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Abstract: A new chiral material composed of a two-dimensional lattice of five-segment cranks, with the same handedness is
experimentally and numerically studied. The sample, formed by a single layer of such structures, exhibits huge electromagnetic
activity and a negative refraction index for linearly polarized waves. Both the chirality parameter and the bandwidth with the
negative refraction index are larger than those observed in chiral media composed of three-segment cranks. The material also
shows pronounced electromagnetic activity (larger than 500° per wavelength). This observed behaviour is attributed to the fact

that the five-segment configuration enhances the electromagnetic coupling compared with the three-segment configuration.

1 Introduction

The ability of some media to rotate the polarization plane of a
linearly polarized wave (LPW), known as optical activity, was dis-
covered in 1815 by Jean-Baptiste Biot. Some years later, Louis
Pasteur [1] observed the same effect in tartaric acid salts and found
that sodium tartrate and ammonium, both optically inactive, were
present as a mixture of two different kinds of crystal, each a mirror
image of the other. After separating the mixture into two parts, each
was seen to contain molecules with the same spatial symmetry, so
that each part was optically active. Furthermore, the specific rota-
tions of both solutions had the same magnitude and opposite sign;
i.e., if a solution rotated the linearly polarized light to the right,
the other one rotated an equal number of degrees to the left. In all
other properties, both substances were identical. As a consequence,
a racemic solution with an equal number of crystals of both types
does not produce any rotation. The change in the direction of polar-
ization is known as optical rotary dispersion. Another possible effect
in such a medium is circular dichroism, when a linear polarized wave
becomes elliptical.

The wavelength of the optical activity phenomenon is deter-
mined by the size of the molecule. The most common cases of
chiral activity in nature, as the one described by Pasteur, appear
in the visible region of the spectrum. To date, no natural material
capable of producing the same effect at microwave frequencies has
been found, although several artificial structures have been designed
and built with such an aim. The first one was developed at the
end of the ninetieth century [2]. When the activity phenomenon
occurs at microwave frequency, it is said that the material presents
electromagnetic activity.

The size of the metallic helices determines the frequency band
where the chiral effect appears [3]. In the 1990s the resonant fre-
quency was increased by decreasing the size of the helices [4]. By
using chiral cranks made from conducting wires folded in three seg-
ments, Garcia-Collado et al. [5] demonstrated that a random distri-
bution of non-helical structures was able to produce electromagnetic
activity.

To date, several research groups have designed a variety of struc-
tures with electromagnetic activity ranging from a few GHz to THz.
The present manufacturing method, which strongly enhances the
electromagnetic response, makes use of a printed circuit board to
design the chiral structures, which are repeated in a two dimensional
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network [6]. This technique allows a tighter control and greater pre-
cision than is possible with the random distribution and making
the media more reproducible. Due to the bidimensional arrange-
ment and the symmetry properties of the resonator, the materials are
anisotropic for non perpendicular incident beams. Several structures
have been designed to produce strong electroagnetic activity and cir-
cular dichroism, such as twisted rosettes [7], split ring resonators [8],
cross-wires [9], twisted metallic foil [10], L-shaped resonators [11],
U-shaped resontators [12], etc.

Furthermore, it has been observed that in media with high elec-
tromagnetic activity, at certain frequencies and a narrow bandwidth,
their behaviour is similar to that of a homogeneous material of
negative index of refraction, without the values of permittivity
and permeability being simultaneously negative. Negative refraction
materials have acquired increasing importance because of their inter-
esting electromagnetic properties and potential applications, such for
cloaking [13], subwavelength imaging [14], optical storage [15], and
in polarization devices [16].

Here, we present an evolution of the three-segment crank res-
onator, whose basic cell consists of two or four packed three-
dimensional metallic cranks, all with the same symmetry, forming
a parallelepiped [17]. The new chiral material is composed of a
two-dimensional lattice of five-segment cranks. This five-segment
configuration presents stronger electromagnetic coupling, which
produces higher chirality effects as well as a wider frequency
band with a negative refractive index compared with three-segment
cranks.

2 Methods
2.1  Sample and experimental system

Figure 1 shows some schematic drawings of the structure and the
unit cell. As can be seen, two of the segments are on the front
face of the dielectric substrate, forming an angle of 90° to each
other, and two more are on the back face side of the substrate,
with the same geometry and rotated 180° with respect to those on
the front face. The last metallic conductor is a cylindrical path that
crosses the substrate and connects the segments located on both
faces of the dielectric slab. Before building the samples, several sim-
ulations were performed using a commercially available simulator
(CST Microwave Studio ®). Such numerical modelization provide
information on the dependence of the resonant frequencies on the
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Fig. 1: (a) Five-segment crank, (b) crank resonator composed of two
same handedness cranks, and (c) unit cell. The geometric parameters
are given by: /1 = 3.58 mm, {3 = 2.40 mm, /3 = 2.45 mm, W =
0.50 mm, s = 0.40 mm, L = 2.40 mm, D = 3.45 mm. The total
crank length is I = 201 + £2 + 203 = 14.46 mm.

