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One of the significant challenges in integrated optical systems is achieving miniaturization. Tra-
ditional components can limit the effective utilization of chip area. Devices with distinctive thick-
ness and length characteristics, including the Mach Zehnder interferometer (MZI), the directional
coupler, and waveguides, contribute to this issue, limiting the efficient use of chip area. Photonic
crystals offer a solution to this problem. The proposed design results in two optical bandgap ranges,
from 0.456586 to 0.675819 um! and from 1.12855 to 1.16338 um™!, both in TE mode with gap
widths of 0.219233 and 0.34826 um™!, respectively. The corresponding wavelength ranges are
from 1479 to 2190 nm and 859 to 886 nm. The analysis of field propagation in the photonic crystal
ring resonator (PCRR) is carried out using the finite-difference time domain (FDTD) method, while
the bandgap analysis is performed by the plane wave expansion (PWE) method. This work pri-
marily focuses on the incorporation of corner scatters in the PCRR. Corner scatters play a crucial
role in guiding the field smoothly inside the ring, thus preventing the localization of light within
the structure. After the simulation, various attributes were compared for both structures. At a res-
onant wavelength of 1550 nm, the input intensity is measured as 0.0591 a.u., and the output inten-
sities for with and without corner scatter are 0.0458 and 0.0539 a.u., respectively.
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1. Introduction

Ring resonators play an essential role in the development of photonic integrated cir-
cuits, contributing to the design of logic gates and the realization of logical operations.
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The development of photonic integrated circuits involves several fundamental pro-
cesses, including filtering, routing, switching, modulation, multiplexing, and demulti-
plexing [1]. To create effective ring resonators that meet the standards of photonics
-based integrated circuits, photonic crystals are an excellent choice. The outstanding
characteristics of micro ring resonators allow the initial power to circulate within the
ring cavity while it is stored and built up in the micro ring [2]. The nonlinear Kerr effect
has been successfully utilized in the design of various significant optical devices, in-
cluding ring resonator-based optical logic gates [3,4], digital-to-analog converters [5],
analog-to-digital converters [6-8], and 2-to-4 decoders [9]. Interference effects have
been employed in research related to both the all-optical half adder [10] and the Toffoli
gate [11].

Ring resonators have proven valuable across a diverse range of device applications,
thanks to their strong spectrum selectivity and extensive free spectral range. In this
context, “applications” encompass linear, passive devices like filters, dispersion com-
pensators, and sensors [12-14], as well as active devices such as modulators, switches,
and lasers [15], and nonlinear devices for applications in cavity quantum electrody-
namics [16]. Moreover, PCRRs are a versatile and powerful type of optical resonator.
PCRRs have the potential to be used in a wide range of applications, such as optical
communication [17], sensing [18,19], nonlinear optics [20], and biomedical [21].
Recent research has demonstrated a variety of distinct photonic crystal ring-shaped
waveguide resonator topologies. In the hybrid PC-waveguide structure, the 90-degree
bending section of the waveguide ring resonator is replaced with photonic crystal re-
flectors to minimize bending losses associated with typical waveguides, enabling
a smaller bending radius [22]. Bending losses that depend on the size are not observed
in the behavior of PCRR-based structures. Similar relationships have been identified
between the effective ring radius and the group velocity associated with dispersion for
the free spectral range in PCRR [23]. Based on these findings, it is suggested that
PCRRs may replace the micro-ring resonators currently used for high-density photonic
integration and ultra-compact WDM components [24].

In most situations, ring resonator switches were built using waveguides for input
and output in addition to aring. The resonant wavelength of these devices is determined
as follows:

n.2nR
Ay = —— (1)

m
m

Here, n., represents the equivalent index of the waveguide, R is the ring radius, and
m is an arbitrary integer.

