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Abstract—In this paper, we present the design, simulation, fab-
rication, and characterization of a high-performance all-optical
filter. It consists of three cascaded microring resonators and four
integrated grating couplers, developed for precise wavelength
selection within the telecom band (1500–1600 nm). The device
was fabricated on a silicon-on-insulator platform using high-
resolution electron beam lithography and encapsulated with
a silica cladding layer to enhance mechanical robustness and
increase the effective refractive index, resulting in superior optical
performance. A fundamental aspect of the proposed design is
systematic geometrical tailoring of critical parameters, including
ring radius, waveguide width, coupling gap, coupling length, and
the number of cascaded resonators, to allow precise control
over the filter’s spectral characteristics. The fabricated filter
achieves an ultra-narrow passband of 1.99 nm, a resonance
power transfer efficiency exceeding 56%, and a Q-factor up
to 804. The free spectral range (FSR) is shown to be design-
dependent, varying between 27 nm and 37 nm as a function
of ring radius, thus enabling flexible specification during the
design phase. Experimental characterization using tunable lasers
showed strong agreement with finite-difference time-domain sim-
ulations, validating the filter design. Extensive parametric studies
were conducted to evaluate the influence of structural variations
on key performance metrics, including resonance wavelength,
Q-factor, transmission efficiency, and FSR. The proposed filter
demonstrates outstanding spectral resolution, low insertion loss,
and excellent efficiency, establishing it as a promising solution for
advanced optical communications, high-precision photonic signal
processing, and emerging nanophotonic systems.

Index Terms—All-optical filter, Ring resonator, Grating cou-
pler, Silicon-on-insulator, Electron beam lithography, Free spec-
tral range, Quality factor, Finite-difference time-domain.

I. INTRODUCTION

MODERN optical communication systems face increas-
ing challenges such as limited scalability, high power

consumption, large device footprints, and the growing de-
mand for higher data transmission speeds [1]–[4]. Photonic
Integrated Circuits (PICs) have emerged as a transformative
solution to these challenges by integrating multiple optical and
electronic functionalities onto a single compact chip [5]–[8].
PICs offer improved scalability, reduced energy consumption,
and enhanced performance, making them an essential com-
ponent of next-generation high-capacity and energy-efficient
communication networks [9]–[12]. PICs are typically made
from silicon or III–V semiconductor materials because of
their excellent optical and electronic properties [10], [13].
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They integrate various components, including lasers, pho-
todetectors, modulators, amplifiers, splitters, and especially
optical resonators [6], [8]. Among these components, optical
ring resonators play a critical role due to their versatility in
applications such as wavelength filtering [14]–[19], optical
modulation [20], [21], signal processing [22], delay lines [23]–
[25], and sensing [26]–[31]. Ring resonators consist of a
circular waveguide connected to one or more linear bus waveg-
uides. They work based on optical resonance, meaning that
only certain wavelengths of light, which match the resonance
conditions, enter and circulate within the ring. These resonant
wavelengths are then guided to the Drop port while other
wavelengths pass through the bus waveguide and exit via
a through port. This selective wavelength routing capability
highlights the importance of ring resonators and makes them
a vital part of advanced photonic systems.

One of the pioneering optical ring resonator structures was
demonstrated by Haavisto and Pajer (1980) [32]. In their
study, polymeric waveguides made of PMMA with a width
of 10 µm and a center-to-center spacing of 17.5 µm were
utilized, and the resonator had a radius of 4.5 cm. Prism
coupling was employed to couple light into the waveguides,
achieving a coupling coefficient of 2% and an overall prop-
agation loss of 0.05 dB cm−1. Nevertheless, due to its large
dimensions, the applicability of this resonator as a channel-
dropping filter was limited. This work is recognized as a
foundational contribution, paving the way for subsequent
developments in ring-resonator-based optical filters. Advances
in fabrication technologies and the development of novel III–V
semiconductor material systems have enabled the realization
of compact ring resonators with dimensions below 100 µm. A
notable early demonstration by Rafizadeh et al. (1997) [33]
presented AlGaAs/GaAs-based ring and disk resonators with
diameters of 10.5 µm and 20.5 µm, respectively. For a 10.5 µm
disk resonator, a free spectral range (FSR) of 21.6 nm and
a full width at half maximum (FWHM) of 0.18 nm were
measured, yielding a finesse of 120 and a Q-factor exceeding
8500. A ring resonator of the same size showed an FSR of
20.6 nm and FWHM of 0.43 nm, corresponding to a finesse
of 48 and a Q-factor above 3500. Grover et al. (2002) [34]
demonstrated an optical channel drop filter based on three-
ring resonators fabricated on GaAs–AlGaAs and GaInAsP–InP
platforms. These structures exhibited FSRs of 30 nm and
40 nm, respectively, achieving three to four times the FSR
of a single-ring resonator. Bogaerts et al. (2012) [35] pre-
sented a comprehensive review of silicon microring resonators,
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providing an in-depth theoretical background and highlighting
their compact structure and broad applicability in photonics.
Despite their advantages, these resonators face performance
limitations due to environmental sensitivity, fabrication com-
plexity, and optical losses. Krasnokutska et al. (2019) [36]
focused on the design and fabrication of tunable microring
resonators on Z-cut lithium niobate on insulator platforms.
They developed low-loss, single-mode waveguides and fab-
ricated microrings with radii ranging from 30 µm to 90 µm.
These resonators demonstrated FSRs up to 5.7 nm and broad
resonance bandwidths. Challenges included high sensitivity
to fabrication accuracy, significant TE-mode bending losses,
narrow coupling gaps, complex modeling requirements, and
high operational voltages. Tran et al. (2020) [37] developed
tunable semiconductor lasers with ultra-narrow linewidths
based on ring resonators on a heterogeneous Si/InP platform.
Their second-generation design achieved a 220Hz linewidth
and 110 nm tuning range across the S, C, and L bands.
While offering advantages like broad tunability and low phase
noise, challenges included thermal crosstalk, limited output
power, and scalability. Selim and Anwar (2023) [38] demon-
strated an optical filter based on nested silicon microring
resonators composed of an open ring and a racetrack resonator.
This design achieved a four-fold improvement in the Q-
factor and is suitable for sensing and delay-line applications.
However, it still faces challenges in fabrication complexity
and environmental stability. Saha et al. (2024) [39] reviewed
silicon photonic filters, emphasizing CMOS compatibility,
low power consumption, and tunability. However, precise
nanometer-scale fabrication remains a challenge, significantly
affecting reproducibility and performance. Photonic crystal
ring resonators (PCRRs) are studied for high-Q filtering,
sensing, and communication applications [40]–[42]. However,
they are highly sensitive to fabrication imperfections, material
losses, and radiation losses from bends. Coupling efficiency is
difficult to optimize, and PCRRs require advanced simulation
techniques such as finite-difference time-domain (FDTD) and
Plane wave expansion (PWE), which are computationally ex-
pensive. Integration with other photonic components and tem-
perature sensitivity further complicate their practical deploy-
ment. Despite progress, optical ring resonators still face major
challenges: sensitivity to fabrication errors, optical losses from
absorption and roughness, limited resonance bandwidth, inter-
ring crosstalk, and complex modeling requirements. Thermal
and environmental sensitivity remain critical barriers. Recent
advances in silicon photonic filters have explored a variety of
coupled-resonator optical waveguide (CROW) architectures to
achieve high-performance and tunable spectral characteristics.
For instance, reconfigurable microwave photonic bandpass
filters based on CROW structures have demonstrated dy-
namic control over filter responses, making them attractive
for RF–photonic integration [43]. Similarly, wideband multi-
stage CROW filters have been proposed with a focus on
relaxed fabrication tolerances, enabling scalable and robust
implementations suitable for mass production [44]. Kumar and
Tsang (2021) [45] developed a high-extinction on-chip optical
filter using cascaded CROW structures on silicon-on-insulator
(SOI), achieving over 96 dB suppression of pump photons

