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Abstract. We study a symmetric fishnet metamaterial working in the M-band (60 - 100 GHz). 

Significant effects of the dielectric spacer and the metal pattern on the electromagnetic response 

are investigated. It is found that the left-handed peak was shifted, enhanced or even destroyed by 

changing the thickness and the permittivity of the dielectric spacer. In addition, we also present 

the effect of metal pattern properties on the left-handed transmission spectra. The effective 

medium parameters are calculated using the standard retrieval method. It is expected that this 

work will allow us to optimize the appropriate characteristic parameters even without avoiding 

the trial and error fabrications. 
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1. INTRODUCTION 

Double negative metamaterials which exhibit a negative permeability (µ) and negative 

permittivity () over a simultaneous frequency range were initially discussed by Veselago in 

1968 [1]. Later studies showed that the negative permeability is the result of a resonance 

response to an external magnetic field while the negative permittivity comes from a plasmonic 

or a resonance response to an external electric field. These features of metamaterials bring forth 

the novel properties such as a negative index of refraction (n), and left-handed rule of k, E and 

H; hence, they are named “negative index materials” or “left-handed materials (LHMs)” [2]. The 

existence of LHMs was first demonstrated using a periodic array of split-ring resonators and 

continuous wires [3] based on Pendry's suggestion [4]. Afterwards, the negative n, the most 

challenging property of LHMs, was shown in Shelby's experiment [5] and was reaffirmed in 

subsequent ones [6-8]. Till now, many LHM structures, made of nonmagnetic materials such as 

metallic and dielectric components [9-13] or purely dielectric components [14-16], have been 

proposed to obtain the negative n. Others focus on how to make metamaterials with controllable 

LH properties using both internal and external parameters [17-21]. Among them, the symmetric 

fishnet structure, which consists of broadened cut-wire pairs (CWPs) and continuous wires, gets 
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a lot of attention since its highly applicable properties and unpolarized capability [22 - 25]. The 

electromagnetic responses, the structural characteristics and the promising properties of this 

structure are still being studied [26 - 29]. 

Recently, the LH behavior of a planar metamaterial structure working at 100 GHz was 

experimentally and numerically demonstrated [23]. Then, the characterization of symmetric 

fishnet structure was examined by the standard retrieval method [30]. It was shown that the 

effective medium theory was a well-developed method to explain successfully the double 

negative behavior. Since the changes in the structural parameters were accounted for the 

different responses of the effective medium, the LH behavior of fishnet structure was proved to 

be sensitive to the shape and the content of the unit cell. In order to provide more rigorous 

features of such a structure, the important influences of metal pattern and dielectric spacer are 

studied and presented in this paper. 

2. COMPUTATIONAL METHOD 

The transmission simulations were done using a commercial code, CST Microwave Studio 

(Computer Simulation Technology GmbH, Darmstadt, Germany), based on the finite integration 

technique. The lossy metal model of copper with a conductivity of  = 5.96  10
7 

S.m
-1

 was 

used and the dielectric constant of the spacer was denoted as . The boundary conditions at top 

and bottom walls were assumed to be a perfect electric and magnetic conductor at the left and 

the right walls. In addition, the standard retrieval method was performed to extract the effective 

permittivity and permeability of the fishnet structure from complex scattering parameters [30]. 

This is a well-fashioned method to prove whether a metamaterial structure exhibits the LH 

behavior. The effective index of refraction was determined using formula n  . 

 

Figure 1.  The unit cell and geometric parameters of a fishnet structure (a) viewed from H direction and 

(b) in E-H plane. 

For all calculations, the incident wave is normal to the plane of fishnet structure, and the 

electric and the magnetic fields are parallel to y- and x-axis, respectively. The length of the slab 

and the width of wire are l = 1 mm and w = 1 mm, while the periodicities in x- and y-axis are ax 

= ay = 2 mm. The size of the unit cell along k-direction, az, is assigned to a value of 1 mm, 

because it is closest to the most experimental value. The thicknesses of metal pattern and spacer 
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are defined to be tc and ts, respectively. A single unit cell of the symmetric fishnet structure with 

geometric parameters is shown in Fig. 1. 

 

Figure 2. (a) S21 spectra, (b) extracted real part of the permeability, (c) that of the permittivity and (d) 

refractive index for a fishnet structure with different spacer thicknesses ts. 

