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Abstract: This paper presents the design, simulation, and analysis of a compact metamaterial-based two-

element MIMO antenna with improved port isolation for modern wireless applications such as sub-6 GHz 

5G, WLAN, and IoT devices. Mutual coupling between closely spaced antenna elements is mitigated by 

introducing a metamaterial unit cell between the radiating patches. The proposed antenna is designed and 

evaluated using CST Microwave Studio. Simulation results demonstrate return loss better than −25dB, 

isolation better than −20dB, peak gain of approximately 5dBi, and envelope correlation coefficient (ECC) 

below 0.1 across the operating band. 
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1.Introduction  

The rapid advancement of wireless technologies including 4G/5G, Wi-Fi 6, and the 

Internet of Things (IoT) has significantly increased the demand for compact multi-antenna 

systems capable of providing high data rates and reliable connectivity [1-4]. Multiple- Input 

Multiple-Output (MIMO) technology enhances spectral efficiency and link reliability through 

spatial multiplexing and diversity techniques [5-7]. 

However, closely spaced antenna elements suffer from strong mutual coupling, which 

degrades impedance matching, radiation efficiency, gain, and overall system performance. 

Several decoupling techniques have been proposed, including defected ground structures, 

neutralization lines, parasitic resonators, and electromagnetic bandgap structures [8-10]. 

Recently, metamaterials have gained attention because they can suppress surface waves and 

reduce near-field coupling effectively. 

This work proposes a compact metamaterial-loaded MIMO antenna that achieves high 

port isolation while maintaining good radiation characteristics. 

Common mutual coupling reduction techniques include: 

• Defected ground structures(DGS) 

• Neutralization lines 

• Parasitic resonators 

• Electro magnetic band gap structures 

• Metamaterial resonators 

Among these methods, metamaterial-based approaches often provide improved isolation 

with minimal impact on bandwidth. 
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2. Proposed Antenna Design 

The proposed two-element MIMO antenna uses FR4 substrate (εr=4.4,thickness=1.6mm). 

A metamaterial unit cell is inserted between the two radiating elements to suppress surface wave 

propagation [11-16]. 

 

Figure1:Geometry of the proposed metamaterial-based MIMO antenna. 

Figure 2:Steps for the design of proposed MIMO antenna. 

3.1 Proposed Methodology 

The design methodology of the proposed metamaterial-based MIMO antenna follows a 

systematic three-step approach inspired by existing literature. 

1) Single Element Design: Initially, a single microstrip patch antenna is designed and 

optimized to operate at the desired frequency (5.8GHz). The dimensions of the patch are 

adjusted to achieve good impedance matching and resonance. 

2) MIMO Configuration Formation: In the second step, a second identical patch antenna 

is placed in close proximity to the first element to form a two-element MIMO system. At 

this stage, strong mutual coupling is observed due to near-field interaction between the 

antenna elements. 

3) Metamaterial Integration for Isolation Improvement: To reduce mutual coupling, a 

metamaterial unit cell structure is inserted between the two radiating elements. This 

structure acts as a decoupling element by suppressing surface wave propagation and 

electromagnetic interaction between the antennas. As a result, isolation is significantly 

improved without affecting the impedance matching and radiation characteristics. 

You can see the three-step iterative design process of the proposed MIMO antenna in 

Figure 2. CST Studio Suite is used to model and analyze the entire antenna structure. To achieve 

optimal performance in terms of return loss, isolation, gain, and diversity parameters like ECC 

and DG, parametric optimization is carried out. 

3.2 Simulation Methodology 

Table 1:MainSimulationParameters 

Parameter  Value 

Software  CSTStudio 

SuiteFrequency Range 1 – 7 GHz 
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Substrate  FR4 

DielectricConstant  4.4 

LossTangent  0.02 

4. Results and Discussion 

The performance of the proposed metamaterial-based MIMO antenna was evaluated 

through full-wave electromagnetic simulations using CST Studio Suite. The analysis focuses on 

key performance parameters including S-parameters, radiation characteristics, peak gain, 

envelope correlation coefficient (ECC), diversity gain (DG), and channel capacity loss (CCL). 

A. S-Parameter Analysis 

Figure 3 shows the simulated S-parameters of the proposed MIMO antenna. The return 

loss |S11| and |S22| indicate good impedance matching around the operating frequency of 5.8 GHz. 

The antenna achieves a reflection coefficient lower than −10 dB within the operating band. 

 
Figure3:Simulated S-parameters of the proposed antenna 

More importantly, the transmission coefficient |S21| demonstrates the isolation between 

the two antenna elements. Without the metamaterial structure, strong mutual coupling occurs 

between the radiating elements. After inserting the metamaterial unit cell between the patches, 

the isolation improves significantly and reaches values below −20 dB. This improvement 

confirms that the metamaterial structure effectively suppresses surface waves and reduces 

electromagnetic coupling between the antenna elements. 

