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Wideband Chiral Metamaterial for Polarization
Conversion Based on Helical-Type Inclusions

Ángel J. García-Collado , Gregorio J. Molina-Cuberos , Óscar Fernández Fernández ,
Ismael Barba , and José Margineda , Life Member, IEEE

Abstract— Materials with a high electromagnetic activity usu-
ally present a strong resonant response that produces extreme
values for the constitutive parameters, but in a narrow frequency
range. Here, a chiral material composed by four helical-like
resonators, as the unit cell, able to produce high rotatory
dispersion and low circular dichroism in a wide frequency band
is presented. The transmission and reflection coefficients of a thin
slab of such material have been determined using a free-wave
experimental setup and numerical simulations. The experimental
results show a cross-polarization conversion in the transmission
mode for linearly polarized incident waves in a 2-GHz bandwidth
centered at 10 GHz and a polarization conversion ratio larger
than 0.97.

Index Terms— Chirality, metamaterial (MM), polarization.

I. INTRODUCTION

METAMATERIALS (MMs) have been proposed for
cross-polarization converters in transmission [1], [2],

[3], [4], [5], [6], [7], [8], [9], [10], [11], [12], [13] and
reflection mode [14], [15], [16], [17]. Reflection-based con-
verters are easier to design [11] and generally offer higher
efficiency and broader bandwidths. However, the interference
between incident and reflected waves can reduce the output
signal quality [2], [3]. To achieve high transmission converter
efficiency, multilayer structures combining several metal layers
separated by dielectric material are typically used [12], [13],
but this comes with the drawback of increased thickness.

Chiral media (CMs) are a specific type of MMs that affect
the transmitted wave’s polarization [18] and are proposed for
cross-polarization converters in the transmission mode [5],
[6], [7], [8], [9], [10]. CMs with non-C4 symmetric unit
cells achieve high transmission efficiency with 90◦ polariza-
tion conversion [5], [6], [7]. However, they are limited to
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either x- or y-polarized waves due to unit cell asymmetry.
In contrast, C4 symmetric structures present a polarization-
insensitive response, providing cross-polarization for both the
x- and y-polarized waves. However, they provide very nar-
row frequency bands [8], [9], [10]. For instance, [8] found
a 0.2-GHz bandwidth at ∼12.9 GHz, and [9] identified a
0.4-GHz bandwidth at ∼16.8 GHz. In some cases [10], the
presence of several resonances generates multiple frequencies
with polarization conversion, albeit with significantly narrower
bandwidths.

Here, we introduce a novel CM for transmission mode
cross-polarization applications in the microwave frequency
range. Four helical-type resonators with the same handedness
are properly twisted to achieve C4 symmetry for incident
waves perpendicular to the surface. The resulting response
remains independent of the incident wave’s polarization direc-
tion, providing a 90◦ polarization rotation within a 2-GHz
bandwidth. This bandwidth exceeds that of other C4 symmetric
CMs operating in the transmission mode [8], [9], [10].

II. CHARACTERIZATION

CMs can be macroscopically described by including the
parameter κ into the constitutive equations to quantify the
electromagnetic coupling [18]

D⃗ = ϵ0ϵr E⃗ − i
√

ϵ0µ0κ H⃗ (1)

B⃗ = µ0µr H⃗ + i
√

ϵ0µ0κ E⃗ (2)

where ϵr is the relative dielectric permittivity, µr is the relative
magnetic permeability, and κ is the chirality parameter.

Fig. 1 shows the experimental setup and the unit cell that
is built on a standard FR4 board (ϵr = 4.2, tan δ = 0.014,
and copper metallization thickness of 35 µm). A split ring is
etched on each face of the PCB and interconnected through
vias to create a helix-like structure of 35-mm length. The unit
cell is 13.2 × 13.2 mm, and the sample is formed by 16 × 21
unit cells with a total surface of 580 cm2. The dimensions
of the structure were designed to maximize the response
and to keep the effects into the experimental frequency band
(7–15 GHz).

The sample was characterized using a free-space tech-
nique [19]. An ellipsoidal mirror focuses the incident beam
to decrease diffraction problems [20]. Mismatches from the
antennas, remaining edge diffraction effects, and unwanted
reflections are filtered out using time-domain transforms.

