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Dual-band all-dielectric chiral photonic crystal

Abstract

We present an all-dielectric chiral photonic crystal that guides the propagation of
electromagnetic waves without backscattering for dual bands. The chiral photonic
crystal unit cell is composed of four dielectric cylinders with increasing inner diameter
clockwise or anticlockwise, which leads to chirality. It is demonstrated that the proposed
chiral photonic crystal can generate dual band gaps in gigahertz frequency range and has
two types of edge states, which is similar to topologically protected edge states. Hence,
the interface formed by the proposed two-dimensional (2D) chiral photonic crystal can
guide the propagation of electromagnetic waves without backscattering, and this
complete propagation is immune to defects (position disorder or frequency disorder). To
illustrate the applicability of the findings in communication systems, we report a

duplexer and a power divider based on the present all-dielectric chiral photonic crystal.

Key words: all-dielectric chiral photonic crystal, edge state, robust transmission,

waveguide, duplexer, power divider

1 Introduction

The ability to control electromagnetic signals and energy has been one of the most
important technological challenges. The introduction of topology brings this challenge
into a new stage [1-3]. The topological insulator [4-6] is a quantum state with internal
insulation and surface conductivity [7,8], which can exhibit topologically protected edge
states. Recently, topological insulators have been extended to further areas of mechanics
[9-14], acoustics [15-22], photonic [23-28] and electronics [29] with particular interests
focusing on achieving topologically protected edge states that are immune to
backscattering.

In recent years, photonic equivalents of condensed matter topological insulator
have led to unprecedented opportunities in the control of electromagnetic waves [30-35],
that has profound practical implications. Previously, topological edge states based on
Quantum Hall effect were realized by applying external magnetic fields to break the

time-reversal symmetry [36-40]. After that, the photonic crystals based on Quantum
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Spin Hall effect were proposed, which do not need to break the time-reversal symmetry
[41-44]. In these photonic crystals, the topological nontrivial edge states are obtained by
adjusting the parameters properly, and waveguides can be implemented by using the
photonic crystals. For example, Gao presented a 2D all-dielectric photonic crystal,
which confirms tunability and robustness of the topologically protected edge states [42].
Huang demonstrated topological protection of the edge states and reconfigurable
topological one-way propagation, by inhomogeneously changing the ellipse orientation
[44]. However, these systems only support the robust edge states along an interface
between the topologically nontrivial and trivial photonic crystals, which is a stringent
limitation for practical applications. More design flexibility and potential additional
functionalities could be achieved if multiple types of robust edge states which is similar
to topologically protected robust edge states are implemented in photonic systems.
Recently, chiral structures have gradually been investigated in photonic crystals,
which provide a new method to control the transmission of electromagnetic waves. A
more robust property (chirality) is introduced into the photonic crystals [45-47]. As
reported, most of these chiral structures are constructed by using air cavity structures or
metal inclusions [48,49]. For example, Geng proposed a chiral 2D photonic crystal to
realize the robust edge states transmission [48]. Orazbayev proposed a chiral protected
optical waveguide, and verified its strong robustness and subwavelength transmission in
experiments [49]. Although great progress has been made in the research of chiral
structures, it is still a challenge for achieving multi-band all-dielectric chiral structure.
Unlike the previous reported chiral photonic crystal, in this work, we propose an
all-dielectric dual-band chiral photonic crystal. The square unit cell of the all-dielectric
chiral photonic crystal proposed here consists of four dielectric cylinders with different
inner diameters. Depending on the rotational arrangement of the increasing inner
diameter cylinders, the chiral photonic crystal displays two types of chirality. Both the
chiral photonic crystals can generate dual-band gaps in gigahertz frequency range with
associated edge states. We construct waveguides by using the present 2D structure. The
numerical results show that the electromagnetic wave can propagate along the
waveguide robustly without backscattering, and the transmission is immune to the
defects (position disorders or frequency disorders). The proposed chiral photonic crystal
can serve as a platform for basic on-chip components, illustrated here by a duplexer and

a power divider.

