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Abstract ─ In this study a tunable metasurface has been 

presented and evaluated for different excitation types. 

Tunability has been achieved by changing the substrate 

and geometrical properties. In order to obtain uniqueness, 

a parameter retrieval for the effective permittivity and 

permeability is performed using a version of the 

Nicholson-Ross-Weir (NRW) algorithm that is improved 

by implementing the Kramers-Kronig relationship. The 

results regarding the parametric and retrieval analysis are 

presented. 

Index Terms ─ Double negative materials, electronic 

band gap, ɛ-negative materials, frequency selective 

surfaces, metamaterials, single negative materials. 

I. INTRODUCTION 
Electronic devices, which incredibly penetrate our 

daily life, make the electromagnetic pollution problem 

more critical and the researchers pay significant attention 

in order to cope with those problems. The protection of 

electromagnetic waves are necessary not only in terms of 

human health but also to prevent the devices to interact 

with each other. Several methods are used for shielding 

including designing frequency selective surfaces (FSS), 

left handed materials, double negative materials (DNG), 

single negative materials (SNG), plasmons, electronic 

band gap structures (EBG) and artificial magnetic 

conductors (AMC).  

Metamaterials are artificial materials, which can 

satisfy having simultaneously negative values of 

permeability (µ) and permittivity (ɛ). The theory of the 

metamaterials goes back to 1968 in which Veselago 

claimed that such materials have extra-ordinary 

properties unlike the ordinary right-handed materials [1]. 

Metamaterials are referred to as left-handed materials 

and can have double or single negative values of 

permittivity and permeability. Those materials can 

achieve reverse Doppler Effect, reverse Vavilov-Cerenkov 

effect and negative index of refraction. The realization 

of metamaterials is first handled by Pendry et al. by 

achieving ɛ-negative values by using the thin-wire array 

structures, based on the plasma theory [2-4]. Although 

the realization of the ɛ-negative materials could be 

accomplished since, free electric charges exist in nature, 

the µ-negative materials were still a problem due to the 

absence of magnetic charges. This handicap is overcome 

by the invention of the split-ring resonators (SRRs). 

Smith and his group realized µ-negative materials by 

exciting the SRRs magnetically and afterwards Shelby 

experimentally showed that double negative materials 

could be achieved by combining conductor rods and 

SRRs [5,6]. Some modifications are introduced thereafter 

in SRRs and SRR-type structures such as edge- and 

broadside-coupled SRRs, complementary SRRs (CSRRs) 

or spiral resonators are developed [7-9]. Electric-LC 

(ELC) resonators are later proposed, offering more 

practicality in realization [10].  

Engineered-surfaces are required for filtering the 

electromagnetic waves and having single or double 

negative properties. The most familiar example of the μ-

negative material can be regarded as the SRR structure. 

A band of frequencies where the effective permeability 

is negative is shown to cause attenuation of scattering for 

the 3D arrangement of SRR arrays when illuminated by 

an incident electromagnetic wave with a magnetic field 

vector axial to the rings [4]. Similarly, the negative image 

structure of the SRR, so-called the complementary SRR 

is demonstrated to exhibit an ɛ-negative behavior [8]. 

Another approach to obtain an ε-negative metamaterial 

is to use ELC resonator [10]. These resonators can be 

combined with microstrip technology and compact stop 

band filters can be designed, thanks to the sharp change 

of ɛ from positive to negative in the vicinity of resonance 

[8,9]. ɛ-negative and μ-negative materials can also find 

applications in the design of miniaturized antennas [11-

14]. A miniaturized dual band antenna is designed by 
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embedding an ɛ-negative and a DNG inclusion in a 

single dipole antenna [12]. By combining the double 

negative property with conventional right-handedness, 

compact metamaterial antennas with omni-directional 

radiation patterns are demonstrated [13,14]. Continuous 

scanning of radiation angle can be realized in these 

antennas by loading the structure with varactors and 

tuning the bias voltage [14]. SNG materials can also be 

used in the reduction of the specific absorption rate 

values of portable electronic devices, such as cell phones 

and for this purpose there are several studies conducted 

in the literature [15,16].   

In this study, a window-like shaped novel 

metasurface structure is proposed and evaluated in terms 

of permittivity and permeability for both electrical and 

magnetic excitation types. The proposed structure is a 

promising metasurface, which can be modified easily to 

be as either a single band or dual band filter by opening 

or closing the aperture on the conductor part of the FSS. 

It also satisfies the tunability feature.  

