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ABSTRACT

Photonic crystals are periodic dielectric structures that create photonic band gaps depending on
the geometry of the lattice elements and the material properties. These structures allow light to
be easily controlled, guided, and confined due to the tunability and adjustability of their design
parameters. Conventional photonic crystals are typically designed with high-symmetry unit
cells, while low-symmetry structures are created by breaking this symmetry. Low-symmetry
structures are more sensitive to light manipulation and offer greater control and flexibility over
light through geometric diversity. This study investigates the resonance effect in a cavity
structure composed of a square lattice photonic crystal made of low-symmetry C2-type
dielectric rods. The dependence of the resonance mode on the low-symmetry parameters was
investigated and it was shown that, in contrast to other studies, mode splitting or merging can
be achieved and tuned by exploiting and perturbing the intrinsic symmetry properties of the low-
symmetry photonic crystal structure. The band structure, transmission spectra, and resonance
frequencies of the low rotational symmetry photonic crystal were obtained using Lumerical and
MEEP software. The analysis of resonance splitting and optical properties by symmetry
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manipulation will contribute to the understanding of light collimation and trapping.

1. Introduction

Photonic crystals (PCs) are artificial materials that exhibit
photonic band gaps depending on the geometry of the
structure and the refractive index properties, and contain a
one-dimensional (1D), two-dimensional (2D) or three-
dimensional (3D) periodic arrangement of a dielectric
medium. The bandgap response and wave propagation
characteristics of the photonic crystal lattice strongly depend
on the rods' arrangement, geometry, and material [1], [2].
Furthermore, by introducing defects into photonic crystals,
light can be controlled and manipulated, and integrated optical
devices can be formed. In photonic crystal structures, cavities
can be designed by creating line or point defects. Light is
temporarily and spatially confined at the resonant frequency
within these cavity structures, known as optical resonators.
The optical resonator is a fundamental functional block
required for filtering, modulation, buffering, and switching in
integrated optical circuit systems [3]. The key components of
photonic crystal circuits, such as channel-drop filters and
coupled-cavity waveguides, take advantage of defect mode
coupling. The effect on the defect mode shift is much more
sensitive to a small change in the refractive index than the
band edge shift. Applications of photonic crystals can be

divided into two types based on the reflective or transmissive
nature of the photonic crystal. Light can be easily controlled
in photonic crystals as a function of wavelength, enabling the
creation of low-loss, wide or narrow bandwidths, and sharp
bends equivalents compared to their counterparts [4].
Furthermore, by introducing defects into photonic crystals,
light can be controlled and manipulated, and integrated optical
devices can be formed [2]. By tuning the configuration of the
defect or cavity structure, various functions for advanced
signal processing can be realized in all-optical photonic
circuits [3]-[5]. Light is temporarily and spatially confined at
the resonant frequency within these cavity structures, known
as optical resonators. The optical resonator is a fundamental
functional block required for filtering, modulation, buffering,
and switching in integrated optical circuit systems [3]. The
quality factor or Q-factor is an important parameter that
determines the performance of a resonant cavity. The photonic
microcavity is characterized by the cavity resonant
wavelength and the quality factor (Q-factor). The Q-factor is
defined as the ratio of the cavity mode wavelength to the
cavity mode spectral linewidth [1], [6]. The Q-factor and
mode volume are measures of the temporary perturbation time
and spatial occupation in the cavity, respectively. In
wavelength division multiplexing applications, the Q-factor
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and transmission characteristics are important for narrowband
filtering [1]. In addition, the strong confinement of light also
enhances nonlinear interactions [7]. A designer can change the
bandwidth or shape of the frequency response by adjusting the
coupling coefficients between the resonances present in the
system. As the designer controls the strength of the
perturbation, the separation between the two resonant mode
frequencies varies accordingly. The key components of
photonic crystal circuits, such as channel-drop filters and
coupled-cavity waveguides, take advantage of defect mode
coupling. The ability to control mode splitting by adjusting the
perturbation strength is an important feature of photonic
crystal structures. By manipulating the coupling between
resonant modes, the designer can engineer the desired spectral
response, which is critical for applications such as filtering,
switching, and multiplexing in integrated photonic circuits.
Defect mode coupling is the underlying principle of many
fundamental photonic crystal devices, highlighting the
importance of understanding and precisely controlling mode
splitting in these periodic dielectric structures. Mode
degeneracy in photonic crystal structures is a consequence of
the inherent symmetry of the Ilattice. By deliberately
introducing a perturbation, either by a physical change in the
cavity or by the addition of an extra element, the mode
degeneracy can be removed, leading to mode splitting. This
ability to control and tune mode splitting is a valuable feature
of photonic crystals, as it enables the engineering of desired
spectral responses for applications such as filtering, switching,
and multiplexing in integrated photonic circuits. The literature
[8]-[11] has explored various approaches to achieving mode
splitting, highlighting the flexibility and potential of this
technique.

