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Abstract ─ We demonstrate numerically and 

experimentally a dynamical chiral metamaterial that 

uniaxially creates giant optical activity and circular 

dichroism. In addition, the structure gives a high 

negative refractive index due to the large chirality. The 

proposed chiral metamaterial includes four L attached 

cross (FLAC) wire strips and offers a simple geometry, 

flexibility and more efficient results for chiral 

metamaterial applications such as polarization rotator, 

EM filter and so on. The experimental results are in a 

good agreement with the numerical simulation. It can be 

seen that FLAC wire strips based chiral metamaterial can 

also be used to achieve natural-small chirality with a 

constant value in a wide frequency range between 3.5-

4.5 GHz. This is also another crucial feature of the 

structure. Therefore, the proposed chiral metamaterial 

with constant chirality value can be used to design novel 

EM devices such as polarization converter, anti-reflection 

filters for a certain frequency range. 

 

Index Terms ─ Dynamical chiral metamaterials, natural-

small chirality, optical activity, wide band. 
 

I. INTRODUCTION 
Metamaterials (MTMs) are defined as artificial 

electromagnetic (EM) materials that are rapidly 

developing as a research area due to having many 

potential application areas such as diffraction-limit 

breaking [1], cloaking [2], super lens [3], sensing [4, 5], 

absorber [6] and chiral metamaterial [7, 8]. Chiral media 

have received considerable attention in the recent years 

due to their potential applications in the fields of 

electromagnetic, microwave, and millimeter wave 

frequencies. The reason is that the chiral media shows 

exotic and individual properties such as giant optical 

activity and negative refraction. They are also MTMs 

made up of unit cells without mirror symmetry planes [9-

14]. Giant optical activity is also realized by using gold 

nanostructures in the visible frequency range [15]. The 

broadband achievement of large optical activity is 

demonstrated in microwave regime by metamaterial 

with hybrid elements composed of twisted pairs of  

cross-shaped meta-atoms and their complements [16]. 

Conditions for the phase velocity to be directed opposite 

to the direction of power flow in a Faraday chiral 

medium are investigated and derived for a plane wave 

propagation in an arbitrary direction. It is observed that 

the phase velocity can be directed in the reverse direction 

to the power flow which provides that the gyrotropic 

parameter of the ferrite component medium is sufficiently 

large compared with the corresponding nongyrotropic 

permeability parameters [17]. It is also demonstrated that 

bright-bright, dark-dark, and dark-bright vector solitons 

can be formed in a spectral subregime in which one of 

the two Beltrami components exhibits a negative real 

refractive index when nonlinearity is ignored and the 

chirality parameter is sufficiently large [18, 19]. The 

optical theorem for an obstacle excited by a plane and a 

spherical wave mixed radiation-scattering theorems 

expressing the extinction cross section by means of the 
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secondary Beltrami field at the dipole’s location is 

investigated [20]. In all these studies, general properties 

of chiral medium are theoretically derived dislikeness 

with the proposed structure in this study. The proposed 

study gives opportunities to the researchers to realize the 

mentioned theoretical outputs. 

The major advantage of chiral MTMs over natural 

materials is that the macroscopic parameters can be 

designed to have desired values [14, 21]. This advantage 

provides the ability to control electromagnetic waves. 

Chiral media have different responses for a left circularly 

polarized (LCP, -) wave and a right circularly polarized 

(RCP, +) wave due to the intrinsic chiral asymmetry of 

the medium refractive index. This phenomenon is caused 

by the cross-coupling effect between the electric and 

magnetic fields through a chiral medium. These two 

circularly polarized waves then combine at the chiral-

end and propagate out from the chiral media as an 

elliptically polarized wave based on circular dichroism. 

This ability is called as optical activity. κ describes 

chirality parameter and the strength of the cross-coupling 

effect, so that it is one of the constitutive relations of a 

chiral medium. Basically, chirality parameter is defined 

as the geometric property of a structure onto its mirror 

image. Chirality is also connected to the refractive index, 

 𝑛± = √𝜀𝑟𝜇𝑟 ± 𝜅. (1) 

They are characterized by the quantity of chirality, 

 𝜅 = (𝑛+ − 𝑛−) 2⁄ , (2) 

where 𝑛+ 𝑛−⁄  is the refractive index of the RCP or LCP 

waves and high chirality leads to negative refractive 

index. Furthermore, there are some studies on chiral 

metamaterials in literature [22-34]. Natural like chirality 

over a certain frequency band and strong optically active 

chiral metamaterials are also investigated in literature 

with different types of inclusions [31, 32]. Small 

chirality is achieved by rectangular split ring resonators 

in the same frequency band with the proposed 

metamaterial in this study but it doesn’t demonstrate that 

the same resonators can be used to obtain huge values of 

chirality admittance [31]. 