Fig. 2: Measurement setup with the chiral material in the circular
sample holder.

geometrical parameters of the structure, and ensured that the reso-
nant frequencies are within the experimental frequency range (from
6 GHz to 18 GHz). We have simulated the normal incidence of a
plane wave over a infinite 2D arrangement of unit cells to calculate
the Tx, Ty and R coefficients. The caption of Figure 1 shows the
geometrical dimensions used in this paper. The tracks are 35 um
thick, and the dielectric substrate is a FR-4 standard board, with an
electric permittivity of e, = 4.3, loss tangent of 0.025 and 2.4 mm
width at 10 GHz.

The combination of two five-segment cranks, with the same hand-
edness and rotated together 180° about an axis passing through the
centre of the structure, perpendicular to the substrate surface, con-
stitutes a resonator. This structure has three binary symmetry axes.
In order to achieve a homogeneous bi-isotropic behaviour for nor-
mal incident waves, it is necessary to increase the C2 symmetry to
reach Cy symmetry. The unit cell is composed of four resonators,
each rotated by 90° with respect to the neighbouring ones, in such a
way that the system remains invariant after 90° rotations around the
z—axis. An outline of the unit cell is presented in Fig. 1(c), where the
configuration now has four binary symmetry axes in the xy—plane
and also an axis of quaternary symmetry in the z—axis direction.

The experimental system is based on a previous one constructed
for chiral characterization in X-band [18], and adapted to extend
the frequency range from 6 to 18 GHz, Fig. 2. The setup consists
of a two-port network analyser connected by coaxial cable to two
dual horn antennae. The incident beam is focused by an ellipsoidal
concave mirror so that diffraction problems with relatively small
samples are avoided [19]. The transmitting antenna is placed at one

of the mirror foci and the sample at the other one. The two ports of
the polarized receiving antenna allow the transmission coefficients
to be measured in two perpendicular directions.

The entire measurement system is constructed of non-conductive
material, and allows mechanical regulation. In order to determine
the transmitted and reflected signals, the reference planes must be
located at the sample faces, so that normalization relative to the
incident signal is necessary. The complete process involves mea-
surement of the reflected and transmitted wave with the sample, the
transmitted signal without the device under test, and the reflected
signal when the sample is substituted by a metallic plane with the
same dimensions and at the same place [18]. The measurements
were filtered to remove mismatches and unwanted reflections from
the antennae and edge any diffraction effects of the sample, mirrors
or elsewhere.

Martin et al. [20] demonstrated that the retrieval of x does not
require the plane to be displaced when circularly polarized waves
(CPW) are used and, therefore, two single measurements of the
transmission coefficient are necessary.

2.2 Retrieval Algorithm

The goal of electromagnetic characterization is to determine the
material parameters, usually the electrical permittivity, €, and the
magnetic permeability, . For homogeneous and isotropic media,
the collstitutive equations can be written as D = ¢eperE, B =
popr H, where €, and p,- are two complex frequency-dependent
parameters. However, chiral materials present an electromagnetic
coupling between the electric and magnetic fields and do not follow
to the above equations. In order to describe macroscopically their
electromagnetic response, a coupling parameter should be included
in the constitutive relations [21]:

D = eperE — jy/eoporH, 0
B = poprH + j/EomorE, 2)

where « is a frequency-dependent, dimensionless parameter named
chirality. The presence of « increases the complexity of the chiral
media characterization.

Chirality implies a coupling between the electric and magnetic
fields and, therefore, they cannot be separated in the usual expres-
sion of the wave equation. For linearly polarized incident waves,
the problem can be overcome by splitting the wave into two circu-
larly polarized waves, with equal amplitude, one left-handed (LCP)
and the other right-handed (RCP). These two circular polarized
waves are the eigenmodes in a chiral medium [21]. Each polarization
propagates through the medium as in an isotropic and homoge-
neous material, with a refractive index and wave number that can
be expressed by [21]:

ny=ntr=n(lxr)=Erpr (1Lk), 3)
ki = 2V (Lt re) = ko (n £ 5), “

where n = \/Er [ty is the refractive index, kg = w/c the free space
wave number, and kr = k/\/Erfir the relative chirality. + and —
represent the clockwise and anticlockwise modes, respectively.