High rotational symmetry photonic crystals exhibit perfectly
symmetric ordering. While it simplifies the design and
analysis of these structures, it also limits the flexibility to
manipulate the optical properties. By reducing the symmetry
of the unit cell, low-symmetry photonic crystals (LSPCs) offer
greater opportunities for geometric customization and,
consequently, greater control over the light-matter
interactions. This flexibility is achieved by introducing
additional elements or reconfiguring the existing components
within the unit cell [12]. The geometric and structural
diversities introduced by symmetry reduction in photonic
crystal waveguides and cavities enhance the dispersion
properties of these periodic materials [13]-[15]. Additionally,
low-rotational symmetric photonic  crystal  structures
efficiently manipulate the equifrequency contours, leading to
the emergence of self-collimation transmission [16], [17]. The
ability to break high symmetry and explore low symmetry
designs is featured in the design of photonic crystals to tailor
their optical properties for applications such as sensors [18],
[19], superprisms [20], and splitters [21]. In this study, the
dependence of the degenerate resonance mode on the low-
symmetry parameters was investigated, and unlike other
studies [10], [11], [22], [23], the intrinsic low-symmetry

property of the low-symmetry photonic crystal structure was
used to control the resonance modes. To obtain a low-
symmetry photonic crystal structure, two rods with different
radii were added next to the central rod in a square lattice
photonic crystal formed in air, thus breaking the high
symmetry of the unit cell (Figure 1). A shoulder-coupled
cavity was then created within a linear defect waveguide
(LDWG). The splitting and fusing of the cavity modes was
studied by varying the position and radius of the low
symmetry rods. Mode analysis of the cavity was performed
for different radii and positions of the low-symmetry rods, and
transmission and reflection spectra were obtained. The results
showed that the splitting or merging of the degenerate cavity
modes can be controlled by varying the position and/or radius
of the low-symmetry rods without the need for additional
perturbation. The PWE and FDTD methods implemented in
MPB, MEEP and Lumerical software were used to obtain the
dispersion behavior and transmission/reflection spectra of the
photonic crystal structure. The final experimental study,
which is a well-accepted method due to the scalable nature of
photonic crystals, was attempted using a microwave
experimental setup. However, the measurement results could
not be reliably obtained due to the differences between the
simulation environment and the experimental setup.

2. Coupled Mode Theory of the Cavity

In photonic crystal structures, two types of optical resonators
can be designed: (1) resonators based on line or point defects.
For example, a resonator is created by modifying the
dimensions or dielectric constant of the rods, resulting in a
defect that behaves like a resonator, and (2) ring resonators,
where some rods are removed and/or modified to form a ring-
shaped resonator. Optical resonators are typically used in
conjunction with waveguides and the interaction between
them is governed by Coupled Mode Theory (CMT). Optical
resonators are divided into two groups related to standing
wave (SW) and traveling wave (TW) resonators. Optical
communication devices such as filters, add/drops, and
multiplexers are realized with the SW or TW type of
resonators placed between two optical waveguides. The light
signal can be coupled into or dropped from the waveguides
via the resonator structure [3]. Optical resonators are typically
used in conjunction with waveguides and the interaction
between them is governed by Coupled Mode Theory (CMT).
In this section, the coupling equations for a standing wave-
type direct or indirect shoulder-coupled structure in the
waveguide-cavity-waveguide junction are given, and the
transmission/reflection plots obtained using MATLAB are
presented.