In this study, we designed both numerically and 

experimentally FLAC wire strips based chiral MTM. In 

conventional chiral metamaterial studies, chirality based 

negative index of refraction, giant optical activity and 

very large circular dichroism is the main subject. The 

object of these studies is to realize both huge polarization 

conversion and negative refraction by using metamaterials 

with high chirality admittance. Unlike the mentioned 

conventional chiral metamaterial studies in literature, the 

suggested structure has very flexible feature because of 

its dynamical properties which provide mechanical 

tunability and present natural-small chirality with constant 

value in a wide frequency range between 3.5-4.5 GHz 

together with other conventional metamaterial potentials 

such as negative index of refraction, giant optical activity 

and very large circular dichroism. This is also another 

crucial feature of the structure comparing to the other 

literature studies. This provides to design novel EM 

devices such as polarization converter, anti-reflection 

filters for a certain frequency range [25-29]. Firstly, we 

designed a dynamical chiral MTM structure. When we 

changed arm-lengths of the structure, we observed that 

our dynamic chiral MTM structure has very flexible 

feature and it can also be used as a frequency shifter 

(because of the mechanical tunability). The parametric 

study is then realized by CST Microwave Studio (based 

on finite integration technique) to get the dimensions 

necessary for giant chirality between the frequency 

ranges of 1-6 GHz. Secondly, we measured the fabricated 

chiral MTM structures for 1-6 GHz by Rohde & Schwarz 

vector network analyzer (VNA) and microwave horn 

antennas. We evaluated and compared the simulation 

and experimental results. Obtained results show that 

experimental results are in a good agreement with the 

numerical simulation. Besides, the strong chirality and 

negative refractive index due to this strong chirality are 

obtained. In addition, the proposed dynamical chiral 

metamaterial has natural-small chirality with a constant 

value at a wide range of frequency between 3.5-4.5 GHz. 

The organization of this paper is as follows. In 

Section II, the experiment and simulation of the chiral 

MTM structure based on FLAC wire strips-based chiral 

structure is proposed, the experimental and simulation 

methods are presented. In Section III, generalization of 

the idea and designs of chiral structures are introduced. 

Finally, summary and conclusions are provided in 

Section IV. 

 

II. EXPERIMENT AND SIMULATION 

SETUP 
The resonant behavior of the proposed structure is 

achieved by the geometry dependent capacitive elements 

such as gaps and strips. EM interaction between strips 

and gaps can be arranged by playing with the geometrical 

configuration of the structure such as shape and size. 

This provides mechanical tunability for the suggested 

structure to obtain well optical activity as desired. The 

main purpose of this geometry is to provide simpler 

structure that offers more flexibility and reliability on the 

control of incident EM wave polarization and simplifies 

the manufacturing process. 

Designed structure consists of wire strips and their 

mirror image which are patterned at the front and back 

side of a host dielectric substrate, respectively. In the 

present work the selected host material is FR-4; a high 

frequency laminate with a thickness of 1.6 mm, relative 

permittivity of 4.2, relative permeability of 1 and loss 

tangent of 0.02. The cross wire strip-shapes are made of 

copper with a thickness of 0.036 mm and electrical 

conductivity of 5.8𝑥107 𝑆/𝑚. The dimensions of the 

structure are presented in Fig. 1 (a). After the designing 

phase, we fabricated dynamic chiral MTM sample 
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structure with print circuit board technique as shown in 

Fig. 1 (b). Samples are simulated with a commercial full-

wave EM solver, CST Microwave Studio (Computer 

Simulation Technology GmbH, Darmstadt, Germany), 

which uses a finite integration technique to determine 

reflection and transmission properties. In addition, 

boundary conditions are assigned as unit-cell (side 

surfaces) and open add space (front and back surfaces) 

boundary conditions in the simulation.  

The experimental measurement setup consists of a 

VNA and two microwave horn antennas as shown in Fig. 

1 (c). Two microwave horn antennas are connected to the 

VNA to measure the S-parameters. In the measurements, 

one horn acts as a transmitter and the other one detects 

the transmitted or reflected wave. Firstly, free space 

measurement without the chiral structure is carried out 

and this measurement used as the calibration data for the 

VNA. The structure is then inserted into the experimental 

measurement setup and S-parameter measurements  

are performed as co-polar and cross-polar reflection/ 

transmission coefficients. Initially, the distance between 

the horn antennas and chiral slab is kept sufficiently 

large to eliminate unwanted near-field effects. 

