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Abstract—In this paper, miniaturized chiral metamaterial
(CMM) structures with smaller unit cells or lower resonant
frequencies are investigated. In achieving this purpose, three
general ideas are proposed: using dendritic fractal geometry,
using some wideband antenna designs, and utilizing echelon
meandered structures. Based on these methods, some
miniaturized CMM structures with giant optical activity and
negative refraction indices are proposed for the right and left
circularly polarized waves and their effective parameters are
retrieved. The proposed structures possess smaller unit cell sizes
and some of them exhibit considerable optical activity compared
with similar CMM designs; thus, they can be used as ultrathin
microwave polarization rotators.

Index Terms—Chiral metamaterials, miniaturization, optical
activity, negative refractive index, dendritic fractal geometry,
wideband antenna designs, echelon meandered geometries.

1. INTRODUCTION

ECENTLY, chiral metamaterials have attracted

increasing attention because of their interesting and
unique properties such as giant optical activity and negative
refraction. In fact, CMMs are metamaterials (MTMs) made of
unit cells without any mirror symmetry. This property results
in the breaking degeneracy of two circularly polarized waves,
ie. right circularly polarized (RCP) and left-circularly
polarized (LCP) waves with different refractive indices. For a
time harmonic field with exp(-iwf) convention, chiral media
are characterized by the following constitutive relations [1]:
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where ¢, u, ¢ and x are the relative permittivity, relative
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permeability, speed of light in free space, and the chirality
parameter, respectively. Using Maxwell’s equations the wave
equation can be derived for an electromagnetic wave
propagating in an isotropic and homogeneous chiral media
given by:
) K@ o )
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It can be seen that linearly polarized waves cannot be
polarization eigen-states of this wave equation. Assuming all
fields to be plane waves and wusing the wavefield
decomposition, it is observed that there are two eigen-modes
in a chiral medium: right circularly polarized (RCP) wave (+)
and left circularly polarized (LCP) wave (-). The refractive
indices for the RCP and LCP waves are given by [1]:
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where 5= /¢ . Both RCP and LCP waves have the same

impedance given by z /z  =+/u /& where z, is the impedance

of the free space. Given a large enough chirality, the negativity
of n. or n. is possible [2]. In fact, negative refraction can be
realized in CMMs with a strong chirality, with neither negative
permittivity nor permeability required. Based on this concept,
several multi-layered structures with four-fold rotational
symmetry such as twisted rosettes [3], twisted crosses [4],
twisted U-SRRs [5], double-layer CMM  structure [6],
conjugated gammadion [7], complementary CMM structure
[8], and a dual-band CMM structure [9] have been suggested
as the kinds of semi-planar CMM structures. In order to obtain
a pure optical activity, both chiral symmetry (lack of any
mirror symmetry) and four-fold rotational symmetry are
present in the unit cells of these CMM designs. In recent years,
several other applications have been proposed for chiral
metamaterials such as realizing structures with strong optical
activity [10-12], realizing negative refraction index in
Terahertz regime [13-15], circular polarizers [16, 17], wide
angle and polarization independent microwave absorbers [18],
gain enhancement and axial ratio (AR) improvement of
circularly polarized antennas [19].

The parameter retrieval of electromagnetic parameters of
semi-planar CMM structures is generally the same as regular
MTMs. However, due to the chiral nature of medium and
different interactions among its chiral particles and RCP and
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LCP waves, it is somewhat more complicated. In fact, the
circularly polarized transmission coefficients (7.), and
reflection coefficients (R.) of RCP and LCP waves should be
measured. For simplicity, a linearly polarized EM wave (first,
electric field in the x and then in the y direction) is incident on
the CMM structure and the linear transmission coefficients,
T, Tyx » T,y, and T, and the linear reflections, R, R, , R,
and R,,, are measured. Here, the first subscript indicates the
transmitted (reflected) field polarization (x- or y-polarized),
and the second indicates the incident field polarization. Then,
the linearly polarized transmissions and reflections should be
converted to circular transmission coefficients (7., T+, T, T.
_) and reflection coefficients (R, R.., Ry, R.)), where the first
subscript indicates the transmitted (reflected) field polarization
(RCP or LCP), and the second indicates the incident field
polarization. It can be easily shown that the circular scattering

coefficients are converted from the linear scattering
coefficients using the following equation [19, 20]:
T++ T+—
T T )
“)
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where, T can also be replaced with R. Once z, x and n. were
unambiguously determined using a standard parameter
retrieval method [21], other effective parameters of the CMM
structure can be identified subsequently, n = (n.+ n.)/2, e = n/z
and u = nz. The difference between the amplitudes (circular
dichroism) and phases (optical activity) of RCP and LCP
transmission coefficients are characterized by ellipticity

