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Abstract—Low loss circular birefringence is found in three-
dimensional artificial triple helices. High values of chirality index are
generated. Within the transmission bandwidth, there is a significant
difference in the refractive index value of the right- and left-circularly
polarized waves. The outgoing waves from a wedge structure designed
from these triple helices are proved to split with a wide angle. The
wave polarizations agree with earlier simulation results.

1. INTRODUCTION

Helices are one of the well-known chiral structures found in several
natural molecules, e.g., DNA, sucrose, proteins, etc., as well as solid
elements such as quartz and crystal. Optical activity presented in helix
structures in terms of chirality parameter, k, has been reported [1,2].
The chirality parameter based on the constitutive relations [3] describes
the cross-coupling between electric and magnetic field. Due to optical
activity or optical rotary dispersion (ORD), any arbitrary polarization
wave splits into a right-circularly polarized (RCP) wave and a left-
circularly polarized (LCP) wave with different phase velocity and
different refractive index, i.e., ny of the RCP wave and n_ of the LCP
wave, while propagating independently inside the chiral media. This
double refraction of the circular polarized waves is also called circular
birefringence from where the optical rotation is derived, as it rotates
the plane of polarization of the polarized waves. The two circularly
polarized waves are then coupled at the boundaries and exit the media
in one polarization configuration, typically as an elliptically polarized

Received 25 January 2013, Accepted 8 March 2013, Scheduled 12 March 2013
* Corresponding author: Nantakan Wongkasem (nantakan@gmail.com).



268 Sonsilphong and Wongkasem

wave, based on the absorption loss or circular dichroism (CD) of the
media. The effective refractive index (n.g = (ny 4+ n_)/2) of the
chiral media is used to determine the direction of the leaving wave.
However, the RCP and LCP waves can both continue to propagate
outside the chiral media if the outgoing surface plane of the media is
not perpendicular to the direction of the incoming waves. This can
be done by constructing the media in different shapes, for instance
in a wedge [4,5] or triangle shape [6]. The two outgoing waves will
propagate separately according to their refractive index generated
earlier based on ORD. This wave/light splitting control is useful in
beam splitters, polarizers, etc..

Artificial single and double helices have been proposed for
broadband circular polarizers [7-9] and have improved the signal to
noise ratio [10]. Multi-band circular polarizers using multilayered
planar spiral metamaterials, where different transformation responses
for the LCP and RCP waves were demonstrated, have been
investigated [11,12]. Chiral split-ring resonators (SRRs) formed in
3D double helix shape have been proposed as a resonant microwave
absorber [13]. Several bi-layer and multi-layer chiral structures [14-17],
as well as non-planar chiral SRRs [18] with strong optical activity and
negative refractive index were studied in both microwave and optical
regimes. Electromagnetic (EM) properties and negative refractive
index of multiple helices, i.e., single, double, triple, quadruple, and
quintuple helix were extensively studied [19]. High negative refractive
index was found in three-dimensional double helices [20]. As the
number of helical backbones increases it results in higher values of
chirality index and lower loss [19]. The number of helical backbones
is associated with an overlapping area of opposite handedness of the
helix [21]. By changing the balance between left- and right-handed
helices, the chirality index of the structures increases [22]. The chirality
is also linked to transmission properties through the transmission
phases [23].

This paper presents three-dimensional artificial triple helices
where both RCP and LCP waves propagate inside the triple helix stack
with low loss, unlike single and double helices, where one of the two
circularly polarized waves is normally filtered out. The transmission
coefficients and electromagnetic properties, i.e., refractive indices (n,
n_ and n.g), chirality and loss factor are investigated. The 3D
planar triple helices are fabricated and measured to validate the EM
properties. The wedge design of these 3D triple helices is implemented
to observe the circular birefringence. It has been found that these
triple helices can generate wide splitting angle waves with low loss.
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2. ARTIFICIAL HELICAL STRUCTURES

Three conventional helical structures, e.g., single, double, and triple
helix, illustrated in Figures 1(a), 1(b), and 1(c), respectively, are
initially investigated. Figure 1(d) shows the proposed 3D triple planar
helix whose fabrication and testing is discussed in the next section.
The geometric parameters of these helices are set as follows: pitch
height, H = 20 mm and radius of wire, R = 0.5 mm. The transmission
and reflection coefficients of these conventional helices are obtained by
CST Microwave studio [24].

