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Highlights 
•  The metamaterial superstrate is placed at 1.5 mm above the MIMO results in less design volume. 

•  UWB characteristics with isolation below -30dB in the entire UWB band  

•  The design exhibits ECC, DG, CCL, MEG well below acceptable limits showing its diversity behavior.  
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Abstract 

In this paper a metamaterial loaded UWB MIMO operating in C and X band is presented. The 

proposed design uses hexagonal fractal structure with partial ground plane to achieve UWB 

characteristics. The design is utilized for four element MIMO to offer better diversity 

performance with relevant compactness. The isolation between orthogonally placed MIMO 

elements is achieved below -15dB in entire resonance band from 6 GHz to 12 GHz with inter-

element separation of 0.33λg giving the overall dimension of 93mm x 93mm x 1.6mm. The 

isolation is further enhanced by using a single negative (SNG) metamaterial with MIMO. The 

obtained results were verified by fabricating the proposed design in low-cost FR-4 showing the 

resonance from 6-12 GHz with good impedance matching and isolation below -30 dB in entire 

resonating band. The uniqueness of the proposed design is much less volume despite the 

metamaterial superstrate placed 1.5 mm above the MIMO. The 2D radiation pattern for E field 

and H field co and cross polarization shows more co-polarization and less cross polarization with 

almost omnidirectional radiation pattern. 
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1. INTRODUCTION 

 

Due to technical advancement, the demand for large bandwidth, good channel capacity with low losses and 

appreciably diverse MIMO antenna with relative compactness is increasing day by day.  Number of works 

has been reported in the past which proves MIMO antenna leads to the competitions in terms of 

miniaturization, large bandwidth, and diverse behavior with required isolation between elements placed in 

close proximity to achieve compactness [1].  In the past to achieve required features Several works have 

been carried out which includes use of fractal antenna [2], complementary split ring resonator [3], FSS 

structure [4], SRR Structure [5], electromagnetic band structure (EBG) [6], defected ground structures [7], 

different types of slot in the patch and the ground [8], Orthogonal placement of MIMO [9], use of circular 

polarization and CSRR structure [10], to name a few. Further the required improvement in isolation and 

diversity characteristics needs investigations of more prominent methods like use of metamaterials in the 

related literatures.  In the recent past metamaterial-based structures are placed either between the radiating 

elements or in the ground, or as parasitic or as superstrate to achieve required improvement in gain, 

isolation, and diversity characteristics [11-17]. A Single Negative (SNG) metamaterial based FSS placed 

in back side of antenna [11], FSS with negative permeability and permittivity between the antenna elements 

acting as band-stop filter [12]. In [13], a metamaterial superstrate results in isolation below -15 dB and gain 

enhanced by 1.2dB. In another work LC shaped metamaterial exhibiting negative refractive index and 

negative permittivity-based resonator is used for bandwidth enhancement [14]. A Hexagonal shaped meta-

surface [15], high refractive index metamaterial [16], stacked multilayer Metasurface were applied as 

superstrate [17] for improvement of gain. Metamaterial structures also help in achieving miniaturization 

along with required isolation [18-23]. The attempt was made in [24] to address to improve isolation by 
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application of resistance loaded stub and results in better than 15 dB isolation. In [25-27], metamaterial-

based structures are again utilized for improvement of gain and isolation but at the same time results in 

large design area and volume due to placement of metamaterial. Based on the above review, it can be 

estimated that the metamaterials can be utilized as superstrate or in between the radiating element or in the 

ground plane to change the flow of surface waves in such a direction that would result in improvement of 

gain, isolation, and other diversity parameters. 

 

In the present work, we have used SNG metamaterial of the same dimension as of antenna, loaded above 

the radiating element at very short distance of 1.5mm as compared to earlier designs discussed in 

introduction section, which results in relative compactness in volume, improvement in isolation by about 

15dB along with gain improvement in entire operating band. The diversity parameters like ECC, DG, CCL, 

MEG, are calculated for the design which clearly proves the design to be well versed with the competitions 

in C and X band applications. 

