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 This study uses the Taguchi method to optimize the quality factor (Q-factor) 

of microring resonators (MRRs) for sensor applications. The MRRs are 

compact optical components widely used in biosensors and environmental 

monitoring due to their sensitivity to refractive index changes. The Q-factor, 

a key performance metric for MRRs, is significantly influenced by structural 

parameters such as ring radius (R), gap (g), waveguide width (W), and 

waveguide height (h). We employed a finite difference time domain (FDTD) 

simulation to model light propagation within the MRR and compute the 

corresponding Q-factor to identify the optimal combination of these 

parameters. An L9 orthogonal array (OA) is used in the Taguchi method to 

analyze each factor's influence with three levels systematically. The 

optimization resulted in a Q-factor of 6208.44, significantly higher than the 

baseline value, indicating a substantial improvement. Compared to previous 

works, this research highlights the advantages of combining FDTD-based 

electromagnetic modeling with statistical optimization, offering a structured 

yet efficient approach to MRR design. The proposed method enhances Q-

factor performance and provides scalability for practical applications in 

biomedical and environmental sensing. These findings underscore the utility 

of Taguchi-based design in advancing the field of photonic sensor 

optimization. 
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1. INTRODUCTION 

Microring resonator (MRR) is a photonic-based device that utilizes light interference within MRR 

waveguides [1]. In the last decade, MRRs have been developed for sensor applications [2]. Light constructive 

interference is responsible for producing the resonance of MRR, which can be further examined to analyze 

https://creativecommons.org/licenses/by-sa/4.0/
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the works of MRR-based sensors. The investigated MRR is configured as an add-drop system consisting of 

two straight waveguides and a single-ring waveguide, as shown in Figure 1. This configuration allows MRR 

to have better characteristics, such as being more reflective, having a more stable temperature, and having a 

narrower bandwidth [3]-[5]. The dimensions of MRR are illustrated clearly, including ring radius, gap, 

waveguide width, and waveguide height, which are denoted as R, g, w, and h, respectively. 
 

 

 
 

Figure 1. The illustration of a geometric MRR structure with a Si waveguide layer and a SiO2 buffer layer 
 

 

The performance of MRR is greatly determined by the size of each dimension and the material used, 

as light propagation in MRR depends on those parts [6]-[9]. The substrate and waveguide materials used are 

based on SiO₂ and Si, respectively, due to their outstanding optical properties and excellence as wave-guiding 

materials [10], [11]. In the case of MRR applications as sensors, quality factors (Q-factor) determine the 

detection capability of an MRR-based sensor that operates on a shift resonance scheme [12], [13]. A sharper 

resonance distinguishes a smaller resonance shift from a higher Q-factor [14]. This results in a lower 

detection limit, making the sensors more sensitive. The Q-factor is mainly described as the ratio between the 

resonance wavelength λo and the full width at half maximum (FWHM) [15], [16]. The value of the Q-factor 

greatly depends on the geometrical structure, such as the group index ng and round-trip length L of MRR, as 

shown in (1). 
 

𝑄 =
𝜆𝑜

𝐹𝑊𝐻𝑀
=

𝜋𝑛𝑔𝐿

𝜆 cos−1(𝜓)
 (1) 

 

We employed the Taguchi method for further robust optimization to choose the best possible 

combination of the geometrical dimensions of MRR. Compared to other robust optimization methods such as 

stability radius, minimax estimator, stochastic optimization, and info-gap decision theory. The Taguchi method 

provides excellence, including a specific loss function, the philosophy of off-line quality control, and innovation 

in the design experiments [17], [18]. On the other hand, the different methods, such as Box-Behnken and 

Plackett-Burman, have main drawbacks, which only require that factors be varied in three factors, and the two-

factor interactions cannot be studied [19], [20]. Consequently, the excellent parameter investigation technique in 

the experiment led to an improvement in the manufactured quality. Hence, the solution to improve device 

performance can be obtained through the Taguchi method because the control factors that have the most 

significant impact on optimization are directly involved in the analysis process of this method. 