B. Radiation Pattern Characteristics 

At the sonant frequency of 5.8 GHz, Figure 4 shows the simulated radiation pattern of the 

proposed antenna for the two main planes: the E-plane and the H-plane.  
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(a)ϕ=0◦ (b)ϕ=90◦ 

Figure 4:Radiation patterns of the proposed antenna at 5.8GHz. 

Optimal for use in handheld wireless communication equipment, the radiation patterns 

exhibit almost omnidirectional properties. The addition of the metamaterial structure improves 

the antenna'sdirectivity slightly without drastically altering the radiation pattern. Furthermore, 

the radiation patterns show consistent behavior in both main planes, proving that the antenna's 

radiation performance is unaffected by the metamaterial decoupling structure. 

 

C. PeakGainAnalysis 

The simulated peak realized gain of the antenna is shown in Figure 5. It can be observed 

that the antenna gainimproveswhen the metamaterial structure is introduced between the antenna 

elements. 

Figure 5: Peak realized gain versus frequency 

At its operational frequency of 5.8 GHz, the suggested antenna attains a maximum gain 

of about 4-5 dBi. The reduction of power loss due to mutual coupling by the metamaterial unit 

cells is responsible for this improvement, which in turn allows for more efficient radiation of 

power. 

D. EnvelopeCorrelationCoefficientandDiversityGain 

The Envelope Correlation Coefficient (ECC) is an important metric used to evaluate the 

diversity performance of MIMO antennas. 

ECC measurements reveal the extent to which one antenna's radiation pattern influences 

the other in the system.  

The ideal ECC for MIMO operation is 0 or very near to it. By analyzing the radiation 

patterns of the antenna elements, one can determine the ECC.Figure 6 displays the simulated 

ECC of the proposed antenna.The good diversity performance is indicated by the ECC value, 

which is roughly 0.007 at 5.8GHz and remains below 0.1 throughout the operational 

band.Another important parameter is Diversity Gain (DG), which describes the improvement in 

signal reliability obtained through diversity techniques. The diversity gain can be calculated 

using the relationship: 

𝐷𝐺 = 10√1 − (𝐸𝐶𝐶)2                                                                                                      (1) 
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Fortheproposedantenna,thediversitygainisgreaterthan9dBacrosstheoperatingband,confirmi

ngtheeffectivenessof the MIMO system. 

 
Figure 6: Envelopecorrelationcoefficientversusfrequency 

E. SurfaceCurrentDistribution 

The surface current distribution of the proposed antenna is illustrated in Figure 7. The 

current distribution is analyzed at the resonant frequency of 5.8 GHz. 

Figure 7:Surfacecurrentdistributionshowingcouplingreductionusingmetamaterial 

When the metamaterial structure is not present, strong current coupling can be observed 

between the two antenna elements. This results in significant mutual coupling and degraded 

MIMO performance. 

Nevertheless, the current coupling is drastically diminished when inserting the 

metamaterial unit cells between the radiating patches.Substantiating surface wave propagation 

between antenna elements, the metamaterial structure functions as a coupling element. The 

outcome is a considerable improvement in isolation between antenna elements and a reduction in 

mutual coupling. 

F. ChannelCapacityLoss 

Evaluating the effectiveness of a MIMO antenna system also requires considering 

channel capacity loss (CCL), another crucial metric. The reduction in channel capacity owing to 

correlation and coupling between antenna elements is represented by CCL.  
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Figure 6 shows the CCL of the proposed antenna, which is calculated using the S-

parameters. Over the operational band, the results show that the CCL stays below 0.5 bits/s/Hz, 

which is an acceptable limit for practical MIMO systems. 

Overall, the simulation results confirm that the proposed metamaterial-based MIMO 

antenna provides excellent performance in terms of isolation, gain, diversity performance, and 

channel capacity, making it a suitable candidate for modern wireless communication systems. 

5.Conclusion 

A compact metamaterial-based MIMO antenna with improved isolation has been 

designed and analyzed using CST Studio Suite. The metamaterial structure significantly reduces 

mutual coupling, achievingisolation better than −20 dB while maintaining good gain and low 

ECC. The proposed design demonstrates a practical solution for closely spaced antenna elements 

(e.g., edge-to-edge separation of 0.135λ0), offering an isolation improvement of over 9 dB 

compared to conventional configurations. This makes it particularly suitable for portable devices 

where space constraints limit element spacing, ensuring low envelope correlation coefficient 

(ECC ¡ 0.1), high diversity gain, and minimal channel capacity loss. Future work includes 

prototype fabrication and experimental validation to confirm the simulated performance, with 

potential extensions to multi-element arrays or mmWave applications for enhanced 5G/6G 

integration. 
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