for quantum photonics. The filter offers tunable bandwidth
via thermal phase shifters, combining compactness, low loss,
and integration suitability. In another development, a compact
high-contrast optical filter has been realized using all-passive
CROW configurations combined with Fano nanobeam res-
onators, offering sharp spectral features and low insertion loss
without the need for active tuning elements [46]. These efforts
highlight the growing interest in passive, high-performance
CROW-based filter designs, motivating further exploration into
alternative cascaded resonator configurations with enhanced
spectral control and fabrication resilience.

In this paper, we propose a compact and high-performance
optical filter based on three cascaded microring resonators
integrated on the SOI platform. The principal novelty of this
work lies in the use of cascaded decoupled microrings, re-
sulting in a significant enhancement in drop-port performance
compared to conventional single-ring filters. In the proposed
structure, optical power that is not coupled into the first mi-
croring continues to propagate through the bus waveguide and
is subsequently coupled into the second and third microrings.
Each ring extracts additional power and transfers it to the drop
port, leading to a cumulative increase in output power. This
mechanism contributes to improved transmission efficiency
and a higher Q-factor, while maintaining design simplicity.
The microrings are arranged side by side with sufficiently
large center-to-center spacing to ensure that inter-ring coupling
effects are completely suppressed. Unlike earlier multi-ring
designs that rely on tight coupling or intricate geometries, the
proposed filter maintains a simple, circular microring layout
and adopts passive design principles that are fully compati-
ble with standard silicon photonic fabrication processes. To
support the claimed performance improvements, we derived
scalable analytical expressions calculating the drop/through
transmissions of multi-ring filters and extensively simulated
the proposed structure using numerical FDTD solvers. The
proposed filter presents a practical and reliable solution for
achieving high-Q, low-loss optical filtering in silicon photonic
integrated circuits, enabled by its CMOS-compatible fabrica-
tion process and complete experimental validation.

II. PROPOSED FILTER

A. Filter Structure

The proposed silicon photonic filter, depicted in Fig. 1(a),
employs a cascaded arrangement of three microring resonators
integrated with two bus waveguides and four grating couplers.
This cascaded configuration enhances wavelength selectivity
and spectral efficiency compared to conventional single-ring
designs, reflecting a novel approach presented in this study.
The entire structure is fabricated from silicon and positioned
on a silica (SiO2) substrate. A protective silica cladding is
applied over the device, significantly improving mechanical
durability, environmental stability, and optical performance, as
well as optimizing the effective refractive index.

The filter operates by selectively routing specific wave-
lengths through resonant interactions within the cascaded mi-
croring resonators. Light entering via an input grating coupler
propagates along the waveguide, interacting sequentially with
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Fig. 1. (a) Schematic of the proposed silicon photonic filter consisting of cascaded microring resonators and grating couplers. (b) SEM image of the fabricated
grating coupler. (c) SEM image of the cascaded microring resonators.

Fig. 2. Transmission spectra at the Drop port for the silicon photonic filter
with cascaded microring resonators with radii of 2.5 µm, 3 µm, and 3.5 µm.

each microring resonator. Resonant wavelengths couple into
the rings and are guided to the Drop port, exiting via an
output grating coupler. Non-resonant wavelengths bypass the
resonators and leave the structure through the Through port,
connected to another grating coupler. This design ensures
precise wavelength selection and efficient operation, making
it highly applicable in optical modulation, photonic signal
processing, and optical communication systems.

Scanning electron microscopy (SEM) imaging was per-
formed to verify the precision and quality of fabrication.
Figures 1(b) and 1(c) display SEM images of the grating
couplers and microring resonators, highlighting excellent di-
mensional accuracy, precise component alignment, and high-
quality fabrication. The careful control during lithography and
silicon etching processes ensures robust and reliable device
performance.

