 2. Design process of the proposed wideband 

MIMO directional antenna array. 
 

 
 

Fig. 3. The simulated S11 with evolution from antenna 1 

to 3. 
 

Figure 4 shows the top view and bottom view of 

the final design and the critical dimensions of the two-

element patch antenna are presented in Table 1. The 

two-element antenna array is integrated on the top of a 

FR4 substrate with a thickness of 1.6 mm, a relative 

permittivity of 4.4 and a loss tangent of 0.02. The ground 

plate acts as a reflector covering almost the entire 

bottom surface. The proposed two-element radiating 

patch has an overall dimension of 30 × 22 × 1.6 mm3. 

Besides, as can be seen from the figure, the edge-to-

edge distance between the two radiating antenna 

elements is only 2.3 mm (0.076 λ0, where λ0 refers to 

the wavelength of 10 GHz in vacuum), which is very  

compact and suitable for use in miniaturized devices. 

 

 
 (a) Top view 

 
 (b) Bottom view 

 

Fig. 4. Geometry of the proposed MIMO antenna array. 

 

B. Design of the meta-material unit 

It is well known that natural materials do not  

have negative dielectric constant (ε<0) and negative 

magnetic permeability (μ<0), but the proper design of 

metamaterials allows it to meet both of above these 

conditions within the required bandwidth. As we  

know, the response of a meta-material structure entirely 

depends on the proper design of its periodic cell. Figure 

5 shows the proposed single-layered meta-material cell 

which consists of two different meta-material structures, 

a modified double split-rings and a square loop structure. 

The two structures are printed on the two sides of a FR4 

substrate with a thickness (h2) of 0.6 mm. To maintain 

good isolation over the wide bandwidth, the proposed 

meta-material cell is further optimized and the finalized 

parameters of periodic cell are presented in Table 2.  

In order to obtain the electromagnetic characteristics 

of proposed meta-material unit, the meta-material unit 

is simulated in HFSS Fig. 6 shows the simulation setup; 

the meta-material unit is placed between two floquet 

ports and proper boundary conditions including perfectly 

electric conducting (PEC) and perfectly magnetic 

conducting (PMC) in the x- and y-direction, respectively. 

The real and imaginary parts of the S-parameters can be 

calculated. In [45], the equivalent permittivity can be 

calculated by the S-parameters, which is presented in 

formula (1) - (4): 
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where k is the wave number of free space, d is the 

thickness of meta-material unit, n is the refractive index, 

z is the wave impedance, ε is the equivalent permittivity 

and μ is the equivalent permeability. 

 

Table 1: The parameters of antenna (Unit: mm) 

Parameters W W1 W2 W3 W4 W5 

Values 30 3 11.7 2.6 4.4 0.75 

Parameters L L1 L2 L3 L4 L5 

Values 22 10.8 11 2 2 2.5 

Parameters h d1 d2 d3 d4  

Values 1.6 2.3 1.8 0.6 20  

 

 
(a) Top view                       (b) Bottom view 

 

Fig. 5. Configuration of the meta-material cell. 

 

Table 2: The parameters of meta-material cell (Unit: 

mm) 

Parameters R0 R1 W0 G0 G1 

Values 0.8 2 0.4 0.4 0.4 

Parameters Ws Ls v θ  

Values 4 0.4 0.6 40º  

 

 
 

Fig. 6. The electromagnetic model to extract design 

parameters. 

Figure 7 shows the extracted equivalent permittivity 

and permeability. It is noticed that the unit cell has  

both a negative permittivity and a negative equivalent 

permeability in entire X-band. 

 

 
(a) Equivalent permittivity 

 
(b) Equivalent permeability 

 

Fig. 7. The equivalent permittivity and permeability of 

proposed meta-material unit. 

 

C. Analysis of mutual coupling reduction 

performance 

The meta-material superstrate contains 3 × 3 unit 

cells in the x-axis and y-axis, respectively (Fig. 1). The 

distance between the centers of each identical periodic 

cells along the x-axis is 7.5 mm, and the distance along 

the y-axis is 7 mm. The gap (h1) between the radiating 

patch and the meta-material layer is 2.1 mm. 

 

 
 (a) Without superstrate          (b) With superstrate 

 

Fig. 8. The radiated field distribution of proposed 

MIMO antenna array. 

 

Figure 8 illustrates the working principles of the 

proposed mutual coupling scheme. When the antenna Ⅰ 
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is excited, a lateral wave E0 ejkx propagates along the x-

axis can cause an induced current on antenna Ⅱ, thereby 

generating mutual coupling between the two antennas. 

As shown in Fig. 8 (b), a suspended meta-material on 

the antenna array creates a region of negative magnetic 

permittivity and permeability: 

 2 2k   , (5) 

 2 21 1 1

2 2 2

k k
S E H E H

 
    , (6) 

 
2 21 1

0
2 2

k S E H     , (7) 

where k is the propagation constant of electromagnetic 

waves, S  is poynting vector, ε is the permittivity and μ 

is the permeability. 