Directly Coupled Cavity: To characterize a directly coupled
cavity of the standing wave type, as shown in Figure 1a, it is
necessary to define some parameters, namely the resonant
frequency or wavelength @o (Ao); the amplitudes of the
incident, transmitted, reflected and dropped waveguide modes
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si, st, sr, sd; the perturbation rates 1/tw and 1/t due to the
coupling loss and the intrinsic loss of the waveguide; the
corresponding quality factors Qw and Qc; the total quality
factor Q the normalized frequency &; and the transfer
functions t, r, d for the transmission, reflection and drop ports,
respectively, as given in Egs. (1-5) [3].

Figure 1. Low symmetry photonic crystal waveguide with (a)
direct or (b) indirect shoulder-coupled standing wave
resonator structure.
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Figure 2. Transmission and reflection parameters for Qw=2x102 at Qi=2x102 and Qi=4x103 with CMT for standing wave
type direct shoulder coupled waveguide-cavity structure
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Figure 3. Transmission/reflection parameters for standing wave type indirectly shoulder coupled waveguide cavity structure
with CMT for Qi=4x103, Qw=2x102 at ¢ = pi, pi/2, pi/3, pi/4, pi/6, pi/12 rad phase difference
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For the waveguide-cavity-waveguide configuration, we can
use Qw to represent the total waveguide coupling, so that Quw
= woTw. The term 1/7y is the decay rate due to the coupling loss
of the waveguide. According to coupled mode theory, the
transfer function at the transmit port is given by equation (6)

[3]:

_ 1/Qw
T j28+1/Qi +1/Qw

(6)

The transmission T can be calculated as T = |t]?, where 0
represents the phase shift and is calculated as 6 = arg(t), and t
represents the group delay, calculated as t = d8(w)/dw. For a
waveguide-cavity-waveguide structure supporting a standing
wave (SW) cavity, the transmission level approaches unity
when the condition Qi > Qw is satisfied, as shown in Figure
2. However, as the Q value increases, the intermodal isolation

within the passhand decreases, and the mode frequencies
approach each other.

The indirectly coupled cavity: This structure, formed by the
sequential coupling of two standing wave waveguide-cavity-
waveguide systems as shown in Figure 1b, contains two cavity
modes due to the presence of two different cavities. This
results in a phase shift of @ between the cavities. Examining
equation (7), the parameter y represents the transfer function
of the reflecting port for a singly coupled standing wave
cavity. However, since the system consists of two indirectly
coupled cavities, there are two different values of y.

-1

v= 7
20,8 + 55+ 757) "

Since there are two cavities in a cascaded port structure, two
different y values, y1 and y2, can be considered. In the transfer
function, amplitude transfers for the mirrors are -y1 and -y2,
while the amplitude reflections are -yl - 1 and -y2 - 1,
respectively. The reflection and transmission functions of the
whole system can then be obtained from equations (8-9).

£ = y1v2e’ (@)
1 - Q+y)A+y)e?

=04y + A+ 2y DA +y,) e

1= (A +y)A+yy)e?? ®)
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To simplify the system, if we assume yl = y2, the transfer
function of the transmitted port can be rewritten as Equation

(10) [31-
¢

1
80Q,,% sin®

cot= tan =
06 + 390+ 7, +70,)0C - 592+ 20, 70,

(10)

The intrinsic quality factor Q; and the waveguide coupling
quality factor are given as 2Qy. Since the resonant frequency
splitting is highly dependent on @, it can only be changed by
adjusting @. Figure 3 shows that as the phase difference
between successive cavities decreases, the mode splits and the
bandwidth increases. Conversely, as the phase difference
increases, the modes merge again. Analyzing the mode
splitting, it is observed that there is critical coupling at a phase
difference of n/3 and overcoupling at /12.

3. Proposed Low-Symmetry Photonic Crystal Cavity
Structure and Methodology

This study builds on the low-symmetry structure used in
reference [24]. The low-symmetry configuration is created by
adding two additional rods at a 45° orientation to a photonic
crystal structure consisting of circular cross-section rods
arranged in a square lattice on an air substrate. The dielectric
constant of both the primary lattice rods and the low-
symmetry rods is 12, with radii of r=0.2a and rs=0.1a,
respectively. The low symmetry rods are positioned at a
distance of 0.42a from the lattice rods. Here “a” denotes the
lattice constant, with all dimensions and operating frequencies
of the photonic crystal normalized accordingly. For example,
if a=1 pm, then a normalized frequency of 0.4 corresponds to
120 THz.