Theoretical work using the finite difference time domain (FDTD) method was generally used to 

investigate wave propagation through a medium or space within the time domain framework [21]-[23]. The 

analysis process with the FDTD method involves discrete light propagation in the waveguide, a continuous 

physical phenomenon. Discretization is carried out in Maxwell's time-dependent differential equation using a 

central-difference approach so that the differential equations for H ⃗ and E ⃗ are obtained explicitly, as shown 

in (2)-(7) [24]. The solution for H ⃗ can be obtained by solving the differential equation component of the 

electric field vector in a space for a specific time. In contrast, the solution for E ⃗ can be obtained by solving 

the magnetic field vector differential equation component in a space equal to the electric field vector 

component for a specific time after that. Hence, by framing these H ⃗ and E ⃗ solutions, the propagating light 

through the MRR waveguide can be investigated using the FDTD method. 
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In this work, we combine theoretical work using the FDTD method and a robust optimization 

process using the Taguchi method for MRR design optimization. This work aims to obtain the highest 

possible Q-factor by combining the various input parameters. The input parameter variation was chosen 

based on our literature study from several references, which considered MRR geometry and application for 

sensors. Further discussion will address how to implement the Taguchi method for optimizing MRR. 

 

 

2. METHOD 

2.1.  Microring resonator design and modelling 

The simulation of the MRR was conducted using the 3-dimensional FDTD (3D FDTD) method via 

Lumerical FDTD Solutions®. The FDTD technique solves time-dependent Maxwell’s equations—a set of 

partial differential (2)–(7)—to describe the behavior of electromagnetic fields in space and time. This 

numerical method is highly effective in simulating the light propagation and field distribution in photonic 

devices such as MRRs. 

An MRR is an integrated optical device consisting of a circular waveguide (the ring) that couples 

light from straight waveguides positioned nearby. Due to its sensitivity to changes in effective refractive 

index, it is widely used in optical sensing, filtering, and wavelength multiplexing applications. MRRs detect 

environmental changes in sensor configurations by observing resonance shifts or variations in their Q-factor. 

Figure 2 illustrates the MRR model constructed in Lumerical FDTD Solutions®. The simulation 

began with creating the base structure, including the buffer layer and the waveguides. The buffer layer was 

defined using a rectangular geometry from the “structure” menu, while the MRR was formed by selecting the 

“ring resonator” component under “integrated optics”. The design factors studied in this research are the 

ring's geometric parameters—ring radius, gap between waveguides, waveguide width, and waveguide height, 

as shown in Figure 2. These parameters directly affect the mode confinement and resonance behavior of the 

MRR. 

 

 

 
 

Figure 2. Geometric model of MRRs using FDTD Solutions® 
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After defining the structure, port objects and time-domain monitors were placed at four locations: 

the input port, through port, drop port, and add port. Ports define the optical signal's entry and exit points and 

allow control over the mode, frequency range, and polarization. The time-domain monitors record 

electromagnetic field data during the simulation, enabling post-processing in both the time and frequency 

domains. 

A Gaussian optical pulse was launched into the input port. The simulation time was set to 50,000 fs, 

sufficient for the optical signal to traverse the domain completely and interact with the resonator. This 

duration ensures that resonance and ring-down phenomena are fully captured. The simulation was carried out 

in an ambient environment at a temperature of 295 K and air refractive index n=1, approximating 

experimental laboratory conditions. 

The simulation engine discretized the spatial region into a Yee cell lattice, calculating the electric 

and magnetic field components at every point. After completing the simulation, the transmittance at the 

through port was plotted. Resonance appears as dips in the transmittance spectrum at certain wavelengths. 

The FWHM was extracted from these data to compute the Q-factor, a dimensionless parameter that describes 

resonance sharpness and is crucial for sensor sensitivity. 