B. Fabrication Process

The proposed silicon photonic filter based on microring res-
onators was fabricated on a silica (SiO2) substrate using EBL
technique, enabling precise nanoscale structuring essential for
PICs. Initially, a silica substrate approximately 2 µm thick was
prepared to minimize optical losses and optimize waveguide
performance. The wafer surface was cleaned thoroughly using
acetone and isopropanol, followed by oxygen plasma cleaning
(O2 plasma) to eliminate any residual surface contamination.
Subsequently, a thin silicon layer (220 nm) was deposited
onto the silica substrate via plasma-enhanced chemical vapor
deposition (PECVD). A positive photoresist (PMMA) was
then applied using spin coating at 3000–5000 rpm, creating
a uniform resist layer 100 nm to 300 nm thick. The wafer was
subjected to a soft bake at 90 ◦C to 110 ◦C to remove solvents
and moisture, preparing it for the lithographic step. EBL
was employed to define patterns for waveguides, microring
resonators, and grating couplers on the PMMA layer. An
electron beam generated by an electron gun was precisely
focused onto selected areas, breaking polymer chains within
the resist and altering its chemical properties. Following ex-
posure, the pattern was developed by immersing the wafer
in an MIBK:IPA solution (1:3 ratio). In this step, exposed
regions of the PMMA were dissolved, clearly revealing the
designed patterns on the substrate. The defined patterns were
transferred to the silicon layer using reactive ion etching (RIE).
The sample was etched in a plasma chamber containing SF6
and C4F8 gases. SF6 served as the primary etching agent,
removing selected silicon regions, while C4F8 provided protec-
tion against excessive etching, ensuring vertical sidewalls and
accurate pattern transfer. After etching, residual photoresist
was fully removed through O2 plasma ashing, resulting in a
clean and precise final structure. Scanning electron microscopy
(SEM) imaging was performed to evaluate fabrication quality,
dimensional accuracy, and alignment, with representative im-
ages shown in Figs 1(b) and 1(c). Finally, a protective silica
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cladding was deposited using PECVD, covering the entire
photonic structure. This protective layer enhanced mechanical
and environmental stability and optimized optical performance
by increasing the effective refractive index.The final struc-
ture exhibited minimal surface and sidewall roughness along
with excellent dimensional conformity to the original design
specifications. These characteristics led to reduced scattering-
induced losses and enabled the fabricated device to closely
replicate the simulated model under realistic conditions [47],
[48]. The strong agreement between experimental results and
numerical simulations confirms that the highly accurate design
effectively predicted and reproduced the optical behavior of
the proposed structure.

C. Key Parameters

Key filter parameters, including resonance wavelengths, free
spectral range (FSR), spectral bandwidth, quality factor (Q-
factor), and insertion losses, were extracted from the mea-
sured spectra. Resonance wavelengths were clearly identi-
fiable by pronounced transmission peaks at the Drop port
and corresponding transmission minima at the Through port.
The FSR, representing the wavelength separation between
consecutive resonances, was determined by calculating the
wavelength differences between adjacent resonance peaks.
These parameters collectively characterize the photonic filter’s
performance and are essential for assessing its suitability in
advanced photonic systems. In symmetric photonic circuits,
the FSR typically remains consistent and directly depends
on the geometric parameters and material composition of the
resonator. The FSR critically influences filter performance,
and its desirability varies based on the intended application.
A larger FSR results in wider spacing between consecu-
tive resonant wavelengths, leading to a lower mode density.
This characteristic is particularly beneficial in wavelength-
selective filters and DWDM systems, as it enhances wave-
length separation and minimizes crosstalk, thereby improving
signal integrity and overall system performance. Conversely,
a smaller FSR results in closely spaced resonant wavelengths,
which is advantageous for optical sensing, precision filtering,
and mode-locked lasers, where sensitivity to subtle wave-
length shifts is essential. However, an excessively small FSR
may lead to mode interference, reduced filter selectivity, and
other detrimental photonic effects. Therefore, determining the
optimal FSR involves careful consideration of the specific
application requirements, resonator design, and the targeted
photonic system. The FSR is calculated using the following
relation:

FSR =
λ2

res

ngL
(1)

where λres denotes the resonance wavelength, and L is the
circumference of the ring resonator [49]. The FSR is intrinsi-
cally linked to the resonator’s dimensions and critically defines
the operating wavelength range of the photonic filter. ng(λ0)
is the group refractive index at λ0, which is used instead of
the effective refractive index neff because it accounts for the

dispersion characteristics of the waveguide. It is calculated as
follows:

ng(λ0) = neff(λ0)− λ0
dneff

dλ
(2)

The quality factor (Q-factor) is another fundamental parameter
for evaluating the performance of silicon-based ring res-
onators. It characterizes the sharpness and intensity of optical
resonances, representing the ratio of stored energy within the
resonator to the energy dissipated per oscillation cycle. Con-
sequently, the Q-factor significantly influences energy losses,
wavelength discrimination accuracy, and overall efficiency in
photonic systems. In an add-drop ring resonator, the ring cavity
is coupled to two bus waveguides via directional couplers
characterized by amplitude self-coupling coefficients r1 and
r2, and cross-coupling coefficients κ1 and κ2, respectively.
These coupling coefficients satisfy the energy conservation
condition: {

κ2
1 + r21 = 1

κ2
2 + r22 = 1

(3)

The Q-factor is mathematically expressed as:

Q =
λres

∆λ
(4)

where ∆λ is the FWHM of the resonance peak in an add-
drop ring resonator and is a key parameter that determines the
filter’s resolution [35]. It can be expressed as:

∆λ =
(1− r1r2a)λ

2
res

πngL
√
r1r2a

(5)

This relationship quantitatively defines the resonator’s per-
formance and guides the optimization of photonic device
design. In ring resonator-based filters, a high Q-factor indi-
cates superior performance in wavelength selectivity, reduced
optical losses, and enhanced overall system efficiency. High-
Q filters can transmit specific wavelengths with high preci-
sion while effectively suppressing others. This characteristic
makes them highly suitable for applications such as optical
communications, photonic sensing, and PICs. Conversely, a
low Q-factor implies rapid leakage of optical energy from the
resonator, limiting its ability to confine light for a sufficient
duration. This, in turn, degrades the filter’s performance in
terms of wavelength discrimination and efficiency. The finesse
F is defined as the ratio of the FSR to the FWHM ∆λ. It
characterizes the sharpness or quality of resonances relative
to their spacing and is expressed mathematically as:

F =
FSR
∆λ

=
π
√
r1r2a

1− r1r2a
(6)