In the low-symmetry photonic crystal, a waveguide is formed
by removing a row of lattice elements arranged in both a linear
and a 90-degree bend configuration. In this design, a low-
symmetry cavity is placed within the waveguide or at the
corner bend region. This cavity structure acts as a coupling
element between the waveguides within the low-symmetry
photonic crystal structure. The waveguide-cavity coupling
utilizes a shoulder coupling configuration operating in the
standing wave type. Cases where the dielectric constant of the
rods is 12 and 9.61 have been investigated. As a preliminary
work, the band diagrams for each low-symmetry photonic
crystal lattice were generated. By considering low-symmetry
cavity structures, transmission and reflection spectra were
obtained by applying various perturbations, such as adding
rods, varying rod radii, and changing rod positions within the
structure, allowing an analysis of mode splitting. However,
this paper only presents results for the linear waveguide
configuration with a dielectric constant of 12.

There is no definitive analytical solution for photonic crystal
structures containing disorder. The theoretical study of
photonic properties in disordered structures is limited to time-
consuming numerical simulations. Due to the challenges of
analytical approaches, numerical methods are used for the
analysis and design of photonic structures. Several methods
exist for analyzing the dispersion behavior and transmission
spectra of photonic crystals, including the transfer matrix
method (TMM) [25], the finite-difference time-domain
(FDTD) method [26], the plane wave expansion (PWE)
method [27], and the finite element method (FEM) [28],
among others. These methods can be divided into frequency
domain and time domain calculations. Frequency domain
methods are primarily used to calculate band structures,
whereas time domain methods are more suitable for
evaluating wave propagation and transmission, resonance
modes, decay times, etc. Each method has its own strengths
and limitations, with PWE and FDTD standing out in terms of
performance and meeting the requirements for effective
analysis of photonic crystal-based optical devices.

The approach to solving the band structure of a photonic
crystal, known as the Plane Wave Expansion (PWE) method,
is based on the Fourier expansion of the electromagnetic field
and the dielectric function [1], [27]. The PWE method is
primarily used for the theoretical analysis of photonic crystal
structures, initially using the concept that the eigenmodes in
periodic structures can be represented as a superposition of
plane waves. The PWE method excels in the calculation of
band structure diagrams and modal field patterns. When the
original periodicity of the crystal is disturbed, or when a point
or line defect appears within the structure, the supercell
approach must be applied [1]. Although this method provides
an accurate solution for the dispersion properties (propagation
modes and photonic band gap) of a photonic crystal, it has
certain limitations. Transmission spectra, field distributions
and back reflections cannot be derived as only propagation
modes are considered. An alternative approach, widely used
for the calculation of both transmission spectra and field
distributions, is based on the numerical solution of Maxwell's
equations via the finite-difference time-domain (FDTD)
method. Transmission and reflection spectra are calculated
using a numerical FDTD method with Perfectly Matched
Layers (PML) or absorbing boundary conditions [26].
Typically, the PWE method is used to calculate the photonic
band gap and propagation modes of the photonic crystal
structure, while FDTD is used to calculate the transmission
spectrum [29]. In this study, the angular position of the low-
symmetry rods in the cavity was varied in 15° steps from 0°
to 180°, and the rod radius was adjusted between 0.05a and
0.1a to investigate the transmission characteristics and mode
splitting. The transmission characteristics (S-parameters)
were obtained and visualized using Lumerical FDTD
software. In the final stage, experimental studies were carried
out using a microwave setup, exploiting the scalability of