The material refractive index can be calculated from experimental
data by [18]:

me | B 1 (BN T s
T 2oL M|RUZ=T| " 2k "B\ BIZ-T) " koL™

where I' is a function of the measured (or simulated) transmission
(Tzz and Ty) and reflection (R) coefficients. I" is related with the
relative impedance zr = \/pr/€r by I' = (1 + 2) /(1 — 2r) [18],
L the slab width and m is an integer related to the branch of the loga-
rithm function, which is determined by assuming a known behaviour
far from the resonance and that both the real and imaginary parts of
n resonate at the same frequency.
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The electrical permittivity and magnetic permeability are calcu-
lated by:

n

©6)

Er = —,
Zr

fir = 1124 ™

The chirality parameter can be calculated from the transmission
experimental data [18] by:

J

_ Tyt
® = Skl

T__

1 T++ 27!'
* 2kor M8 (T,,> t o ®

where T’y = Ty — jTyz is the transmission coefficient for RCP
waves, T = Tyy + jTya the transmission coefficient for LCP
waves, and p is an integer that is determined using continuity condi-
tions and considering that both the real and the imaginary part of x
resonate at the same frequency.

Finally, the rotation angle for a linearly polarized incident wave 6
and the ellipticity 7 of the transmitted wave can be calculated by [9]:

1 T

0= 5 arg <—Tii> , ()
1.1 (|T++\2 - \T——\Z)

n = =sin — ), (10)
2 [Tys |2+ T2

where zero 7 corresponds to linearly polarization, 45° corresponds
to RCP and —45° corresponds to LCP. Equations (8, 9, 10) show
that by measuring 7—_ and T4, it is possible to determine x, 6
and 7 [20].

3  Results and Discussion

Figure 3 shows the magnitude of the transmission and reflection
coefficients for LPW as well as the transmission coefficients for RCP
and LCP. In order to validate the simulation model, the reflection and
transmission coefficients obtained by simulations have been plot-
ted in Fig. 3. The good agreement observed between experimental
and numerical data supports the results obtained by simulations as
described below.
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Fig. 3: Experimental (left column) and simulation (right column)
results of the reflection and transmission coefficients for linear (top
file) and circular (bottom file) polarized waves.
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Fig. 4: Polarization ellipse of the signal transmitted at different

frequencies (solid blue line) and incident wave (dashed red line).

The first resonance, f1, is placed at 8.3 GHz and the second res-
onance, fa, at 15.6 GHz. Using simulations it was found that f;
is inversely proportional to the crank total length, which is typi-
cally observed in random distribution-based chiral media [3], and
is almost independent of the separation between units cells.

For the first resonance, and considering the experimental values,
the minimum value of [Tk | is 0.24 at 8.33 GHz, and the maximum
of |Tyz| is 0.56 at the same frequency, which indicates a change in
the polarization state of the signal, which is transformed after trans-
mission from linear to elliptical and a rotation in the polarization
plane of the transmitted wave. To discern both effects it is necessary
to take into account the phase difference between Ty 4 and 7 _, by
using (9, 10). The reflection coefficient | R| depends on the frequency
following a similar pattern to that observed for |T%z|, reaching a
minimum value of 0.34.

It can be seen that at f1, |7 _| reaches a minimum and |7 1| >
|T—_], and so the transmitted signal is anticlockwise. By contrast,
at frequencies above about 9 GHz the transmitted signal is clock-
wise, |T—_| > |T44|, and the difference in magnitude is larger at
the second resonance, where |7 ¢ | reaches a minimum.

One way to visualize the changes in the polarization is by plot-
ting the polarization ellipse of the transmitted signal for a given
frequency. Fig. 4 shows the results for nine selected frequencies and
where the incident signal is also plotted. Far from the first resonance,
f = 6.25 GHz, the polarization is almost linear, which corresponds
to 7 ~ 0. As the frequency increases and approaches the first res-
onance region, the polarization changes from linear to elliptical.
For f1 and fo, the transmitted signal has been rotated an angle of
~2 90 and is clearly elliptical. Far from the second resonance, at
17.75 GHz, the transmitted wave recovers linear polarization. From
this plots it is clear that the chiral material presents both rotary
optical dispersion and circular dichroism.

Numerical simulation enables the examination of the field distri-
bution inside the unit cell. Fig. 5 shows electric and magnetic field
energy in both faces of a sample at the first resonant frequency. We
can see how both fields are concentrated in the region inside the two-
crank resonators, labelled 2 and 4. Indeed, simulations performed
removing resonators 1 and 3 lead to minor changes in the scattering
parameters, assuming the initial polarization of the incident wave
does not change. This may be caused by the orientation of the dif-
ferent cells: in cells 1 and 3 the vertical segments short-circuit the
incident field, while 2 and 4 show a capacitive answer. If the inci-
dent wave is horizontally polarized, the fields are concentrated on
resonators 1 and 3 instead.
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Fig. 5: Top plots: Electric (left) and magnetic (right) energy den-
sity at the incidence face. Bottom plots: Electric (left) and magnetic
(right) fields at the transmission face. The incident wave is polarized
in the vertical direction with a frequency of 8.25 GHz.