3. RESULTS AND DISCUSSION 

3.1. Influence of spacer properties on LH behavior 

The LH behavior of the fishnet structure has been demonstrated elsewhere [22, 23, 26]. In 

which, still most of the commonly used spacer for constructing this kind of metamaterials are 

dielectric with unit permeability. But so far, studying the effects of constituent materials on LH 

properties of fishnet structure remains to be explored further. The substrate and metal properties 

dependence of the electromagnetic response of one other metamaterial structure, the split-ring 

resonator, was examined both theoretically and experimentally as a strongly contributed 

parameter [31, 32]. For fishnet structure, the spacer does not only play a part of substrate but 

also to be a valuable constituent in forming magnetic resonance as well as LH behavior. 

Therefore, howsoever the spacer properties act upon constructing the LH behavior, it is still 

important parameter in handling effective responses of fishnet structure. In fact, the 

electromagnetic properties of the fishnet structure are significantly affected by both the thickness 

and the dielectric constant of spacer, which is further discussed in this paper. The simulated S21 
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spectra of one-layer fishnet structure with 0.2, 0.4, 0.6 and 0.8 mm-thick spacer are presented in 

Fig. 2(a). In this study, the dielectric constant of spacer, s, is fixed to be 2.2 + i0.0009 and the 

thickness of metal pattern, tc, is 9 µm. The real parts of corresponding effective permeability, 

permittivity and refractive index, extracted from the complex scattering parameters, are also 

displayed in Figs. 2(b), 2(c) and 2(d), respectively. 

In case of 0.2 mm-thick spacer, it is observed that the negative refractive index is around 

98.1 GHz, which is in a good agreement with previous work [23]. Interestingly, the real part of 

the effective refractive index goes from negative to positive value when the thickness of spacer 

increases from 0.2 to 0.8 mm [see Fig. 2(d)]. The LH transmission peak is strengthened with the 

spacer thickness but suddenly disappears at ts = 0.8 mm. Notice that the right-handed S21 peak is 

getting closer to the LH one. The reason can be seen in Figs. 2(c) and 2(d). At larger values of 

the spacer thickness, there is a significant movement of the total plasma frequency towards the 

lower-frequency regime while the magnetic resonance frequency nearly remains unchanged. 

Essentially, a decreased plasma frequency of continuous wires leads to a reduction of the total 

one. Meanwhile, an increase in ts can be considered as stretching of the distance a between 

continuous wires of fishnet structure. The dependence of the effective plasma frequency ωp of 

continuous wires on distance a is given by ωp 2c0
2
/sa

2
 in which c0 is light velocity in vacuum 

and s is the permittivity of medium between continuous wires. This prediction was proposed by 

Pendry et al. [33]. Clearly, the plasma frequency ωp is reduced when distance a gets longer. At ts 

= 0.8 mm where the total plasma frequency becomes lower than the magnetic resonance, we do 

not have an overlap of the negative regions of  and µ. Hence, the LH behavior has entirely 

vanished. 

 

Figure 3. (a) LH transmission spectra and (b) LH peak with according to s. 

In Fig. 3(a), we plot the LH transmission spectra according to spacer dielectric constant s. 

The thickness and the loss tangent of the dielectric spacer are kept constant at 0.4 mm and 

0.0009, respectively. The real part of dielectric constant of spacer was increased from 1.8 to 2.8 

with step of 0.2. We found that the intensities of LH transmission spectra are nearly unchanged 

[see Fig. 3(a)], but it is obvious that the LH transmission frequency can be tuned by changing the 

dielectric constant of spacer. As we can see, the LH peak drops linearly from 108.5 to 88.5 GHz 

when s varies from 1.8 to 2.8. The extracted effective permittivity and permeability from the 

complex scattering parameters are depicted in Fig. 4 to get a profound view of the 

electromagnetic responses. At first glance, the plasma frequency also understandably decreases 

with dielectric constant s [33] as well as with the thickness of spacer. On the other hand, it is 
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clearly seen that the magnetic resonance frequency also strongly drops towards lower frequency 

and thereby, the LH behavior has still remained. The reasonable explanation for this effect can 

be expressed using LC equivalent model proposed by Zhou et al. [34]. Under the excitation of 

incident wave, the magnetic resonance frequency ωm is given by 
1

m
LC

  , in which L is 

inductance and C is capacitance. The capacitance here is formed in proportion to s by the 

charge coupling at the ends of CWP along the E-direction. Consequently, the dependence of the 

magnetic resonance frequency and also the LH transmission peak on the dielectric constant of 

spacer can be considered as a linear function in interested frequency domain. By tuning this 

parameter, we can obtain a fishnet structure which exhibits the LH behavior at an expected 

frequency, in other words, as a tunable metamaterial. 

