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Abstract: The area of this paper is to design and simulate the new structures having simultaneous negative 

permeability ϵeff and permittivity μeff, and index of refraction neff around (8- 12) GHz, the so-called left-

handed material LHM. All designs have the same dimensions. The parameters of SRR have been varied such 

as split width, gap width, and metal width. Also, the negative values of ϵeff, μeff, and neff have been 

approved.  
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1. Introduction  

 

A single cell SRR has a pair of opened rings with splits in them at cross ends. The rings are made of 

nonmagnetic metal as aluminum and have a gap between them. The rings can be concentric, or square, and 

gapped as needed, carved on dielectric substrates [1- 4]. A magnetic flux ingoing the rings will induce 

rotating currents in the rings, which produce their flux to increase or decrease the incident field. This type of 

field is dipolar. Due to splits in the rings of structure can support resonant wavelengths so larger than the 

rings diameter. This would not happen in unopened rings. SRR is applied to create negative values of µ, while 

the rod is applied to create negative values of ϵ [5- 9]. 

Figure 1. A typical unit cell of the left-handed structure contains SRR with a metallic rod placed on the 

dielectric board for square- square SRR (sq- sq design), circle- circle SRR (c- c design) square- circle SRR 

(sq- c design) and circle- square SRR  (c- sq design). 

 

2. Method 

 

The parameters of the materials which appear in Maxwell's equations are the magnetic permeability μ and the 

dielectric permittivity ϵ [4, 5] it's the primary characteristic quantities that define the propagation of the 

electromagnetic waves in the matter. In this paper, the thin wire (rod) was used to get the negative 

permittivity, while the structure SRR was used to get the negative permeability, thus, the full structure (SRR- 

rod) was formed from the rod and the structure SRR which was used to get the negative refractive index [10- 

14]. 
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3. Results and discussions 

 

In this paper, different structures of the (SRR- rod) were presented, and the effect of these structures on 

resonant frequencies and other effective parameters like electric permittivity, magnetic permeability and 

refractive index were discussed by using simulated S-parameters in CST software. To study these effects, the 

structure parameters like split width, g, metal width, wt, and square side length, (a) were changed several 

times. Before studding these structure parameters, the effective frequency range must be specified as in the 

following section.  

 

a. Effective frequency: 

This design were performed a simulation was done with normal incidence and the magnetic field is polarized 

with y-axis while the electric field is polarized at x-axis to get S- parameters, with unit cell (l=3 mm), and the 

effective thickness of material sample is (2.5 µm). After the proper designs are completed, a simulation for 

frequency band (0- 30) GHz was run, and the results were drawn in figure 2. Form these figures, it can be 

concluded that the effective range of frequencies that contains the peaks and dips under interest is between (8-

16) GHz. and this range will be taken in the rest work in this paper. 

 

Figure 2. Real parts of S11 and S21 parameters with frequency band (0- 30) GHz 

for a) (sq- sq) design, b) (c- c) design, c) (sq- c) design, and d) (c- sq) design 

  

b.  Effects of changing design parameters 

For the four designs, the parameters shown in figure 1 were discussed individually by keeping all other 

parameters constants as follows: 

 

Effect of split width (g): 

The split width was changed for the four designs as (g=0.1- 0.5) mm, while other parameters kept constants 

(wt=0.2, s= 0.14, a1=  2.480 8, a2=1.4176, r1=1.4 and r2=0.8) mm. Note that the area of outer circle of circular 

ring equal the area of the outer square of square ring, i.e, (r12=a12 and r22=a22). The real parts of S11 and 

S21 parameters were shown in figures (3- 6). From these figures, the effective resonance frequencies for all 
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designs have been found as in table 1, and it is obvious that the resonant frequency proportional directly with 

increasing gap distance for all four designs as in figure 4. This happens because of decreasing the capacitance 

that is proportional inversely with gap distance. By looking to figure 7 it can be concluded that the largest 

value of resonant frequency is for the design (c-c) and then (c-sq), (sq- c) and (sq- sq). 

