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Design and Optimization of a Rose-Inspired 

Plasmonic Filter using Machine Learning 

Seyed Mohammad Mehdi Hosseini1, Pejman Rezaei2*and Shiva Khani3 
 

Abstract- Bio-inspired plasmonic structures offer a powerful 

route toward compact and high-performance photonic 

components by ena-bling strong confinement of surface plasmon 

polaritons (SPPs) at deeply subwavelength scales. In this 

research, a tunable mul-tichannel bandpass filter using surface 

plasmon polaritons (SPPs) is introduced and numerically 

studied on a metal-insulator-metal (MIM) waveguide substrate. 

Consisting of a central circular resonator, two larger main 

waveguides, and six smaller sat-ellite resonators, the proposed 

structure exploits a unique rose-like geometry. High Q-factor 

(Q-factor) multiple resonance modes can be achieved due to this 

blend. Nevertheless, time-consuming numerical methods such as 

the Finite-Difference Time-Domain (FDTD) approach are 

employed in the conventional design and optimization of such 

intricate structures. Re-cently, a machine learning framework 

was utilized to considerably accelerate the design procedure. 

Through training on a vast dataset from FDTD runs, a Random 

Forest surrogate model was developed and trained to predict the 

filter spectral response from its geometrical parameters with 

very high accuracy. FDTD simulation results reveal that the 

proposed rose-like structure produces several sharp 

transmission peaks of high Q-factor, up to 127.2. Moreover, the 

machine learning system possesses a high coefficient of 

determination (R² up to 0.986) and excellent predictive ability 

and can replicate the transmission spectrum within a fraction of 

the time it takes for conventional runs. Through its powerful 

volume-based optimization tool and inverse design tool, the 

proposed mixed-method approach brings within grasp possible 

future applications of photonic integrated circuits (PICs), high-

sensitivity biosensors, and wavelength-division multiplexing 

(WDM) systems. 

 

Index Terms: Plasmonic Filter, MIM Waveguide (Metal-

Insulator-Metal), Circular Resonator, Machine Learning, 

Quality Fac-tor.Introduction 

 

I.  INTRODUCTION 

 

he rapid growth of modern information technology [1] 

has contributed to a considerable demand for increased 

integration density of photonic devices over the past several 

years. The use of surface plasmon polaritons (SPPs), which 

are transverse electromagnetic waves propagating at the 

interface of a metal and a dielectric, represents a promising 

direction in developing ultra-high-density photonic 

integrated circuits (PICs) [2, 3]. Structures based on SPPs 

allow for manipulating light at the sub-wavelength scale, 

thereby overcoming the traditional diffraction limit of 

dielectric waveguides [4-6]. Among numerous SPP platforms 

for building highly integrated optical circuits, metal-

insulator-metal (MIM) waveguides are one of the most com-

mon. Such waveguides provide many advantages, including 

strong subwavelength light confinement, decreased 

propagation losses, and simple fabrication procedures [6, 7]. 

Various optical devices utilizing SPP structures have been 

proposed by re-searchers, such as plasmonic filters, 

demultiplexers, splitters, and sensors [8-28]. Plasmonic filters 

play an essential role in frequency selection within systems 

such as wavelength-division multiplexing (WDM) and 

refractive index sensing [10]. The main targets for these 

devices are to have a high-quality factor (Q-factor), high 

transmission efficiency, and an optimal figure of merit 

(FOM) for enabling their integration in photonics [11, 12]. In 

recent years, bio-inspired structures that mimic those found 

in nature, such as butterfly wings or diatom shells, have 

emerged as novel approaches to create distinctive optical 
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prop-erties as well as increase the interaction of light with 

matter [13-15, 19, 20]. However, the analysis, along with 

optimization of these nanophotonic structures, traditionally 

makes use of electromagnetic simulation software based on 

time-consuming methods, such as the Finite-Difference 

Time-Domain (FDTD) technique [2]. The numerical 

approach used requires exhaustive trial-and-error searches 

over the geometric parameters of the device, an exercise that 

is computationally intensive and ineffi-cient. In response to 

such a design challenge, machine learning (ML) algorithms 

have emerged as an effective solution for building surrogate 

models capable of rapid and accurate prediction of the 

spectral properties of a device [1, 16, 29-33]. This AI-assisted 

approach provides an efficient and reliable means for the 

inverse design and rapid optimization of complex nano-

photonic devices [17, 18]; an approach that has been explored 

by researchers such as Khani et al for the analysis of 

plasmonic sensors [1]. In this paper, we combine a novel and 

high-performance design for a plasmonic filter with an 

efficient machine learning framework. We propose a 

multichannel bandpass filter with a unique, rose-inspired 

geometry on a MIM waveguide platform. First, the 

performance of this structure is analyzed using the FDTD 

method to determine its tunable and multichan-nel response. 

Then, we demonstrate that a Random Forest Regressor, 

trained on FDTD simulation data, can serve as a powerful 

surrogate model for accurately predicting the filter’s spectral 

characteristics. 