The ideal size of the ring resonator can be determined by the desired resonant wave-
length A while optimizing both the quality factor Q and the total volume of the modal
mode V. The direction of the coupling is primarily determined by the modal symmetry
as well as the relative coupling that exists between the ring resonators [25]. Through
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an analysis of the coupling direction, one can determine not only the path the wave
will take through the waveguide but also the direction it will follow within the ring
resonator [26].

Assuming continuous wave (CW) operation and matching fields makes it simple
to derive the fundamental spectral properties of an all-pass filter (APF) ring resonator.
With the assumption that there are very few reflections traveling back into the bus
waveguide, the ratio of the transmitted field to the incident field is
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— > (2)
I 1—2ATcosg + (I'4)

Ty =

For continuous wave operation, transmission and reflection are the basic properties of
waveguides. Considering that no back reflection is present in the ring resonator, only
the transmission properties are considered for analysis [27]; E is the reference signal
and / is the input signal. Under critical coupling, the coupled power equals the power
loss in the ring. And 1- I'? = §%, I'= A, ¢ = L represents the single-pass phase shift,
where L is the round-trip length, and f is the propagation constant of the circulating
mode. 4 denotes the single-pass amplitude transmission, which includes both propa-
gation loss in the ring and losses in the couplers. It is related to the power attenuation
coefficient a [1/cm] as 42. I represents the self-coupling coefficient. Similarly, we can
define J as the cross-coupling coefficient, and 72 and 62 are the power splitting ratios
of the coupler, and they are assumed to satisfy 7'2 + 62 = 1.

2. Ring resonator design and spectral characteristics

At least one of the waveguides in an optical ring resonator is designed to function as
a closed-loop system, coupled to a source of light and a sink. Optical ring resonators
operate based on phenomena like interference and total internal reflection. Light of
a suitable wavelength is sent into the circular loop-like waveguide. When resonance
occurs, the intensity of light builds up due to constructive interference and is found as
output in a bus waveguide. Since the ring resonator permits resonance for a certain
range of wavelengths and only allows them to pass through, it acts as a filter. The output
bus waveguide functions as a detector waveguide. Power is transmitted from the bus
waveguide to the ring waveguide through the evanescent field [28].

As shown in Fig. 1 [29], positioning the waveguide axes close to one another can
change the coupling between two optical waveguides, ensuring that a wave is excited
in one fiber by the evanescent field produced by the other. Evanescent wave coupling is
frequently employed as a coupler in photonic and nanophotonic devices. Spectral pa-
rameters, including full width at half maximum (FWHM) and free spectral range (FSR),
are directly determined from the output transmission spectrum, as illustrated in
Fig. 2 [30]. Additionally, finesse F and the quality factor QF of the ring resonator are
calculated using Egs. (8) and (9).
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Fig. 1. All-pass ring resonator configuration.
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Fig. 2. Spectral response of all-pass ring resonator.

The full width half maximum (FWHM) of the resonance spectrum can be calcu-
lated as

(1—ra)i’,
e 3)
nngLA/ra

Here ra represents the power reflectance, 4, is the resonant wavelength, n, is the
group index, and L is the round-trip length of the ring resonator.

In the first-order approximation of dispersion, the formula for determining the free
spectral range (FSR) as a function of wavelength is provided by

FWHM =

/12

-; )

FSR =
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By considering waveguide dispersion, the group index n, is defined by

dn g

where ng represents the effective refractive index, and 4, is the center wavelength.

The group index and the corresponding group velocity can be used to relate the
travel velocity of the propagating pulse envelope to the properties of the dispersive
medium through the equation v, = c¢/n,, where v, is the group velocity, c is the speed
of light, and n, is the group index.

The velocity of the propagating pulse envelope and the characteristics of the dis-
persive medium can be related by the group index and the corresponding group velocity
through the equation v, = ¢/n,. The contrast ratio of the through port transmission is

equal to 7{/R ;- For an all-pass filter (APF) ring configuration, we have the transmis-

sion coefficient 7, and minimum reflection coefficient R ;, as
2
r+a
1, = L (6)
(1+ra)
2
R = _(_’”___a_)7 7)
(1-ra)

The finesse parameter, used to characterize the spectral shape of the build-up factor,
displays sharply peaked resonances. The formula for calculating the finesse, shown in
Eq. (8), is the ratio of the free spectral range (FSR) between resonance peaks to the
full width at half depth (FWHD) of a resonance.