(©) (d)

Figure 1. (Color online) conventional (a) single, (b) double, and
(c) triple helix, (d) 3D triple planar helix.

The RCP and LCP waves are excited along the —z direction. A
periodic boundary is set on the z-y plane and therefore the helices are
seen as a periodic array on the z-y plane with one row along the z axis.
The effective refractive index, neg, chirality, x = (ny —n_)/2, and loss
factor of RCP (LF4) and LCP (LF_), LFy = |[Im(ny)/Re(ns)| are
extracted from transmission and reflection coefficients [25] illustrated
in Figure 2.

The transmission properties of single and double conventional
helices indicate filter ability where an unwanted polarized wave can be
eliminated. Based on its right-handed orientation, the RCP wave can
propagate through both single and double helices, while the LCP wave
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Figure 2. (Color online) (a) transmission coefficient: T for RCP
wave and T_ for LCP wave, (b) effective refractive index, (c) chirality
and (d) loss factor: LFy for RCP wave and LF_ for LCP wave of
single, double, and triple helix.

is almost blocked [7-10,19] at the resonance frequency, at 4.20 GHz
for single helix and 2.60 GHz for double helix. As the balance between
left- and right-handed helices is improved, the triple helix allows both
RCP and LCP waves to travel through. The transmission coefficient
of both RCP and LCP waves is then enhanced. The amplitude of the
RCP and LCP waves is almost identical, as shown in Figure 2(c). The
low loss illustrated in the loss factor plot also supports this design.
It is important to stress that all three helical structures can generate
negative refractive index, which was also demonstrated in an earlier
study [19].

3. THREE-DIMENSIONAL TRIPLE HELICES

The schematics of 3D planar triple helix chiral metamaterials are shown
in Figure 3. The structures are fabricated on FR-4 boards. The
dielectric constant of the FR-4 board is € = 4.34-0.23¢. The thickness of
copper is 0.03 mm. CST Microwave Studio based on finite integration
technique (FIT) is used to determine the reflection and transmission
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Figure 3. (Color online) a unit cell of 3D planar triple helix in
(a) perspective, and (b) side view, and (c¢) a photograph of fabricated
sample. The geometric parameters are: * = y = 18.75mm, w =
2.25mm, [ = 6.94mm, g = 0.535mm, R = 8.75mm, and £ = 1.6 mm.

coefficients. Tetrahedral meshing is set in a frequency domain solver
operating from 1.4 GHz to 3.0 GHz. The unit cell boundary condition
of CST dictates the periodic orientation of the helices on the surface
plane. The helix unit lattice is 18.75 mm x 18.75mm x 6.94 mm. The
right- and left-circularly polarized waves are excited along the —z
direction. The transmission and reflection coefficients obtained from
the simulations are then used to retrieve other EM parameters [25].
Exactly the same material parameters and orientations used in
fabricated helices are implemented throughout these EM full wave
simulations. The ring with R radius is split into three equal arcs.
An array of the three arcs is printed on each layer. At the adjacent
layer, the array is rotated by 120° as illustrated in Figure 1(d). The
arc from the previous layer is connected with the rotated arc (same
color) of the neighboring layer through a created hole. To complete
a helix pitch, these triple helices require four layers printed on three
substrates. The diameters of the outer and inner hole are 3.25 mm
and 1.25 mm respectively. Three FR4 substrates are used to complete
a stack of arrays of one pitch triple helices. Figures 3(a) and 3(b)
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illustrate the unit cell of 3D planar triple helix in a perspective view
and side view. The 3D planar triple helices are manufactured with
10 x 10 unit cells. Some fabricated parts of the first layer are shown in
Figure 3(c), where the dashed square indicates a unit cell of each helix.
Note that to obtain multiple “n” backbone helices [11], there will be
unconnected identical “n” arcs printed on each layer. Furthermore,
the number of helix pitches can be increased by adding extra sets of
multilayer stacks.

