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ABSTRACT 

This research presents the design, simulation, and characterization of rhombus-shaped split ring 

resonator (SRR) metamaterials integrated into microstrip antennas to enhance bandwidth and gain 

performance. The proposed metamaterial consists of one to four SRR unit cells fabricated using 

copper on an FR-4 substrate (ɛr = 4.3). Electromagnetic simulations were performed using CST 

Studio Suite within the 0.009 – 9 GHz frequency range, followed by post-processing and material 

parameter extraction using the Nicolson-Ross-Weir (NRW) method in MATLAB. The analysis 

revealed that the four-cell SRR configuration exhibited double-negative (DNG) behavior with 

relative permittivity εr = -96.21, relative permeability μr = -11.65, and refractive index n = -8.49. 

Integration of this metamaterial into the microstrip antenna resulted in significant performance 

enhancement, achieving a return loss of -48.31 dB, a bandwidth of 4.37 GHz, an operating 

frequency of 5.24 GHz, and a gain of 2.23 dBi. These results confirm that the rhombus SRR 

metamaterial structure effectively improves electromagnetic wave confinement and power 

transmission efficiency, demonstrating strong potential for advanced telecommunication and 

sensor applications. 
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INTRODUCTION 

 

Metamaterials have attracted increasing 

attention from researchers worldwide in the last 

decade. Antenna technology has also 

experienced rapid development. The ability of 

antennas to transmit and receive information 

allows them to be applied in various important 

applications, such as telecommunications [1-4] 

and medicine [5-8]. 

The use of microstrip antennas remains a 

popular choice for researchers due to their small 

size, flat shape, and relatively low assembly 

costs. These antennas will be widely used in 

wireless communication systems in the future. 

They can provide higher bandwidth and gain 

than single microstrip antennas [9-12]. Artificial 

materials, now known as metamaterials, are 

widely used by researchers due to their unique 

properties and the ability to be tailored to their 

specific needs. Essentially, metamaterials are 

structures consisting of elements or cells that 

exhibit specific optical properties not found in 

nature [13-16]. Antenna parameters such as 

return loss, VSWR, bandwidth, gain, and 

directivity can be improved using metamaterials 

[17-20]. The type of metamaterial structure 

used is the split ring resonator (SRR) structure. 

The use of SRR structures allows for reduced 

size and can operate in multiple frequency 

bands, making them suitable for a wide range of 

applications [21-26]. Several studies have been 

conducted on circular [27], hexagonal [28], and 

square [29] metamaterial antennas. 

This study designed and simulated a 

rhombic SRR metamaterial structure applied to 

a microstrip antenna. Variations of cells 1 – 4 

were performed to observe the effect of 

additional cells on the parameters of the 

metamaterial and antenna. This research is 

expected to be a breakthrough in improving the 

parameters of microstrip antennas. 
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RESEARCH METHODS 

 

Metamaterial Simulation and Characteristics 

 

The metamaterial structure used is a 

rhombus with two separate metal rings. The 

design and simulation of the metamaterial 

structure were performed using the Computer 

Simulation Technology (CST) Studio Suite 

application program. The simulation data was 

processed using MATLAB. The materials used 

were copper as the patch (metal inclusion) and 

FR-4 as the substrate with an electrical constant 

of 4.3. The geometric dimensions and ring radii 

of the metamaterial structure are shown in 

Table 1. The metamaterial structure design used 

has four variations of SRR cells to compare the 

metamaterial characteristics. The metamaterial 

structure will be observed in the frequency 

range of 0.009 – 9 GHz. 

 

 
Figure 1. Front and side views of the rhombus-

shaped SRR metamaterial structure design. 

 

The initial design of the SRR metamaterial 

structure can be seen in Figure 1. The radius 

used is 3.5 mm and is the same for each cell 

variation. The geometric dimensions of the 

metamaterial structure can be seen in Table 1. 

 

Table 1. Dimensions of the SRR metamaterial. 

Symbol Size (mm) 

C1 0.43 

C2 0.6 

TS 1.6 

TP 0.035 

L1 7.4 

W1 2.14 

Electromagnetic wave ports with perfect 

electric (PEC) and magnetic (PMC) boundary 

conditions were applied to the metamaterial 

structure to obtain S-parameters through full-

wave simulation. Characterization was 

performed using the Nicolson-Ross-Weir 

(NRW) method to extract effective 

electromagnetic parameters. The S11 

(reflection) and S21 (transmission) data, in 

magnitude and phase, were then converted into 

complex form using the following equations: 

 

 (1) 

 

 (2) 

 

The relative permittivity (εr) and relative 

permeability (μr), and the refractive index (n) 

were calculated using MATLAB based on the 

following NRW equation: 

 

 (3) 

 

 (4) 

 

 (5) 

 

 (6) 

 

 (7) 

  

where, k0 = 2πf/c, where f is the frequency used 

and c is the speed of light (3 × 10
8
 m/s). The tm 

value indicates the distance between the input 

and output excitation channels within the SRR 

metamaterial structure. 

 

Metamaterial Antenna Design 

 

The design and simulation of an antenna 

structure using a combination of rhombic 

metamaterials and four SRR variations were 

performed using CST Studio Suite software. 

The design of this metamaterial combination 

antenna structure is shown in Figure 2. 
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Figure 2. Front, rear, and side views of the 

SRR metamaterial antenna structure. 