In addition to tuning of aperture length, the 

frequency tunability can also be achieved by changing 

the FSS copper strip width or substrate properties. It is 

noteworthy to mention that these changes do not affect 

the attenuation of the filter while tuning the operation 

frequency. The proposed structure with gap has double 

band characteristics for C-band and Ku-band. C-band can 

be used for applications such as satellite transponders 

and Ku-band for application areas such as high-resolution 

imaging and for satellite transponders.   

An improved algorithm for extracting the effective 

constitutive parameters of a metamaterial is proposed by 

Szabo et al. [17] and achieved satisfactory results for the 

sparse unit cell models with the proper periodicity. The 

procedure presented in the mentioned paper invokes the 

Kramers–Kronig relations to ensure the uniqueness of 

the solution. The accuracy of the mentioned method 

is demonstrated by retrieving the effective material 

parameters of a homogeneous slab [17]. 

Due to the approved accuracy, we used the 

corresponding algorithm for retrieving the permittivity 

and permeability values. The results obtained from the 

algorithm are presented in the following sections as well 

as the parametric analysis results of the proposed 

structure. Impact of substrate thickness, permittivity, 

copper strip width, gap length, and excitation types are 

evaluated regarding the parametric analysis. 

II. PROPOSED FSS GEOMETRY AND

BOUNDARY CONDITIONS 
The proposed geometry is presented in Fig. 1 where 

the parameter g is assumed zero at the beginning of the 

design, which corresponds to the case of “no gap” in the 

structure. The substrate thickness and the conductor 

thickness are denoted by h and hc, respectively. The 

conductor part is etched to the dielectric layer. As it is 

seen on the Fig. 1 (a), c denotes the gap between the edge 

and the conductor, x denotes the width of the side 

gratings, and also the width of the mid-strips are equal to 

x.  

The scattering parameters are calculated and the 

electric field, magnetic field and surface current 

properties of the structure under resonance are evaluated 

using the CST Microwave Studio full-wave software 

with unit cell boundary conditions. Besides a detailed 

parametric analysis, the impacts of different types of 

excitations are investigated in this study. For this reason, 

the proposed structure is excited by a plane wave 

perpendicular to the FSS plane with its E-field along the 

gap for the analyses in Section III (Fig. 1 (b)). For the 

analyses in Section IV, the structure is excited from one 

side with an H-field perpendicular to the FSS plane (Fig. 

1 (c)).  

a

c
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x
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hc

 (a) 

   
    (b)  (c) 

Fig. 1. (a) Geometry of the proposed FSS structure, (b) 

electric excitation, and (c) magnetic excitation. 

III. ELECTRICALLY EXCITED FSS

GEOMETRY 

A. Impact of substrate thickness 

Thickness of the substrate has a significant effect on 

scattering parameters and bandwidth. The resonance 

characteristics of S11 parameter is affected from the 
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change of the thickness of the substrate. Resonance 

frequency of the S11 is 12.8 GHz for a thickness value of 

0.2 mm and reduces to 12.24 GHz for a thickness value 

of 0.4 mm. S11 resonance occurs at 11.7 GHz, 11.6 GHz 

and 11.52 GHz for thickness values of 0.6 mm, 0.8 mm 

and 1 mm, respectively. The change of the value of the 

resonance frequency is in a much less amount for thicker 

substrates. S11 bandwidth, which is considered as the 

10 dB bandwidth, also reduces from 2.67 GHz to 2.19 GHz 

for the thickness values 0.2 mm to 1 mm. The results 

regarding the thickness effect to S11 parameter is presented 

in Fig. 2 (a) and that to S21 parameter is demonstrated in 

Fig. 2 (b). 

     (a) 

     (b) 

Fig. 2. Impact of substrate thickness to: (a) S11 and (b) 

S21 parameter. a=10 mm, x=0.1 mm, g=1 mm, c=1 mm, 

h=1 mm, hc=0.035 mm, ɛr=2.2. 

As seen in Fig. 2 (b) dual resonance is observed 

for S21 parameter. Lower S21 resonance frequency is 

decreased from 8.64 to 8.02 GHz with the increment of 

the thickness value from 0.2 mm to 1 mm. As a similar 

characteristic, the higher S21 resonance frequency is 

decreased from 18.18 GHz to 16.4 GHz for the 

aforementioned thickness values. S21 bandwidth is 

varied between 1.28 GHz to 1.39 GHz for the lower 

frequency and 2.74 to 1.71 GHz for the higher frequency. 

As expected, the thicker substrates caused wider band 

values. 