2 Design and Analysis
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Numerical simulations are performed by using a commercial simulation software High
Frequency Structure Simulation Software (HFSS) based on three-dimensional finite
element numerical analysis. In the simulation, all excitations are Hertzian-Dipole wave
external source, and the red star indicates the external source. As shown in Figure 1(a),
the proposed cylindrical dielectric is a high-dielectric constant ceramic with the relative
permittivity of & = 110 and tand = 0.0006. Such a ceramic can be obtained with a
composition of CaO: SrO: Li20: Sm203:TiO2= 15: 1: 9 :12 :63 [50]. The outer diameter
and height of the cylindrical dielectric are d = 8 mm and /# = 7.47 mm, respectively. The
lattice constant is a1 = 13 mm. As the inner diameter of the cylindrical dielectric di
varies from 2.35 mm to 5.15 mm, the resonance varies from low frequency to high
frequency as shown in Figure 1(b). We choose four cylindrical dielectrics corresponding
to the resonance frequency of 3.6 GHz (/1), 3.8 GHz (/2), 4.2 GHz (f;) and 4.6 GHz (f»)

to form a chiral subarray.
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Figure 1. (a) Schematic view of the cylindrical dielectric cell. (b) Resonance curves for the various

d.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-129553.R1

Je

Frequency

4.8
k N LR R TE £E PR TTRTRRS PRy tieees

. .
-------------

ooooo
.
...........

b
~
1

.....
..
.

.o
......

.....

ok
o
1 1

. .
---------

Frequency(GHz)

------
.......

.....
.

L
eoe .

. .
csees® *eseas

Figure 2. (a) Schematic diagram of the CCW chiral subarray. The lower panel is the electric field
distribution of the CCW chiral subarray. (b) Schematic diagram of the CW chiral subarray. The lower
panel is the electric field distribution of the CW chiral subarray. (¢) Energy band diagram shared by

the two kinds of chiral subarrays.

As shown in Figure 2, the lattice constant of the chiral subarray is a = 26 mm (a =
A3, Jc 1s the wavelength corresponds to fo =4 GHz), which is twice than /= 13mm (/ =
a1). As shown in Figure 2(a) and 2(b), the four cylindrical dielectrics (f1, f2, f3, f+) are
arranged counterclockwise (CCW) or clockwise (CW) in a square lattice to form CCW
chiral subarray or CW chiral subarray. CCW and CW chiral subarray show opposite
chirality. The lower panel of Figure 2(a) and 2(b) show the electric field distributions of
the two types of chiral subarrays, which indicates clearly that each resonant mode
corresponds to one specific cylindrical dielectric cell. It is notable that the field energy is
mainly localized on the resonator, but not between the resonators, which indicates that
the coupling between the resonators is week. Since each cylindrical dielectric has the
same eigen-frequency, these two kinds of chiral subarrays show the same dispersion

relation. Figure 2(c) shows the energy band diagram of the two kinds of the chiral
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subarrays, where two band gaps are observed near the frequencies of 3.9 GHz and 4.3

GHz.
3 Edge states

3.1 Same chirality-induced edge states

Since the two kinds of chiral subarrays show the same dispersion, we investigate the
edge states characteristics of the one-dimensional (1D) chain composed of the same
chiral subarray. These edge states are demonstrated by using CCW chiral subarray as an
example. We arrange the chiral subarray into 1D chain in x direction and y direction,
respectively.

Firstly, we investigate the edge states arranged by the CCW chiral subarray along x
direction. As shown in Figure 3(a), we construct a 1D chain composed of 10 CCW
chiral subarrays arranged in x direction. Figure 3(b) shows the energy band diagram,
where the red curves represent the edge states and the black curves represent the bulk
modes. As kx = 0.57/a, four edge modes corresponding to four different frequencies are
chosen from the dual band gaps, and the corresponding electric field distributions are
presented in the right panel of Figure 3(b). It is shown that the electric field energy is
mainly concentrated in the interfaces, indicating the existence of the edge states.