RERVNSN MANAS Journal of Engineering, Volume 12 (Issue 2) © 2024

www.journals.manas.edu.kg



http://www.journals.manas.edu.kg/

0.0. Karakiling

/ MANAS Journal of Engineering 12(2) (2024) 224-235

229

photonic crystals. The physical dimensions of the structure
were adapted to the microwave range by exploiting the
scalability characteristic of photonic crystals. For example, by
choosing a lattice constant of a=15.8 mm, a normalized
frequency of 0.4 corresponds to a frequency of 7.5 GHz.
Variations in the purity of the dielectric constant of the
available rods and inconsistencies in the rod diameters also
affected the experimental results. In the experimental setup
designed according to the proposed configurations, the S»
parameter could be measured with a network analyzer, while
accurate Si; measurements were difficult. The reasons for this
include differences in source placement and type between the
experimental and simulation setups. In the simulation, the
source is placed directly inside the structure, whereas this is
not possible in the microwave measurement setup. In addition,
in the simulation the structure is isolated from the external
environment and surrounded by a Perfectly Matched Layer
(PML), whereas such isolation is not possible in the
experimental setup.
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Figure 5. Simulation schematic and refractive index
representation of the cavity structure used with the
waveguide in the Low Symmetry PC

4. Simulation Results and Analysis

In the simulation phase, both direct and indirect coupling
configurations were investigated. In the indirect coupling
structure, two identical cavities were positioned at a distance
of 2a. For the waveguide-cavity coupling configuration, the
position and radius of the low-symmetry rods adjacent to the
central rod were varied for both cavity types, allowing the
transmission coefficient (S21) and reflection coefficient (Si1)
to be calculated. The angle between the low symmetry rods
and the horizontal axis was varied from 0° to 180° in 15°
increments. The rod radius was varied from 0 to 0.1a in steps
of 0.05a. According to the simulation results, mode splitting
and merging can be achieved by simply changing the angular
position of the low-symmetry rods, without the need for
additional perturbation in the cavity. As the angle of the low-
symmetry rod relative to the x-axis increases, the resonant
mode frequency splits, resulting in an expanded bandwidth. In
addition, the center frequency of the band shifts to lower
frequencies.
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Figure 6. Transmission/reflection parameters obtained by simulation at different low symmetry rod angle values in direct
coupled cavity (rs=0.1a)
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Figure 7. Transmission/reflection parameters obtained by simulation at different low symmetry rod radius values in direct
coupled cavity (6=0°)

4.1 Directly Coupled Cavity

In the simulation results for the directly coupled cavity shown
in Figure 6 (corresponding to the structure in Figure 1a), it is
observed that the 3dB bandwidth of the band for a single mode
is 1.4 THz. As the angle increases, the mode splits and the
bandwidth reaches 2.5 THz. At the same angle, mode splitting

is observed for both low-symmetry rod radii, with an increase
in bandwidth at lower radius values, as shown in Figure 7.
Mode analysis of the low-symmetry cavity using the MPB
simulation gave the calculated values Qi=4x10°® and
Qw=2x10%. When these values are used with the CMT
equations, the results are in good agreement with the
simulation, as shown in Figure 8.
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4.2 Indirectly Coupled Cavity

As a further part of the study, the indirectly coupled cavity
structure shown in Figure 1b was created using the
methodology described in the previous section. Two cavities
with equivalent properties were placed 2a apart. The angle
between the low-symmetry rods and the horizontal axis and

the rod radii were varied in both cavities and the
transmission/reflection parameters were plotted. In the zero
degree configuration, a single mode appeared in the directly
coupled structure, while mode splitting occurred in the
indirectly coupled structure. However, as the phase difference
between the adjacent cavities increased, the modes merged
again, as shown in Figure 3. The bandwidth, on the other hand,
increased as the phase difference decreased. When the phase
difference between the two cavities was /36, the comparison
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between the CMT calculation and the simulation showed good
agreement, as shown in Figure 11. When comparing the CMT
and simulation results, shift in mode frequencies is observed
in Figure 11 compared to Figure 8. In the indirectly coupled
cavity model shown in Figure 1b, the distance between the
cavities, enclosed by the red dotted line, is denoted as L.

However, upon examining each cavity, which consists of
primary lattice rods and low-symmetry rods, it becomes
evident that each cavity contains a separate defect within
itself. This change in distance, and consequently the phase
difference, can be considered the cause of the observed shift
in the transmission spectrum.