Structural losses significantly impact the performance of ring
resonator-based optical filters, particularly in terms of out-
put signal intensity and spectral resolution. These losses are
generally divided into two main categories: coupling losses
and propagation losses. Coupling losses occur during light
transfer from the optical fiber to the silicon waveguides via
grating couplers, often due to refractive index mismatch or
misalignment. Propagation losses arise as light travels through
the waveguides and ring structures and are mainly caused by
sidewall roughness, material absorption, and scattering. Both
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types of losses reduce the Q-factor, broaden the resonance
bandwidth, and degrade wavelength selectivity. Furthermore,
the coupling efficiency—which determines how effectively
light enters the resonator—is highly sensitive to these losses.
Minimizing them through precise optical design and fabrica-
tion is essential for achieving high-performance filtering and
accurate wavelength discrimination. The amplitude transmis-
sion within the ring per round trip is denoted by a, and the
round-trip phase shift is ϕ = βL, where L is the circumference
of the ring resonator, and β is the propagation constant. The
transmission at the through port is given by:

TThrough =
a2r22 + r21 − 2ar1r2 cosϕ

1 + a2r21r
2
2 − 2ar1r2 cosϕ

(7)

The Drop port transmission, describing the power transferred
from the input waveguide to the side-coupled drop waveguide
via the resonator, is expressed as:

TDrop =
aκ2

1κ
2
2

1 + a2r21r
2
2 − 2ar1r2 cosϕ

(8)

Only light whose wavelength matches the resonator’s reso-
nance condition is strongly coupled into the ring and trans-
ferred to the Drop port. This expression reaches a maximum at
resonance, where constructive interference facilitates efficient
power coupling into the Drop port. These equations provide
insight into how resonance, losses, and coupling coefficients
govern the distribution of optical power in the device.

D. Measurement and Characterization

To assess the performance of the silicon-based ring res-
onator optical filter, a continuous-wave tunable laser source
(CW-TLS) was used as the input, while an optical spectrum
analyzer (OSA) was employed to characterize the output
response with high precision. The laser source, Keysight
81608A, provides a wavelength tuning range from 1495 nm to
1640 nm and an output power adjustable from 0 to +13 dBm,
with a fine control resolution of 0.1 dB. This tool enables
accurate wavelength sweeping, particularly across the optical
communication bands between 1500 nm and 1600 nm. The
laser output was coupled into a single-mode optical fiber
(SMF-28 Ultra, Corning), then focused onto the input grating
coupler of the photonic chip using a GRIN lens. The angle of
incidence was carefully adjusted to 12◦ relative to the surface
normal to optimize coupling efficiency. The fiber used in this
experiment, SMF-28e+ (Corning), is designed for low-loss
transmission across the 1260–1625 nm wavelength range and
is widely used in both C-band (1530–1565 nm) and L-band
(1565–1625 nm) applications. With a core diameter of 8.2 µm
and a cladding diameter of 125 µm, it provides excellent
compatibility with integrated photonic components such as
grating couplers and waveguides. The fiber’s low attenuation,
measured at less than 0.18 dB/km at 1550 nm, ensures minimal
signal degradation. After entering the main silicon waveguide
(Bus#1), the optical signal interacts sequentially with three
ring resonators of identical radius, each positioned laterally
at a 0.1 µm gap from Bus#1. These rings are engineered to
support resonance at specific wavelengths, allowing a portion

of the optical field to couple into the rings and circulate
within them. Under resonant conditions, the light is effectively
trapped in the ring structure, leading to enhanced spectral
selectivity and narrowband filtering. The resonant signal then
couples into the second waveguide (Bus#2) and is directed
toward the output grating coupler, where it exits through
the Drop port. Due to the reciprocal nature of the grating
coupler, the output beam emerges at the same 12◦ angle as
the input. A second single-mode fiber, aligned at the same 12◦

angle, captures the output signal and routes it to the optical
spectrum analyzer for spectral analysis. Measurements were
conducted using the Yokogawa AQ6370D optical spectrum
analyzer, which offers a spectral resolution of 0.02 nm, a
dynamic range of 70 dB, and a measurement range from
600 to 1700 nm. The output spectrum from the Drop port
was recorded over the 1500–1600 nm range. Throughout
the experiment, fiber alignment was carefully maintained to
ensure measurement consistency and repeatability. To study
the effect of ring size on filter performance, three PIC designs
were fabricated, each incorporating microring resonators with
different radii: 2.5 µm, 3.0 µm, and 3.5 µm. The measured
spectral responses, shown in Fig. 2, indicate that increasing
the ring radius results in a noticeable shift in the resonance
wavelength and changes in the peak intensity. These findings
highlight the significant impact of geometric parameters on
the filter’s spectral behavior and emphasize the importance
of precise design for achieving optimal filtering performance.
Table I summarizes the key optical characteristics measured
at the Drop port of the proposed silicon photonic filter. These
values were derived from the transmission spectra shown
in Fig. 2, providing a comprehensive overview of the fil-
ter’s spectral performance. Considering the input laser source
operates within the wavelength range of 1500–1600 nm,
all measurements and analyses were conducted within this
spectral region. For the resonators with a radius of 2.5 µm,
only two resonance peaks appear at wavelengths of 1532 nm
and 1568 nm, with the main resonance wavelength identified
at 1568 nm. The limited number of resonant peaks in this
case is due to the relatively large FSR of 37 nm, reducing
the number of resonances within the measurement window.
With a resonance bandwidth ∆λ of 1.99 nm, the measured Q-
factor for this radius is 787, and the maximum transmission
(TMax) reaches 0.4. Increasing the radius to 3.0 µm leads to
four observable resonance peaks at wavelengths of 1505 nm,
1536 nm, 1568 nm, and 1598.7 nm. The maximum resonance
peak occurs at wavelength of 1598.7 nm. Due to a reduction
of the FSR to 31 nm, more resonance peaks become visible
in the measurement range. In this case, the Q-factor increases
slightly to 804 while the resonance bandwidth remains con-
stant at 1.99 nm, and the maximum transmission improves to
0.5. For the largest resonator radius of 3.5 µm, four resonance
peaks at wavelengths of 1514 nm, 1539 nm, 1567 nm, and
1593 nm are observed, with the main resonance at 1567 nm.
Here, the FSR further reduces to 27 nm, resulting in decreased
spectral spacing between resonance peaks. The maximum
transmission improves to 0.56, while the resonance bandwidth
and Q-factor remain nearly identical to the previous cases.
Table I clearly indicates that increasing the microring resonator
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TABLE I
OPTICAL CHARACTERISTICS AT THE Drop PORT OF THE SILICON PHOTONIC FILTER WITH CASCADED MICRORING RESONATORS (RADII: 2.5 µm, 3.0 µm,

AND 3.5 µm), AS OBTAINED FROM TRANSMISSION SPECTRA SHOWN IN FIG. 2.