Secondly, we investigate 1D chain edge states arranged by the CCW chiral
subarray along the y direction. As shown in Figure 4(a), we design a 1D chain consisting
of 10 CCW chiral subarrays arranged in y direction. Figure 4(b) shows the energy band
diagram of the corresponding 1D chain. We also focus on four edge modes at kx=0.57/a.
The corresponding electric field distributions indicate that the energy is also mainly

concentrated in the interfaces.
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Figure 3. (a) 1D chain arranged by the CCW chiral subarray along the x direction. (b) Energy band

diagram and the field distribution of the four edge modes.
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Figure 4. (a) 1D chain arranged by the CCW chiral subarray along the y direction. (b) Energy band

diagram and the field distributions of the four edge modes.

3.2 Opposite chirality-induced edge states

In order to study the edge states at the linear chain constructed by subarrays with

opposite chirality, we firstly analyze the resonant eigenmodes that are supported by the

CW-CCW subarray formed by the two adjacent chiral subarrays as shown in Figure 5.

Since this CW-CCW subarray (composed of eight cylindrical dielectrics) contains a new

formed nonchiral subarray at the interface,

it is expected to support additional

eigenmodes. We focus on this new mode at resonance frequency of f.1, where the

electric field distribution is presented in the lower panel of Figure 5(a). It is shown that
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the mode at fa1 is monopolar symmetric, and each cylindrical dielectric is oscillating in
phase. Figure 5(b) presents the energy band diagram of the composite 1D chain
composed of five CW chiral subarrays and five CCW chiral subarrays, where there is a
new edge state near the frequency of fui. The lower panel of Figure 5(b) presents the
simulated electric field distribution of the composite 1D chain, which shows that the
energy is confined the interface of the nonchiral subarray. This property makes them

good candidates as an elementary unit cell to create waveguide in an extended 2D

structure.
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Figure 5. (a) CW-CCW subarray structure and the electric field distribution. The nonchiral subarray

formed a new interface indicated with a black dashed line. (b) Energy band diagram of the composite

1D chain, and the electric field distribution at the frequency of /1.

In order to study the robustness of the edge state arising by the nonchiral subarray,
we introduce a position disorder [51] and a frequency disorder in the 1D chain as shown
in Figure 6(a). Monopolar mode fu1 has a good immunity to perturbation. To this end, we
focus on the mode near the frequency of fai.

We first consider the edge state while introducing a position disorder. As shown in
the left panel of Figure 6(a), the position disorder is obtained by moving the four
cylindrical dielectrics of the nonchiral subarray by a distance R (randomly chosen R
from 0 to a/2 in the xoy plane). The simulated electric field distribution near the
frequency of fa1 is presented in Figure 6(b), which indicates that electric field energy is
still localized in the interface. Next, we investigate the edge state while introducing a

frequency disorder. As presented in the right panel of Figure 6(a), we introduce the



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-129553.R1

frequency disorder dfc (|dfc| < 0.2 GHz, fc = 4 GHz) to the four cylindrical dielectric cells.
The simulated electric field distribution near the frequency fu1 is shown in Figure 6(c). It
can be seen that the electric field energy is still localized at the interface, indicating the

proposed chiral subarray has a good robust edge state.

(a) Position disorder Frequency disorder

(b)

(c)

CW CCW

Figure 6. (a) Two kinds of perturbations: position disorder (left panel) and frequency disorder (right

panel). Electric field distribution for (b) the position disorder and (c) the frequency disorder.