7.7
n=arctan| —= %)
7. | +l7_|
and polarization azimuth rotation
1
0 =5 [arg(T,,) —arg(T_)] (6)

respectively [4, 22].

The semi-planar CMM structures proposed recently, exhibit
significant optical activity and negative refractive index for
circular polarizations at parts of 4-8 GHz frequency band,
when the transverse dimensions of their unit cells are 15x15
mm? or 10x10 mm’. Also, such structures can be scaled to
other frequencies. The purpose of this paper is to propose
miniaturized CMM structures with smaller unit cells or lower
resonant frequencies in order to reduce Bragg scattering and
Wood anomalies [23] and also decrease fabrication costs.
Based on the mechanism of resonances in CMM structures,
three general ideas to miniaturize CMMs are proposed include
using fractal geometries, wideband antenna designs, and
meandered structures.

A significant application of miniaturized CMM structures is

Fig. 1. Unit cell of twisted crosses structure [4]. The geometric parameters
are given by a, = a, = 15 mm, [ = 14 mm, w=0.7 mm and d = 1.6 mm.

in the circularly polarized antennas. From the practical point of
view, the significant influence of semi-planar CMM structures
on the important characteristics of circularly polarized
antennas has been recently investigated [19]. It is clear that the
retrieved electromagnetic parameters of CMM structures are
only valid for a rather large array consisting of many unit cells,
while the sizes of antenna and its cover are finite. To rectify
this problem and achieve smaller covers, the miniaturized
CMM structures having smaller unit cells can be utilized.

The organization of this paper is as follows: in Sec. II, the
miniaturized CMM structures based on dendritic fractal
geometry are proposed. In Sec. IIT application of the wideband
antenna designs in miniaturizing CMMs is introduced. In Sec.
IV miniaturized CMMs based on meandered structured are
proposed. Finally, summary and conclusions are provided in
Sec. V.

II. MINIATURIZED CMM STRUCTURES BASED ON THE
DENDRITIC FRACTAL GEOMETRY

The bilayer cross-wires or twisted crosses design is an
example of semi-planar CMM structures that have been
already published [4]. The unit cell of this structure
constructed by two cross-wires patterned on the opposite sides
of an FR-4 board with the dielectric constant of 4.5, dielectric
loss tangent of 0.025, and the thickness of 1.6 mm as shown in
Fig. 1. The investigation of behavior of this structure around
resonance frequencies shows that its optical activity and
negative refractive indices can be attributed to the interaction
of magnetic and electric dipole moments. Therefore, it is
expected that the resonant frequencies of the structure drop as
the length of cross-wires is increased. One type of simple
fractal geometry that can be utilized to increase the length of
wires is a dendritic fractal structure. This fractal is generated
by an iterative sequence to the starting simple wire structure.
In the first iteration, the top segment of this wire is split at an
almost optimized angle, 8 = 60°. As the iterative process
continues, the end segment of each branch splits into two
branches as shown in Figs. 2(a) and (e). The lengths of straight
sections in the first four iterations are given by 1/2 R 1/2 ; 1/2, 1/4,
Yo s s ' ey s, e e . Tt can be easily seen
that after the n-th iteration, the total electrical length of wire
equals:
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(e)
Fig. 2. (a) — (d) The first fourth iterations of dendritic fractal geometry and
corresponding unit cell of CMM structures. (e) Top view of the unit cell of
the fourth iteration of dendritic CMM structure. The geometric parameters
are shown.
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So, after the fourth iteration the total electrical length of wire
equals 3/. It should be noticed that, due to the physical
constraints, higher iterations cannot be utilized; however the
miniaturization benefits are achieved in the first several
iterations.