Finesse = _FSR (8)

FWHM
Therefore, it measures how sharp resonances are relative to their separation. The qual-
ity factor, also known as the O-factor and represented in Eq. (9), is used to determine
how sharp a resonance is concerning its fundamental frequency.

O-factor = e 9)
FWHM
Formally, Q-factor is defined as the ratio of the amount of energy stored and used
within the resonator to the amount of energy lost during one optical cycle

Stored energy
O-factor = wy————

10
Power loss (10)
where w, = 21 f;, angular resonant frequency.
For the numerical simulation of the all-optical ring resonator, it is important to per-
form a high-frequency analysis of a micro ring resonator consisting of a straight wave-
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guide and micro ring cavity. Finite-difference time-domain (FDTD) can be employed
for numerical simulation, as Maxwell’s equations are used to describe electromagnetic
waves. Assuming the horizontal direction is x and the vertical direction is z, with fields
remaining constant in the y-direction, the partial derivative equations with respect to
y will vanish. This leads to the splitting of Maxwell’s equations (Eqs. (11)—(16)), dif-
ferentiating between the TM mode and TE mode concerning y [31].

For TM,, mode (transverse magnetic mode in the y-direction),

OH, 1 OE,

— (11)
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ot u  Ox

ﬁEy _ 1 OH, - OH., _ (13)
ot e 0z Ox Y

For TE, mode (transverse electric mode in the y-direction),
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The subscripts (x, y, z) indicate the spatial directions, and ¢ and u represent the permit-
tivity and permeability of the material, respectively. The wave impedance, denoted by 7
(usually a vector), accounts for the wave’s propagation characteristics in the medium.

3. Design, results and discussion

The design parameters of the proposed ring resonator are listed in Table 1. The pro-
posed design yields two bandgaps in TE mode with gap widths of 0.219233 and
0.34826 um™!. The first bandgap falls within the range of 0.456586 to 0.675819 pm™!,
while the second bandgap spans from 1.12855 to 1.16338 um~!. The corresponding
wavelengths are within the ranges of 1479 to 2190 nm and 859 to 886 nm, respectively.
Within these ranges, a wavelength of 1550 nm was chosen for the ring resonator design
due to its low-loss characteristics.

Corner scatter is incorporated into the ring structure, and its significance is studied
by comparing the spectrum. The discrete Fourier transform (DFT), field distribution, and
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Table 1. Ring resonator design parameters.

Design parameters

Wafer dimension

Wafer material

R.I. of wafer material

Dielectric material

R.I. of dielectric material

Lattice constant

Lattice dimension

Lattice type

Type of photonic crystal structure
Radius of rod

9 x 10

Air

1.0

Silicon

3.477

560 nm

17 x 15

Square lattice
Rod type

0.21a (0.118 um)

Input parameters

Input wave
Transverse type
Wavelength
Input amplitude

Continuous wave
Rectangular
1550 nm

1 V/m

coupling behavior were also observed. The finite-difference time-domain (FDTD) ap-
proach was used to model the suggested ring resonator design. FDTD solves Maxwell’s
equations in the time domain, distinguishing it from most frequency domain methods,
allowing for the calculation of electromagnetic field values at discrete time points [32].
Its bandgap structure (seen in Fig. 3) was constructed using the parameters provided
in Table 1 through the plane wave expansion (PWE) approach. It represents electro-
magnetic fields within the crystal as a sum of plane waves, helping determine the allowed
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Fig. 3. The bandgap structure of the proposed ring resonator.
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Fig. 4. (a) The design layout and (b) refractive index distribution for ring resonator.

photonic modes and their corresponding frequencies, crucial for designing photonic
devices and understanding light propagation within these periodic structures [33].