B. Impact of substrate permittivity 

In order to evaluate the impact of the substrate 

properties, Rogers RT5880, Arlon350and FR4 are 

considered as substrates of the proposed structure since 

they are the most used substrates in most of the 

applications including periodic structures and antennas, 

having a permittivity value of ɛr=2.2, ɛr=3.5 and ɛr=4.3, 

respectively. The corresponding results are demonstrated 

in Fig. 3.  

S11 characteristics of the proposed structure with 

respect to the varied parameter, the permittivity, is 

demonstrated in Fig. 3 (a) and the S21 parameter is shown 

in Fig. 3 (b). As shown in Fig. 3 (a), the S11 resonances 

are at 11.5 GHz, 9.58 GHz and 8.74 GHz for the 

permittivity values of 2.2, 3.5 and 4.3, respectively.  

(a) 

(b) 

Fig. 3. Effect of substrate to: (a) S11 and (b) S21. a=10 mm, 

x=0.1 mm, g=1 mm, c=1 mm, h=1 mm, hc=0.035 mm, 

ɛr=2.2 (Rogers RT5880), ɛr=4.3 (FR4), ɛr=3.5 (Arlon350). 
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The higher permittivity values caused lower 

resonance values, as expected. The bandwidth values are 

observed as 2.22 GHz, 1.51 GHz and 1.3 GHz for the 

increasing value of permittivity. S21 resonance values are 

observed at 8 GHz, 6.92 GHz and 6.4 GHz for the lower 

frequency band and at 16.48 GHz, 14.22 GHz and 

13.28 GHz for the upper resonance frequencies, for the 

permittivity values of 2.2, 3.5 and 4.3, respectively. The 

change in bandwidth values for the lower S21 resonance 

was negligible and around 1.22GHz and around 1.7 GHz 

for the lower and upper resonance bands, respectively. 

C. Impact of copper strip width (x) 

Impact of the copper strip width is also worth to 

evaluate since it directly affects the mutual impedance 

and changes the resonance frequency and bandwidth. For 

that purpose, the copper width x is varied between 0.1 mm 

to 0.5 mm and the effects of the parameter to S11 and S21 

are presented in Figs. 4 (a) and 4 (b), respectively. 

 (a) 

 (b) 

Fig. 4. Effect of x size to: (a) S11 and (b) S21. a=10 mm, 

x=0.1 mm, g=1 mm, c=1 mm, h=1 mm, hc=0.035 mm, 

ɛr=2.2. 

S11 resonance frequencies are found to be 8.73 GHz, 

8.86 GHz, 9.42 GHz, 9.79 GHz and 10.157 GHz for x 

values of 0.1, 0.2, 0.3, 0.4 and 0.5 mm, respectively. The 

increment of the copper width causes an increment in 

resonance frequency; however, it causes a decrement in 

bandwidth. The bandwidth is decreased from 1.28 GHz 

to 1.002 GHz when the copper width is increased to 0.5 

from 0.1 mm. As the x increases, the inductance decreases 

and therefore the decrement of the resonance frequency 

confirms our expectations.   

S21 resonances for the aforementioned copper 

thicknesses are observed as 6.4 GHz, 6.62 GHz, 7 GHz, 

7.32 GHz and 7.66 GHz for lower band frequencies 

with a bandwidth value of 1.19 GHz, 1.37 GHz, 1.5 GHz, 

1.65 GHz and 1.8 GHz respectively. The upper band S21 

resonances occur at 13.28 GHz, 13.88 GHz, 14.64 GHz, 

15.32 GHz and 16.04 GHz with a bandwidth value of 

1.84 GHz, 2.43 GHz, 2.59 GHz, 2.85 GHz and 3.159 GHz, 

respectively. 

D. Impact of gap length (g) 

The proposed structure has an aperture on the 

conductor part of the FSS from the center and this 

gap has a significant effect on resonance frequencies. 

Inserting this gap automatically increases the number of 

resonances when compared with the structure without 

gap. The impact of the gap is also evaluated and the 

results are presented in Fig. 5. 