Also, the corresponding CMM structures are illustrated in
Figs. 2(a) - (d). For instance, the unit cell parameters of the
fourth iteration dendritic fractal CMM structure are shown in
Fig. 2(e). Numerical simulations are performed at the
frequency range of 2 to 12 GHz using the unit cell template
and frequency domain solver of CST Microwave Studio which
uses a finite element method for determining transmissions and
reflections. The present simulations show that for the twisted
angle of 30°, performance of the proposed structures is the
best. Figures 3(a) and 3(b) demonstrate the simulation results
of RCP and LCP transmission coefficients of the starting
structure and the first four iterations of the dendritic fractal. It
can be clearly seen that the resonant frequencies of the
proposed structure decrease as the number of iterations
increased.

Using a standard parameter retrieval method [21], the
effective parameters of the fourth iteration dendritic fractal
CMM structure are retrieved and presented in Fig. 4. It is seen
that after four iterations the resonant frequencies of the

4
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Fig. 3. Simulation results of the transmission spectra for the RCP (a) and
LCP (b) waves for the first fourth iterations of the dendritic fractal CMM
structure.

30

real (n+ & n-&«)
. R o
o o o

=N
o

=201

-30
2

200

100

real (¢ )
real (p)

-100

-200,

Frequency (GHz)

(b)

Fig. 4. The retrieved effective parameters of the fourth iteration dendritic
fractal CMM structure. (a) the real parts of the RCP and LCP refractive
indices and the chirality parameter. (b) the real parts of the permittivity and
permeability.

proposed structure change from 6.4 GHz and 7.5 GHz to 3.4
GHz and 4.5 GHz, respectively. These drops in resonant
frequencies are significant, since in order to achieve these
resonant frequencies using the ordinary cross-wires, the
transverse dimensions of the structure should be almost
doubled. As shown in Fig. 4(a), near the resonant frequencies
of 3.4 GHz and 4.5 GHz, the strong chirality parameter «,
pushes the refractive indices from positive to negative for the
RCP and LCP waves, respectively. Figure 4(b) proves that the
negative RCP and LCP refractive indices are due to the chiral
nature of metamaterial and, not because of the simultaneous
negative permittivity and permeability. For the RCP (LCP)
wave, the Figure of Merit (FoM), i.e. [Re (n) / Im (n)), is
around 1.4 (0.7) at 3.4 GHz (4.5 GHz). The relatively low
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(a): RCP 3.4 GHz (b): LCP 4.5GHz

Fig. 5. The surface current distribution of the fourth iteration dendritic
fractal CMM structure. (a) for the RCP wave at 3.4 GHz. (b) for the LCP
wave at 4.5 GHz.

FoM compared with ordinary well-known MTMs [24] which
limits applicable frequency bands of negative refractive
indices is mainly due to the high loss of dielectric board. Thus,
the FoM and applicable frequency bands of negative refractive
indices can be substantially improved using a substrate with
lower loss dielectric.

The current density distributions of the proposed structure at
magnetic and electric resonant frequencies are shown in Fig. 5.
At the magnetic resonant frequency of 3.4 GHz, two couples
of anti-parallel currents flow on the opposite sides of the board
and simulating two current loops and an asymmetric resonant
mode, at the electric resonant frequency of 4.5 GHz, two
couples of parallel currents, simulate an electric dipole and a
symmetric resonant mode.

The proposed miniaturized CMM structure can be scaled to
other frequencies. For instance, numerical simulations show
that with planar scaling of the structure with a factor of 0.6, the
resonant frequencies change from 3.4 GHz and 4.5 GHz to 5.9
GHz (3.4/0.58) and 6.5 GHz (4.5/0.6), respectively.

III. MINIATURIZED CMM STRUCTURES BASED ON THE
WIDEBAND ANTENNA DESIGNS

As mentioned in the previous section, the performance of
semi-planar CMM structures is based on the coupling of the
electric or magnetic dipoles created on the opposite sides of
the dielectric board. Since increasing the electrical length of
these dipoles resulted in dropping the resonant frequencies, the
wideband dipole antenna designs can be used [25] instead of
ordinary dipoles. This is due to the fact that the effective
electrical length of the dipole increases considerably using
common types of antennas such as bow-tie antenna, log-
periodic toothed antenna, log-periodic wire antenna and multi-
arm spiral antenna. In this section, some miniaturized CMM
structures based on the log-periodic wire antenna and the four-
arm square spiral antenna are proposed. Also, it should be
noticed that, in this application, the log-periodic property of
the antenna is not required.