A layout is created in the OptiFDTD window using the parameters listed in Table 1,
which includes neatly arranged silicon rods with dimensions of 17 x 15 embedded in
the wafer, as depicted in Fig. 4(a). The distribution of refractive indices is shown in
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Fig. 5. (a) The modified design layout and (b) corresponding refractive index distribution for ring reso-
nator with silicon corner scatter.
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Fig. 4(b). In this design, the medium for light propagation is air. Air and silicon, which
are discretely distributed throughout the region, play a critical role in the development
of nonlinear properties for light propagation. This design serves as a fundamental el-
ement for the construction of various optical active and passive devices.

In terms of optimizing the gate design, the size of the rod arrangements, and the
coupling of rings together play the most significant roles. The ring formation and line
waveguide are indicated by a red dashed line.

Figure 5(a) and (b) show the modified version of the prior ring resonator design.
In this version, all the corners of the square ring are embedded with silicon rods, making
the ring more analogous to a typical circular ring. Corner scatters play an important
role in guiding the field smoothly inside the ring, which significantly prevents the lo-
calization of light within the structure. By carefully engineering the scattering at the
corners, it is possible to tailor the behavior of the resonator and achieve specific func-
tionalities.

Fig. 6. The height plot of field propagation in ring resonator (a) without corner scatter and (b) with corner
scatter.
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Fig. 7. The spectral relationship between input and output signals in ring resonator.

Figure 6 depicts the field propagation height plot for (a) without corner scatter
and (b) with corner scatter. It is evident from Fig. 6(a) and (b) that corner dispersion
plays a crucial role in achieving resonance, which improves the output of the structure.

The spectrum (DFT) of the ring resonator with and without corner scatter is shown
in Fig. 7 for the configuration with corner scatter. To compute the graph with arbitrary
units (a.u.), the value of £ is used as the y-axis data. The intensity of the input signal
is represented by the solid black line. The incorporation of corner scatters results in
a variation in the output spectrum’s intensity, as depicted by the red and blue lines in
Fig. 7. At a resonant wavelength of 1550 nm, the input intensity is 0.0591 a.u., while
the output intensity with and without corner scatter is 0.0458 and 0.0539 a.u., respec-
tively. The spectral characteristics of the proposed PCRR with and without corner scat-
ter is summarized in Table 2.

By examining the tabulated data, it is evident that the PCRR with corner scatter
exhibits a narrower full width at half maximum (FWHM), a higher extinction ratio (ER),
and greater finesse compared to the PCRR without corner scatter. This suggests that
the PCRR with corner scatter displays an enhanced spectral response and is more pro-
ficient in capturing and retaining light.

Table 2. The measured and the calculated spectral parameters of the proposed PCRR.

PCRR with PCRR without
Parameter

corner scatter corner scatter
FWHM [nm] 0.02 0.03
ER [dB] 10 5
FSR [nm] 0.06 0.06
Finesse 3 2

Quality factor O 1500 1000
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4. Conclusions

In this proposed study, the significance of ring resonators in photonic integrated cir-
cuits is examined by comparing two distinct designs: first, a ring resonator design with
silicon corner scatter, and second, a ring resonator design without corner scatter. Both
designs’ responses in terms of DFT spectrum and field propagation along the y-axis
were observed. It is observed that the insertion of corner scatters affects the output
spectrum’s intensity, and their responses have been plotted. At a resonant wavelength
of 1550 nm, the input intensity is 0.0591 a.u., and the output intensity with corner scat-
ter is 0.0458 a.u., while without corner scatter, it is 0.0539 a.u. The performance of
corner scatter in relation to light interactions is substantial depending on the signal con-
ditions (logic high or low). Future designs of all-optical photonic circuits may incor-
porate various corner scatter materials.
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