 

 
 

Fig. 1. (a) Schematic representation dimensions of one unit 

cell of the proposed resonator (a1=5.8 mm, a2=0.8 mm, 

a3=4.6 mm, a4=3.3 mm), (b) picture of the front side  

of the fabricated sample, and (c) a picture from the 

measurement setup. 
 

III. NUMERICAL AND EXPERIMENTAL 

RESULTS OF THE PROPOSED 

STRUCTURE  
Figure 2 shows the simulation and experimental 

results of the reflection coefficient (R), and transmission 

coefficients (𝑇+, 𝑇−), as a function of frequency, 

respectively. The experimental results agree well with 

the numerical simulation. The transmission results for 

RCP (𝑇 +) and LCP (𝑇 −), split into two curves are 

obtained. There are two different resonance peak points 

in our structure. Dynamic structure of our chiral MTM 

provides this feature. It can be seen that the resonances 

are observed around the frequency of 3.1 and 5.6 GHz 

for transmission and reflection coefficients. The 

differentiation of the 𝑇 + and 𝑇 − provides optical  

activity, i.e., dynamical chirality due to the asymmetric 

resonance properties of the proposed structure. 

 

 
 
Fig. 2. Numerical and experimental results for 𝐴𝑏𝑠 (𝑅), 

𝐴𝑏𝑠 (𝑇+), and 𝐴𝑏𝑠 (𝑇−). 

 

From the following retrieval results [22-34], the 

difference between the phases of RCP and LCP 

transmitted wave is characterized as the polarization 

azimuth rotation angle 𝜃 which is calculated by: 

 𝜃 =
1

2
[arg(𝑇+) − 𝑎𝑟𝑔(𝑇−)], (3) 

and demonstrated in Fig. 3 for simulation and 

experimental results, in order. Furthermore, we conclude 

that only at the resonance frequencies, the transmission 

spectra for the RCP and LCP waves are significantly 

different. This difference is due to the unmatched 

transmission behavior of RCP and LCP waves. Beside 

this, minor difference between RCP and LCP waves can 

be seen in the frequency range of 3.1-4.5 GHz. The small 

difference results in both minor asymmetric transmission 

and natural-small chirality. This difference between the 

amplitudes of two transmissions is characterized by 

ellipticity of the transmitted wave by the equation: 

 η = 0.5tan−1(|T+|2 − |T−|2)/(|T+|2 + |T−|2), (4) 

as shown in Fig. 4. 

 

 
 
Fig. 3. Numerical (red-line) and experimental results 

(black-line) for theta (θ − degree). 
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Fig. 4. Numerical (red-line) and experimental results 

(black-line) for ellipticity (η − degree). 

 

Effective constitutive parameters are also evaluated 

using transmission and reflection parameters with 

retrieval formulas. These formulas can also be used to 

obtain chirality of the effective media from the RCP and 

LCP elements of the transmitted wave. The chirality κ 

can be obtained directly from the transmissions as: 

 𝑅𝑒(𝜅) = [arg(𝑇 +) − arg(𝑇 −) + 2𝑚𝜋]/(2𝑘0𝑑), (5) 

where 𝑘0 is the wave vector in the vacuum, 𝑑 is the 

thickness of the structure and 𝑚 is an integer which 

guarantees the result to be physically meaningful. 𝑇+ and 

𝑇− values are restricted by −𝜋 < arg(𝑇+) − arg(𝑇−) +
2𝑚𝜋 < 𝜋 [22-34]. 

The average refractive index, 

 𝑛 = (𝑛𝐿 + 𝑛𝑅) 2⁄ , (6) 

and the impedance 𝑧 can be obtained by using the 

traditional retrieval procedure by: 

 𝑛± =
𝑖

𝑘0𝑑
{log [

1

𝑇±
(1 −

𝜁−1

𝜁+1
𝑅)] ± 2𝑚𝜋}, (7) 

[25, 26] after taking the geometric average of transmission 

components with RCP and LCP transmitted wave (𝑇 =

√𝑇+𝑇−). In addition, the impedance can be extracted by: 

 𝜁 = ±√
(1+𝑅)2−𝑇+𝑇−

(1−𝑅)2−𝑇+𝑇−
. (8) 

The other retrieval parameters can then be calculated by 

𝑛± = 𝑛 ± 𝜅, 𝜀 = 𝑛 𝜁⁄ , and 𝜇 = 𝑛𝜁 [30-36]. Figures 5-7 

show the retrieval results.  