The reflection and transmission coefficients of the fabricated
helix stack are measured by a vector network analyzer HP8753D.
Horn antennas are used as transmitting and receiving ports. The
vertical linear polarization waves are launched from the transmitter
horn antenna through the helix stack and then are collected by the
receiver horn in vertical and horizontal directions with a frequency
step of 0.0125 GHz, from 1.4 GHz to 3.0 GHz. More details about the
experiment procedure and setup can be found in an earlier report [20].

The transmission coefficients of RCP (7%.) and LCP (7-) from the
simulation and experiment are illustrated in Figure 4. The frequency
is investigated in the 1.4 GHz-3.0 GHz range. The amplitude of the
RCP and LCP waves has a similar pattern, illustrated in Figures 4(a)
(simulation) and 4(b) (experiment), showing a pass band at the
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Figure 4. (Color online) simulation and experiment results

of 3D planar triple helix: (a) and (b) transmission amplitude,
(c) and (d) transmission phase from RCP and LCP excitation waves.
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operating frequency from 1.8 GHz to 2.2 GHz. On the other hand,
the phase of the RCP and LCP waves is different for both simulation
(Figure 4(c)) and experiment (Figure 4(d)), confirming the chirality of
the structures [23]. The effective refractive index and index of the RCP
and LCP excitations, and chirality retrieved from the transmission and
reflection coefficients [23,25] are shown in Figures 5(a) (simulation)
and 5(b) (measurement). The loss factor of RCP, LF,, and LCP,
LF_, and effective loss factor, LF.p, are observed and presented in
Figures 5(c) (simulation) and 5(d) (measurement).

The refractive index of the LCP wave, n_, is negative from
1.80 GHz to 2.01 GHz (dash line, simulation) and from 1.60 GHz to
1.85 GHz (dash line, measurement), while the refractive index of the
RCP wave, ny, (solid line, simulation) and the chirality, x, (dashed-
dotted line, simulation) are positive, as shown in Figure 5(a). As
illustrated in Figure 5(b), x from measured data is also positive from
1.60 GHz to 1.85 GHz, while n, changes from negative to positive.
In Figure 5(c), from 1.80 GHz to 2.01 GHz, the loss factor of both
RCP and LCP excitations (simulation) is low (< 0.5), while the loss
factors of the measured data shown in Figure 5(d), from 1.60 GHz
to 1.85GHz, are higher, varying from 0.3 to 1.0. Some variations
between the theoretical and measured results are caused by the limited
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Figure 5. (Color online) simulation and experiment results of 3D
planar triple helix: (a) and (b) refractive and chirality index, and
(c) and (d) loss factor of RCP and LCP waves.
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dimensions of the fabricated prototype [26], fabrication imperfections,
as well as accuracy limit of the measuring instruments. However, we
may conclude that there is low loss transmission for both excitations
within the operating frequency. The RCP and LCP waves propagate
through these triple helix stacks with a different refractive index stating
circular birefringence. For instance, at 2.01 GHz, ny is 3.79 with the
transmission amplitude of —1.96dB, and n_ is —1.09 with the RCP
amplitude of —3.03 dB.

Figure 6 illustrates the transmission of the RCP and LCP waves
through a wedge constructed from the designed triple helix stack. Two
frequencies where both LCP and RCP waves propagate with low loss,
1.94 GHz (located within the transmission bandwidth) and 2.8 GHz,
marked in Figure 5(a) and Figure 5(c), are selected to investigate the
circular birefringence. A TEM linear polarization wave is lunched from
the base to the top of the wedge along k, as shown in Figure 6. The
wedge dimension is set as 8 unit cells (height, ) x3 unit cells (width,
w) or 150 mm x56.25 mm. In order to build an 8.5° wedge, 9 unit cells
have to be placed along the propagation direction (wedge length) of the
short side (A), and 12 unit cells along the propagation direction of the
long side (B). The adjacent cells are separated by 0.5 mm; therefore
the short side is 65.39 mm and the long side is 87.71 mm. Hence, the
8.5° wedge, tan~1((A — B)/w), is constructed.

