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Abstract

Metamaterials with near-zero refractive index designed using fishnet structures are proposed.
The near-zero-index band is generated with the overlap of electric and magnetic resonances,
where the transition from a negative-n region to a positive-n region is found. Both the
permittivity and the permeability are controlled via geometrical parameters and the structure
orientation, and are near-zero within the operating band, resulting in low loss transmission. As
the number of layers increases, the transmission band becomes broader and moves to lower
frequency. The experimental resuits confirm that such designs can generate a near-zero
refractive index with low loss within an operating frequency band.

Keywords: near-zero, refractive index, metamaterials, fishnet

(Some figures may appear in colour only in the online journal)

1. Introduction

Metamaterials have been designed to achieve electromagnetic
properties which are rarely found or do not exist at all in
nature. The permittivity (¢), permeability (1) and refractive
index (n) can be manipulated to generate unusual values,
for instance, refractive indices with extreme positive and
negative [1] or near-zero [2-11] values, by designing the
shape, the orientation and the content of the metamaterial
structures.

The electrodynamic properties of a matched metamaterial
having a zero or near-zero refractive index have been
discussed intensively [2]. It has been shown that the
electromagnetic fields in these media are static in space,
but remain dynamic in time. Typically, near-zero bands are
considered when 7 is positive, less than 1 and near-zero [8].
According to Snell’s law, transmitted waves propagating
from near-zero-refractive-index materials (NZRIM) are nearly
normal to the outgoing surface; NZRIM can be applied
in controlling wave directivity [2-6] and the radiation
pattern [7]. Several NZRIM structures [3, 4, 8-12]
have been designed for integrating with different kinds
of antennas, phase shifters, couplers, and resonators.
Furthermore, in a subset of NZRIM for which ¢ ~ 0 (ENZ),

2040-8978/14/0151044-06$33.00

there are various exciting EM phenomena, e.g., tunneling
through extremely narrow ENZ channels [13], extremely
nonlinear electrodynamics [14], harmonic generation with
low absorption [15], low threshold multistability, all-optical
switching, and inherently nonlocal effects [16], to name
but a few.

In this paper, fishnet structures are modified to achieve
near-zero refractive index, where both the permittivity and
the permeability are near-zero at the operating frequency
in microwave regimes. The structures designed shown in
figure 1 are composed of pairs of short slabs connected
with continuous wires printed on both sides of a substrate.
The electrical and magnetic resonances can be adjusted
respectively via the continuous wires and the slabs. The
near-zero-index band is generated within the matching
resonances, where the transition from a double-negative
(DNG) region to a double-positive (DPG) one is expected [2].
Another advantage of the slab pair design is that it is simple,
yet can generate negative n where the excitation is normal to
the structure plane [ 17-22]. Here, a single layer and multiple
(two and three) layers of fishnet structures are investigated.
The simulation and experimental results show that these
designs can generate near-zero refractive index with low loss
within an operating frequency band.

© 2014 IOP Publishing Ltd Printed in the UK
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Figure 1. (a) A 6 x 7 unit cell, (b) a unit cell and (c) the LC equivalent circuit for the fishnet structures.

2. Near-zero refractive index in fishnet structures

Pairs of short slabs and continuous wires are combined to
construct fishnet structures, as illustrated in figures 1(a) and
(b). The pair of short slabs (front and back) provides a
magnetic resonance, while the arrays of continuous wires
generate an electric resonance. The LC equivalent circuit of
the fishnet structure is presented in figure I(c), where the
magnetic resonance frequency can be determined from f ~

/é + ﬁ;‘:’: [20]. s represents the length of the slab, I is
the length of the neck line, and ws and w;, are the width of
the slab and the neck line, respectively. The refractive index
(n = \/ep) of the structure is near-zero or close to zero when
either ¢ or p for the structure is close to zero, or both € and p
are close to zero. ¢ and p are directly related to the geometry
of the structure, i.e. the permeability can be controlled through
the inductance of the slab width (wg) and the capacitance
between layers by changing the substrate thickness (f;) and &
for the substrate; furthermore, the width of the neck line (wp)
and the spacing between the wires (ws; — wy) are the main
factors used to manage the permittivity.

A 2.4 mm thick FR4 dielectric substrate (&; = 4.3 and
tan(8) = 0.025) with the copper thickness of 30 um is used
to fabricate 6 x 7 fishnet structures. The simulation results
are obtained from CST Microwave Studio where a finite
integration technique is performed. The excitation is launched
on the fishnet plane, along the —z axis, perpendicular to the
x—y plane, as shown in figure 1. The boundary condition is set
as open spaces for all the axes. The scattering parameters of
these fishnets are obtained from the xy plane. The structure
dimensions are as follows: ws = 26 mm, wp, = 2.5 mm, [y =
27 mm, I, = 4 mm. The short slab is as wide as the unit cell
(along the x axis). The unit cell size is 26 mm x 35 mm. These
parameters will be employed in the rest of the paper.

Figures 2(a) and (b) illustrate the amplitude and phase
of the transmission (S2;) and reflection (S1;) coefficients of
the single-layer fishnet. A broad passband (S2; > —6 dB
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Figure 2. (a) Amplitude and (b) phase of the S-parameters of
single-layer fishnet structures.

or minimum 50% transmission) is found from 3.70 to
5.06 GHz or 31.68% bandwidth with a transmission peak
at 430 GHz. The transmission (S2;) and reflection (Sy1)
coefficients obtained from the simulations are then used to
retrieve other EM parameters [23, 24]. The EM properties are
presented in figure 3.
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Figure 3. (a) Real and (b) imaginary parts of €, ;2 and n for
single-layer fishnet structures.

(b)

Figure 4. (a) Two-layer and (b) three-layer fishnet structures.

We focus on the near-zero-index band (4.0-4.5 GHz)
generated within the passband (3.70-5.06 GHz) where good
transmission is observed. The real part of u is close to
zero (—0.506 < Re(u) < —0.0006) within the transmission
band range; on the other hand, however, the real part of
¢ is near-zero from 4.10 to 4.28 GHz, as marked in the
zoomed plot of figure 3. n is found to be near-zero from
4.00 to 4.50 GHz. It is important to state that an n < 0
region is found below the transmission peak (4.30 GHz),
while an n > 0 region begins after the peak. These results
support the idea of where the near-zero-index band should be
generated, i.e. the transition from a double-negative region to
a double-positive one.
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Figure 5. (a) Amplitude and (b) phase of the S-parameters of
two-layer and three-layer fishnet structures.
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Figure 6. Real parts of ¢, 1 and n for two-layer and three-layer
fishnet structures.

3. Multilayer fishnet structures

Here, two (1; = 4.92 mm) and three (1 = 7.38 mm) layers of
the fishnet structures, as shown in figure 4, are investigated.
Figure 5 presents Sj; and Sy for the multiple-layer fishnet
structures.