To verify the experimental results, simulations using a
commercially available electromagnetic simulator, CST Studio
Suite, have been developed. An infinite slab was simulated by
modeling a single unit cell with periodic boundary conditions.
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Fig. 1. (a) Photograph of the experimental set up. (b) Detail of front (upper)
and back (lower) metallic layers. (c) Diagram of the unit cell (left) composed
by four structures (right).

The transmitted wave for CMs is usually described in terms
of the transmission coefficients for the right- and left-handed
circularly polarized waves, T++ and T−−. These coefficients
are related to the linear ones by T++ = Tyy + iTxy and T−− =

Tyy−iTxy for a y-polarized incident wave, where Tyy and Txy
are the transmission coefficients for the copolar and crosspolar
waves, respectively. Owing to the C4 symmetry of the CM,
the response is independent of the polarization direction, i.e.,
Txx = Tyy , Txy = −Tyx , Rxx = Ryy , and Rxy = Ryx = 0.

The angle between the polarization of the incident wave and
the semi major axis of the elliptically polarized transmitted
wave, θ , the ellipticity of the transmitted wave, η, and the
chirality parameter, κ , are obtained from [21]

θ =
1
2

arg
(

T++

T−−

)
(3)

η =
1
2

tan−1
(

|T++|
2
− |T−−|

2

|T++|2 + |T−−|2

)
(4)

κ = −
i

2k0L
ln

∣∣∣∣T++

T−−

∣∣∣∣ +
1

2k0L
arg

(
T++

T−−

)
+

2πp
k0L

(5)

where k0 = ω(ϵ0ϵrµ0µr )
1/2, p is an integer that is obtained

by considering that far from the resonance p = 0, and
Im(κ) = 0. It is also necessary that Re(κ) and Im(κ) fulfill
the Kramers–Kronig relations [22].

III. RESULTS AND DISCUSSION

Fig. 2 shows transmission and reflection coefficients from
the experimental data and numerical simulations. We find
three resonances in the experimental frequency band: 8.90,
11.30, and 13.90 GHz. Simulations confirm these resonances
and show two more resonances at frequencies below the
experimental band: 2.42 and 4.86 GHz, not shown for clar-
ity. For frequencies larger than 8.90 GHz, we observe that
|Txy | > |Tyy |. At 11.30 GHz, the ratio |Txy |/|Tyy | reaches
the maximum, and for f > 11.30 GHz, this ratio decreases to
reach the unity at 13.90 GHz. Therefore, |Txy | > |Tyy | between
8.90 and 13.90 GHz, which means that the amplitude of the
crosspolar transmitted field is larger than the copolar one.

Fig. 2. Transmission (Tyy , Txy) and reflection (Ryy ) coefficients obtained
from (a) simulation and (b) experiments.

Fig. 3. (a) Retrieved rotation angle, (b) ellipticity, and (c) chirality obtained
from the experimental data. The dotted black line shows the frequency band
for 90◦ polarization rotation.

Fig. 3 shows the retrieved values for θ , η, and κ . Between
8.90 and 13.90 GHz, θ > 45◦, and η is in the range from
−0.35 to 0.05 rad, being maximum (in absolute value) at the
edges of the band. Furthermore, between 9.65 and 11.75 GHz,
θ = 90◦

± 10% and η is found to be very low, |η| <

0.05 rad. Therefore, this CM works as a linear polarization
converter, providing a rotation of 90◦ without polarization
distortion in a relative bandwidth (δ f/ fmean) of 20% and with a
polarization conversion ratio [PCR = |Txy |

2/(|Txy |
2

+ |Tyy |
2)]

larger than 0.97. It is important to highlight that this conversion
is independent of the incident polarization (x- or y-polarized)
due to the C4 symmetry of the structure.

The chirality parameter resonates at 8.90 and 13.90 GHz,
where Im(κ) reaches local extremes. However, the fre-
quency dependence at the resonances does not follow a
single-frequency Condon model [23] as it has been widely
found in the literature [24], [25], [26], [27]. In a typical
Condon behavior, Re(κ) changes its sign and Im(κ) peaks at
the resonance frequency, and both the real and imaginary parts
tend to zero far from the resonance. However, we have not
found such change on the sign of Re(κ) at the resonance. The
obtained value for Re(κ) increases with the frequency below
and above 8.90 GHz and it reaches a maximum of around
2.5 at 10.25 GHz. Then, Re(κ) decreases with frequency and
at 13.90 GHz Im(κ) reaches a maximum, which shows the
presence of a resonant frequency.