 

II. METHOD FOR DESIGNING AND SIMULATING 

STRUCTURES 

The proposed plasmonic filter, as shown in Fig. 1, is based on 

a MIM structure in which air acts as the insulator. The device 

is arranged on a plasma substrate, and air serves as the 

dielectric around it. The structure has two main waveguides 

and a com-plicated system of resonators. The resonator is 

based on the shape of a rose. It has a central circular cavity 

with a radius of 300 nm and six smaller satellite circular 

cavities with a radius of 150 nm. 

 

      
                                             (a)                                                                                      (b) 

Fig. 1. (a) Schematic of the proposed rose-inspired plasmonic filter, specifying the key geometric parameters: main resona-tor radius (R), small resonator 

radius (r), waveguide width (w), and the gap between the central and satellite resonators (s). (b). Electric field distribution in the rose-inspired plasmonic 

filter at one of the resonance modes. Warmer colors (red and orange) indicate higher field intensity, and cooler colors (blue) indicate lower field intensity. 

This distribution indicates the effective coupling between the central and satellite resonators. 

 

The main waveguides are also 50 nm wide. 

Additionally, the electric field distribution in the proposed 

structure is depicted in Fig. 1 (inset). This image clearly 

illustrates the interaction and coupling of light within the 

resonators and the waveguide. 

 

 ε(ω)=ε_∞-(ω_p^2)/(ω^2-iγω)                                  (1) 

 

The frequency-dependent complex relative permittivity 

of silver for all components, including the substrate, is 

characterized by the Drude model: 

The parameters for this model were obtained by fitting 

the experimental data of Palik in the Lumerical software 

environment, and the following values were used for all 

simulations: permittivity at infinite frequency 

ε_∞=3.4611, bulk plasma frequency ω_p=9.0264 eV, and 

electron collision frequency γ=0.051111 eV. 

All numerical simulations were performed using the 

commercial FDTD software package from Lumerical. To 

reduce computational costs, a two-dimensional (2D-

FDTD) simulation model was used. The simulation 

domain was set to 3 µm × 3 µm, and at all boundaries, 

perfectly matched layer (PML) boundary conditions were 

used to absorb outgoing waves. To ensure high accuracy, 

a fine mesh grid with a uniform step of Δx=Δy=3 nm was 

used. A Mode Source was used to excite the fundamental 

TM plasmonic mode in the input waveguide, and a 

frequency-domain field and power monitor was placed at 

the output to calculate the transmission spectrum 

(T=P_output⁄P_input  ) in the wavelength range of 400 to 

1800 nm. 

 

III. MACHINE LEARNING MODEL 

 

To build an effective surrogate of time-costly FDTD 

computations, a supervised machine learning approach 

was used. Machine learning offers a quicker substitute to 

explicit electromagnetic modeling by acquiring the 

nonlinear transformation from geometrical parameters to 

optical response non-iteratively, rather than solving 

Maxwell's equations. A Random Forest Regressor was 

chosen, as this ensemble learning technique has strong 

resilience to overfitting and has robust performance even 

with smaller training sets. 

A narrow, high-performance range was systematically 

swept on three important geometric parameters and used 

to generate a concentrated dataset of 90 individual FDTD 

runs. Although this dataset is short, it is carefully chosen 
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to be optimally appropriate for our task: developing a 

highly precise local surrogate model used for fine-tuning a 

previously promising design, rather than laboriously 

sampling the complete global parameter space. This 

selective approach permits a powerful yet computationally 

efficient optimization procedure. The main resonator 

radius (R) was swept between 290 nm and 310 nm, the 

satellite resonator radius (r) between 140 nm and 160 nm, 

and the gap (s) was tuned within values between -10 nm 

and +10 nm. For each simulation, the model’s inputs were 

the three geometrical parameters [R, r, s], and the output 

was the corresponding transmission spectrum at 1401 

discrete points within a wavelength interval of 400-1800 

nm. Only then was the dataset normalized, shuffled, and 

divided into training and test sets in order to produce 

unbiased performance measures. The learned model 

sufficiently recreated FDTD-simulated spectra with a very 

high coefficient of determination (R^2>0.95) significantly 

lowered the design cycle and made real-time optimization 

feasible. 

 

IV. RESULTS AND DISCUSSION 

In this section, the step-by-step design and optimization 

process of the proposed plasmonic filter, from a basic 

structure to the final geometry, is presented and analyzed. 

 

A. Initial Design and Bio-Inspiration 

Our design process began with a basic and conventional 

structure in plasmonic filters: namely, a single circular 

resonator coupled to two MIM waveguides (Fig. 2a). 