      (a) 

     (b) 

Fig. 5. Effect of gap width to: (a) S11 and (b) S21. a=10 mm, 

x=0.1 mm, g=1 mm, c=1 mm, h=1 mm, hc=0.035 mm, 

εr=2.2. 
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S11 resonance values increase to 14.98 GHz from 

11.52 GHz with the increment of the gap from 1 mm to 

3 mm. The increase of the resonance frequency can be 

explained with the decrease of the capacitance by the 

increase of the gap length. Bandwidth for the gap values 

1 mm, 2 mm and 3 mm are 2.17 GHz, 2.49 GHz and 

2.44 GHz, respectively. 

Tunability is obtained not only in resonance values 

of S21 but also in bandwidth values of S21 for both upper 

(at Ku band around 16 GHz) and lower frequency bands 

(at X-band, around 8 GHz). Bandwidth of the S21 lower 

resonance frequency band is increased to 1.89 GHz from 

1.28 GHz and the bandwidth of the S21 upper resonance 

frequency band is reduced to 0.89 GHz from 1.73 GHz. 

E. Parameter retrieval results of electrically excited 

FSS geometry for “with” and “without gap” 

The structures with and without gap are considered 

and the retrieval algorithm is applied in order to obtain 

the permittivity and permeability values.  

Fig. 6. Scattering parameters of a structure without gap 

(a=10 mm, x=0.1 mm, g=0 mm, c=1 mm, h=1 mm, 

hc=0.035 mm, Rogers RT 5880). 

The structure without gap has a single S21 resonance 

as expected due to the surface current distribution and 

the scattering characteristics are presented in Fig. 6. 

Permittivity and permeability values are retrieved 

by using the magnitude and the phase information of the 

structure over a particular period and the results are 

presented in Fig. 7. As seen in the Fig. 7 (a), permittivity 

has negative values between 10.8 GHz and 17 GHz with 

a center frequency at 12 GHz. Since the structure is 

electrically excited, it was expected to have a negative 

permittivity value over a frequency region around 

resonance, but not a negative value of permeability value 

over the band of evaluation. The results presented in Fig. 

7 (b) approves this expectation. The real permeability 

value is observed positive for the entire band.  

 (a) 

   (b) 

Fig. 7. Retrieved permittivity and permeability values 

(a=10 mm, x=0.1 mm, g=0 mm, c=1 mm, h=1 mm, 

hc=0.035 mm, Rogers RT 5880). 

The algorithm confirms well the expected negative 

permittivity behavior around the resonance frequency 

of the gap (see Fig. 6), although there exists a small 

inconsistency of the algorithm which accounts for the 

negative imaginary permeability in a narrow frequency 

region. 

As aforementioned, the gap value (g) is one of the 

important parameters, which changes the surface currents 

and even increasing the number of the resonances of the 

structure. For that purpose, a gap having 1mm length is 

inserted to the structure and the structure is excited with 

a plane wave, which has an electrical field vector in 

parallel to this gap. The resulting scattering parameters 

are presented in Fig. 8.  

As shown in Fig. 8 the structure has two S21 

resonances, lower resonance is at 8.02 GHz and the 

upper resonance is at 16.5 GHz. The S11 resonance is 

occurred at 11.5 GHz with a bandwidth of 2.14 GHz. 

The results regarding the permittivity and 

permeability retrieval are presented in Figs. 9 (a) and (b). 

The permittivity is negative around the resonance 

frequencies of 8.02 GHz and 16.5 GHz. When compared 
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with the “no-gap” case, the opening of the gap creates 

two negative-permittivity regions in the [0, 20 GHz] 

frequency interval. This can be explained by the 

occurrence of an additional resonance for the “with gap” 

structure. 

Fig. 8. Scattering parameters of the structure with gap for 

which the parametric retrieval algorithm is conducted 

(a=10 mm, x=0.1 mm, g=1 mm, c=1 mm, h=1 mm, 

hc=0.035 mm, Rogers RT 5880). 

  (a) 

  (b) 

Fig. 9. (a) Retrieved permittivity and (b) permeability 

values of the structure with gap (a=10 mm, x=0.1 mm, 

g=1 mm, c=1 mm, h=1 mm, hc=0.035 mm, Rogers RT 

5880). 

IV. MAGNETICALLY EXCITED FSS
Excitation type is another parameter that affects the 

resonance characteristics of the structure. Around 

resonance, a structure may show single or double 

negative properties when excited electrically, or 

magnetically. The magnetic excitation causes surface 

currents on the conductor part of the structure and 

resonance can occur due to this surface current. In order 

to show the difference between electric and magnetic 

excitation types for the proposed structure, several 

simulations are performed including the impact of the 

substrate thickness, substrate permittivity, gap length, 

copper strip width and the results are demonstrated. 

A. Impact of substrate thickness 

Impact of substrate thickness is evaluated and the 

scattering parameter results are presented in Fig. 10. The 

thickness values are varied between 0.2 mm to 1 mm and 

a resonance has been obtained in the S11 parameter. 