Fig. 4 shows the polarization ellipse of the incident
and transmitted signals for eight selected frequencies. The
transmitted wave is linear for most of the frequencies,
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Fig. 4. Polarization ellipse of the transmitted (blue solid line) and incident
waves (red dashed line) for selected frequencies.

Fig. 5. Current distribution at the four first resonance frequencies.
(a) 2.4 GHz, (b) 4.9 GHz, (c) 8.9 GHz, and (d) 11.3 GHz. In every case,
the phase is such that the current is maximum [270◦ in (a) and (b), and 180◦

in (c) and (d)].

except at the resonances 8.90 and 13.90 GHz, where η

presents local extremes. The rotation angle θ varies from 0◦

(y-polarized) outside the band without chiral behavior to
45◦ at the resonances, reaching ≈90◦ (x-polarized) in the
9.65–11.75-GHz band. In this band, the metasurface behaves
as a linear polarization converter with a low distortion of
the polarization. For f > 13 GHz, the magnitude of the
transmitted signal decreases because most of the signal is
reflected; see Fig. 2.

The polarization ellipse for the minimum and maximum
frequencies of the 90◦ polarization conversion band, 9.65 and
11.75 GHz, is also shown. These two cases present a rotation
angle of 81◦ and an ellipticity of −0.05 rad.

Fig. 5 shows the current distribution at the first four res-
onances, which correspond to different excited modes. The
2.4- and 4.9-GHz resonances are outside of the experimental
frequency range, they were detected in simulations, and they
displayed for a better illustration of the current modes.

The first mode, at 2.4 GHz, shows a current maximum in
the center of the helix and nulls in its edges. Meanwhile, for
the second resonance, at 4.9 GHz, the current is null in the
center and the edges of the helix and has two maximums
(with opposite current direction). Both correspond to the first
and second harmonics of a 35-mm length helix [28]. The
8.9-GHz resonance is similar to the third harmonic, although
the neighboring helices produce some perturbations. However,
11.3 GHz is so affected by the neighboring helices that its

Fig. 6. Electric and magnetic fields at 9.9 GHz and phase 270◦, in the area
inside the structure (cut marked in the left figure). The coupling between
neighboring helices is marked with an “a” while the distribution of the
electric/magnetic field between both the edges of each helices is shown
in “b.”

correspondence with a specific harmonic is not so clear. In fact,
the location of this resonance strongly depends on the distance
between the helices.

Previously, a single helical-type resonator lacking C4 sym-
metry was used to generate passbands for x-to-y and y-to-x
polarization conversion [7]. In contrast, our proposed structure
of four resonators introduces three resonances at 8.9, 11.3, and
13.9 GHz, resulting in a broader conversion band for both the
x- and y-polarized incident waves compared with [7].

Fig. 6 shows the field structure at 9.9 GHz, an arbitrary
frequency between 9.65 and 11.75 GHz. We see the typical
response of a helical resonator that produces the electromag-
netic activity [28]. The electric field between the edges of the
helix generates a current and, then, a magnetic dipole inside
the structure (dashed black arrow, bottom plot). Therefore, the
incident y-polarized electric field is converted into x polar-
ization after transmission. And vice versa, a magnetic field
inside the structure induces an electric current that leads to a
potential difference between the edges of the helix (solid-black
arrow, top plot). There is also a clear electromagnetic coupling
between neighboring helices, so they cannot be treated as
isolated resonators. Our simulations show that the rotation
bandwidth depends on the geometric parameters of the whole
unit cell, mainly on the distance between the neighboring
helices, and not only on the individual helix dimensions.

IV. CONCLUSION

Here, an MM based on a chiral structure with C4 symmetry
has been presented. This structure, which operates in the
transmission mode, exhibits a 90◦ polarization rotation with
low dispersion over a wide frequency band, from 9.65 to
11.75 GHz. The PCR is higher than 0.97 in all the bands,
providing a linear crosspolar transmitted field with very low
ellipticity, i.e., low distortion.
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