A. The Multi-turns Cross-wires Structure

The unit cell of the proposed CMM structure based on the
log-periodic wire antenna design is shown in Fig. 6 (a). The
present simulations show that the log-periodic property does

Fig. 6. (a) Unit cell of log-periodic multi-turns cross wires CMM structure.
(b) Unit cell of multi-turn cross wires CMM structure The geometric
parameters are given by a, = a, = 15 mm, [ = 14.4 mm, w = 0.4 mm and s =
0.6 mm, d=1.6 mm.
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Fig. 7. (a) Simulation results of the transmissions and reflection spectra for
the RCP and LCP waves for the multi-turns cross wires CMM structure. (b)
the real parts of the RCP and LCP refractive indices and the chirality
parameter. (c) the real parts of the effective permittivity and permeability.

not significantly affect the performance of the structure and
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(b): LCP 3.3 GHZ
Fig. 8. The surface current distribution of multi-turns cross wires CMM
structure. (a) for the RCP wave at 2.25 GHz. (b) for the LCP wave at 3.3
GHz.

can be omitted. The unit cell of simplified structure is shown
in Fig. 6(b). The twisted angle between the crosses on the
opposite sides of the board, and the central angle of each arms
are 30° and 45°, respectively, so that the chirality parameter
and the electrical length of crosses could be maximized
without contacting adjacent arms. The manifest characteristic
of this structure is flexibility; the resonant frequencies can be
adjusted by changing the turns of the arms. The proposed
structure has 7 turns in each arm.

Numerical simulations are executed in a frequency range of
1 GHz to 10 GHz, and the simulated transmission and
reflection spectra for the RCP and LCP waves are shown in
Fig. 7(a). It should be noticed that the RCP and LCP reflection
coefficients are equal [21]. It can be also observed that the
resonant frequencies of this structure decrease to 2.3 GHz and
3.25 GHz; thus, the performance of this design is considerably
better than that of the dendritic fractal design. In the first
resonant frequency of 2.3 GHz, the transmission of RCP wave
is about 12-13 dB lower than that of LCP wave while, in the
second one at 3.25 GHz, the transmission of RCP wave is
about 25 dB higher than that of LCP wave. Further studies
indicate that the difference between the RCP and LCP
transmission spectra is due to different losses as RCP and LCP
waves pass the proposed CMM structure. The effective
parameters of the structure are also retrieved, as presented in
Figs. 7(b) and 7(c). The surface current distribution shown in
Fig. 8 shows the anti-parallel and parallel currents on the top
and bottom layer suggesting that the structure acts as a
magnetic and electric dipole in the first and second resonant
frequencies. This resonance behavior is also reflected by the
effective permeability and permeability as shown in Fig. 7(c).

B. The CMM Design Using the Four-Arm Spiral Structure

The twisted U-SRRs design is one of the uniaxial CMM
structures which has been recently introduced. The unit cell of
this structure as shown in Fig. 9(a) is constructed by double-
layered four “U” split ring resonators mutually rotated by 90°
and printed on the opposite sides of an FR-4 board. This
design with a 15x15 mm’ unit cell has two resonant
frequencies at 5.1 GHz and 6.4 GHz. Figure 9(b) shows the
schematic diagram of one unit cell of the proposed CMM
structure  with the transverse dimension of 10x10 mm’
constructed by four nested U-shaped resonator patterned on
the opposite sides of the board.
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Fig. 9. Unit cell of nested U-shaped CMM structure. The geometric
parameters are given by a, = a, = 10 mm, d = 1.6 mm, w=ys=h=0.5 mm.
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Fig. 10. (a) Simulation results of the transmissions and reflection spectra for
the RCP and LCP waves for the nested U-shaped CMM structure. (b) the real
parts of the RCP and LCP refractive indices and the chirality parameter. (c)
the real parts of the effective permittivity and permeability.

The simulated circular transmissions and reflection in
addition to the retrieved effective parameters are presented in
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(b):
Fig. 11. The surface current distribution on the top and bottom patterns of
the four-arm spiral CMM structure. (a) for the RCP wave at 4.4 GHz. (b) for
the LCP wave at 5.55 GHz.