However, no resonance is occurred for S21. Unlike the 

electric excitation case, changing the thickness value 

exhibits a negligible effect on the scattering characteristics 

of the magnetically excited structure.  

 (a) 

 (b) 

Fig. 10 Effect of substrate thickness of a magnetically 

excited structure to: (a) S11 and (b) S21 (a=10 mm, x=0.1 mm, 

g=1 mm, c=1 mm, h=1 mm, hc=0.035 mm, εr=2.2). 
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B. Impact of substrate permittivity 
The effect of using different substrates is also 

evaluated by considering FR4 (ɛr=4.3), Arlon350 (ɛr=3.5) 

and Rogers RT5880 (ɛr=2.2) as substrate materials. 

Similar to the electrically excited metasurface structure, 

as the permittivity of the substrate decreases, the resonance 

bands shift to higher frequencies, as shown in Fig. 11. 

(a) 

(b) 

Fig. 11. Effect of substrate to: (a) S11 and (b) S21. (a=10 mm, 

x=0.1 mm, g=1 mm, c=1 mm, h=1 mm, hc=0.035 mm, 

ɛr=2.2 (Rogers RT5880), ɛr=4.3 (FR4), ɛr=3.5 (Arlon350)). 

C. Impact of the copper strip width (x) 

Similar to the thickness effect, the width of the 

copper strip does not affect the scattering characteristics 

as shown in Fig. 12 (a) for S11 and Fig. 12 (b) for S21. 

The magnetic field and surface current distribution 

of the structure are investigated at the resonance 

frequency of 10.56 GHz in order to clarify the underlying 

physics for the invariance of the resonance frequency 

against x change.  

The magnetic field and surface current distribution 

are shown in Figs. 13 (a) and (b), respectively for the 

structure with g=1 mm, x=1 mm and εr=2.2. Magnetic 

field strength is primarily distributed in the outer sides of 

the outer metal strips and most of the current circulates 

on the outer side of the metal strip and in opposite 

directions for adjacent cells, as can be seen in Figs. 

13 (a) and (b), respectively. Therefore the change of the 

metal strip width, x, does not affect the resonance 

characteristics, even for thicker strip values.  

  (a) 

 (b) 

Fig. 12. Effect of copper width of a magnetically excited 

structure to: (a) S11 and (b) S21 (a=10 mm, g=1 mm, 

c= 1 mm, h=1 mm, hc=0.035 mm, εr=2.2). 

(a) 

(b) 

Fig. 13. (a) Magnetic field distribution and (b) surface 

current distribution of the structure with a=10 mm, 

x=1 mm, g=1 mm, c=1 mm, h=1 mm, hc=0.035 mm, and 

εr=2.2, is shown in yz-plane. Since the structure is 

periodic in x and y directions, the adjacent metal strip can 

also be seen. 
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D. Impact of gap length (g) 

Similarly, the length of the gap does not affect the 

scattering characteristics as shown in Figs. 14 (a) and (b) 

for S11 and S21, respectively. The reason of this finding 

lies in the fact that there is no surface current circulation 

in the interior part of the metallic structure. Therefore, 

the existence of the gap does not affect the resonance 

frequency. In addition, no resonance condition is 

obtained for the S21.  

    (a) 

    (b) 

Fig. 14. Effect of gap length of a magnetically excited 

structure to: (a) S11 and (b) S21. (a=10 mm, x=1 mm, 

g=1 mm, c=1 mm, h=1 mm, hc=0.035 mm, and εr=2.2). 

As shown in the corresponding results of the 

magnetically excited metasurface structure tunability 

could not be achieved since the structure parameters 

change the scattering characteristics negligibly or not at 

all.  

Retrieval analysis is also conducted for the 

metasurface structure with magnetic excitation. Since no 

transmission resonance is observed for this structure, the 

proposed structure did not achieve to have negative 

region either in permittivity or permeability through the 

Nicholson-Ross-Weir (NRW) algorithm based on 

Kramers-Kronig relationship.  

V. CONCLUSION 
In this study, a window-like shaped novel tunable 

metasurface is proposed in order to be used for X and Ku 

band applications. The proposed structure is achieved to 

have dual-frequency resonance when a gap is inserted on 

the conductor side of the metamaterial and for each 

resonance frequency a single epsilon-negative region is 

obtained for the electrically excited structure. The 

structure is also evaluated under magnetic excitation 

conditions. However, it is observed that tunability could 

not be achieved; besides no single negative region is 

obtained for this case. 
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