Radius λp1 λp2 λp3 λp4 λres ∆λ Q-Factor FSR TMax
r = 2.5µm – 1532 1568 – 1568 1.99 787 37 0.4
r = 3.0µm 1505 1536 1568 1598.7 1598.7 1.99 804 31 0.5
r = 3.5µm 1514 1539 1567 1593 1567 1.99 787 27 0.56

Fig. 3. (a) Perspective view and (b) top view of the simulation setup for the proposed silicon-based ring resonator structure. The device consists of three
microring resonators coupled to two parallel straight silicon waveguides encapsulated between a silica cladding and a silica substrate.

Fig. 4. Transmission spectra at the Drop port for ring resonators with radii
of 2.5 µm, 3 µm, and 3.5 µm.

radius reduces the FSR, leading to narrower spacing between
resonances and an increased number of observable resonance
peaks within the wavelength range of 1500–1600 nm.

III. NUMERICAL ANALYSIS

Figure 3(a) presents a perspective view of the simulated de-
sign, highlighting the main components, including the straight
waveguides and three microring resonators. Figure 3(b) pro-
vides the top view, showing the location of the input source

of the TE mode, various monitors (power, field, and refractive
index) and the boundaries of the simulation region. In this
simulation, only the central part of the filter was modeled,
which comprises the ring resonators and the two straight
bus waveguides. The grating couplers were omitted to reduce
computational complexity and to focus solely on the resonant
behavior of the device. These couplers have already been thor-
oughly studied and characterized in previous literature [50]–
[52]. All components of the structure are made of silicon (Si)
and are placed on a silica (SiO2) substrate. A silica upper
cladding layer is also included to better replicate the fabricated
device and to account for both the effective refractive index
profile and the physical protection it provides. The optical
properties of the materials used—namely the refractive index
(n) and the extinction coefficient (k)—for silicon (Si) and sil-
ica (SiO2) were implemented as wavelength-dependent across
the desired operational range, typically within the telecommu-
nication band. These values were extracted from experimental
datasets and incorporated into the simulation in the form of
spectral material files, enabling a more realistic representation
of the waveguide’s behavior under actual working conditions.
The extinction coefficient (k) quantifies the absorption of
optical energy by the material and directly contributes to
propagation loss. Although the absorption of silicon in the
telecommunication wavelength range is relatively low, it is
not negligible, and accounting for it in the simulation is
essential for accurately estimating losses. In contrast, silica
is considered virtually lossless in this spectral region.
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As shown in Fig. 3(b), a mode source is positioned at the in-
put of the upper waveguide (Bus#1) to excite the fundamental
TE mode over the wavelength range of 1490 to 1610 nm. The
source operates in continuous-wave mode, allowing accurate
spectral analysis of the filter’s behavior within the optical
communication bands. To eliminate unwanted reflections from
the simulation boundaries, perfectly matched layer (PML)
boundary conditions are applied in all three spatial directions
(x, y, and z). This ensures complete absorption of outgoing
waves and significantly improves the reliability of the simula-
tion results. The spatial discretization of the simulation domain
uses an adaptive non-uniform meshing strategy. Fine mesh
cells of 10 nm are applied in critical regions, such as the
coupling gaps between the ring resonators and waveguides,
where the optical field varies rapidly. Coarser mesh cells of
50 nm are used in less sensitive areas, reducing simulation
time without compromising accuracy.

Several monitors are employed throughout the simulation
domain to extract meaningful data. Two frequency-domain
power monitors are placed at the Through and Drop ports
to capture the transmission spectra at both outputs. Two time-
domain monitors are included at the Through and Drop output
ports to observe the temporal behavior of light propagation
through the structure. Additionally, one frequency-domain
field and power monitor is used to record the distribution
of electric and magnetic fields within the coupling regions
and inside the rings. This enables a detailed understanding
of energy confinement, coupling dynamics, and resonant be-
havior. A refractive index monitor is also included to observe
the wavelength-dependent refractive index values of materials
within the structure, providing additional accuracy for modal
and spectral analysis.

Due to the sufficiently large center-to-center spacing be-
tween adjacent microring resonators in the proposed struc-
ture, inter-ring coupling effects are negligible. This spatial
separation ensures that each ring operates independently. Con-
sequently, the total optical power at the Drop port can be
approximated as the sum of the individual power contributions
from Drop Ports 1, 2, and 3, as illustrated in Fig. 3(b), and is
expressed as:

PDropT = PDrop1 + PDrop2 + PDrop3 (9)

where 
PDrop1 = TDrop · Pinput

PDrop2 = TDrop · Ppass1

PDrop3 = TDrop · Ppass2

(10)

and the intermediate powers at the pass ports are given by:{
Ppass1 = TThrough · Pinput

Ppass2 = TThrough · Ppass1

(11)

Substituting these into the expression for total drop power
yields:

PDropT = TDrop ·
(
1 + TThrough + T 2

Through

)
· Pinput (12)

Therefore, the overall drop-port transmission coefficient is
given by:

TDropT =
PDropT

Pinput
= TDrop

(
1 + TThrough + T 2

Through

)
(13)

The validity of the analytical model is reinforced by the strong
agreement observed between the FDTD simulation results
and the experimental measurements of the fabricated device,
confirming the assumption that inter-ring coupling is negligible
under the given structural configuration.