As the number of layers increases, the total capacitance of
the structure also increases, resulting in lowering the location
of the resonance frequency. The transmission band where
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Figure 7. (a) Fabricated fishnets and (b) the experiment setup.

Sz > —6 dB for the multiple layers is therefore lower than
that for the single layer. It can be seen in figure 6 that Re(n) 1s
near-zero from 3.32 to 4.00 GHz. The near-zero bands of the
multiple-layer designs are significantly broad—almost in the
same range as the operating band.

4. Fabrication and measurement

The fishnet structures shown in figure 7(a) are fabricated using
a standard printed circuit board process with 30 pm thick
copper patterns on 2.4 mm thick FR4 dielectric substrates
(&r = 4.3¢, and loss tangent tan(8) = 0.025). The transmission
and reflection coefficients of the fabricated fishnet structures
are measured by using a vector network analyzer (HP8753D).
Microwave standard-gain horn antennas are used as the
transmitting and receiving ports, as shown in the experimental
setup, illustrated in figure 7(b). The transmitter and receiver
horns have 13 cm x 13 cm diagonal mounts, with 50° 3 dB
beam width at 3.5 GHz. The far-field range of the horn
antennas starts from 22.53 cm. The transmission distance
from the horn to the front of the fishnets and the distance from
that same point to the receiver horn are set equal, at 41.0 cm,
which fulfills the far-field condition. From this setup, one can
also conclude that the input wave is approximately a planar
wave. The vertical linear polarization waves are launched
from the transmitter horn antenna through the fishnets and
then are collected by the receiver homn with a frequency step
of 0.0125 GHz, from 3 to 5.5 GHz. The ECCOSORB® AN
absorbers are used to eliminate the unwanted scattering and
reflected waves; therefore one only obtains the measurement
data from the interaction between the propagated waves
and the fishnets. Figure 8(a) shows the S-parameters of
single-layer fishnet structures.

The transmission bands (S2; > —6 dB) from the
simulation and measurement results are similar in the range
from 3.18 to 5.22 GHz, where the transmission peak is
at 433 GHz. Some variations between the theoretical and
measured results are caused by the limited dimensions of the
fabricated prototype, and fabrication imperfections, as well as
the accuracy limits of the measuring instruments. &, x and n
in figure 8(b) are near-zero in the transmission band and at the
ﬁtxiuency band from 4.30 to 5.20 GHz. The loss factor (LF =

Im(n))) shown in figure 9 indicates low loss transmission

(Rc( )
(LFn< 1.0) from 4.30 to 4.57 GHz. An cfficient way to reduce
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Figure 8. Measurement results for single-layer fishnets:
(a) S-parameters, (b) real parts and (c) imaginary parts of &, ;2 and n.
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losses of fishnet structures can be by increasing the effective
inductance to capacitance ratio [25] which directly affects the
Q factor of the structure.

As discussed earlier, the near-zero bands (3.96—
4.80 GHz) of the two-layer and three-layer fishnets are lower
and broader than that of the single layer, showing the same
trend as those from the simulation results. £, y and n are
shown in figure 10(a). The refractive index is near-zero within
the transmission band. The loss factors of both multiple-layer
fishnets shown in figure 10(b) also confirm the low loss for

near-zero transmission at 4.16-4.20 GHz and 3.964.00 GHz
for two and three layers, respectively.

Conclusions

A near-zero-index band is generated around the transition
from a negative-n region to a positive-n region where the
electric and magnetic resonances are matched. Both the
permittivity and the permeability are designed to be close
to zero within the near-zero transmission band in order to
achieve low loss transmission. The near-zero band is broader
and located at lower frequency when more layers are added
due to the impact of the total capacitance and the couplings
among the additional structures. These proposed structures
are additional promising candidates for metamaterials of
near-zero refractive index which will facilitate different
applications.
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CIAL TRIPLE HELICES
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of Engineering, Khon Kaen University, Khon Kaen 40002, Thailand

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, &, 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., n4 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 2018
* Corresponding author: Nantakan Wongkasem (nantakan@gmail.com).
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wave, based on the absorption loss or circular dichroism (CD) of the
media. The effective refractive index (neg = (n4 + 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 & 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 (n4,
n_ and neg), 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].

(c) @

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 -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, &K = (n4y —n_)/2, and loss
factor of RCP (LFy) and LCP (LF.), LFy = |[Im(n4)/Re(ny)| 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: LF, 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 € = 4.3+0.23i. The thickness of
copper is 0.03mm. 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: z = y = 18.75mm, w =
2.25mm, { = 6.94mm, g = 0.535mm, R =8.75 mm, 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 18.75mm x 18.75 mm 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 3.25mm
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'y) 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 2.2GHz. 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 coeflicients [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 s, 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, «, (dashed-
dotted line, simulation) are positive, as shown in Figure 5(a). As
illustrated in Figure 5(b), k from measured data is also positive from
1.60 GHz to 1.85 GHz, while n4 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 1.85 GHz, 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, n4 is 3.79 with the
transmission amplitude of —1.96dB, and n_ is —1.09 with the RCP
amplitude of —3.03dB.

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, h) 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 65.39mm 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

Z

(@) (b)

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 Py and Py marked in Figure 6(a) are collected. Point
P; (0, 206 mm, —300 mm) and Py (0, —158 mm, —350 mm) lay outside
the far-field region on the —25.91° and +32.88° line, respectively. The
amplitude (A;, Az) and phase (61, 62) of E; and E, at point P; and
P are presented in Table 1. The phase difference between E, and E,,
@, is determined by ¢; — #>. Since A; # Ag and @ # 0, or 6 # m,
the outgoing wave is proved to be elliptically polarized [18,19]. If the
angle 0 is arbitrary and it is not equal to +m/2, the major axis (E,) and
minor axis (E,) of the ellipse will be rotated with the rotation angle of
(1/2) tan=1(2A; A cos /(A3 —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 P, 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. E, and E,, rotation of electric field, and polarization
configuration of the outgoing wave at point P; and Py at 1.94 GHz.

_— B Ex 7 £ 6® | sin® Rotation | Polarization
ositions 1 2 0,0 sin angle | Configuration
wim | 0O | ym| . il
Left/Elliptical
P 0.80 | 129.50 | 6.41 | -84.67 {214.17{ —0.56 5.92° C}
Right/Elliptical
P, 0.77 |-118.58| 6.70 [-156.08| 37.23 | 0.61 -5.25° :
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Figure 7. Left- and right-elliptical polarization at point (a) Py 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 n, = 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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Abstract

Chirality can be manipulated in multilayer three-dimensional helices. Multiple backbone
helices can be effectively designed and fabricated, preserving their unique electromagnetic
properties of chiral metamaterials. Chirality is boosted in double helices. The chirality index is
four times higher than in single helices. Based on the extreme chirality, the effective refractive
index of the 3D double helices is proved to be negative, with low loss.