4 Chiral waveguides and robust transmission

4.1 Waveguides consisting of the CCW chiral subarrays

To better understand the transmission of electromagnetic waves in the edge states, we
construct 2D square-waveguide by using the present chiral subarray. The CCW chiral
subarray is firstly arranged into a 1D chain along the x direction, and then a 2D
square-waveguide can be obtained by repeating the 1D chain along the y direction as
shown in Figure 7(a). Figure 7(b) presents the electric field distribution of the 2D
square-waveguide at 3.95 GHz within the first band gap, and Figure 7(c) presents the
electric field distribution at 4.29 GHz within the second band gap. As demonstrated by
Figure 7(b), electromagnetic waves propagate along the interface 12 and interface 13
with no obvious diffusion of backscattering in the first band gap. In contrast, as shown
in Figure 7(c), the edge state in the second band gap propagates only along the interface
12. Figure 7(d) shows the transmission spectrums. Figure 7 shows that the transmission
spectrums are in agreement with the simulated electric field distributions. Combined

with Figures 7(b) and 7(d), it can be seen that the electromagnetic wave can
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simultaneously transmit along the interface 12 and interface 13 at 3.95 GHz, where high
transmissions are observed. Combined with Figures 7(c) and 7(d), the electromagnetic
wave can only transmit along the interface 12 at 4.29 GHz, where a high transmission is
also achieved.

The 2D square-waveguide shown in Figure 7(a) is formed by repeating a 1D chain
along the y direction. It can be observed that the 1D chain is formed by a CCW chiral
subarray along the x direction. Therefore, combined with the first edge mode shown in
Figure 3(b), there is no edge state in the interface 13 at 4.29 GHz. Thus, electromagnetic
waves cannot propagate along the interface 13. This feature enables us to envision

frequency-dependent unidirectional waveguide.
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Figure 7. (a) 2D square-waveguide composed of the CCW chiral subarrays. Electric field
distribution of the 2D square-waveguide at (b) 3.95 GHz and (c) 4.29 GHz. (d) Transmission

spectrums of the 2D square-waveguide.

To demonstrate the robust propagation of the 2D structure as a waveguide, we
construct a 2D L-shaped waveguide as shown in Figure 8(a). The Figure 8(b) shows the
electric field distribution at the frequency of 4.29 GHz. The transmission spectrum
presented in Figure 8(c) shows that a high transmission can be obtained around 4.29
GHz. The result is in agreement with the simulated electric field distributions. It is clear
that electromagnetic waves can propagate along the L sharp corner without

backscattering, suggesting the potential robustness of the chiral waveguide. For the
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configuration of L-shaped waveguide, according to the edge modes shown in Figures
3(b) and 4(b), the L-shaped waveguide interface do not have edge states at the first
bandgap of 3.95 GHz. Therefore, the electromagnetic waves cannot propagate along the

L sharp corner at 3.95 GHz.
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Figure 8. (a) L-shaped waveguide composed of the CCW chiral subarrays. (b) Electric field

distribution at the frequency of 4.29 GHz. (c) Transmission spectrum of the L-shaped waveguide.

In order to further study the robustness of the edge states, we introduce a random
position perturbation in the 2D waveguides. As shown in Figure 9, we move the four
cylindrical dielectrics of a CCW chiral subarray by the distance R (randomly chosen R
from 0 to a/4 in the xoy plane). As shown in the left panel of Figures 9(a)-(c), the red
boxes indicate the location of the disturbance. The simulated electric field distributions
are shown in the right panel of Figures 9(a)-(c). Figure 9(d) and 9(e) show the
transmission spectrums, which are in agreement with the simulated electric field
distributions. For the 2D square-waveguide with a position perturbation, the
electromagnetic wave can transmit along the interface 12 and interface 13 around 3.95
GHz, where a high transmission can be achieved as shown in Figure 9(d). And around
4.29 GHz, the electromagnetic wave can only transmit along the interface 12, which also
agrees with the transmission spectrum. As presented in Figure 9(e), a similar result can
be obtained for the L-shaped waveguide. It can be seen that electromagnetic waves can

still propagate along the interface, suggesting the robustness of the chiral waveguide.
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Figure 9. Position perturbations are introduced in the waveguide structure. The red boxes represent
the location of the position perturbation. Electric field distribution of the 2D waveguide at the (a)
3.95 GHz and (b) 4.29 GHz by introducing a position perturbation. (¢) 2D L-shaped waveguide
structure by introducing a position perturbation at 4.29 GHz. (d) Transmission spectrums of the 2D
square-waveguide by introducing a position perturbation. (e) Transmission spectrums of L-shaped

structure by introducing a position perturbation.
4.2 Waveguide consisting of chiral subarrays with opposite chirality