Figure 4 presents the simulation results for the transmission
spectra at the Drop port of the proposed filter structure, evalu-
ated for three configurations with microring resonator radii of
2.5 µm, 3.0 µm, and 3.5 µm. The results clearly show that at
specific resonant wavelengths, the input light is efficiently cou-
pled from the upper waveguide into the microring resonators
and subsequently transferred to the lower waveguide. This
selective routing of light at resonance wavelengths confirms
the expected add-drop filtering functionality, validating the
effectiveness of the design through numerical simulation.

When compared with the experimental results shown in
Fig. 2, the resonance wavelengths observed in the simula-
tion and measurements are nearly identical, indicating strong
agreement between the model and the actual fabricated device.
However, the resonance peaks in the measured spectra appear
lower. This discrepancy is attributed to the presence of two
grating couplers in the fabricated structure—one at the input
and another at the output—which introduce coupling losses
and reduce the overall transmission. Therefore, the simulation
in Fig. 4 excludes the grating couplers, resulting in higher
transmission peaks due to direct coupling into and out of
the waveguides. able II summarizes the optical characteristics
at the Drop port of the three cascaded microring resonators,
corresponding to the simulation results shown in Fig. 4.
The analysis is carried out for three different microring
radii: 2.5 µm, 3.0 µm, and 3.5 µm. Key parameters such as
four resonance wavelengths (λp1–λp4), maximum resonance
wavelength (λres), resonance bandwidth (∆λ), Q-factor, FSR,
and maximum transmission (TMax) are listed for each con-
figuration. For the smallest radius of 2.5 µm, four resonance
peaks are observed at 1496 nm, 1532 nm, 1568 nm, and
1608 nm, with the maximum resonance occurring at 1608 nm.
A resonance bandwidth (∆λ) of 2 nm results in a quality factor
of 804, while the FSR is measured to be 37.3 nm. The structure
exhibits high efficiency, achieving a maximum transmission
(TMax) of 0.85. When the radius increases to 3.0 µm, the
resonance peaks shift slightly to 1506 nm, 1536 nm, 1568 nm,
and 1598 nm, with λres at 1598 nm. The resonance bandwidth
remains at 2 nm, while the Q-factor slightly decreases to 799.
The FSR narrows to 30.67 nm, and TMax is recorded at 0.83.
For the largest radius of 3.5 µm, the resonance peaks appear at
1514 nm, 1540 nm, 1566 nm, and 1593 nm, with λres centered
at 1566 nm and a bandwidth of 2 nm. The Q-factor further
decreases to 783, and the FSR reduces to 26.7 nm. A TMax of
0.8 is achieved in this configuration. Table II demonstrates that
increasing the microring radius leads to a reduction in the FSR,
resulting in a denser distribution of resonance peaks within
the target wavelength range. This trend is consistent with
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TABLE II
OPTICAL CHARACTERISTICS AT THE Drop PORT OF THE SILICON PHOTONIC FILTER WITH CASCADED MICRORING RESONATORS (RADII: 2.5 µM, 3 µM,

AND 3.5 µM), AS OBTAINED FROM THE TRANSMISSION SPECTRA SHOWN IN FIG. 4.

Radius λp1 (nm) λp2 (nm) λp3 (nm) λp4 (nm) λres (nm) ∆λ (nm) Q-Factor FSR (nm) TMax
r = 2.5µm 1496 1532 1568 1608 1608 2 804 37.3 0.85
r = 3.0µm 1506 1536 1568 1598 1598 2 799 30.67 0.83
r = 3.5µm 1514 1540 1566 1593 1566 2 783 26.7 0.80

the behavior presented in Table I, indicating that larger radii
enable more resonance modes to fall within the operational
bandwidth. Although the Q-factor exhibits a slight decrease
with increasing radius, the filter consistently maintains high
transmission efficiency across all configurations. These simu-
lation results further confirm the expected add-drop filtering
behavior and validate the optical performance of the proposed
structure, as illustrated in Fig. 4. To further investigate the
electromagnetic behavior of the proposed cascaded microring
resonator filter, FDTD-based simulations were performed to
visualize the spatial distributions of the electric and mag-
netic fields. Figure 5 presents the steady-state electric field
magnitude (|E|, in V/m) in the top three rows (a1–c4) and
the corresponding magnetic field magnitude (|H|, in A/m)
in the bottom three rows (d1–f4), for ring radii of 2.5 µm,
3.0 µm, and 3.5 µm, each excited at their respective resonant
wavelengths. For the 2.5 µm radius, subfigures (a1–a4) and
(d1–d4) illustrate the electric and magnetic field distributions
at wavelengths of 1496 nm, 1532 nm, 1568 nm, and 1608 nm,
respectively. Among these, strong field confinement within
and around the microring resonators is particularly evident
at 1608 nm, indicating efficient coupling of light from the
input waveguide into the rings and subsequently to the Drop
port. When the radius is increased to 3.0 µm, subfigures (b1–
b4) and (e1–e4) show the corresponding field distributions at
1507 nm, 1536 nm, 1567 nm, and 1598 nm. As in the previous
case, pronounced field localization is observed—especially
at 1598 nm—highlighting strong resonance and confirming
the structure’s ability to perform add-drop filtering across
multiple wavelengths. For the 3.5 µm radius, subfigures (c1–
c4) and (f1–f4) present the field profiles at 1514 nm, 1540 nm,
1566 nm, and 1593 nm. The most prominent field enhance-
ment occurs at 1566 nm, where strong confinement around
the microring is again observed. However, a slight reduction
in peak field intensity compared to smaller radii is notice-
able, which aligns with the modestly decreased transmission
efficiency reported in Table II for this configuration. The color
bars on the right of each row represent the normalized intensity
of the fields, with maximum value shown in red and minimum
value in blue. To further evaluate the optical performance of
the proposed cascaded microring resonator filter, the power
flux (in W/m2) distribution was analyzed for different ring radii
and excitation wavelengths. Figure 6 presents the simulated
power flux distributions within the structure for radii of 2.5 µm
(a1–a4), 3.0 µm (b1–b4), and 3.5 µm (c1–c4). Each subfigure
corresponds to a specific resonant wavelength, consistent with
the previous spectral and field analysis results. For the 2.5 µm
radius, subfigures (a1–a4) show the power flux at wavelengths
1496 nm, 1532 nm, 1568 nm, and 1608 nm, respectively.