Keywords: metamaterials, chirality, helices, negative refractive index
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1. Introduction

Chiral metamaterials (CMMs) are some of the most promising
electromagnetic artificial materials, with an important
function in wave control, e.g. negative refraction [1], light
splitting [2], focusing lenses [3], and Casimir forces [4, 5], to
name a few. Two particular electromagnetic (EM) properties
of chiral media are optical rotary dispersion (ORD) or optical
activity, and circular dichroism (CD). ORD controls the EM
polarization of the two splitting waves, with different phase
velocity, propagating inside CMMs. The two waves have
opposite polarization: left-circular polarization (LCP) and
right-circular polarization (RCP). CD features the effect of
the absorption of electromagnetic waves traveling through
CMMs. Any arbitrary polarization is therefore transformed
to elliptical polarization. These properties are essential for
applications using polarization control. With the condition
(KR > (Js‘,ﬁ?)R , as the chirality, «, is higher, the separated
LCP and RCP waves will certainly have opposite signs of
refractive index, n, and therefore negative refractive index [2].
It is important to stress that the effective index of refraction
of chiral media is determined by the indices of the two
eigenmodes inside the media, which are the refractive indices
of LCP and RCP, n4, n_, meaning that the wave with a larger
index is dominant. Several chiral structures, such as bilayer
and multilayer chiral metamaterials [6-9], Swiss rolls [10,

2040-8978/12/105103+07$33.00

1'1], non-planar chiral SRRs [12], and chiral resonators [13],
with strong optical activity and negative refractive index have
been studied in microwave and optical regimes.

Helices, known as one of the most promising three-
dimensional (3D) chiral structures, have been fabricated
with the intention of being used as a compact broadband
circular polarizer [14, 15]. Low-loss ultrabroadband circular
polarizers consisting of double-helical structures were also
proposed in the visible regime [16]. Multiple helical
metamaterials have been intensively studied to construct
circular polarizers with high signal-to-noise ratio [17], as well
as negative refractive index [18]. The chirality is larger as
the number of backbones or helical wires of multiple helices
increases [19]. Hence, helical structures can exhibit a very
large chirality index, which has a significant impact on the
EM properties of the structures, especially refractive index. In
this paper, we propose 3D artificial single and double helix
structures formed in a stack of planar patterns. These chiral
structures are designed based on conventional 3D helices. The
one pitch conventional and the proposed 3D planar single and
double helices are illustrated in figure 1.

The chirality index of 3D planar single and double
helices is observed to depend on orientation and geometrical
parameters: helix pitch, radius of ring, line width, and
coupling length. The unit cell size of the studied structures is
less than A /8, confirming the homogeneous properties. n, n4.,

© 2012 [OP Publishing Ltd Printed in the UK & the USA
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Figure 2. Unit cell of the 3D planar single helix in (a) perspective and (b) side view, and (c) a photograph of the fabricated sample. (d) Unit
cell of the 3D planar double helix and (e) a photograph of the fabricated 3D planar double helices. The geometrical parameters of the two
structures are: x =y = 18.75 mm, w = 2.25 mm, / = 6.94 mm, g = 0.535 mm, b = 0.5 mm, R = 8.75 mm, and ¢ = 1.6 mm.

n_, and the loss factor (LF) will be investigated as well. At
their operating frequency, both 3D planar single and double
helices can filter out one of the circularly polarized waves,
indicating the handedness of chiral media, i.e. the polarized
wave with the same handedness type as that of the helices
can propagate through the structure stack. The 3D planar
double helices also generate a strong negative refraction and
modifiable chirality with an impressively low loss. Both types
of structure are fabricated and then measured to validate the
EM properties.

2. Three-dimensional artificial helices

The schematics of 3D planar single and double helix chiral
metamaterials are shown in figure 2. Both structures are
fabricated on FR-4 boards. The dielectric constant of the FR-4
board is € = 4.3 4 0.23i. The thickness of copper is 0.03 mm.
CST Microwave Studio [20], which is based on the finite
integration technique (FIT), is used to determine the reflection
and transmission coefficients. Tetrahedral meshing is set in
a frequency domain solver operating from 1.5 to 4.0 GHz.
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Figure 3. Chirality study when (a) and (b) helix pitch, (c) and (d) helix radius, (e) and (f) line width, and (g) and (h) coupling length of 3D

planar single and double helices are varied.

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 18.75 mm x 6.94 mm. The right-
and left-circularly polarized waves are excited along the —z
direction. Transmission and reflection coefficients obtained
from the simulations are then used to retrieve other EM
parameters [ :].

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 four equal parts. An array of each part is then printed
on each layer. The quarter rings of each layer are connected
with the quarter rings of the adjacent layer through the created
holes, as shown in figures 1(b) and (d). The diameters of
the outer and inner hole are 3.25 and 1.25 mm respectively.
Three FR4 substrates are used to complete a stack of arrays

of one pitch single helices. Figures 2(a) and (b) illustrate the
unit cell of a 3D planar single helix in a perspective view
and side view. Similarly, the 3D planar double helices are
designed by adding another array of quarter rings on the same
layer. The two quarter ring sets are placed opposite each other,
or 180° apart (darker color), as illustrated in figure 2(d). To
complete a helix pitch, these double helices also require four
layers printed on three substrates. The 3D planar single and
double helices are manufactured with 10 x 10 unit cells. Some
fabricated parts of the first layer are shown in figures 2(c) and
(e), where the dashed square indicates a unit cell of each helix.
Note that to obtain multiple ‘»’ backbone helices [ 18], there
will be unconnected identical ‘r’ parts printed on each layer.
Furthermore, the number of helix pitches can be increased by
adding extra sets of multilayer stacks.
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Figure 4. Helix stack with transmitter and receiver horns for the
experimental measurement system.

The real part of the chirality of 3D planar single and
double helices is investigated with respect to several physical
parameters, i.e. substrate thickness or helix pitch, /, ring radius
or helix radius, R, line width, w, and coupling length, b.
Because of the extra backbone, the phase difference between
the RCP and LCP wave of the double helices is more
prominent than that of single helices; therefore, the chirality
index, k, of the double helices is larger than « of the single
helices. As illustrated in figure 3, k of the double helices in
all cases is approximately four times greater than in single
helices. Figures *(a) and (b) present a study of the chirality
index based on the helix pitch. Other parameters are fixed
as discussed previously in figure 2. As the helix pitch is
wider, the resonance position shifts to a lower frequency, and
« increases. This is true for single and double helices and
also matches the results from conventional 3D helices [15,
18]. Based on the two backbones of the double helices, there
are two resonances generated within the frequency regimes of
interest.

The effects of R on the chirality index are presented in
figures 3(c) and (d). As the helix radius increases, the chirality
index increases and shifts to a lower frequency. In figures 3(e)
and (f), w is varied. In contrast with other cases, the chirality
shifts to a higher frequency as the linewidth is wider. Lastly,
the coupling length is studied. The results are shown in
figures 3(g) and (h) for multilayer single and double helices,
respectively. When the coupling length increases, the index
resonance also increases and shifts to a lower frequency. The
simulation results, focusing particularly on the chirality index,
have proved that these 3D planar helices can provide the same
EM properties as those from conventional 3D helices [!5,
18]. Sets of 3D planar helices are fabricated and measured
to further investigate the EM properties.