It has been proved that the waveguide composed of CCW chiral subarrays can achieve
robust transmission. In this section, as shown in Figure 10(a), we construct a waveguide
composed of CW and CCW chiral subarrays, effectively forming an interface. The left
sides of the black dotted rectangle are CW chiral subarrays, and the right sides of the
black dotted rectangle are CCW chiral subarrays. The electric field distribution shows
that the electromagnetic waves can propagate along the interface without obvious
diffusion and backscattering.

Position disorder and frequency disorder are introduced at the interface to verify
the propagation robustness. The simulated electric field distributions are shown in
Figures 10(b) and 10(c), where the red boxes indicate the location of the disturbance. It
can be seen that the electromagnetic waves can still propagate along the interface for the
two kinds of perturbations. The transmission spectrums shown in Figure 10(d), which

are in agreement with the simulated electric field distributions.
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Figure 10. Waveguides and corresponding electric field distributions composed of the opposite
chirality subarrays. (a) Electric field distribution at 3.95 GHz without defects. Electric field
distributions at 3.95 GHz when introducing a (b) position disorder and (c) frequency disorder. (d)

Transmission spectrums of the waveguide composed of CW and CCW chiral subarrays.
5 Applications

5.1 Duplexer

A novel duplexer operated at 3.94 GHz and 4.28 GHz is proposed, consisting of CCW
chiral subarrays. There are 20 chiral subarrays along the x direction and y direction
respectively. Figure 11 shows the electric field distributions at 3.94 GHz and 4.28 GHz.
At the frequency of 3.94 GHz, the electromagnetic waves can transmit upward, whereas
the electromagnetic waves propagate in the opposite direction at 4.28 GHz. Due to the
edge states, there is no backscattering even if there is a sharp angle in the transmission

interface.
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Figure 11. Electric field distributions of the duplexer at (a) 3.94 GHz and (b) 4.28 GHz.

5.2 Power divider

In this section, we construct building blocks by using the proposed chiral subarrays to
realize a power divider. A three-way power divider is constructed by using the present
chiral subarrays. The power divider can be easily obtained by increasing the number of
chiral subarrays. Five CCW chiral subarrays are arranged into a 1D chain along the x
direction, 2D case can be obtained by repeating the 1D chain 16 times along the y
direction. Figure 12(a) shows the diagram of the three-way power divider, which
presents PEC boundary condition (the green rectangle) is set every 5 CCW chiral
subarrays along the y direction. The three-way power divider shown in Figure 12(a) is
formed by repeating a 1D chain along the y direction (x direction), and the 1D chain is
formed by a CCW chiral subarray along the x direction (y direction). Therefore,
combined with the edge modes shown in Figures 3(b) and 4(b), there is an edge state in
the three-way power divider interface at 4.29 GHz. Figure 12(b) presents the simulated
electric field distribution, which shows that the electromagnetic waves can transmit in

the expected three directions.
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Figure 12. (a) Diagram of the three-way power divider. (b) Electric field distributions of the

three-way power divider at the frequency of 4.29 GHz.

6 Conclusions

In conclusion, an all-dielectric dual-band chiral photonic crystal which can guide the
robust transmission of electromagnetic waves is demonstrated. The elementary building
block of the all-dielectric chiral photonic crystal is chiral subarray (CCW and CW chiral
subarray), which can achieve two chirality corresponding the two types of edge states.
We construct waveguides by using the chiral subarrays, where the electromagnetic
waves can transmit in the waveguides without backscattering, and the transmission is
immune to the position disorder and frequency disorder. Finally, a duplexer and a power
divider are designed by using the present chiral photonic crystal. It is expected that the
microwave devices implemented by the chiral photonic crystal could be an attractive

candidate for communication systems.
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