Among these, the most significant power transfer through the
Drop port is observed at 1608 nm, where the input light is
strongly confined and directed through the first ring, confirm-
ing effective resonance-based filtering behavior. When the ring
radius is increased to 3.0 µm, as shown in subfigures (b1–b4),
the strongest power flux appears at 1598 nm. Similar to the
previous case, the power is efficiently coupled into the ring
resonators and guided toward the Drop port, demonstrating the
wavelength-selective nature of the filter. For the 3.5 µm radius,
the power flux distributions at wavelengths 1514 nm, 1540 nm,
1566 nm, and 1593 nm are depicted in subfigures (c1–c4).
The highest power concentration is observed at 1566 nm, with
evident coupling into the resonator and extraction through the
Drop port. Compared to smaller radii, the spatial spread of
the power appears slightly broader, which correlates with the
slight decrease in transmission efficiency reported in Table II.
The color bar on the right side of each row indicates the
normalized power flux intensity, where red represents max-
imum power flow, and blue indicates minimum. Overall, the
power flux distributions in Fig. 6 clearly support the results
of the electric and magnetic field simulations (Fig. 5) and
the spectral analyses (Figs 2 and 4), confirming the efficient
and tunable filtering capability of the proposed photonic
structure across different microring radii and wavelengths. Our
simulation results verify the wavelength-selective behavior of
the proposed ring resonator filter and offer a comprehensive
insight into coupling efficiency, field distribution, and spectral
performance. These results support the filter’s suitability for
a wide range of integrated photonic applications, including
DWDM, high-resolution optical sensing, and PICs. One of the
primary goals in the design of optical filters is to achieve high
transmission at specific target wavelengths at the Drop port.
For optimal performance, these transmission peaks should
also exhibit narrow bandwidths, resulting in high Q-factors,
which are critical for applications requiring high spectral
resolution. In microring resonator design—particularly for
racetrack-shaped resonators—the coupling length (Lc) refers
to the physical length over which the ring waveguide and
the adjacent bus waveguide run parallel to each other at a
close separation. This region enables evanescent coupling of
optical power between the two waveguides. Unlike circular
ring resonators, where coupling occurs at a single point
with effectively zero interaction length, racetrack resonators
introduce a straight segment to increase the interaction area.
By tuning the coupling length, designers can more precisely
control the coupling strength between the ring and the bus
waveguide.

Figure 7(a) shows the transmission spectra as a function
of wavelength for ring resonators with different radii. In this
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Fig. 5. Electric field (|E|, in V/m) and magnetic field (|H|, in A/m) distributions in cascaded ring resonators for various ring radii and excitation wavelengths.
The first three rows (a1–c4) display the electric field intensity distributions, while the last three rows (d1–f4) present the corresponding magnetic field intensity
distributions. For radius r = 2.5µm, the subfigures (a1–a4, d1–d4) correspond to wavelengths λ = 1496 nm, 1532 nm, 1568 nm, and 1608 nm, respectively.
For r = 3.0µm, the subfigures (b1–b4, e1–e4) correspond to λ = 1507 nm, 1536 nm, 1567 nm, and 1598 nm. For r = 3.5µm, the subfigures (c1–c4, f1–f4)
correspond to λ = 1514 nm, 1540 nm, 1566 nm, and 1593 nm, respectively. The color bars to the right of each row represent the normalized field intensity,
with red indicating the maximum intensity and blue indicating the minimum intensity.

analysis, the waveguide width (denoted as w, representing
both the bus and ring waveguide widths), the coupling gap,
and the coupling length (Lc) are fixed at 500 nm, 100 nm,
and 0 nm, respectively. Numerical simulations based on the
FDTD method reveal that increasing the ring radius results
in two major effects: (1) a decrease in the amplitude of the
transmission peaks, and (2) a reduction in the FSR. These
effects can be explained as follows: increasing the radius
enlarges the optical path length within the ring, which leads
to a higher attenuation and a lower FSR due to the increased

round-trip time. Additionally, a larger radius can reduce the
spatial overlap between the optical modes in the bus waveguide
and the ring, thereby weakening the coupling efficiency and
reducing the peak transmission.

Figure 7(b) illustrates the effect of varying the waveguide
width while keeping the ring radius (3.5 µm), coupling gap
(100 nm), and coupling length (0 nm) constant. As the
waveguide width increases from 490 nm to 520 nm, the
resonance peaks shift to longer wavelengths (red-shift), and
the transmission amplitude decreases. This shift occurs due to
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Fig. 6. Power flux (in W/m²) distributions in cascaded ring resonators for different ring radii and operating wavelengths. The three rows correspond to
varying ring radii: r = 2.5µm (a1–a4), r = 3.0µm (b1–b4), and r = 3.5µm (c1–c4). Each column represents a different excitation wavelength. Specifically,
subfigures (a1–a4) correspond to λ = 1496 nm, 1532 nm, 1568 nm, and 1608 nm; (b1–b4) to λ = 1507 nm, 1536 nm, 1567 nm, and 1598 nm; and (c1–c4)
to λ = 1514 nm, 1540 nm, 1566 nm, and 1593 nm, respectively. The color bar on the right side indicates the normalized power flux intensity, where red
denotes the highest flux and blue the lowest.

an increase in the effective refractive index of the waveguide,
which extends the optical path length. However, the FSR
remains nearly unchanged, indicating that the dominant factor
influencing the FSR in this configuration is still the ring radius.

