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An asymmetric chiral metamaterial structure is constructed by using four double-layered U-shaped split ring re-
sonators, which are each rotated by 90° with respect to their neighbors. The peculiarity of the suggested design is that
the sizes of the electrically and magnetically excited rings are different, which allows for equalizing the orthogonal
components of the electric field at the output interface with a 90° phase difference when the periodic structure is
illuminated by an x-polarized wave. As a result, left-hand circular polarization and right-hand circular polarization
are obtained in transmission at 5:1GHz and 6:4GHz, respectively. The experiment results are in good agreement with
the numerical results. © 2011 Optical Society of America
OCIS codes: 160.3918, 160.1585, 230.5440.

The chirality concept in metamaterials has attracted sig-
nificant attention since Pendry predicted that a chiral
route can be used in order to obtain negative refraction
[1]. A chiral metamaterial (CMM) is not identical to its
mirror image, i.e., it cannot be brought into congruence
with its mirror image unless it is lifted off the substrate
[2]. For such materials, at the resonance frequencies
cross-coupling between electric and magnetic fields ex-
ists and, therefore, right-hand circularly polarized (RCP)
and left-hand circularly polarized (LCP) waves encounter
different transmission coefficients [3]. In other words, a
CMM can lead to the rotation of the wave polarization [4].
Due to their interesting properties, e.g., giant optical ac-
tivity and circular dichroism, CMMs can be important for
optical applications [5–10]. For CMMs, the chirality pa-
rameter, κ, characterizes the strength of the cross-
coupling between the magnetic and electric fields. Thus,
the constitutive relations in a chiral medium are written
as [11]
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In this Letter, we study the potential of an electrically
thin, asymmetric chiral circular polarizer structure,
which is composed of isotropic materials, in obtaining
LCP and RCP waves using an x-polarized incident wave.
Circular polarization is an important property for anten-
na applications [12–14], laser applications [15,16], remote
sensors, and liquid crystal displays [17,18]. In the design
process, we benefit from the metamaterial structure
composed of two resonators, which are rotated by 90° [6]
with respect to one another. The design proposed here is
similar to those in Refs. [3,19]; however, it is distin-
guished in that asymmetry is introduced by reducing
the sizes of the electrically excited split ring resonators
(SRRs) in order to modify the transmission at the x-
polarization. By using this size reduction, the magnitudes
of the transmitted electric fields in the x and y directions
are equalized at the resonance frequencies, with a 90°
phase difference. The structure works as a left-hand

and right-hand circular polarizer around the lower and
higher resonance frequencies, respectively.

Circular polarization can be obtained from a linearly
polarized incident wave by using a CMM, due to the dif-
ferent circular polarization transmission coefficients for
LCP and RCP waves at the resonances. For instance, for
the CMM structures given in Refs. [3,5,20], the transmis-
sion differences between RCP and LCP waves are 8 dB,
15–18 dB, and 10 dB, respectively. The structure pro-
posed in this Letter aims to introduce a larger magnitude
difference between LCP and RCP waves at the output in-
terface to obtain circular polarization.

Figure 1 shows the geometry of the CMM unit cell used
in the simulations and experiments. The unit cell consists
of four double-layered U-shaped SRRs placed on both
sides of an FR-4 board with a relative permittivity of 4
and a dielectric loss tangent of 0.025. Copper that is
30 μm thick is used for the metallic parts. SRRs are posi-
tioned so that they are rotated by 90° with respect to their
neighbors.

We started the analysis with numerical simulations of
the CMM structure using CST Microwave Studio (Com-
puter Simulation Technology AG, Germany), which is
a commercial software that is based on the finite integra-
tion method. The boundaries are selected to be periodic

Fig. 1. (Color online) Geometry of the simulated and
fabricated chiral metamaterial unit cell.
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in the x and y directions and open in the z direction. The
material is excited by a plane wave propagating in the
direction of kð−zÞ, as shown in Fig. 1, with the electric
field in the x direction. The following geometric para-
meters are used in the simulations and experiments:
ax ¼ ay ¼ 15mm, s1 ¼ 6mm, s2 ¼ 4:2mm, w1 ¼ 0:7mm,
w2 ¼ 0:5mm, d ¼ 2:6mm, and t ¼ 1:5mm. The structure
is electrically thin since t=λ is 0.024 and 0.03 for 5:1GHz
and 6:4GHz, respectively. In addition, the periods in the x
and y directions are also electrically small, since ax=λ is
0.255 at 5:1GHz and 0.32 at 6:4GHz.
For the experiments, we fabricated the structure with

the dimension of 15 by 15 unit cells. The experiment is
conducted using two standard horn antennas facing each
other at a 50 cm distance. The structure is placed in the
middle between the antennas. The transmission coeffi-
cient measurements are performed using an HP-8510C
network analyzer (Agilent Technologies, USA). In order
to obtain the transmission characteristics of the struc-
ture, the x and y components of the transmitted field
are studied in the simulations and experiments in terms
of the transmission coefficients Txx and Tyx.
The ratio jTyxj=jTxxj and the phase difference