 

2.2.  Taguchi method for microring resonator design 

The goal of this research is to enhance the performance of the MRR by maximizing its Q-factor. To 

achieve this, the Taguchi method was employed. Developed by Genichi Taguchi, this statistical approach 

improves quality and performance in product design and engineering by minimizing variability and 

identifying optimal parameter settings [25]-[27]. Figure 3 shows the processes involved in MRR optimization 

using the Taguchi method. 
 

 

 
 

Figure 3. The Taguchi method flow diagram for MRR optimization 
 

 

The Taguchi method begins with identifying the quality characteristic to be optimized—in this case, 

the Q-factor, as it directly influences the sensitivity and effectiveness of the MRR in sensing applications 

[28], [29]. Once the quality target is set, the next step involves selecting design parameters (control factors) 

and assigning levels to each. These factors significantly influence the resonator's behavior. Based on 

literature review and sensitivity analysis [30], [31], four control factors were chosen: ring radius, gap, 

waveguide width, and waveguide height. Each factor was tested at three levels, as shown in Table 1. 
 
 

Table 1. Control factor for the design and simulation of MRRs 
Symbol Control factor Unit Level 1 Level 2 Level 3 

R Ring radius µm 4.00 4.50 5.00 

g Gap µm 0.09 0.12 0.15 
W Waveguide width µm 0.45 0.46 0.47 

h Waveguide height µm 0.14 0.16 0.18 
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To efficiently explore the parameter space while minimizing simulation runs, the L9 orthogonal 

array (OA) was selected. This OA is widely used when dealing with 4 factors at 3 levels, as it reduces the 

number of experiments from 81 (3^4) to just 9, while still allowing interaction analysis and optimization. 

Each of the 9 combinations defined by the L9 OA was simulated using the same FDTD setup described in 

subsection 2.1. The Q-factor obtained from each simulation was then used to compute the signal-to-noise 

ratio (SNR) using the "larger-the-better" criterion, which is suitable for maximization goals [32]. 

 

SNR = −10 log10
1

n
∑ (

1

𝑦𝑖
2)

n
i=1  (8) 

 

n is the number of simulations performed, and yi is the value of the Q-factor obtained in each 

simulation. The SNR values help determine which factor levels lead to a more robust and higher Q-factor. 

After calculating the SNRs, an analysis of variance (ANOVA) was performed to assess the relative impact of 

each design factor on the Q-factor. The most influential parameters were identified by comparing each 

control factor's average SNR values at different levels. This process enabled the identification of the optimal 

combination of MRR design parameters, maximizing the Q-factor and enhancing device performance for 

practical sensor applications. 

 

 

3. RESULTS AND DISCUSSION 

The L9 OA was the outer array, ideal for evaluating four control factors at three levels. This setup 

generates nine combinations of the control factors, as presented in Table 2. The Q-factor and SNR values 

used for optimization in this study were derived from these nine configurations. The SNR calculation follows 

the "larger-is-better" formulation commonly used in Taguchi optimization for quality improvement. 

 

 

Table 2. The SNR value of the arrangement is orthogonal L9 
Sim. R g W h Q SNR 

1 1 1 1 1 644.61 56.19 

2 1 2 2 2 2059.64 66.28 

3 1 3 3 3 5226.40 74.36 
4 2 1 2 3 2556.16 68.15 

5 2 2 3 1 1295.65 62.25 

6 2 3 1 2 2963.53 69.44 
7 3 1 3 2 1556.31 63.84 

8 3 2 1 3 2895.35 69.23 

9 3 3 2 1 1558.28 63.85 

 
 

The primary objective of this study is to determine the most influential design parameters for the  

Q-factor of the MRR. The Taguchi method provides a systematic and statistically efficient approach for 

optimizing multiple parameters with a minimal number of experiments. By employing the "larger-is-better" 

SNR criterion, we can quantify the contribution of each control factor variation to the observed of  

Q-factor performance. Table 2 shows that variations in control factors lead to considerable differences in the 

resulting Q-factor and SNR values. A preliminary examination suggests that some factors significantly 

influence the performance, necessitating a quantitative analysis. The ANOVA and SNR response tables are 

used to identify the magnitude of each factor's impact. 