According to (5) and (7), it can be concluded that 

the propagation direction of electromagnetic waves is 

opposite to the energy direction, so the electromagnetic 

waves propagating along the x-axis direction are 

gradually attenuated, thereby reducing the coupling of 

two antennas. 
 

 
(a) With/without the meta-material superstrate 

 
(b) With simulated and measured 

 

Fig. 9. S11 and S12 of the wideband MIMO directional 

antenna array. 
 

Figure 9 (a) shows the simulated S-parameters of 

MIMO directional antenna with and without the meta-

material superstrate. It is observed that the meta-material  

superstrate not only reduces the coupling between the 

two antennas but also improves the impedance matching 

of the proposed antenna array. Two resonant frequencies 

at 9.2 GHz and 11 GHz  can be observed. This allows 

the antenna to cover almost the entire X-band from 8.5 

GHz. The mutual coupling is reduced by 6 dB and the 

resulting leakage between the antennas are better than  

-15 dB. The measured values of S-parameters are shown 

in Fig. 9 (b) for a comparison with the simulated values. 

There is a good agreement between the measurement 

and the simulation. The small difference between the 

measurement and the simulation may be attributed to 

the fabrication tolerances. 

 

 
(a) Without/with the decoupling structure at 9 GHz 

 
(b) Without/with the decoupling structure at 10 GHz 

 
(c) Without/with the decoupling structure at 11 GHz 

 

Fig. 10. Surface current distribution on the proposed 

MIMO antenna array. 

 

To better understand the working principles of the 

proposed meta-material superstrate, Fig. 10 plot the 

current distribution on the antennas with three selected 

frequencies: f1 = 9 GHz, f2 = 10 GHz, f3 = 11 GHz. In 

this case, one antenna element is fed, while the other 

one is terminated. As shown in the left of Figs. 10 (a), 

(b) and (c), the current distributions on the proposed 

MIMO antenna without meta-material superstrate is 

stronger can creates stronger coupling to the adjacent 

antenna element. After placing the proposed meta-

material superstrate above the two antenna elements, it 

can be observed in the right of Figs. 10 (a), (b) and  

(c) that the surface current on the right antenna is 

significantly reduced. Therefore, it is concluded that  

the proposed meta-material superstrate can isolate the 

coupling between the two antennas. 
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III. EXPERIMENTAL VALIDATION 
To validate the proposed concept, a prototype 

antenna array is fabricated and measured. Figure 11 

shows a photo the proposed antenna as fabricated 

according to the aforementioned parameters. The 

measured results are obtained by the vector network 

analyzer (VNA) E5063A. 
 

    
(a) Top view                    (b) Bottom view 

    
 (c) Top view                      (d) Side view 

 

Fig. 11. Photograph of the fabricated wideband MIMO 

antenna. 
 

Figure 12 shows the simulated 2D radiation 

patterns of proposed MIMO directional antenna array 

with specific frequencies: f1 = 9 GHz, f2 = 10 GHz, f3 = 

11 GHz. Because of symmetry, one antenna element  

is excited, while the other one is terminated with a  

50 Ω load. In Fig. 12, although the patterns of antenna 

fluctuate, the measured data and the simulated data are 

generally consistent within the allowable errors which 

are attributed to imperfections in the measurement 

setup. The proposed antenna array exhibits directional 

mode of wideband MIMO directional antenna array on 

the xoz-plane and the yoz-plane and the maximum 

radiation direction is the z-axis direction. It can be 

observed that the 3 dB beam-width of xoz-plane are 64º, 

62º, 62º and the 3 dB beam-width of yoz-plane are 64º, 

64º, 58º, at 9 GHz, 10 GHz, 11 GHz respectively. 

In Fig. 13, the gain and efficiency of the proposed 

wideband MIMO directional antenna are presented with 

meta-material loading. It can be seen that, from 8.5 

GHz to 11.5 GHz, the value of peak gain ranges from  

5 dBi to 7.2 dBi and the value of radiation efficiency 

ranges from 66% to 79%. The maximum gain is 7.2 dBi 

at 10.1 GHz, and the minimum gain is 5 dBi at 11.5 

GHz. Similarly, the maximum efficiency is 79% at 

10.35 GHz, and the minimum gain is 66% at 11.5 GHz. 

Moreover, the variation in the gain values is found to  

be less than 1.5 dBi and the radiation efficiency is 

above 70% in the frequency band of 8.5 GHz–11.3GHz. 

However, the gain and efficiency deteriorate rapidly 

after 11.3 GHz, and the reason may be that the 

impedance does not match, resulting in part of the 

energy to be reflected back on the feedline and not to be 

effectively radiated from the antenna. 
 

 
(a) 9 GHz 

 
(b) 10 GHz 

 
(c) 11 GHz 

 

Fig. 12. The simulated and measured radiation patterns. 
 

 
 

Fig. 13. The Gain and efficiency of the wideband 

MIMO antenna array. 
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To further verify the diversity performance of 

proposed wideband MIMO directional antenna array, 

the envelope correlation coefficient (ECC), diversity 

gain (DG) and total effective reflection coefficient 

(TARC) of the proposed design have been calculated 

and analyzed. 