 

Figure 4. Retrieved effective (a) permeability and (b) permittivity from the simulated complex              

scattering data with different values of s. 

3.2. Effect of metal pattern properties 

      Generally, most of the metamaterials use metallic resonator to enact a desired response. 

Under incident excitation wave, the fishnet structure can be treated as a LC equivalent model 

[23, 34], in which the nature of inductive capacitance comes from the circular currents in 

metallic components. Hence, it is easily understood that the conductivity and the thickness of 

metal pattern should play an important role in forming of metamaterial behavior, especially for 

high-frequency regime.  

In this section, we examine the effect on the electromagnetic response of changing the 

thickness of the metal pattern. Figure 5(a) presents the S21 spectra of one-layer fishnet structure 

with a fixed ts and the thickness of metal pattern is varied to be 3, 6, 9, 18 and 36 µm, which is 

much larger than the skin depth of copper ( = 0.21 µm) at 100 GHz [35]. All other parameters 

are defined in Fig. 5. The results show that the LH transmission peak is enhanced for smaller tc. 

The LH transmission peak and the negative refractive index regime are slightly shifted to a 

lower frequency when tc increases from 3 to 9 µm, and gets saturated at tc > 9 µm [see Figs. 5(a) 

and 5(b)]. 
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Figure 5. (a) Transmission spectra; (b) the retrieved real part of refractive index according to thickness of 

metal pattern (tc) in which ts = 0.2 mm and s = 2.2 + i0.0009. The LH maximum transmission is 0.90 at             

tc = 3 µm and 0.77 at tc = 36 µm; (c) Figure of merit [-Re(n)/Im(n)] as a function of frequency for different tc. 

It can be seen more informatively in Fig. 5(c), where we present the figure of merit [FOM = 

-Re(n)/Im(n)] for various values of tc. Obviously, the FOM decreases drastically as tc getting 

thicker while the value of the real part of negative refractive index is nearly unchanged. It means 

that at the larger tc, the larger Im(n) and hence, the lower transmission. With a carefully noticing, 

it is realized that the maximum values of FOM always exhibit at a higher frequency than LH 

peak. In other words, the Im(n) takes the larger value at LH transmission frequency and then, 

decreases as it goes away. For example, the maximum FOM for tc = 9 µm is located at 100.5 

GHz while the corresponding LH peak exhibits at 97.8 GHz.  
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Figure 6. Transmission results of fishnet structure made of copper, poor and super metal pattern. The 

conductivity of copper is taken to be 5.96  10
7 
Sm

-1
, and 5.96  10

6
 and 5.96  10

8 
Sm

-1
 for poor and 

super metal cases, respectively. The thickness of spacer and metal pattern are kept to be 0.2 mm and 9 µm, 

while the dielectric constant of the spacer is 2.2 +i0.0009. 

Furthermore, it is important to note that the real conductivity  of metal decays as a 

function of life time. Evaluating the effect of metal conductivity on the electromagnetic response 

of metamaterial and the existence of LH behavior is useful in applications. For this reason, we 

will go further by presenting the simulated transmission for fishnet made from a poor metal and 

a super metal whose conductivities are ten times smaller and larger than the copper model. In 

Fig. 6, still a lower LH transmission peak can be observed for the structure made of poor metal 

and understandably the LH peak is strengthened in case of super metal. 

4. CONCLUSIONS 

In summary, the effect of metal pattern and dielectric spacer on the fishnet structure has 

been studied. The retrieval effective parameters were calculated along with the simulated 

transmission spectra to interpret the essence of these influences. It can be concluded that not 

only the effective permeability but also the permittivity, in other words, the LH behavior of 

fishnet structure are very sensitive to the properties of spacer and metal pattern. The role of the 

dielectric constant of the spacer in tuning the LH behavior of the fishnet structure was 

investigated for a tunable metamaterial. In addition, a considerably high pass of LH peak can be 

observed or even suddenly destroyed when increasing the thickness of spacer. Moreover, the 

significant dependence of scattering and effective parameters on the metal thickness is also 

presented. The existence of LH behavior with low metallic conductivity is taken into account. 

Above all others, the results can be served as supplementary important information to adjust 

precisely the effective properties of fishnet structure while avoiding other unexpected impacts. 
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