Figure 7(c) explores the impact of changing the coupling
gap—the physical separation between the bus waveguide and
the ring resonator—while maintaining fixed values for the
ring radius (3.5 µm), waveguide width (500 nm), and coupling
length (0 nm). As the gap decreases from 125 nm to 50 nm, the
optical coupling becomes stronger, resulting in increased trans-
mission peak amplitudes and broader resonance bandwidths.
This broadening occurs because stronger coupling allows a
wider range of wavelengths to couple into the resonator. For
applications requiring narrowband filtering, such broadening
is undesirable. Conversely, increasing the gap reduces the
coupling strength, narrows the bandwidth, and lowers the
amplitude of the transmission peaks. Throughout this variation,
the FSR remains relatively constant. To further explore the
influence of the coupling region on the spectral response
of microring filters, we present an analytical study of how
the coupling length affects the transmission characteristics.
Although our fabricated device and all simulations discussed
thus far (Figs 1, 3, 5, and 6) are based on circular microring
resonators with zero straight coupling length Lc = 0, Fig. 7(d)
analyzes the effect of varying the coupling length from 300 nm
to 500 nm while keeping the ring radius (3.5 µm), waveguide
width (500 nm), and coupling gap (100 nm) constant. As the
coupling length increases, more optical power is transferred
from the bus waveguide into the ring, leading to higher peak
amplitudes and broader bandwidths—similar to the effect of
reducing the gap. This broader response negatively impacts the

filter’s spectral selectivity. The FSR, however, is not signifi-
cantly affected by changes in coupling length, as it primarily
depends on the round-trip length determined by the ring’s
radius. These variations in transmission behavior are mainly
attributed to changes in the effective refractive index and, con-
sequently, the group index of the structure, both of which are
influenced by the geometrical parameters. Based on the above
analysis, designers can fine-tune key parameters—including
ring radius, waveguide width, coupling gap, and coupling
length—to meet desired specifications for resonance wave-
length, transmission amplitude, FSR, bandwidth, and Q-factor.
Moreover, reducing the number of ring resonators from three
to one leads to an approximate 30% decrease in resonance
peak amplitude due to the reduced cumulative coupling effect.
In multi-ring configurations, maintaining sufficient center-to-
center spacing between adjacent rings is crucial. In this study, a
spacing of 8.2 µm was used. If this spacing is reduced below
7.8 µm, undesired inter-ring coupling significantly degrades
the transmission peaks, increases bandwidth, and reduces
the Q-factor. Table III provides a comparative overview of
recently reported microring resonator filters on SOI and other
related platforms. Key performance metrics such as Q-factor,
FSR, and drop-port efficiency are highlighted. While some
structures demonstrate high Q-factors—for example, 20,000
in CMOS-compatible single-ring sensors—they often suffer
from limited FSR or reduced drop-port efficiency. On the other
hand, PCRRs show exceptionally high simulated efficiencies
(up to 99%), but these designs are rarely fabricated, depend on
non-standard materials, and are incompatible with typical SOI-
based CMOS processes. Additionally, many of the reported
works are based solely on simulation, and their performance
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Fig. 7. Transmission spectra at the Drop port of ring resonators under variations in key geometrical parameters: (a) Effect of ring radius variation (r =
2.8–3.6µm) with fixed waveguide width w = 500 nm, gap = 100 nm, and coupling length Lc = 0 nm. Increasing the radius reduces the free spectral range
(FSR) and peak amplitude. (b) Effect of waveguide width variation (w = 490–520 nm) with fixed ring radius r = 3.5µm, gap = 100 nm, and Lc = 0 nm.
Increasing the waveguide width causes a red-shift in resonance peaks and reduces the peak amplitude. (c) Effect of coupling gap variation (gap = 50–125 nm)
with fixed r = 3.5µm, w = 500 nm, and Lc = 0 nm. Smaller gaps enhance coupling, leading to broader resonance bandwidth and higher peak transmission.
(d) Effect of coupling length variation (Lc = 300–500 nm) with fixed r = 3.5µm, w = 500 nm, and gap = 100 nm. Increasing Lc increases the coupling
strength, resulting in wider resonance peaks and higher amplitudes.

remains unverified until physical fabrication and experimental
validation are performed. In contrast, our proposed cascaded
microring filter has been both simulated and fabricated on a
standard SOI platform, achieving a well-balanced performance
in terms of a relatively large FSR (27–37 nm) and high drop-
port efficiency. Specifically, the design achieved 85% drop
efficiency in simulation and 56% in the fabricated device,
where the latter includes the impact of input and output grating
couplers. To isolate the intrinsic performance of the filter itself,
we removed the influence of the grating couplers from the total
measured transmission. Because the input and output grating
couplers are identical and their spectral responses are well
characterized [53]–[56], we were able to de-embed their effect
from the measured results. This analysis revealed a corrected
drop-port efficiency of approximately 83% for the fabricated
device, closely aligning with the simulated result. This final
case, presented in the last row of Table III, represents the true
optical performance of our fabricated filter and demonstrates
its strong potential for deployment in DWDM systems and
PICs.

IV. CONCLUSION

This work presented the comprehensive design, fabrication,
and analysis of a cascaded triple microring resonator filter
implemented on a silicon-on-insulator platform. Through sys-
tematic variation of key structural parameters, including the
radius of the ring, the coupling gap, the coupling length,
and the waveguide width, the spectral characteristics of the

filter were fine-tuned. The device was fabricated using high-
resolution electron beam lithography. Experimental charac-
terization across the 1500–1600 nm window demonstrated
multiple sharp resonance peaks with high transmission effi-
ciency and excellent alignment with FDTD-based simulations,
confirming the reliability of the design and the accuracy of
the fabrication process. Notably, the device exhibited high Q-
factors, narrow passbands, and low insertion loss, demonstrat-
ing strong potential for integration into advanced photonic
systems. Field and power flux distributions provided further
insight into the resonant behavior and coupling dynamics,
revealing efficient mode confinement and selective wavelength
routing at resonance. These results lay a strong foundation for
the development of compact, high-resolution photonic filters
compatible with CMOS technology. Owing to their favorable
characteristics, these filters hold great promise for integration
into PICs aimed at dense wavelength-division multiplexing,
on-chip routing, and high-resolution optical signal processing.
The results not only validate the effectiveness of the design
methodology, but also demonstrate the potential for advancing
toward more sophisticated and tunable filtering architectures.
Future research may focus on incorporating active tuning
techniques, such as thermal or electro-optic modulation, to
enhance functionality and enable dynamic reconfigurability in
emerging optical networks and integrated photonic platforms.
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