ΦðTyxÞ −ΦðTxxÞ are presented in Figs. 2(a) and 2(b).
The resonance peaks in Fig. 2(a) correspond to the fre-
quencies where the electromagnetic coupling between
the top and bottom layers is strong, so that Tyx is large.
According to the numerical results in Fig. 2(b), phase
differences between Tyx and Txx are (A) 89:8° and
(B) −89:2° at 5:1GHz and 6:4GHz, respectively. In addi-
tion, at these frequencies, the ratios of the magnitudes of
Tyx and Txx are 1.03 and 0.994, respectively. These re-
sults prove that the transmitted waves are LCP and
RCP waves at 5:1GHz and 6:4GHz, respectively. The ex-
perimental data shown in Fig. 2 is in good agreement with
the numerical results.
Circular polarization transmission coefficients can be

calculated from the linear transmission coefficients Txx,
Tyx, Txy, and Tyy [11]. Since the metamaterial structure

lacks C4 symmetry because SRRs of different sizes are
used, the four circular transmission coefficients, Tþþ,
T
−þ, Tþ−

, and T
−−

should be calculated in order to com-
pletely characterize the response of the CMM. However,
the structure provides circular polarization only if the in-
cident wave is x-polarized. Therefore, Ey is assumed to
be zero. Under this assumption, we define the circular
transformation coefficients Cþ (RCP) and C− (LCP). The
conversion from the linear transmission coefficients to
circular transformation coefficients becomes, simply,
C� ¼ Txx � iTyx [3]. It is noteworthy that the calculated
transformation coefficients are only valid for an
x-polarized incident field, since the structure lacks C4
symmetry.

Numerical and experimental circular transformation
coefficients for the LCP and RCP components are pre-
sented in Fig. 3. In this context, these parameters are de-
fined as the magnitude of the RCP and LCP waves at the
output interface due to an x-polarized incident field. In
Fig. 3, 0 dB corresponds to the magnitude of the incident
x-polarized electric field. The minimum contribution of
the RCP component is observed at 5:1GHz as −37 dB
in Fig. 3(a) and, similarly, the minimum for the LCP com-
ponent is obtained at 6:4GHz as −43 dB. The experimen-
tal results provided in Fig. 3(b) are in good agreement
with the numerical results.

It follows from the presented results that the circular
polarizer feature of the studied CMM originates from the
different circular polarization transformation coeffi-
cients for the RCP and LCP components, due to an x-
polarized incident wave. One of the circular polarizations
is eliminated at the resonance frequencies, whereas the
other polarization is transmitted with a small loss. As a
result, at 5:1GHz, the transmitted wave is LCP. Similarly,
at 6:4GHz, the RCP wave is transmitted.

As mentioned above, the proposed structure is similar
to the structure studied in Ref. [3]. In this work, the sizes
of all the SRRs are equal (geometric parameters given
as s1 and w1), which means that at the frequencies of

Fig. 2. (Color online) (a) Ratio of magnitudes of Tyx and Txx,
and (b) phase difference between Tyx and Txx.

Fig. 3. (Color online) (a) Numerical and (b) experimental
results for the circular transformation coefficients.
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minimum RCP and LCP wave transmission, all the SRRs
are in the vicinity of resonance. As a result, Txx is around
−20 dB near the resonance frequencies, while Tyx is
obtained to be −6 dB at those frequencies. Hence, since
Txx and Tyx are significantly different, the resulting
polarization is elliptical.
In the proposed design, the sizes of the SRR pairs,

which are shown in Fig. 1, are reduced in order to in-
crease Txx. Numerical results reveal that, in this case,
Txx is increased (to approximately −6:5 dB around the
resonance frequencies) by using the effect exerted by
the smaller SRR pairs being out of resonance. In order
to understand the nature of the resonances occurring
at 5:1GHz and 6:4GHz, the surface current distribution
is studied numerically. The directions of the induced sur-
face currents at the two resonances are shown in Fig. 4.
Smaller arrows are used for the smaller SRR pairs in or-
der to indicate that the magnitude of the currents on
those SRRs are smaller when compared to the large
SRR pairs as an effect of being out of resonance. As a
result, transmission of the x-polarization, Txx, is in-
creased, and the geometrical parameters are carefully
optimized such that at the frequencies where jΦðTyxÞ−
ΦðTxxÞj ¼ 90°, jTyxj=jTxxj is approximately equal to
unity. According to the simulations performed for a y-
polarized incident field, the transmitted wave is elliptical,
with jTxyj=jTyyj ¼ 0:44 and ΦðTxyÞ −ΦðTyyÞ ¼ 105° at
5:1GHz. At 6:4GHz, jTxyj=jTyyj ¼ 0:39 and ΦðTxyÞ−
ΦðTyyÞ ¼ 5°, and these values do not correspond to
circular polarization.
For the mutually 90° rotated SRR pairs, the resonance

levels are determined in line with the longitudinal mag-
netic dipole to magnetic dipole coupling [9]. Numerical
study shows that at the lower resonance frequency,
the surface currents on the twisted SRR pairs are in
the same direction, leading to parallel magnetic dipole
moments for the twisted pairs. In contrast, at the higher
resonance frequency, the surface currents on the twisted
SRR pairs are antiparallel, which results in antiparallel
magnetic dipole moments.
The major advantage of the structure is being electri-

cally very thin. Another advantage is that the structure is
planar and easy to fabricate. On the other hand, narrow-
band operating frequency can be a drawback, depending
on the application. However, broadband response may
be achieved by extending the design to three dimensions.

To summarize, we have designed an asymmetric CMM
structure based on four double-layered U-shaped SRRs.
LCP and RCP waves are obtained in the vicinity of
5:1GHz and 6:4GHz, respectively, when the structure
is illuminated by an x-polarized wave propagating in
the −z direction. The design can be utilized as a circular
polarizer for microwave applications. As a future work,
the ideas of the suggested design can be adapted for ter-
ahertz and optical applications.
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Fig. 4. (Color online) Directions of the surface currents on the
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