The performance sensitivity of each factor is evaluated by the Δ value, which is the difference 

between the highest and lowest SNR across the levels. A larger Δ indicates a more influential control factor. 

Based on Table 3, waveguide height and gap exhibit the most pronounced effects on the Q-factor, with Δ 

values of 9.82 and 6.49, respectively. These results imply that fine-tuning the vertical geometry of the 

waveguide and the gap distance between the ring and the bus waveguide significantly improves the 

resonator’s performance. In contrast, the ring radius and waveguide width show relatively modest impact, 

with Δ values of 1.00 and 1.87, respectively. This finding differs from initial assumptions and highlights the 

necessity of quantitative evaluation via SNR and ANOVA, rather than relying solely on theoretical intuition. 
 

 

Table 3. The SNR response for the Q-factor 

Symbol Control factor 
SNR 

Level 1 Level 2 Level 3 Δ 

R Ring radius 65.61 66.61 65.64 1.00 

g Gap 62.73 65.92 69.22 6.49 

W Waveguide width 64.95 66.09 66.82 1.87 

h Waveguide height 60.76 66.52 70.58 9.82 
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The SNR response analysis results are visualized in Figures 4(a) to (d), graphically illustrating how 

each control factor level influences the SNR. The optimal levels for each factor can be deduced directly from 

the highest points in each subfigure of the plot. The optimal value for the ring radius is at level 2, which is 

R=4.5 µm. The optimal value for the waveguide gap factor is at level 3, namely g=0.15 µm. The optimal 

value for the waveguide width is at level 3, namely W=0.47 µm. The optimal value for the waveguide height 

is at level 3, namely h=0.18 µm. 
 

 

  
(a) (b) 

  

  
(c) (d) 

 

Figure 4. The optimal SNR response for Q-factors according to the four different control factors, namely;  

(a) ring radius, (b) gap, (c) waveguide width, and (d) waveguide height 
 
 

While the current study successfully applies the Taguchi method for optimization, future work could 

validate these optimal settings through additional experiments or simulations and compare results to those 

reported in existing literature to articulate the contribution and novelty more clearly. Nevertheless, within the 

constraints of this study, the method effectively isolates the most impactful parameters, particularly 

waveguide height and gap, in enhancing MRR performance. To improve the discussion of results, a 

comparison with existing work could be made to highlight the novelty of the obtained results. The 

optimization result shows a higher Q-factor value than the pre-optimization result in Table 4. 
 
 

Table 4. Q-factor optimization results using the Taguchi method 
Optimum factor control 

Optimum Q-factor 
R (µm) g (µm) W (µm) h (µm) 

4.50 0.15 0.47 0.18 6208.44 

 

 

4. CONCLUSION 

This study demonstrates the use of the Taguchi method in optimizing the design parameters of an 

MRR to enhance its Q-factor, which is crucial for sensor performance. The study identified the most 

influential factors and optimal design configuration by systematically analyzing four geometric parameters—

ring radius, gap, waveguide width, and waveguide height—through a 3×4 L9 OA. 

The SNR analysis and response table revealed that waveguide height and gap significantly impact 

the Q-factor, with Δ values of 9.82 and 6.49, respectively. The Taguchi method enabled a data-efficient yet 
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reliable prediction of the optimal parameter combination, achieving an estimated Q-factor of 6208.44 

substantially higher than the initial configurations. These findings underscore the value of Taguchi-based 

statistical design of experiments (DOE) in photonic device optimization. 

Although the optimization result is theoretical and not experimentally verified due to simulation 

constraints, the methodology provides a robust framework for guiding future experimental validation and 

device fabrication. Compared to traditional trial-and-error or full-factorial methods, the Taguchi approach 

offers a more structured and resource-efficient route for performance improvement in photonic sensor design. 

This study contributes to the ongoing development of high-performance optical resonators and supports 

adopting design optimization techniques in integrated photonics research. 
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