 

2. DESIGN AND GEOMETRY OF FOUR ELEMENT MIMO WITHOUT AND WITH 

METAMATERIAL SUPERSTRATE 

 

2.1. Design of Four Element MIMO without Metamaterial Superstrate 

 

The four-element orthogonally placed MIMO antenna is designed in low-cost FR-4 material with copper 

patch due to advantage of high gain and directivity over other metals. Design evolution started with a single-

element UWB antenna, as shown in Figure 1(a). Fractal ring added either result in addition of resonance in 

lower frequency region or in result in better impedance matching which finally helps in getting multiband 

response with better matching. Ground plane modification helps in bandwidth improvement by merging 

multiband resonance into UWB response in the C and X bands as shown in Figure 1 (b). Further to enhance 

diversity performance, data rate and reliability, the design is extended to MIMO antenna where the antenna 

elements are placed side by side at very short distance of 6 mm to achieve required compactness. The 

nearby placement of radiators results in degraded isolation of 6dB between the elements as shown in Figure 

1(c). For isolation enhancement, orthogonal placement of radiator is applied to four element MIMO 

resulting in isolation enhanced to -13dB in entire C and X band. The front and back view of four element 

orthogonally placed antenna along with corresponding S parameter are shown in Figure 1(d), 1(e) and 1(f) 

respectively [24]. 

 

The design dimensions of the MPA are 

Warray=93mm, Larray=93, x1= 29.6, x2= 60.5, L1=11.41, a=18, b=15, c=13, d=10, e=8.5, f=7, g=5.9, 

h=4.9 i=3, j=2.84, k=1.5, l=1, x3=44, x4=11, x6=1, L2=33 (all design dimensions are in mm). 

 

The orthogonal placement of radiating element results in reduced mutual coupling between elements 1-2 

(Minimum S21 is -22 dB) and 1-4 (Minimum S41 is -22 dB) but the mutual coupling is around -13dB 

between 1-3 (S31=-13 dB) as shown in Figure 1 (f). To further address isolation, metamaterial structures 

are studied and single negative (SNG) metamaterial superstrate array is designed which gives either ENG 

or MNG in the entire C and X band. The designed SNG metamaterial is placed above four elements 

orthogonally placed microstrip patch antenna. 

 

2.2. Geometry of the SNG Metamaterial Superstrate 

 

The SNG metamaterial evolution stages and its corresponding extracted parameters are shown in Figure 2 

(a). In the design, the Outer Copper Frame (w1, l1, and l7) contributes to the overall inductance and 

capacitance of the unit cell and sets fundamental resonance frequency and creates the baseline for negative 

permittivity or permeability. 
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Figure 1. (a) Evolution of Single Antenna (b) Effect of ground variation on S parameters (c) S parameter 

of single and two element MIMO (c) Front & back View of Four element orthogonally placed MPA (f) S 

parameters of Four element orthogonally placed MPA, (Reproduced courtesy of The Electromagnetics 

Academy) [24] 

 

The Adjustment width (w1) and length (l1, l7), helps in tuning the resonance frequency, The Inner Copper 

Patterns (w2, w3, l2, l3), create sub-resonances due to additional localized inductive-capacitive effects 

resulting in broadening the single negative frequency range. The Diagonal Copper Strips (w4), enhance 

current flow and suppress unwanted modes, improving the quality of the SNG behaviour. The central 

element, serves as a higher-frequency resonator within the unit cell and introduces new resonances at higher 

frequencies, expanding the frequency range for SNG properties. The gaps between conductive elements 

forms capacitive elements and helps in varying the resonant frequency. The unit cell works as a resonator 

by using its copper loops and gaps to create single-negative properties over a wide frequency range. The 

loops produce negative permeability through magnetic resonance, while the gaps cause negative 

permittivity through electric resonance. The design and dimensions of the copper are optimally adjusted to 

achieve SNG characteristics in UWB range. 