 

The antenna used is a microstrip antenna 

consisting of a substrate, patch, and ground 

elements. This antenna structure is made of 

copper for the patch and FR-4 for the substrate. 

The geometric dimensions of the metamaterial 

antenna are listed in Table 2. This metamaterial 

antenna structure has undergone several 

optimization stages to achieve optimal antenna 

performance. 

 

Table 2. Dimensions of the metamaterial 

combination antenna structure. 

Symbol Size (mm) Symbol Size (mm) 

C2 1 W4 2.14 

L2 33.34 W5 1 

L3 5.8 G1 29.60 

L4 13.2 G2 7.4 

L5 0.6 G3 7.4 

W2 29.60 G4 3.94 

 

RESULTS AND DISCUSSION 

 

Metamaterial Structure Characteristics 

 

The SRR metamaterial structure with four 

cell variations produces DNG (Double 

Negative) material characteristics, which are 

analyzed by processing S-parameter data, 

namely S11 (reflection spectrum) and S21 

(transmission spectrum), using the NRW 

equation. These metamaterial characteristics 

include relative permittivity, relative 

permeability, and refractive index, as shown in 

Figures 3, 4, and 5. 

 
Figure 3. Effect of cell variations on the 

relative permittivity of the metamaterial. 

 

The relative permittivity graph shows that 

the metamaterial structure with a combination 

of four cells has a higher negative permittivity 

value than other combinations. The maximum 

permittivity resonance reaches -96 at an 

operating frequency of 1.197 GHz. 

The change in the graph from 1×1 to 1×4 

reflects how the complexity and interactions 

within the structure affect its electromagnetic 

response. Increasing the number of elements 

increases the complexity of electromagnetic 

field interactions, which is reflected in changes 

in relative permittivity at various frequencies. 

As the number of elements increases, the 

interactions between the elements also increase. 

This can affect the distribution of electric and 

magnetic fields within the structure, which in 

turn affects the relative permittivity. 

 

 
Figure 4. Effect of cell variations on the 

relative permeability of metamaterial structures. 

 

Figure 4 shows a graph of relative 

permeability. The combination of four cells in 

the SRR metamaterial structure produces a 

higher negative permeability value than other 
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combinations. The resulting maximum 

permeability resonance is -11.65 at an operating 

frequency of 1.71 GHz. The graph above shows 

how the addition of elements in a material or 

antenna configuration affects its magnetic 

properties, indicated by changes in relative 

permeability. Each configuration has a unique 

resonance pattern that reflects the complex 

interactions between the elements in the 

structure. These changes are useful for 

applications in communication antenna device 

design, where precise control over the material's 

electromagnetic properties is essential. 

 

 
Figure 5. Effect of cell variations on the 

refractive index of metamaterial structures 

 

Figure 5 shows a graph of the refractive 

index. The combination of four cells in the SRR 

metamaterial structure produces a maximum 

refractive index of -8.49 at an operating 

frequency of 1.69 GHz. The refractive index 

value is obtained from the previously obtained 

permittivity and permeability values. The shift 

in the resonant frequency of the refractive index 

occurs due to the addition of cells to the 

metamaterial structure. 

 

Metamaterial Antenna Performance 

 

The metamaterial combination microstrip 

antenna with a variation of 4 SRR cells 

produces good performance. Antenna 

parameters include return loss, VSWR, gain, 

and directivity. Figure 6 shows that 

metamaterial combination antennas with 

variations of 1 – 4 SRRs produce a significant 

change in return loss. The highest return loss 

value occurs for the 3-cell variation antenna, at 

-52.99 dB. This indicates less power loss in the 

transmission process, thus improving antenna 

performance. 

 

 
Figure 6. Comparison of return loss values for 

metamaterial antennas with cell variations. 

 

Figure 7 shows the VSWR values for the 1 – 

4 SRR combination antenna. The VSWR value 

can be seen in index 1. 

 

 
Figure 7. Comparison of VSWR values for 

metamaterial antennas with cell variations. 

 

Figure 8 shows the gain pattern of each cell 

variation, which changes over the frequency 

range from 0.45 GHz to 3.17 GHz. 

 

 
Figure 8. Comparison of the gain values of the 

metamaterial antenna with the cell variations. 
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This change occurs due to the interaction of 

the metamaterial structure with the SRR 

combination applied to the antenna when power 

flows through the attached metamaterial 

structure. 

 

 
Figure 9. Change in radiation pattern of the 4-

cell metamaterial antenna. 

 

Figure 9 shows the radiation pattern for the 

4-cell SRR combination metamaterial antenna. 

The antenna's radiation pattern is 

omnidirectional, with the antenna's maximum 

radiation point located in front of the structure. 

 

CONCLUSION 

 

The metamaterial structure of 4 SRR cell 

variations produces better metamaterial 

characteristics than other combinations with a 

relative permittivity (εr) of -96, a relative 

permeability (μr) of -11.65 and a refractive 

index (n) of -8.49. The use of metamaterial 

structures in microstrip antennas has been 

shown to improve antenna parameters. This 

study shows that antennas with a combination 

of 4 SRR cell metamaterials have great 

potential for telecommunication sensor 

applications, with a return loss value of -48.31 

dB, an operating frequency of 5.24 GHz, a 

bandwidth of 4.37 GHz, and a gain of 2.23 dBi. 
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