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, as shown in the experimental setup
illustrated in figure 4. The transmitter and receiver horns
have 13 cm x 13 cm diagonal mounts, with 50° 3 dB
beam width at 2.0 GHz. The far-field range of horn antennas

starts from 22.53 cm. The transmission distance from the
horn to the front of the helix stack, as well as the receive
distance from that same point to the receiver horn, are set
equally at 26.0 cm, which satisfies the far-field condition.
From this setup, one can also conclude that the input
wave is approximately a planar wave. The vertical linear
polarization waves are launched from the transmitter horn
antenna through the helix stack and are then collected by
the receiver hom in vertical and horizontal directions with
a frequency step of 0.0125 GHz, from 1.5 to 4.0 GHz.
The reflection and transmission coefficients of the RCP and
LCP wave can be achieved by converting linear cross- and
co-polarization data [21]. The absorbers ECCOSORB®AN
are used to eliminate the unwanted scattering and reflected
waves; therefore the measurement data is only achieved by
the interaction between the propagated waves and the helix
stack. Figures 5(a) and (b) show the transmission coefficients
of the RCP and LCP wave, Ty and T—, of the 3D planar single
helices.

Within the operating frequency, the transmission am-
plitudes of the RCP and LCP waves are different, similar
to those of conventional single 3D helices [15, 18], as
well as other well-known chiral metamaterial structures [6,
7, 9]. A resonance dip is found in the LCP wave (7-)
located respectively at 2.11 GHz (simulation) and 2.38 GHz
(measurement), as presented in figures 5(a) and (b). On
the other hand, the transmission coefficient of the RCP
wave (74) in the same frequency location generates a fair
passband. This means that while the LCP wave is almost
entirely blocked, the RCP wave can propagate through the
helix stack. Due to the phase difference between the RCP
and LCP wave, the refractive indices of the RCP and LCP
wave are generated, confirming the chirality occurrence [22].
The simulated and measured phase of the RCP and LCP
wave, and their refractive index and chirality are illustrated in
figures 5(c) and (d) and figures 5(e) and (f), respectively. The
results from the simulations and measurements are in good
agreement in terms of both location and value. The effective
loss factor, LF = |{Im(n)/Re(n)|, and the loss factor of RCP
and LCP, LF+ = |Im(n4)/Re(ny)|, are observed. « (black
dashed dotted line) in figures 5(e) and (f) is in the range from
—2 to 2. Negative refraction is found in the LCP wave, n_
(red dashed line), around the chirality peak, while n; (blue
solid line) is positive. At 2.1 GHz, LF, is significantly lower
(<0.3), as presented in figure 5(g), while LF_ is high (>1.0).
Therefore, this media can block the LCP wave.

Figures 6(a) and (b) present the transmission coefficients
of the 3D double helices. The LCP resonance dip location
obtained from the simulation (2.04 GHz) and measurement
(2.05 GHz) is slightly different. Similar to the single helices,
the RCP wave can propagate through these right-handed
double helices, while the LCP wave is truncated. Hence, if
the LCP wave is desired instead of the RCP wave, it can
be accomplished by reversing the helix orientation into a
left-handed format. The difference between the transmission
phase of the RCP and LCP wave is significant; therefore
i is greater [22] than in single helices. The transmission
phases of the LCP and RCP are shown in figures 6(c) and



J. Opt. 14 (2012) 105103

A Sonsilphong and N Wongkasem

Simulation

Measurement

-

"‘

B LF 14/
o (@) 14 (h) ki A
%3 N\ Lk E Ll \ 13
~ i i . £ L8 ‘,t\
a - |' ..... LF g L 1
B 2 P § \ 12
© i ! ) 7
s r'.. 1 4 \'\
n L~ \\ f
", .
g o
3 £

et ~SSsanmnmen] : :
2 25 B3R BEs 3 35
Frequency (GHz) Frequency (GHz)

Figure 5. Simulation and experiment results of 3D planar single helices: (a) and (b) transmission amplitude, (¢) and (d) transmission phase
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the average value.

(d). n,ny,n_ and « are illustrated in figures 6(e) and (f).
The results from the simulation and measurement show the
same overall tendency. In the frequency region from 2.0 to
2.4 GHz (measurement), n_ (red dashed line) is negative,
while n, (blue solid line) and « (black dashed dotted line) are
positive. It is important to state that at the LCP resonance dip
the negative index peak from the LCP wave is significantly
high (n— = —9.91, measurement) compared to the positive
index peak of the RCP wave (ny = +1.01, measurement).
Hence, the effective or average refractive index is negative
with a high value (n = —4.45, measurement). Note that it is
rare for the effective refractive index of chiral metamaterials
to be negative [ 23]. The LF is shown in figure 6(g), with LF
being less than 0.3, and LF_ higher (>1.0).

3. Conclusions

Simple 3D planar single and double helices are proposed. The
chirality index of the two types of helices can be controlled
by adjusting the structure orientation. Their electromagnetic
properties are similar to those of the conventional helices.
Due to their strong optical activity, the effective refractive
index of 3D planar double helices is found to be negative.
The simulation results are in good agreement with the
measurement results.
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Abstract

Conjugated bi-layer Cg metamaterials are proposed. Chirality and refractive index can be
controlled effectively by the structure geometry. Extreme chirality results in a high negative
refractive index for both right- and left-circular polarized excitations. The conjugated bi-layer
Cg structures are fabricated and tested in microwave regimes. The measurement results are in
good agreement with the simulation results. These proposed structures are additional
promising candidates for high negative refractive index metamaterials which will facilitate

different applications.

Keywords: chiral, negative refractive index, metamaterials

(Some figures may appear in colour only in the online journal)

1. Introduction

Due to optical rotary dispersion (ORD) or optical activity,
as an electromagnetic (EM) wave propagates through lossy
chiral materials, the wave splits into two waves with different
phase velocities, refractive indices and different direction of
rotation, defined as left- and right-circular polarization (LCP
and RCP). The two circularly polarized waves then combine
at the chiral-end and propagate out from the chiral media
as an elliptically polarized wave based on circular dichroism
(CD). These two important features in chiral materials
are advantageous in optoelectronic devices, specifically for
polarization control and spitting light applications [1].
Chirality (k) found in bi-isotropic and bi-anisotropic
materials in the magnetoelectric coupling term [2-4] is
typically weak for natural chiral materials, e.g., for quartz,
k =5 x 1073 at » = 400 nm [5]. There have been efforts
to design chiral metamaterials in three-dimensional (3D) and
planar orientations [6-23] in order to control the chirality
index and obtain special EM properties, for instance, negative
refractive index [5, 9-11, 14-18] and broadband polarizers [7,
24]. Chirality is connected to the refractive index as follows:
ny = /e £k and k = (ny + n_)/2 [18], where ()4 and
()— signify parameters of RCP and LCP waves respectively.
High chirality leads to negative refractive index [25], as

2040-8978/12/075101+14$33.00

well as high refractive index, both of which are essential in
several photonics applications, e.g. LEDs [26], lenses [27],
multiplexing or demultiplexing devices [28] and fast-neutron
spectrometry and imaging [29], to name but a few.