ECC is defined as a parameter of the level of 

correlation between antenna elements, and its value 

takes into account the radiation pattern, the polarization, 

and the relative phase of fields between them. For the 

two-element MIMO antenna system, ECC can be given 

as [46]: 

 

  

2
* *

11 12 21 22

2 2 2 2

11 21 22 12

ECC
1 1

S S S S

S S S S




   

. (8) 

Using the (8), we know that the ECC should be 

zero in an ideal situation, which is not possible in a real 

propagation world, even in line of site communication. 

Theoretically, for good diversity performance, the value 

of ECC must be less than 0.5 for mobile communication 

devices. In Fig. 14, the obtained value of ECC is less 

than 0.01 within the operating frequency band, which 

indicates that there is very small correlation among the 

antenna elements. 

Another important diversity performance parameter 

of MIMO communication system is the diversity gain, 

which is calculated as [47]: 

 
2

DG 10 1 ECC   . (9) 

 

 
 

Fig. 14. The ECC and diversity Gain of proposed 

wideband MIMO directional antenna array. 
 

Therefore, it can be seen from the (9) that the lower 

ECC, the higher diversity gain and vice versa. As shown 

in Fig. 14, the diversity gain is approximately 10 dBi 

from 8.5 GHz to 11.5 GHz. 

Similarly, the TARC can be more accurately 

defined as the actual return loss of the entire MIMO 

antenna array because it depends on the reflection 

coefficients, transmission coefficients and the different 

excitation phase angles. For the two-element MIMO 

antenna system, the formula for TARC is as follows 

[48]: 

 
   

2 2

11 12 21 22

TARC
2

j jS S e S S e   
 . (10) 

 

 
 

Fig. 15. The TARC of wideband MIMO directional 

antenna array. 

 

Figure 15 shows the TARC of wideband MIMO 

directional antenna with four different phase angles: 0º, 

45º, 90º, 135º. As can be seen from this figure, the 

TARC is below -10 dB from 8.5 GHz to 11.5 GHz at 

any angle, which can explain that the excitation phase 

angle and the mutual coupling has less influence on the 

bandwidth of proposed wideband MIMO directional 

antenna array. 

 

Table 3: Compared to other antennas 

Ref. 

The Distance 

between the 

Two Patches 

(mm) 

Bandwidth 

(GHz) 

Isolation 

(dB) 

The Gap 

between the 

Two Layers 

(mm) 

[49] 
2.8 

(0.034 λ0) 

Narrow band 

(3.7 and 4.1) 
< -26 

18 

(0.219 λ0) 

[50] 
5 

(0.095 λ0) 

7.6% 

(5.6-6.05) 
< -24 

9 

(0.171 λ0) 

[51] 
1 

(0.019 λ0) 

13.3% 

(5.6-6.4) 
< -15 

4.8 

(0.086 λ0) 

[52] 
18 

(0.15 λ0) 

15.6% 

(2.3-2.69) 
< -25 

15 

(0.219 λ0) 

[53] 
4.5 

(0.052 λ0) 

11.4% 

(3.3-3.7) 
< -25 

15 

(0.125 λ0) 

This 

work 

2.3 

(0.076 λ0) 

30% 

(8.5-11.5) 
< -15 

2.1 

(0.070 λ0) 

 
Finally, the performance of the proposed MIMO 

antenna array is compared with the other MIMO 

antenna array using the same techniques of mutual 

coupling reduction in Table 3. In [49], although this 

technique can make the coupling further reduced, the 

bandwidth is narrow. Furthermore, compare to [50-53], 

the proposed MIMO antenna array has a significantly 

higher bandwidth than before. In addition, adding 

dielectric plate above the antenna will inevitably 
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increase the overall profile thickness. In order to further 

reduce the thickness, the gap between the two dielectric 

plates is only 2.1 mm in this design. In summary, the 

proposed antenna has few advantages, such as compact 

size, wideband, high isolation and low profile. 

Additionally, the MIMO antenna can be minimized like 

[54-57] and designed to be circular polarization antenna 

[58] or array based on signal processing algorithms [59-

65]. 

 

IV. CONCLUSION 
In this paper, a novel single-layered meta-material 

superstrate is applied for suppressing mutual coupling 

of wideband MIMO directional antenna array, where 

the two antenna elements are in extremely close vicinity. 

The proposed antenna is designed, optimized, simulated 

to enhance the performance of antenna. In the entire 

operating band spanning from 8.5 GHz to 11.5 GHz, 

the mutual coupling is reduced to be -15 dB. Besides, it 

can be seen from the radiation pattern that the antenna 

has good directivity. Meanwhile, the value of peak gain 

ranges from 5 dBi to 7.2 dBi and the value of radiation 

efficiency ranges from 66% to 79%, Finally, by 

analyzing some parameters such as ECC, DG, TARC,  

it can be concluded that the proposed antenna has  

good diversity performance. Therefore, the proposed 

MIMO antenna array using single-layered meta-material 

decoupling structure would be an attractive candidate 

for wideband miniaturized wireless communication 

systems in the future. 
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