 

 
 

Fig. 5. Numerical and experimental results for permittivity 

and permeability values. 

 
 

Fig. 6. Numerical and experimental results for n(+) and 

n(-) values. 

 

 
 

Fig. 7. Numerical and experimental results for n and 

chirality values. 

 

It is clearly shown that the relative permeability is 

around 1 and small changes are observed around 

resonance frequencies. Besides, relative permittivity has 

also ripples around the resonance frequencies. The 

relative permittivity reduces to -95 at around the second 

resonance frequency. The RCP and LCP elements of 

effective index are shown in Fig. 6. The difference 

between them proves the asymmetric phenomena and 

optical activity of the overall structure. 

The effective refractive index and chirality are 

shown in Fig. 7. Although the effective permittivity and 

permeability are not simultaneously negative at the second 

resonance frequency, the effective refractive index is 

negative. This is caused by the strong chirality at the 

same frequency. Beside this, another important 

phenomenon is the small-natural chirality observed 

between 3.1-4.5 GHz. A small-natural chirality 

phenomenon for chiral metamaterials has not been 

studied so far in the literature. The observed chirality is 

very small as natural chiral substances. Hence, this 

structure can be used in many applications such as 

polarization conversion, anti-reflection filter and so on. 

If the geometry of the dynamic chiral metamaterial is 

reduced to nanoscale, the proposed structure can be 

easily used as chiral sensor. One another advantage of 
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the proposed structure is constant value (~0.55) of the 

chirality for a wide range of frequency (3.5-4.5 GHz) 

(Inset in Fig. 7). Therefore, the proposed structure 

supposes polarization conversion with in all the 

frequencies in the range.  

 

In order to show physical mechanism, we 

investigated the resonance electric field and surface 

current distributions for both resonance frequencies as 

presented in Figs. 8 and 9, respectively. As shown in  

Fig. 8, especially electric field distribution is strongly 

concentrated at the resonance frequency of 5.68 GHz 

according to the first resonance. However, electric field 

distributions are concentrated around the gaps due to EM 

interaction between layers. Moreover for Fig. 9, it can be 

seen that the magnetic field strongly concentrates at the 

resonance frequency of 3.08 GHz according to the 

second resonance frequency of 5.68 GHz. This situation 

verifies the character of the resonances as magnetic ones 

as indicated above. In addition, the intensity of the 

current is highly strengthened at the surface of the  

center resonators at the resonance. The surface current 

distribution at 5.68 GHz is particularly given to show 

their different characters.  

It is well known that a material can only have 

chirality characteristics if it shows both electric and 

magnetic responses. It means that when electric field 

component is incident towards the structure, it results in 

magnetic response and vice versa. Since EM wave 

includes both electric and magnetic field components, it 

is not possible to decide exactly to the response of the 

structure. The magnetic response of the structure can be 

estimated by following the continuous current paths 

between front and backside inclusions of chiral 

metamaterial. Whereas the current distributions along 

centers of both front and back sided inclusions at  

3.08 GHz is higher than that of 5.68 GHz, these currents 

are along the same direction. Therefore, this orientation 

does not contribute to the chirality admittance as well 

oriented inclusions. Whereas, the magnitude of the 

current is not high as the first one, both orientations are 

continuous and demonstrate instructive effect for  

5.68 GHz. Hence, the chirality admittance is higher at 

this frequency value. 

 

 
 

Fig. 8. Electric field distributions at the resonance 

frequencies. 

 

 
 

Fig. 9. Surface current distributions at the resonance 

frequencies. 

 

IV. CONCLUSION AND DISCUSSION 
In summary, we numerically and experimentally 

designed and studied a dynamical chiral MTM based on 

four L attached cross (FLAC) wire strips which has very 

simple geometry and features of wide-band chirality and 

mechanical tunability. The presented dynamic chiral design 

offers a much more efficient fabrication because of the 

feasible geometry. The experimental results are in a good 

agreement with the numerical simulation. This chiral 

MTM has very adaptable properties, including negative 

index of refraction due to chirality, giant optical activity 

and very large circular dichroism. Besides, the proposed 

chiral structure offers a natural-small chirality with a 

constant value at a wide frequency range between  

3.5-4.5 GHz. This advantageous is the crucial point of the 

study. By using this property, it is possible to design 

polarization converter with constant amount in a wide 

range of frequency. In addition, the structure can be used 

as a sensor of chiral substances by placing between two 

layers of it. Therefore, the suggested dynamical chiral 

MTM has many potential applications in order to create 

configurable polarization rotator, sensors and so on. 
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