 

The simulation setup prepared in CST 2018 used for extraction of effective parameters (permittivity and 

permeability) of metamaterial unit cell is shown in Figure 2 (b), in which the designed metamaterial is 

placed between wave ports in + z and -z direction along with perfect electric and magnetic boundaries in x 

and y directions respectively. The uniform plane wave is transmitted in z direction to mimic actual radiation 

as received through four element MIMO antenna. The Equations given below (1)-(3) are applied to extract 

permittivity and permeability of the proposed design in CST 2018 [15,28]. Figure 2(c) gives finally 

extracted characteristics of metamaterial which clearly shows the proposed design exhibit SNG (MNG + 

ENG) characteristics in C and X band 

 

Zeff = ±√
(1+𝑆11)2−𝑆212

(1−S11)2−𝑆212                       (1) 

𝑒𝑗𝑛𝑘𝑜𝑑= S21

1−S11
𝑧−1

𝑧+1

                       (2) 

εeff =
neff

Zeff
   ,    µeff = neffzeff                      (3) 



783  Sumit Kumar GUPTA, Aditi SHARMA, Soma DAS/ GU J Sci, 38(2): 780-790 (2025) 

 
 

where Ko is the wave number, zeff  is impedance, d is thickness of the material, for present design its 

1.6, εeff, µeff and neff are extracted effective permittivity, effective permeability, and effective refractive 

index of the material respectively. The metamaterial unit cell is fabricated in FR-4 substrate. (dielectric 

constant of 4.4 and a loss tangent (tan δ) of 0.025) with thickness of 1.6mm. The optimum dimensions of 

unit cell are given as (Figure 2 (d)) 14.6 x 14.6 x 1.6 mm3.The metamaterial unit cell is extended and 

optimized for 5 x 5 array structure to be placed above four elements orthogonal MPA as superstrate to 

improve diversity parameters. 

2.3. Design of Four Element MIMO Loaded with Metamaterial Superstrate  

 

To enhance the isolation between antenna elements, as discussed in the introduction section, designed 5 x 

5 metamaterial structure is placed above MPA at 1.5mm height to achieve desired improvement in gain and 

isolation (Figure 2(e)). Spacers are used at the corners of the antenna to hold SNG metamaterial superstrate 

above the four element MIMO. Parametric optimization is done for height of superstrate above Microstrip 

patch antenna to determine the best position (H=1.5mm) which also confirms the compact 3d design of the 

present work along with best improvement in isolation and gain. The spacing between meta surface and 

MIMO is very important parameter to achieve high gain while allowing only the constructive interference 

between the antenna generated wave and meta surface reflected wave. The proposed design achieves 

isolation enhanced to more than -28 dB throughout C and X band as shown in Figure 2 (f). The metamaterial 

superstrate improves in isolation parameters (S21=-22dB, S31=-13dB and S41=-22dB) in without 

metamaterial case to minimum -28 dB in the entire impedance bandwidth in case of of four element 

orthogonally placed MIMO with metamaterial superstrate. The scattered Gain vs frequency plot with 

amount of gain improvement achieved at certain frequency is shown in Figure 2 (g) which shows that 

design with metamaterial offers improvement in gain constantly with maximum gain improvement of 

1.62dBi. Final Gain vs frequency plot with metamaterial is shown in Figure 2(h), which clearly shows that 

the proposed antenna offers appreciable gain (more than 3dBi) in the entire UWB range of 6-12GHz with 

peak gain 5.8dBi. 

 

3. EXPERIMENTAL VERIFICATION & RESULT ANALYSIS 

 

Orthogonally placed Four element MIMO loaded with Metamaterial superstrate is fabricated and tested 

with two port Agilent N5247 vector network analyzer (VNA) for S parameters and VSWR measurement. 

During measurement, designed UWB antenna is used as receiving antenna, only one port is connected to 

VNA and the other port is terminated with 50-ohm matched load. Radiation pattern measurement was 

conducted inside microwave anechoic chamber to avoid losses in the measurement as shown in Figure 3 

(a), (b) and (c). Designed metamaterial is placed above four element MIMO at 1.5mm height as shown in 

Figure 3(d). Slight deviation in simulated and measurement results were observed in S parameters results 

but still they verified the simulation results perfectly. 