Fig. 10. According to this figure, two resonance dips at the
frequencies of 4.4 GHz and 5.55 GHz are observed in both
RCP and LCP transmissions, which are magnetic and electric,
respectively. For the RCP (LCP) wave, the figure of merit
(FoM) is around 0.8 (0.7) at 3.4 GHz (4.5 GHz). The low FoM
compared with the conventional MTMs is due to the high loss
dielectric board.

In order to understand the mechanism of the resonances for
the nested U-shaped CMM structure, we investigate the
surface current distribution on the top and bottom layers
shown in Fig. 11. Figure 11(a) shows that at the resonant
frequency of 4.4 GHz, four pair U-shaped resonator can be
considered on the top and bottom layers. These pairs are
indicated by similar arrows which denote the surface current
directions. It can be seen that the corresponding U-shaped
resonators act like a current loop and caused a magnetic
resonance which is consistent with the permeability curve.
Similarly, Fig. 11(b) shows that, at the second resonant
frequency, four pair U-shaped resonators can be considered on
the top and bottom layers, two pairs of which act like an
electric dipole and two pairs act like a current loop; but, due to
the majority simulated electric dipoles, an overall electric
resonance occurs which is also reflected from the permittivity.

By completing the nested U-shaped CMM structure, a
structure similar to the four-arm square spiral antenna is
achieved. The simulations show that the overall behavior of
this structure is similar to the prior one; however, due to the
proximity of the electric and magnetic resonant frequencies,
the chirality parameter in the middle of two resonances is
increased. Therefore, a very significant optical activity is
achieved. For instance, a CMM structure with the unit cell
shown in Fig. 12 is simulated. Also, the polarization azimuth
rotation angle and ellipticity angle of the transmitted wave are
shown in Fig. 13. The ellipticity # = 0 corresponds to a pure
optical activity effect, i.e., for the linearly polarized incident
wave, the transmitted wave is linearly polarized just with the
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Fig. 12.  Unit cell of four-arm spiral CMM structure. The geometric
parameters are given by a, = a, = 10 mm, d = 1.6 mm, w=s=h=0.3 mm.
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Fig. 13. The polarization azimuth rotation angle & and the ellipticity angle #
of the four-arm spiral CMM structure.

rotated angle of 6. It can be clearly seen that, at # = 0 (i.e.
around the frequency of 4.8 GHz), the polarization rotation
angle is around 77° for 1.6-mm-thick CMM (i.e. the rotation
angle is around 3008°/A). Thus, the proposed CMM structure
possesses greater pure polarization azimuth rotation angle
compared with other reported similar CMMs (e.g. the U-
shaped SRRs structure [5]: 26° at 5.5 GHz and conjugated
gammadions structure [7]: 30° at 6.55 GHz).

The anisotropic medium is one kind of the birefringent
media which has two linearly polarized characteristic waves
with different velocities, so it has been used in polarization
transformation [26]. However, an anisotropic polarizer has two
different intrinsic impedances; therefore, matching both
impedances simultaneously is very difficult. Thus, anti-
reflection layers are coated on surfaces of the polarizer to
decrease mismatch. These layers can reduce reflection
efficiently but the polarizer would become larger and many
coated processes would be needed [27]. Recently, MTMs have
been proposed to manipulate the polarization states of
electromagnetic waves [28, 29]. The near complete cross
polarization conversion obtained through these MTMs, which
are anisotropic, is sensitive to the polarization azimuth of the
incident wave. An alternative approach for the polarization
conversion is done using CMMs. Meanwhile, the proposed
CMM structure can be used as an ultrathin polarizer.

IV. MINIATURIZED CMM STRUCTURES BASED ON THE
MEANDERED DESIGNS

In recent years, the meandered geometries have been used to
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Fig. 14. (a) — (c) Unit cells of the echelon meandered conjugated gammadion
CMM structures with different number of steps; Structures 1, 2, and 3,
respectively. (d) Top view of the unit cell of the echelon meandered
conjugated gammadion CMM structure. The geometric parameters are given
by a,=a,=5mm,[ =23 mm,w=s=0.1 mm.
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Fig. 15. Simulation results of the transmission spectra for the RCP (a) and
LCP (b) waves for the echelon meandered conjugated gammadion CMM
structures with different number of steps.

miniaturize antennas [30], microwave resonators [31], and
filters [32]. In this section, two miniaturized CMM structures
are proposed based on the meandered designs. In fact, these
structures are the modified versions of conjugated gammadion
and U-SRRs structures.