This paper discusses how to geometrically manipulate the
chirality and refractive index in chiral metamaterial structures,
by focusing on the conjugated bi-layer Cg structures [14,
21], based on their well-defined chiral properties [22], as
well as their easily adjustable orientations. The orientation
parameters consist of two main parts, being the direction of
the arms and the twist angle, to establish two study cases,
A and B. Three geometric parameters, i.c. the twist angle
between the structures on each layer, the ratio between the
main axis and the arm, and the angle between the main axis
and the connected arm are studied. These parameters are
observed Lo investigate the transmission coefficients, as well
as the chirality and refractive indices. High negative refractive
index conjugated bi-layer Cg structures with low loss are
fabricated and measured to confirm the design concept.

2. Chirality control in C,, metamaterials

The Cg structure, shown in figure 1, is selected to investigate
the EM parameters. The transmission properties are first
obtained by CST Microwave Studio® and then used to

© 2012 IOP Publishing Itd Printed in the UK & the USA
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Figure 1. Cg structure.

extract the chirality and refractive index [15, 18,19, 22). The
geometrical parameters are also illustrated, where Hy and Hs,
respectively, are the main axis and the arm of the structure.
w is the linewidth, A® is the angle between the main axis and
the connected arms, and B° is the angle between the adjacent
main axis.

Two conjugated bi-layer formats of Cg structures, shown
in figure 2, are selected to investigate the electromagnetic
properties, with regard to their well-defined chiral orientation.
It is important to stress that the retrieval procedures [15, 18,
19, 22] can only apply in purely chiral structures, where the
cross transmission coefficients (74— and T_4), as well as the
reflection coefficients (R—_ and R, ; ), must be identical [22].
Case A, shown in figure 2(a), presents twisted structures with
an angle ¢, where the arms of each structure lie in opposite
direction as ‘the mirror’ twisted layout. The two structures
are located on top of each other, with a substrate inserted
in between. In case B, illustrated in figure 2(b), the two
structures with opposite arms are placed on top of each other;
therefore, there is no twist angle. The bi-layer structures in
both cases are set using a periodic boundary. The Propagation

direction, k, electric field, E, and magnetic field, H, are

Figure 3. Case A of the conjugated bi-layer Cg structures where the
angle ¢ between the two structures is twisted.

referenced in both cases. A double copper-clad Arlon Di 880
board is used as a substrate in all simulations. The dielectric
constant of the substrate board, ¢,, is 2.2, with a dielectric
loss tangent of 0.0001. The dimension parameters are given
as follows: a; =a, =37 mm, w = 2.8 mm, H; = 15.7 mm,
s = 0.254 mm and B = 360°/n. The copper thickness,
tm, 18 0.03 mm. These parameters are used in all studies.
Based on the broken symmetry and therefore electromagnetic
coupling, both conjugated bi-layer Cg structures can generate
chirality [21]. These formats are further investigated with
respect to the twist angle (), the ratio between the main
axis and the connected arm (H,/H;) and the angle between
the main axis and arm (A). Chirality and refractive indices
are both connected to the geometrical orientation of these Cg
structures.

2.1. The angle between two structures (twist angle: ¢)

The transmission and reflection coefficients, refractive (n) and
chirality («) indices of the conjugated bi-layer Cg structures,
where the angle ¢ between the two bi-layer structures is
varied, are observed. The angle ¢ is adjusted by rotating
the Cg structure on the back side, as presented in figure 3.
The three different twist angles are: ¢ < B/2, ¢ = B/2 and
¢ > B/2, where B = 45°. The dimension parameters are set

(b)

Figure 2. Two conjugated bi-layer formats of Cg structures: (a) case A: twisted Cg structures with opposite arm orientation and (b) case B:

non-twisted Cg structures with opposite arm orientation.
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Figure 4. § parameters, refractive and chirality index of the conjugated bi-layer Cg case A: (a), (b) ¢ < B/2, (c), (d) ¢ = B/2 and

(e), (H ¢ > B/2.

as (H,/H,) = 2 and A = 60°. Note that ¢ is always zero for
case B. Therefore, in this study, the focus is only on case A.
Figure 4 illustrates S parameters, refractive and chirality
index of the conjugated bi-layer Cg structures case A. The
transmission coefficients (S7;) of the RCP wave and LCP
wave are different at the first or the dominant resonance
at 3.18 GHz for ¢ < B/2, 4.64 GHz for ¢ = B/2, and
4.36 GHz for ¢ > B/2, as marked in figures 4(a), (c) and (e).
These stress the occurrence of chirality presenting at the

same frequency. The refractive and chirality index are shown
in figures 4(b), (d) and (f). The reflection coefficients of
the RCP and LCP wave of each case of angle ¢ are alike.
The small values of cross transmission coefficients (7T _
and 7_,) of each case are also identical (not shown in this
paper). This proves that these conjugated bi-layer Cg cases
A have well-defined chirality. Based on the high chirality
(=100 to +100), negative refractive indices are generated.
The refractive index of the LCP wave (n_) from all ¢ is
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Figure S. (a) Chirality index, (b) refractive index and (c) figure of merit of the conjugated bi-layer Cg case A.

significantly high, resulting in a negative value of the effective
or average refractive index (n).

The chirality and effective refractive indices, as well as
their figure of merit (Im(x)/Re(x)) focusing on the negative
refractive index, are shown in figure 5. A high negative index
is generated at the chirality peak of the structure, which is
¢ < B/2 (n=-70 at 3.18 GHz), ¢ = B/2 (n = —29.75 at
4.64 GHz) and ¢ > B/2 (n = —54.75 at 4.36 GHz). It should
be stated that the figure of merit of the structure, illustrated
in figure 5(c), where ¢ = B/2 and ¢ > B/2, is significant
low, less than 0.1, implying good transmission. These areas
are surrounded by a square.

Figure 6. Case A of the conjugated bi-layer Cy structures where the
ratio of the main axis and the connected arm is varied.
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Figure 7. S parameters, refractive and chirality index of the conjugated bi-layer Cg case A: (a), (b) H, < d/2, (¢), (d) H =d/2 and

(), (O H> > dJ2.