At 1.94 GHz (Figure 5(a)), n4 and n_ are 3.69 and respectively
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Figure 6. Transmission of RCP and LCP waves through triple helix
wedge at (a) 1.94 GHz and (b) 2.80 GHz.
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—2.97. Based on Snell’s law and the wedge angle of 8.5°, the RCP
wave will propagate to free space with the outgoing angle of +32.88°
(blue arrow), with respect to the normal line of the outgoing surface,
while the LCP wave will travel out with a —25.91° outgoing angle (red
arrow). The direction of the two transmitted waves in Figure 6(a)
supports the previous results shown in Figure 5(a). This confirms
that the RCP and LCP waves are split with a 58.79° wide angle.
Another example is at 2.80 GHz, where ny and n_ are 4.40 and 3.32,
respectively (Figure 5(a)). Based on Snell’s Law, the transmitted
RCP and LCP waves will propagate through the chiral wedge with
an outgoing angle of 40.34° and respectively 29.24°, therefore having
the splitting angle of 11.10°. The direction of the two waves presented
in Figure 6(b) supports the refractive index values retrieved earlier.

To further investigate the polarization of the outgoing wave within
the operating frequency of 1.94 GHz, electric field components, F, and
E, at points P; and Py marked in Figure 6(a) are collected. Point
Py (0, 206 mm, —300 mm) and P2 (0, —158 mm, —350 mm) lay outside
the far-field region on the —25.91° and +32.88° line, respectively. The
amplitude (Aq, Az) and phase (01, 62) of E, and E, at point P; and
Py are presented in Table 1. The phase difference between F, and E,,
0, is determined by 61 — #2. Since Ay # As and 6 # 0, or 0 # m,
the outgoing wave is proved to be elliptically polarized [18,19]. If the
angle 6 is arbitrary and it is not equal to +7/2, the major axis (F,) and
minor axis (Ey) of the ellipse will be rotated with the rotation angle of
(1/2) tan=1 (241 Az cos /(A2 — A52)) [27, 28]. If sin(f) > 0, the rotation
is counterclockwise or left-elliptically polarized, and clockwise or right-
elliptically polarized when sin(f) < 0 [29]. At the observed points, P;
and Pg, sin(f) is negative and positive, respectively, stating that the
outgoing waves at point P; and Py are left-handed and right-handed.
Figure 7 illustrates the left-and right elliptical polarization at points
Py and Py at 1.94 GHz.

Table 1. FE, and E,, rotation of electric field, and polarization
configuration of the outgoing wave at point P; and P, at 1.94 GHz.

Ex Ey
Positions| A, A o | 6() | sin(®)
wimy | 910 (V/?n) 820

Rotation | Polarization
angle | Configuration

Left/Elliptical
P; 0.80 | 12950 | 6.41 |-84.67 |214.17| —0.56 5.92° CJ

Right/Elliptical
P, 0.77 |-11858| 6.70 |-156.08| 37.23 | 061 | -5.25° ;
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Figure 7. Left- and right-elliptical polarization at point (a) P; and
(b) P2 at 1.94 GHz.

4. CONCLUSIONS

Simple three-dimensional artificial triple helices are designed to
generate circular birefringence with low loss in microwave regimes.
High chirality is found within the transmission bandwidth where low
loss transmission of RCP and LCP excitation waves propagate through
triple helix stacks with a different refractive index. At 1.94 GHz, a wide
splitting angle of 58.79° from the RCP wave with ny = 3.69 and from
the LCP wave with n_ = —2.97 is obtained. The measurement results
confirm the simulation results. The results of the wedge structure also
support this design.
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