 

3.1. Result & Discussion 

 

The measured reflection coefficient and VSWR shown in Figure 3 (e) shows that the proposed antenna 

gives resonance bandwidth in C and X band with good impedance matching. The application of 

metamaterial superstrate results in improved S parameters (specially S21, S31 and S41) as compared to 

four element orthogonally placed MIMO without metamaterial shown in Figure 1(f). The measured S 

parameters obtained are in close agreement with simulation results as shown in Figure 3(f) and 3(g). The 

measured isolation parameters are well below -30 dB in the full resonance band.  
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Figure 2. (a) Evolution of metamaterial with extracted material parameter (b) Simulation Setup (CST) for 

Extraction of parameter (c) Extracted parameters of Final metamaterial (d) 5 x 5 array of metamaterial 

unit cell with design dimension of unit cell (e) metamaterial superstrate loaded MPA (f) S parameters 

with metamaterial (g) Gain Vs frequency without and with metamaterial structure (h) Gain of final design 
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Figure 3. (a) Fabricated Four element MPA loaded with metamaterial (b) VNA Testing (c) Field pattern 

testing (d) placement of metamaterial above antenna using spacer (e) Measured S parameters and VSWR 

(f) Simulated S parameters (g) Measured S parameters 
 

 

Figure 4. Measured 2D Radiation pattern for E field and H field 
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The Measured E field and H filed radiation pattern are drawn in Figure 4, which shows more co-polarization 

and less cross polarization with almost omnidirectional radiation pattern at 6.39GHz, 7.8GHz, 10.4GHz, 

11GHz. The proposed antenna is also tested for diversity parameters like Envelope correlation coefficient 

(ECC), Diversity Gain (DG), Channel capacity loss (CCL), and mean effective gain (MEG) by calculating 

them using the Equation (4)-(8) given below [24] 

 

ECC ρ12 =
|S11

∗ S12+S21
∗ S22|2

(1−|S11|2−|S21|2)(1−|S22|2−|S12|2)
                 (4) 

DiversityGain = [
γc

SNRc
−

γ1

SNR1
]

P(γc<γs/SNR)
                  (5) 

Channel capacity loss Closs = −log2|ψR|                 (6) 

 ψR = [
ƍ11 ƍ12

ƍ21 ƍ22
]                                                                                             (7) 

where ψR is the receiving antenna correlation matrix 

and  ƍii= (1-|Sii|
2- |Sij|

2) and      ƍij = (Sii
*Sij+ Sji

*Sij)  for i, j=1 or 2 

MEGi = 0.5 (1 − ∑ |Sij|
2)k

j=1                    (8) 

where k represents number of antennas, i is the antenna under consideration for calculating Mean effective 

gain.  

 

 
(a)                                                                  (b) 

    
(c)                           (d)     

Figure 5. (a) ECC using both radiation field and S parameters (b) DG (c) CCL Measured and simulated 

(d) MEG (measured and simulated) for the proposed design 

 

ECC and DG calculated using Equation (4) and (5) are well below the acceptable range from both S 

parameters and radiation field, the obtained results are <0.015 (radiation field), <.005 (S parameters) and 

>9.92 (radiation field), >9.98 (s parameters) respectively as shown in Figure 5 (a) and 5 (b) respectively. 

The Figure 5 (a) and 5 (b) gives comparison of ECC and DG without metamaterial and with metamaterial 
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(Measured as well as radiation filed). CCL is calculated using Equation (6)-(7) for both simulation and 

measurement data and are obtained to be < 0.4 bps/Hz (acceptable range) throughout the band as shown in 

Figure 5(c). MEG is calculated using Equation (8) for both simulated and measured results and are obtained 

below 3dB (acceptable range) throughout C and X band (Figure 5(d)). Table 1 shows the comparison of 

the proposed design with already published literature with respect to parameters like volume, size, 

bandwidth, measured gain, ECC, DG, isolation, and complexity of the design. The comparison shows that 

the proposed design gives minimum volume with superstrate structure, covers more bandwidth with low-

cost FR-4 material with less complex design. The uniqueness of the proposed design is its less volume 

despite the metamaterial superstrate placed 1.5 mm above the MIMO. The compact volume and good 

diversity parameters result this design to be effective for wireless applications. 