2.2. Ratio of the main axis and the connected arm (Hy/H3)

In this study, the main axis is fixed at 15.7 mm. The connected
arm, H», is set with respect to the distance between the
ends of the two adjacent main axes, d, where Hy < d/2,
H> = d/2 and H, > d/2, as shown in figure 6. The isosceles
triangle theory is obtained to determine the angle between
the main axis, A, and H», as follows: A = (180 — B)/2,

d= 2\/”12 — (Hj cos(B/2)?). S parameters, and the refractive
and chirality index of case A and B are illustrated in figures 7
and 9, respectively.

The chirality peak of the conjugated bi-layer case A
with Hy < d/2 and H, > d/2 is located at a similar
frequency, around 3.0 GHz, as shown in figures 7(b) and (f).
The effective refractive index is negative due to the large
negative value of ny and n_, respectively. However, since
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Figure 8. (a) Chirality index, (b) refractive index and (c) figure of merit of the conjugated bi-layer Cg case A.

the transmission coefficient of the RCP and LCP wave of
the bi-layer with H, < d/2 and H, > d/2 (figures 7(a) and
(e)) is poor, respectively at —20.25 dB and —18.93 dB, these
two structures are highly lossy. The figure of merit, shown in
figure 8(c), supports the above-mentioned data.

The difference between the transmission coefficients of
the RCP and LCP waves is found in all orientations of the
bi-layer in case B, as shown in figures 9(a), (c) and (e), at
4.15 GHz, 3.28 GHz and 3.23 GHz, respectively. The chirality
peak (figures 9(b), (d) and (f)) is found at the above-mentioned
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frequency. In this case, the extended length of the connected
arm raises the broken symmetry, so that the chirality is larger
if H, is longer. There is a negative refractive index for Hy =
d/2 and Hy > d/2, while for Hy < d/2 the chirality is small
and there is no occurrence of the negative index. The effective
refractive index is negative due to the large negative value of
n_. The negative refractive indices are large, down to —80.
The figure of merit of both cases presented in figure 10(c) is
below 0.2 and 0.3, respectively, which is highly acceptable.

2.3. Angle between the main axis and the connected arms, A°

Figure 11 shows the bi-layer Cg case A, where the angle
between the main axis and the connected arms is varied at 15°,
45°and 75°. Other parameters are set as follows: ¢ < B/2,
Hy = 15.7 mm and H; = d/2 mm. The S parameters and
indices of the bi-layer Cg case A and B based on the angle
A° are illustrated in figures 12 and 14, respectively.
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Figure 10. (a) Chirality index, (b) refractive index and (c) figure of merit of the conjugated bi-layer Cg case B.

In case A, the angle A° controls the resonance location
due to the structure capacitance generated from the two arms
or the mutual pair from the front and back board. As the
angle A° gets wider, the capacitance is larger; therefore, the
resonance is found at a lower frequency, which is valid for
both RCP and LCP excitations illustrated in figures 12(a),
(c) and (e). The effective refractive index is negative at the
resonance for all angles; however, the value is low, n =
—14.21, n = =3.46, and n = —4.54 for A = 15°, A = 45°
and A = 75°, respectively, as shown in figure 13(b). Moreover,

these conjugated cases are highly lossy in the negative index
band, as indicated (circled) in figure 13(c).

In case B, the angle is directly proportional to the broken
symmetry and, therefore, the chirality. The chirality is very
small when A = 15°, and there is no incidence of the negative
refractive index, shown in figures 14(b), (d) and (f). There are
three chirality peaks located within the operating frequency of
the conjugated structures with A = 45° and 75°. The effective
refractive index is found to be negative at those six chirality
peaks, as illustrated in figures 15(a) and (b). The third negative
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Figure 11. Case A of the conjugated bi-layer Cg structures where
the angle A° between the main axis and the connected arms is

varied.
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refractive peak of the conjugated Cg, n = —55.86 at 3.7 GHz
and n = —79.68 at 3.30 GHz, with A = 45° and A = 75°,
stress the good transmission regarding the low figure of merit
at 0.12 and 0.2, respectively, as illustrated in figure 15(c).

3. High refractive index Cg chiral metamaterials

The conjugated bi-layer Cg case B shown in figure 16 is
selected to further investigate the high indices. The structures
are fabricated on Arlon Di 880 boards. The dielectric constant
of Arlon Di 880 board is 2.2+0.0009i. The thickness of
copper is 0.03 mm. The dimension parameters of the bi-layer
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Figure 12. § parameters, refractive and chirality index of the conjugated bi-layer Cg case A: (a), (b) A = 15°, (¢), (d) A = 45° and (e),

(HA=75°.



J. Opt. 14 (2012) 075101 W Panpradit et al
40+ — , A=15°
IIIII\K,A_—_45°
20} 2 ===y, A=75" |
L
/I w2
20} ' £
_4 1 1 1 1 1 1 L L 1
0 2.2 24 26 2.8 3 3.2 34 3.6 3.8 4
Frequency (GHz)
(a)
50
1 s, A=15° i
40
,ﬁl 5 LD p A=45° 1 I’
— Ty 1t |2~ =n,A=75" -
20 7 1L': > —-"‘P
=l e b e ..--::‘__"““,,..--
10”1”'.%.-JJ o —e .--—--—-“:-tl-lu?"' /
c e 4
0 s = X: 3.436
-10 X: 2488 —— 1 X:2.608 Y:-14.21
Y: -4.539 Y:-3.463 I I ]
-2 < .
i 2.2 24 2.6 2.8 3 D 34 3.6 3.8 4
Frequency (GHz)
(b)
1 T T . ‘.= T T l l T T T
h = N
i - i
_ 08 |: :E i : — T
~ g = [ A=15
S :. l EmsEn —
D 0.6 | :: 3 ;! A=45°
3 T I s el
04t : : i
E Iy
- | s iy i
0.2 “. 1y
. i i
0
2 2.2 24 26 2.8 3 3.2 3.4 3.6 3.8 4

Frequency (GHz)

(c)

Figure 13. (a) Chirality index, (b) refractive index and (c) figure of merit of the conjugated bi-layer Cg case B.

structures are set as: x =y = 37 mm, w = 2.8 mm, H
15.7 mm, B = 360°/n, t = 0.03 mm, s = 0.254 mm, H,
d/2 mm, A = 50°. The RCP and LCP excitations are set along
the —z direction. The transmission (S;) and reflection (S{1)
coefficients of the cross- and co-polarizations are measured by
a vector network analyzer (HP8753D), using horn antennas as
the excitation and receiving ports.

Figures 17(a) and (b) show the transmission coefficients
of RCP and LCP waves, amplitude and phase, respectively, of
the conjugated bi-layer Cg structures, case B. There are two
locations where the transmission coefficients (both amplitude
and phase) of the RCP and LCP wave are different. The
differences at the resonance locations confirm the chirality
index. The chirality and refractive indices are illustrated in
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figures 17(c) and (e). The first chirality peak (f = 2.94 GHz,
simulation) changes sign from negative to positive, while for
the second peak (3.11 GHz, simulation) the sign changes
from positive to negative. The chirality is in the range of
—60 to 80 (for both simulation and measurement). The
negative refractive index values from both excitations are
correspondingly extreme. Considering the RCP excitation,

the negative refractive index, nrcp = —130, is found at the
second chirality peak. On the other hand, for the LCP wave,
the negative refractive index, npcp = —170, is generated at

the first chirality peak. The figure of merit value at the two

negative index peaks, shown in figure 17(d), is low, less than
0.3, resulting in good transmission.