The unit cell of the first type of the proposed CMM based
on meandered geometry with different numbers of steps shown
in Figs. 14(a)-(c) is constructed by the echelon meandered
conjugated gammadions patterned on the opposite sides of an
FR-4 dielectric board (g, = 4.2 and loss tangent of 0.02) with
the thickness of 0.8 mm. The echelon property of the
meandered geometry, assures strong chirality of the CMM
structure.

Numerical simulations are performed at the frequency range
of 3 GHz to 9 GHz and circular transmissions and reflection
coefficients of three structures illustrated in Fig. 14 are
presented in Fig. 15. It can be clearly seen that the resonant
frequencies of the proposed structures drop as the number of
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Fig. 16. The retrieved effective parameters of the echelon meandered
conjugated gammadion CMM structure. (a) the real parts of the RCP and
LCP refractive indices and the chirality parameter. (b) the real parts of the
permittivity and permeability.
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Fig. 17. (a) Unit cell of echelon meandered U-SRRs CMM structure. (b)
Top view of the unit cell. The geometric parameters are given by a, = a, =
10 mm, [ =4.6 mm, h=0.4 mm, w=s=0.2 mm.

steps increases. Thus, as an advantage of the proposed
miniaturized design, the structure is flexible so that, with
changing the number of steps of the meandered structure, it is
possible to design structures with other resonant frequencies.
The retrieved effective parameters of the final structure (3) are
shown in Fig. 16.

The ordinary conjugated gammadion CMM with a 10x10
mm’ unit cell exhibits two resonances at 5.6 GHz and 7.85
GHz, while our proposed structure with 5x5 mm’® unit cell
have two resonances at 5.3 and 6.4 GHz.

The unit cell of the second proposed CMM based on
meandered geometry is shown in Fig. 17. This design is the
modified type of the U-SRRs CMM structure based on the
echelon meandered geometry, that with a smaller unit cell
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Fig. 18. (a) Simulation results of the transmissions and reflection spectra for
the RCP and LCP waves. (b) the real parts of the RCP and LCP refractive
indices and the chirality parameter of the echelon meandered U-SRRs CMM
structure. (c) the real parts of the effective permittivity and permeability. (d)
the polarization azimuth rotation angle € and the ellipticity angle 7.

exhibits stronger optical activity. The simulated transmission
and reflection spectra for the RCP and LCP waves are shown

in Fig. 18(a). The effective parameters are extracted and
presented in Figs. 18(b)-(c). It is observed that two resonances
occurred at frequencies of 4.5 GHz and 4.9 GHz. Due to the
closed resonant frequencies, the chirality parameter in the
between (i.e. 4.7 GHz) is relatively large and results in a very
strong optical activity. The polarization azimuth rotation angle
and ellipticity angle of the transmitted wave are shown in Fig.
18(d). It is seen that at # = 0 (i.e. around 4.7 GHz), the
polarization rotation angle is around 69° for 1.6-mm-thick
CMM (i.e. the rotation angle is around 2752°/A) which is much
larger than the conventional U-SRRs structure.

The overall resonance behavior and mechanism of
resonances of these structures is similar to the conventional
conjugated gammadion and U-SRRs CMM structures. The
origin of the optical activity and negative refractive index of
conjugated gammadion structure can be explained based on
the semi-helix chiral particle [7]. Also, the resonance behavior
of the U-SRRs CMM structure is attributed to the longitudinal
magnetic dipole-dipole coupling [5, 33].

V. CONCLUSIONS

We have proposed the miniaturized chiral metamaterial
structures with smaller unit cells or lower resonant frequencies.
According to the mechanism of resonance in CMM structures,
three general ideas to miniaturize CMMs are proposed,
namely, include using fractal geometries, wideband antenna
designs, and meandered structures. The obtained results show
that the proposed CMM structures have smaller unit cell size
and moreover some of them exhibit huger pure optical activity
which can be utilized as ultrathin microwave polarization
rotators. The proposed miniaturized CMM structures can be
scaled to other frequencies and can be utilized to improve
performance of circularly polarized antennas. Also, they are
simple and suitable for planar fabrication.
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