 

Table 1. Comparison of proposed work with already published literatures 

 

4. CONCLUSION 

 

In this paper, An SNG metamaterial superstrate is proposed for effective reduction in mutual coupling in 

four element orthogonally placed MIMO antenna. The MIMO is fabricated and the experimental results 

shows isolation more than -30dB in the entire resonance band from C to X band with gain of more than 

3dBi in the entire range (peak gain of 5.8dBi). The omnidirectional E field and H field patten shows desired 

less cross polarization. The uniqueness of the proposed design is that, the metamaterial superstrate placed 

at a very short distance of 1.5 mm results much less volume with already published works as given in 

comparison Table 1.  The proposed design can decouple closely packed four element MIMO antennas with 

edge-to-edge separation of 0.33λg. The design with compact volume and good diversity parameters gives 

Ref No. of 

element 

& 
Substrate 

EtEd 
(mm) 

Size 

(mm) 

 

Operating 

Band 

(GHz) 
 

Peak 

Measured 

Gain 
(dBi) 

Isolation 

(dB) 

design complexity Application 

Covered 

[13] 4 

(FR-4) 

NA 52 x 52 x 

1.6 
h= 27.2 

height 

3.6–18 4 Better 

than 15 

High design volume 

due height of 
metamaterial 

Super wideband 

antenna  

[18] 4 

(Rogers) 

22 80 x 80 x 

1.575 
With h=12 

3.11 - 7.67 8.3 Better 

than 15.5 

High design volume 

due to metamateial 
height 

5G Sub6 GHz 

MIMO systems 

[19] 4 

(FR-4) 

12.5 60 × 60 x 

1.6 
h=12.5 

(3.25–5.6) 7.1 Better 

than 35 

High design volume 

due to height of 
metamaterial  

MIMO applications 

in the 5G NR 
n77/n78/n79 

spectrums. 

[20] 4 

(Rogers) 

57.9 146 × 146 

× 3.118 

3.27 - 3.82 8.72 Better 

than 32 

Slots and isolating 

pin 

5G Sub6 GHz (n78 

band) MIMO 
systems 

[21] 2 

(FR-4) 

18.4 83.8 × 83.8 

× 3.2 
h=15 

2.23–2.91 7.02 Better 

than 14.5 

High design volume 

due to height of 
metamaterial 

satellite applications 

[22] 2 

(FR-4) 

20 70 x 37 x 

1.6 

(8.7-11.7), 

(11.9-14.6), 

(15.6-17.1) 
(22-26), (29-

34.2) 

9.15 (at 

26 GHz) 

6 in X 
band 

Better 

than 20 

Hilburt Fractal 

design loaded is 

difficult for higher 
order 

MIMO and radar 

systems 

[23] 4 
(Rogers) 

3 70 x 60 x 
0.8 

h= 9 

5.65 - 6.06 8.5 Better 
than 28 

High design volume 
due height of 

metamaterial 

WLAN only 

[24] 4  
(FR-4) 

5.5 93 x 93 x 
1.6 

3-13 GHz 5.4 dBi Better 
than 15 

Loading of 
resistance.  

C and X band 
Applications 

[25] 4 

(Rogers) 

12 178 x 178 x 

14 

2.76–4.3 

GHz 

6.2 to 

10.5 (3-4 

GHz) 

Better 

than 23 

Metamaterial with 

periodic loading 

5G Antenna 

[26] 4 

(Rogers) 

57.9 146 x 146 

1.5 

h= 3.048 

3.3-3.87 GHz 8.72 Better 

than 32 

High design volume 

due double substrate  

5G sub 6 GHz 

This 

Work 
4 

(FR-4) 

5.5 93 x 93 x 

4.7 

h=1.5 

6-12 band 5.79 Better 

than 30 

Simple to design 

and optimize 

C-band/ Entire X 

Band applications 
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a unique idea of placement of metamaterial superstrate at a very short distance of 1.5 mm that covers entire 

C and X band applications. 
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