4. Conclusions

Two orientation cases of the conjugated bi-layer Cg
metamaterials based on the arm direction and the twist angle
are investigated. Three geometric parameters, i.e. the twist
angle between the structures on each layer, the ratio between
the main axis and the arm, and the angle between the main
axis and the connected arm, can be designed to control
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Figure 15. (a) Chirality index, (b) refractive index and (c) figure of merit of the conjugated bi-layer Cg case B.

the structures’ chirality. Structure modification based on the
inductances, capacitances, self- and mutual couplings, and
broken symmetry, extensively influences the locations and
value of the chirality and therefore has a strong impact on
negative refractive index properties. Conjugated bi-layer Cg
structures are fabricated and tested in the microwave regime.
The measurement results show extreme chirality, as well as
high negative refractive index, confirming the expectations.
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Figure 16. (a) A photograph (top view) and (b) a unit cell of the conjugated bi-layer Cg structures. The geometric parameters of both
structures are given as follows: x =y = 37 mm, w = 2.8 mm, H; = 15.7mm, B =360°/n, t = 0.03 mm, s = 0.254 mm, H, = d/2 mm.
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Narrow-band Wave Block by Chiral Metamaterials

Nantakan Wongkasem and Amornthep Sonsilphong
Metasolver Laboratory, Department of Electrical Engineering
Faculty of Engineering, Khon Kaen University, Khon Kaen 40002, Thailand

Abstract— EM wave block design using double-layer chiral metamaterials in microwave regimes
is proposed. One of the well-known chiral structures, Cg, proven to have low loss narrow band-
width, is employed in this design. The first layer is used to block one of the CP waves, while the
other CP wave is filtered out by the same chiral structure with opposite handedness. Different
distances between the two chiral layers are observed for the stopband location. These proposed
designs are additional promising candidates in EM wave block applications.

1. INTRODUCTION

Based on optical activity or optical rotary dispersion (ORD), as an arbitrary polarized electro-
magnetic (EM) wave propagates through lossy chiral media, the wave splits into two waves with
different phase velocities. These two eigenmodes, left and right circularly polarized waves (LCP and
RCP wave), with different refractive indices, cause the rotation of the polarization plane. At the
chiral-end, the two CP waves are then coupled and exit the media in one polarization configuration,
typically as an elliptically polarized wave due to the circular dichroism (CD) or absorption loss.

Chiral metamaterials have been proposed for broadband [1-3] and multi-band circular polariz-
ers [4,5], where different transformation responses for the LCP and RCP waves have been inves-
tigated. A designated CP wave of the two CP waves is blocked or filtered out depending on the
handedness or enantiomer orientation of the chiral structures [6]. However, when high values of
chirality index are generated, low loss circular birefringence is found [7, 8]. In this study, we propose
an EM wave block design using double-layer chiral metamaterials in microwave regimes One of the
well-known chiral structures, Cg [8,9], proven to have low loss narrow bandwidth, is employed in
this design. The first layer is used to block one of the CP waves while the other CP wave is filtered
out by the same chiral structure with opposite handedness. Different distances between the two
chiral layers are observed for the resonance location of the composite. These proposed designs are
additional promising candidates in EM wave block applications.

2. WAVE BLOCK BY Cg STRUCTURE

A low loss isotropic chiral structure, Cg [9], shown in Figure 1(a), is used in this study. An earlier
report has shown that chirality and refractive index can be controlled effectively by the structure
geometry [7]. H; and Hp, respectively, are the main axis and the arm of the structure; w is the
linewidth, A° is the angle between the main axis and the connected arms, and B° is the angle
between the adjacent main axis. With regard to its well-defined chiral orientation, a non-twisted
(g structure with opposite arm illustrated in Figure 1(b) is employed to genmerate handedness
properties. The two structures with opposite arms are placed on top of each other; hence, there is
no twisted angle. The bi-layer structures are set using a periodic boundary. A double copper-clad
Arlon Di 880 board is used as a substrate. The dielectric constant of the substrate board, e,
is 2.2, with a dielectric loss tangent of 0.0001. The dimension parameters are given as follows:

(a)

Figure 1: (a) Cg structure and (b) a unit cell of the conjugated bi-layer Cg structures [7].
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a; = ay = 37mm, w = 2.8mm, H; = 15.7mm, s = 0.254mm and B = 360°/n. The copper
thickness, t,,, is 0.03 mm.
A unit cell of left-handed (LH) and right-handed (RH) conjugated bi-layer Cg structures are

presented in Figure 2. The excitation is launched along —z axis. Electric field, E‘, and magnetic

field, H, are set along +y and +z axis, respectively. Figure 3 shows scattering (S) parameters
of the LH and the RH conjugated bi-layer Cg structures. The LCP wave can propagate through
the RH structures at the operating frequency f = 3.43 GHz; while the RCP wave is truncated.
Opposite results are found from the LH structures.

BN
XN

Figure 2: A unit cell of (a) LH and (b) RH conjugated bi-layer Cy structures.
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Figure 3: S parameters of (a) left-handed and (b) right-handed conjugated bi-layer Cg structures.
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The LH and the RH conjugated bi-layer Cg structures are combined to perform as a CMM wave
block. The two bi-layers are separated by a distance, d, as shown in Figure 4(a). S parameters of
the CMM wave block are investigated when d = A/4, d = A/2 and d = A. The resonances (Sa;)
of the LCP and RCP wave are almost overlapped when d = )\, confirming the complete CP wave
block at the composite resonance frequency f = 3.40 GHz.

3. CONCLUSIONS

Double-layer LH/RH chiral metamaterials are designed as EM wave block. The conjugated bi-layer
Cy structures are selected as low loss chiral metamaterials. The composite structure is composed
of an array of LH and an array of RH chiral metamaterials. RCP wave is blocked by the LH set
while LCP wave is filtered out by the RH set. The complete CP block is found when the distance
between the two layers equals a wavelength at the operating frequency.
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Light-weight radiation protection by non-lead materials
in X-ray regimes

A. Sonsilphong'

Abstract — A double-layer W/Bi sheet is proposed for a X-ray
radiation protection at the energy range of 70 keV to 90 keV.
Comparison of X-ray transmission intensity between
simulation and measurement results is presented.
Transmission intensity of X-rays with various incident angles
is observed. This designed W/Bi sheet, only 0.14 mm thick,
provides the same X-ray protection properties as the standard
0.50 mm Pb, and is 47% lighter.