S Parameters (dB)

.20 1 |
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Figure 10. Reflection parameter obtained by simulation at different low symmetry rod angle values in the indirectly coupled
cavity (rs=0.1a)
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Figure 11. Comparison of CMT calculation and simulation result in the indirectly coupled cavity (Qi=4x103, Q.,=2x10?,
6=0° vers=0.1a)
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4.3. Microwave Measurement Setup Proposal

The final stage of the study involved setting up a microwave
measurement system for the designed cavity structure to
measure the transmission and reflection coefficients. Due to
the scalable characteristic of photonic crystals, conducting
experiments in the microwave region is an acceptable method
in literature. Sub-micron-scale device fabrication and testing
require highly costly nanomanufacturing conditions.
However, it is also clear that the structures developed for the
microwave region cannot be directly applied as photonic
devices. Nevertheless, waveguides, splitters, and resonant
cavities developed using this technique provide proof of
concept essential for advancing our understanding of the
interaction between electromagnetic waves and disordered
media. In the measurement setup shown in Figure 12, the low-
symmetry, direct-coupled, zero-degree configuration cavity
structure is shown within a photonic crystal structure
consisting of alumina rods arranged in a square lattice.
Alumina can be chosen as a dielectric material for the rods, or
the rods can be fabricated using 3D printing techniques with
materials such as PLA, ABS etc.. In this case, the dielectric
constant of the simulated rods should match the dielectric
constant of the experimental rods. Since the dielectric constant
of the material varies according to the frequency studied, this
situation should also be taken into consideration.
Additionally, irregularities in the manufacturing process, such
as variations in rod diameter or material impurities, can yield
erroneous results. To mitigate potential negative effects
during measurement, materials with low dielectric constant,
such as Plexiglas, can be used as the base plate on which the
rods are placed, and the medium can be surrounded by
absorber layers. A horn antenna connected to a vector network
analyzer was used to apply a source in the range of 8.2 GHz
to 12.4 GHz at the input, while the output was measured using
an equivalent horn antenna. The scalability property of
photonic crystals allows for the frequency range to be adjusted
by changing the lattice constant. For example, with a lattice
constant of 1.58 cm and 1 um, the corresponding actual
frequencies for a normalized frequency of 0.59 are 11.2 GHz
and 177 THz, respectively. In this setup, the lattice constant
(@) was selected as 15.8 mm. Accordingly, the actual
dimensions of the rods used in the experiment were
determined. For instance, a rod with a radius of 0.2a was
implemented as a rod with a radius of 3.16 mm. Since two-
dimensional (2D) structures effectively represent many
scenarios in photonic crystal-based designs, simulations are
typically conducted in 2D, with the third dimension
considered infinitely long. Adding the third dimension to
simulations significantly increases computational time,
approximately proportional to the cube of the dimensions. In
the experimental setup, the third dimension of the rods is also
present. However, rods of about 15 cm or 20 cm in length,
which is about eight to ten times the working wavelength, can

be acceptable as the infinite length considered in the
simulations in this study.

VINA
Coaxial cable
S
n .
s : 3
Vil -
~ % W
hom antenna
W, W,

absorber

Figure 12. Experimental setup measured in the microwave
region

The transmission bands observed in the experimental results
were consistent with the frequency ranges predicted in the
simulations. In this respect, the simulation and experimental
results agree. However, deviations in the material parameters
and differences between the experimental setup and the
simulation environment affected the S-parameter values,
leading to inaccuracies. For example, the diameters of the
dielectric rods were not uniformly distributed, and their
dielectric constants varied due to material impurities.
Furthermore, in simulations, the source was placed directly
within the structure, but this configuration could not be
replicated in the microwave measurement setup. In the
simulation environment, the structure was isolated from
external influences using a perfectly matched layer (PML),
which could not be achieved experimentally. Consequently,
the experimental results were excluded from the study.

5. Conclusion

In contrast to traditional high-symmetry structures, low-
symmetry photonic crystal structures have opened up a new
perspective on light manipulation, offering a wide range of
geometric possibilities. This study differs from previous
research in that it investigates the effect of angular and
dimensional variations in a low-symmetry structure on the
cavity resonance mode. The results show that manipulation of
the low-symmetry property can lead to the splitting of the
resonant mode. The results of this study provide a novel
perspective on light transmission and manipulation in low-
symmetry photonic crystal structures.
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