T iy

Fig. 6: Top plots: Electric (left) and magnetic (right) energy den-
sity at the incidence face. Bottem plots: Electric (left) and magnetic
(right) fields at the transmission face. The incident wave is polarized
in the vertical direction with a frequency of 15.64 GHz.

Figure 6 shows electric and magnetic field energy in both faces
of a sample at the second resonant frequency. In this case, there is
a magnetic field in the space between cells. More simulations show
that the second resonance strongly depends on the distance between
resonators, while the first frequency depends mainly on the crank
total length.

Figure 7 shows the retrieved values of the rotation angle, ellip-
ticity, refractive indices, chirality, permittivity and permeability
obtained from experimental data. As can be seen, both the rota-
tion angle @ and the ellipticity n peak at the resonant frequencies.
For f1 = 8.33 GHz and f2 = 16.67 GHz, the transmitted wave has
rotated § = £90° with respect to the incident one and the polar-
ization has changed to elliptical. There are also discontinuities in
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Fig. 7: Retrieved values for the (a) rotation angle, (b) ellipticity, (c)
refractive index n, (d) chirality parameter, (e) refractive index for
the two circularly polarized waves, n and n_, (f) relative permit-
tivity and relative permeability, where the real and imaginary parts
are plotted as solid and dashed lines, respectively. All the parameters
have been calculated from experimental data.

the resonances, where the 6 jumps 180° in magnitude. The trans-
mitted signal presents elliptical polarization with extreme values of
Nmin = 18° at f1 and 1y, = —22° at fo. From 10 to 14 GHz,
the transmitted signal maintains an almost linear polarization, form-
ing an angle of around 6 = 10° with respect to the incident wave.
Using simulations and changing the geometrical parameters of the
structure, the rotation angle can be increased up to 6 &~ 45°, for a
bandwidth of around 3 GHz and keeping a low ellipticity, n < 5°.
This means pure electromagnetic activity (electromagnetic activity
with 7 near to zero) of &2 450° per wavelength (at 10 GHz), which is
larger than that obtained by Kenanakis [22] in a comparative study
of five different chiral metamateriales.

Figures 7(c) and 7(d) show the real and imaginary parts of the
refractive index (n4, n— and n). At f; the real part of the refractive
index of left circularly polarized waves, R(n_), presents an abrupt
change and the imaginary part a peak, 3(n_) ~ 4, which means
strong absorption of the clockwise mode. However, both the real
and imaginary parts of n remain constant and, therefore, the trans-
mitted wave is counterclockwise. The opposite effect occurs at fo
and there is strong absorption on the right circularly polarized wave,
while the transmitted wave presents an ellipticity in the clockwise
direction.

It can be observed that the material presents negative refraction
for some of the refractive indices for frequencies higher than f;:
R(n) < 0 for a 350 MHz bandwidth and ®(n_) < 0 for a 800 MHz
bandwidth. The first case is due to both €, < 0 and p,» < 0, while the
case of n_ is due to || > |n| and k < 0, and not to the fact both
permittivity as well as permeability are negative, as in traditional
negative refraction index materials. In contrast to n_, the value of
n4 remains nearly constant, with an almost zero imaginary part, i.e.
very low absorption.

The observed negative refraction bandwidth for one of the circular
polarized waves results in a factor of two, which is larger than that
obtained using the three-cranks resonator [17].

The retrieved values of k, € and p, present discontinuities at
the resonant frequencies, Fig. 7(d) and 7(e). Chirality follows a
frequency-dependent behaviour similar to that found in chiral mate-
rials based on three-segment cranks [17]. However the inclusion
of two extra segment enhances the electromagnetic coupling and
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increases the value of x to reach a peak of xk = 3.7 — 1.15, which
is larger than that of three-segment cranks, x = 2.6 — 0.855 [17].

4 Conclusions

The electromagnetic activity of a chiral metamaterial based on crank
structures has been improved by including an extra two segments in a
previous three-segment crank design. We have studied, both numer-
ically and experimentally, the transmission and reflection of linear
and circular propagating waves and calculated the effective param-
eters and electromagnetic activity. The new five-segment crank
produces a stronger coupling between the electric and magnetic
fields and therefore, represents a clear improvement over the previ-
ous structure. Among the findings were a higher chirality parameter,
double negative permittivity and permeability and a factor of two
larger bandwidths with negative refractive index for one of the cir-
cular polarized waves. The existence of two resonance frequencies
within the study band was checked. At both these frequencies the
chirality present an abrupt change reaching extreme values, the rota-
tion angle reached 90° and the ellipticity also showed maximum
absolute values. The large optical activity of & 500° per wavelength
(at 10 GHz) makes our design a valuable candidate for the devel-
opment of GHz manipulation components such as wave-plates and
circular polarization filters.
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