1 INTRODUCTION

X-ray is an electromagnetic wave widely used in
many applications such as medical radiography, X-
ray crystallography, and security systems etc. Lead
(Pb) is a standard material used to shield X-ray
propagation in an X-ray imaging system. Because
lead is a heavy metal, the weight of Pb protective
garments is high, which can lead to back pain when
lengthily used [1]. Moreover, lead becomes toxic
when it is out of date, approximately after 10 years
[2]. Therefore, most recent research focuses on
reducing the weight of protective garments by using
composite  materials = with  different = K-edge
absorption, for example, bi-layer of tungsten (W) and
bismuth (Bi), and nano-metal with polymer metric,
etc.

The powdered compounds such as bismuth oxide
(Bi,03), and gadolinium oxide (Gd,03), and bi-layer
of tungsten (W) and bismuth (Bi) were studied to
reduce the transmission spectra and the weight of
garments [2,3]. Nano-metal with polymer metric or
rubber was presented as well [4-7]. The standard lead
thicknesses are 0.50 mm, 0.35 mm, and 0.25 mm.
The thickness depends on the transmission intensity
which is directly related to the applied voltage at an
X-ray tube. The energy range of 40 keV to 120 keV
is normally used in the diagonal X-ray.

This paper discusses the protective non-lead
materials for diagnostic imaging within the X-ray
energy range of 70 keV to 90 keV. The transmission,
reflection, and absorption spectra will be observed
and compared with the standard 0.50 mm Pb sheet.
The electromagnetic (EM) properties are obtained by
Fresnel’s equations. The EM properties from various
incident angles of X-rays will be also investigated.

2 THEORIES AND METHODS

The transmission, reflection, and absorption spectra
are calculated from Fresnel’s equations [8-10]. The
multi-layer stack used in this design is shown in fig. 1.
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The incident wave propagates from left to right with
the angle, 6. n and d are the refractive index and the
thickness of each layer, respectively, where the
subscription NV, is the number of the layers. »n, and

n, are the refractive indices of the free space. The

transmitted angle of each layer can be obtained from
Snell’s law. If the excited wave propagates
perpendicularly to the multilayer stack, 6, is equal to
zero. i is the integer number, 1, 2, 3,..., i, i+1,...,
N, indicating the number of layers.
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Figure 1: Multi-layer stack.

The refractive index at X-ray regimes used in this
calculation is obtained from the NIST Physical
Measurement Laboratory [11,12]. The weight ratio can
be obtained from:

N
. > pulyz),
%Wralio | = :

Wpb - Prb (JO’Z )Pb

0]

When the materials have the same dimensions but
different thickness, the weight ratio can be obtained
by:

N

PN

YW . aiio = —_— 2

PrbZpp

where pand z are the density (g/cm’) and the

thickness (cm) of materials, respectively. From

equation 2, we can calculate the weight ratio. If the

weight ratio is less than 1, it means that the weight of

the designed materials is lighter than the standard 0.50
mm Pb.
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3 SIMULATION RESULTS

To validate a multi-layer method, the simulation
results are compared with the measurement results
[13], as illustrated in fig. 2. Three thicknesses, 0.5
mm, 1.0 mm, and 2.0 mm, of a Pb sheet are studied.
The X-ray intensity decreases when the Pb thickness
increases. The simulation results are in good
agreement with the measurement results.
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Figure 2: Comparison of X-ray transmission intensity
between simulation and measurement results.
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Figure 3: (a) Transmission, reflection and absorption
spectra versus energy and (b) normalized transmission
intensity of a 0.50 mm Pb sheet with different incident
angles.

Figure 3 shows the EM properties of the standard
0.50 mm Pb sheet. Within the energy range of 70 keV
to 90 keV, the 0.50 mm Pb sheet can absorb more than
60% of X-rays, as shown in figure 3(a). The
reflectance of the 0.50 mm Pb sheet is significantly
small, close to zero. Figure 3(b) shows the
transmittance of the X-rays with various incident
angles at 59 keV and 69 keV. It can be seen that at 59
keV the 0.5 mm Pb sheet can absorb the X-ray better
than at 69 keV (less transmission intensity); for
instance at 40 degrees, the transmission intensity at 59
keV is 45%, while it is 63% at 69 keV. Note that this
is because of the higher value of the imaginary part of
the refractive index term.
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Figure 4: Transmission spectra of W and Bi and 0.50
mm PB at the same weight.
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Figure 5: Transmission spectra of double-layer W/Bi
sheet and 0.50 mm PB at same weight.

The transmission properties of tungsten (W) and
bismuth (Bi) are investigated in X-ray regimes. It is
important to stress that both W and Bi are relatively
inexpensive and also easy to find in nature. Figure 4
illustrates the simulation results of the transmission
spectra of a single-layer W and a single-layer Bi sheet.
The W sheet and Bi sheet both have the same weight
as the 0.50 mm Pb sheet. The thicknesses of W and Bi
are 0.29 mm and 0.58 mm, respectively. The
transmission intensity of the W sheet is lower than that



of the 0.50 mm Pb in the energy range of 70 keV to 90
keV, while the transmission intensity of the Bi sheet is
similar to that of the 0.50 mm Pb sheet.

The double-layer W/Bi sheet is investigated. This
W/Bi sheet is set to have the same weight as the
standard 0.5 mm Pb sheet. The thickness ratio between
W and Bi, y, is equal to 0.5. Therefore, the

thicknesses of W and Bi are 020 mm. The
transmission spectra of the W/Bi sheet is lower than
that of the 0.50 mm Pb sheet in the energy range of 70
keV to 90 keV, which is illustrated in figure 5.
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0.8 »==W/Bi,y=0.51
o = =\W/Bi, y=0.3
3
© 06
=
2
5 04
e
0.2

.

(et
0 20 40 60 80 100 120
Photon Energy (keV)

Figure 6: Transmission spectra of double-layer W/Bi
and 0.50 mm Pb, where y is varied.

The double-layer W/Bi sheet is then observed in
different thickness ratios at y = 0.8, 0.5, and 0.3. The
thickness of W is fixed at 0.20 mm. The thicknesses of
Bi are 0.05 mm, 0.20 mm, and 0.47 mm for the
thickness ratio of 0.8, 0.5, and 0.3, respectively. At ¥
= 0.8, the 0.25 mm double-layer W/Bi sheet is 24%
lighter than that of the standard 0.5 mm Pb sheet.
Furthermore, to obtain the same transmission intensity,
the double-layer W/Bi sheet is 47% lighter than that of
the standard 0.50 mm Pb in the energy range of 70
keV to 90 keV. Here, y= 0.5, where W and Bi have

the thickness of 0.07 mm.

4 CONCLUSIONS

A double-layer W/Bi sheet is designed and proposed
to shield X-ray radiation in the energy range of 70
keV to 90 keV. This 0.17 mm W/Bi sheet is proved
to provide the same protection properties as the
standard 0.50 mm Pb and is 47% lighter.
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