 

Figure 3. Real part of S11 and S21 parameters of SRR- rod for split width in (sq- sq) design. 
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Figure 4. Real part of S11 and S21 parameters of SRR- rod for split width in (c- c) design. 

 

Figure 5. Real part of S11 and S21 parameters of SRR- rod for split width in (sq- c) design. 
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Figure 6. Real part of S11 and S21 parameters of SRR- rod for split width in (c- sq) design. 

 

Table 1. Effective resonance frequency for every split width. 

Split 

width 

g (mm) 

Effective frequency f (GHz) 

For  sq- sq design For c-c design For sq- c design For c-sq design 

S11real S21real S11real S21real S11real S21real S11real S21real 

0.1 9.648 9.612 9.928 9.888 9.688 9.652 9.848 9.812 

0.2 9.976 9.94 10.372 10.332 10.04 10.004 10.24 10.204 

0.3 10.24 10.204 10.724 10.688 10.304 10.268 10.6 10.57 

0.4 10.452 10.42 11.028 10.996 10.528 10.492 10.9 10.86 

0.5 10.672 10.636 11.312 11.28 10.736 10.704 11.192 11.16 

 

 
Figure 7. The values of resonance frequency versus gap distance g 

 

To understand the influence on ϵ and µ, figure 8 shows the real parts for these parameters for (sq-sq) design. 

The real part of ϵeff is negative in range (8- 12) GHz while the real part of µeff is negative in range of 

frequency about (9.5- 12) GHz. That is, ϵeff< 0 and µeff< 0 are nearly in same frequency  range which lead to 

get negative values of refractive index as in figure 9,  and neff  exhibits a negative values in the range (8- 

12.8) GHz. 
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Figure 8. Real parts of electric permittivity ϵ and magnetic permeability µ 

for different split widths as in (sq- sq) design 

 

 
Figure 9. Real part of refractive index n for different split widths as in (sq- sq) design 

 

i.Effect of changing the area between the rings (d): 

In this section, the area between the outer and the inner rings were changed several times by changing the area 

of the inner ring. For the (sq- sq) and (c- sq) designs the area of the inner square has been changed by 

changing the length of its four sides (a2), while for the (c- c) and (sq- c) designs the inner circle has been 

changed by changing the radius r11. Also the other parameters are kept constants (g= 0.1, wt= 0.2, s= 0.14, 

a1=2.4808, and r1=1.4) mm. 
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Figure 10. Real part of S11 and S21 parameters for different area between two the rings d as in (sq- sq) 

design. 

 

 

 
Figure 11. Real part of S11 and S21 parameters for different area between two the rings d as in (c- c) design. 
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Figure12. Real part of S11 and S21 parameters for different area between two the rings d as in (sq- c) design. 

 

 

 
Figure 13. Real part of S11 and S21 parameters for different area between two the rings d as in (c- sq) design. 

 

When (a2) and (r11) decrease the area between the rings is increase and this means the distance between the 

rings increase. This leads to a decrease in the self- inductance of the inner square and also there is a decrease 

in mutual capacitance and mutual inductance of the system. So, this will lead to an increase in ωm, as 

illustrated in table 2 and Figure 14. 

 

Table 2. Effective frequency for different values of distance between two the rings d. 

Area between 

two the rings 

 d (mm) 

Effective frequency f (GHz)  

For sq- sq design For c- c design For sq- c design For c- sq design 

S11real S21real S11real S21real S11real S21real S11real S21real 

3.19 9.628 9.622 9.928 9.92 9.688 9.672 9.848 9.832 

3.29 9.7 9.69 9.992 9.98 9.768 9.752 9.936 9.927 

3.39 9.77 9.76 10.072 10.062 9.836 9.82 10.012 10 

3.49 9.834 9.826 10.128 10.12 9.908 9.89 10.092 10.082 
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Figure 14. The values of resonance frequency versus area between two the rings d 

 

By looking to figure 14 it can be concluded that the largest value of resonant frequency is for the design (c- c) 

and then (c-sq), (sq- c) and (sq- sq). These differences between the four designs were due to the difference in 

the space area between the two rings in four designs, since the circular area is larger than the square area, so 

the capacitance of circle is larger, and this gives a difference in the mutual capacitance and inductance 

between them. So resonant frequency is small due to the large of mutual capacitance. 

The ϵeff and µeff for each design were calculated from S11 and S21, where ϵeff< 0 and µeff< 0 are 

simultaneously about (9.8- 12) GHz, as in figure 15, so neff is negative values around the limited frequencies 

as in figure 16. 

 

 
Figure 15. Real parts of electric permittivity ϵ and magnetic permeability µ for different split widths as in (sq- 

sq) design 
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Figure 16. Real part of refractive index for different area between two the rings as in (sq- sq) design. 

 

Effect of metal width (wt): 

Here, the width of metal were changed of both outer and inner rings, while the other parameters are kept 

constant (g= 0.1, s= 0.14, a1=2.4808, and r1=1.4) mm. When the metal width has been changed the area 

between the rings is kept constant. For the (sq- sq) and (c- sq) designs the metal width has been changed by 

changing the four sides length of the inner square (a2). While for the (c- c) and (sq- c) designs the metal width 

has been changed by changing the radii of the inner circle r11. 

 

 

 

Figure 17. Real part of S11and S21 parameters for t metal widths wt in (sq- sq) design. 
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Figure 18. Real part of S11and S21 parameters for t metal widths wt in (c- c) design. 

 

 
 

 
Figure 19. Real part of S11and S21 parameters for t metal widths wt in (sq- c) design. 
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Figure 20. Real part of S11and S21 parameters for t metal widths wt in (c- sq) design. 

 

Table 3. Effective frequency for different metal widths. 

 

Metal 

width 

wt (mm) 

Effective frequency f (GHz) 

For sq- sq design For c-c design For sq-c design For c-sq design 

S11real S21real S11real S21real S11real S21real S11real S21real 

0.2 9.638 9.62 9.928 9.91 9.688 9.682 9.848 9.832 

0.25 9.81 9.78 10.336 10.32 9.9 9.88 10.2 10.18 

0.3 10.33 10.31 10.668 10.662 10.404 10.392 10.516 10.5 
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Figure 21. The values of resonance frequency versus the metal widths 

 

When (wt) increases leads to a decrease in mutual capacitance and mutual inductance of the system. So, this 

will lead to an increase in ωm, as illustrated in table 3 and Figure 17. By looking to figure 21 it can be 

concluded that the largest value of resonant frequency is for the design (c- c) and then (c-sq), (sq- c) and (sq- 

sq). 

 

 
Figure 22. Real parts of electric permittivity ϵ and magnetic permeability µ 

for different split widths as in (sq- sq) design 

 

From S- parameters, the real and imaginary values of ϵeff and µeff have been extracted. The real part of both 

ϵeff and µeff are negative about limited frequencies, as in Figure 22. Therefore ϵeff< 0 and µeff< 0 are 

simultaneously satisfied about (9.8- 12) GHz, so neff is negative values in the same frequencies as in Figure 

23. 
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Figure 23. Real and imaginary parts of refractive index for different metal width 

as in (sq- sq) design. 

 

4. Conclusions 

 

In this work, the shape of SRR is changed to have four designs which are circle- circle, circle- square, square- 

circle and square- square. It found that the resonant frequency is largest for circle-circle and then circle- 

square, square- circle and finally square- square.  It was found that the resonant frequency is also affected by 

changing the dimensions of SRR. When changing the width of the splits, this leads to a decrease in the 

capacitance between the splits because it is inversely proportional to the distance of the split, and therefore 

the resonant frequency increases as it is inversely proportional to the capacitance.  When the area between the 

two rings increase, this means a decrease in the area of the inner ring and this leads to a decrease in mutual 

inductance and mutual capacitance where both are directly proportional to the radius of the inner ring, and 

this means an increase in the resonant frequency. Finally when the width of the metal increased, which is 

followed by a decrease of the inner ring, this also leads to an increase in the resonant frequency for the same 

previous reason. 
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