Although this simple structure is capable of generating 

resonance modes, it usually has limitations in terms of the 

number of channels and the quality factor (Q-factor). To 

improve the performance and achieve a more complex and 

efficient spectral response, we drew inspiration from 

nature. Inspired by the symmetry and structure of a rose, 

six smaller circular resonators (satellites) were added 

around the central resonator (Fig. 2b). This hexagonal 

symmetry, analogous to photonic crystal structures, 

facilitates complex mode coupling between the resonators, 

which is essential for enhancing the quality factor and 

creating multiple channels.  

 

(a) 

 
 

 
(c) 

(b) 

 

Fig. 2.  (a) Schematic of the initial structure with a single circular resonator. (b) The final rose-inspired structure, with the addition of six satellite resonators. 

(c) Comparison of the transmission spectra, showing that the final rose-inspired structure (Data from r=150) generates additional, sharper transmission peaks 
compared to the initial structure. 

 

The center-to-center distance between the main resonator 

and each small resonator was determined by considering a 

fixed gap of 20 nm. The objective of this design was to 

create a more complex coupling between different modes, 

thereby generating multiple resonance peaks with higher 

quality. As shown in Fig. 2c and 2d, the addition of the 

satellite resonators leads to a change in the field 

distribution pattern and the formation of additional 

transmission peaks, indicating an increase in the number 

of resonance modes and an improvement in the filter's 

spectral performance. 
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Fig. 3. The proposed flowchart of filter design. 

 

The complete flowchart of the proposed design 

methodology is summarized in Fig. 3, which outlines the 

step-by-step progression from the baseline MIM filter to 

the bio-inspired rose geometry, the parametric sweep, and 

the surrogate-assisted inverse design. 

 

B. Dual-Mode Operation and Physical Analysis Origin of 

the Performance 

The observed dual-mode functionality of the rose-inspired 

filter is governed by the Fano resonance phenomenon. 

This effect arises from the interference between two 

distinct electromagnetic states: a spectrally broad ‘bright 

mode’ supported by the directly-coupled central resonator, 

and spectrally narrow ‘dark modes’ supported by the 

isolated satellite resonators [22, 26]. The bright mode 

facilitates a high-throughput pathway for light, 

corresponding to the high-transmission resonance. In 

contrast, the dark modes act as high-Q energy reservoirs, 

excited only indirectly via near-field coupling. The 

interference between these two pathways carves a sharp, 

asymmetric resonance out of the broad transmission 

spectrum, creating the high-selectivity, high Q-factor peak. 

This physical interpretation is definitely verified by our 

modal field investigation. It is evident from the latter that 

at the high-transmission resonance, energy is mainly 

concentrated within the central resonator and hence 

verifies its bright-mode nature. At the high-Q resonance, 

the field is highly localized within the satellite resonators 

and shows clear visual verification of the energy-storing 

dark modes. This scenario verifies that the structural 

geometry is absolutely designed such that it is capable of 

accommodating the Fano interference essential for its 

double-function functionality. 

 

       
                         (a)                                                                                                                (b) 
Fig. 4.  (a) Bright resonance at λ ≈ 774.2 nm, with the field being strongly coupled to the dominant waveguide and the central cavity. (b) Dark resonance at 

λ ∼ 1145.5 nm, where the optical energy is mainly localized inside the satellite resonators with a sharp and high-Q resonance and small coupling to the 

waveguides. Such mode profiles demonstrate the plasmonic processes and thus meet the reviewer's demand for the visualization of field distributions for all 
resonance modes. 
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C. Parametric Optimization of the Rose-Inspired 

Structure 

The rose-inspired geometry was defined, and then its 

dimensions were optimized through a thorough parametric 

analysis. Initially, the impact of the primary resonator 

radius (R) was examined. While keeping the small 

resonator radius constant at r = 140 nm, Fig. 5 contrasts 

the outcomes for three values of R: 300 nm, 310 nm, and 

315 nm. It is evident that the main modes' transmission 

efficiency (T max) greatly increases as R rises. We 

specifically achieved the best performance in the R = 315 

nm case, with a quality factor (Q-factor) of up to 127.2 and 

a transmission efficiency of up to 80% (see Table I for full 

details). Consequently, this arrangement was chosen as the 

main resonator's ideal radius. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 5. Comparison of transmission spectra for three different main resonator radii (R), while keeping the satellite resonator radius constant (r=140 nm): (a) 

R = 300 nm, (b) R = 310 nm, and (c) R = 315 nm.  
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In the next step, to evaluate the fabrication tolerance and 

robustness of the optimized structure (R = 315 nm, r = 140 

nm), the effect of variations in the gap (s) between the 

main waveguide and the resonator system was 

investigated. Fig. 6 shows that minor variations in this gap 

(from -10 to +10 nm) create predictable and gradual 

changes in the transmission spectrum, without disrupting 

the overall nature of the filter's performance. The plot 

shows that minor variations in the gap create predictable 

and gradual shifts in the resonance peaks, indicating the 

design's robustness against small fabrication processes.  

 

 

Fig. 6.  Analysis of the effect of gap (s) variation on the transmission spectrum of the optimized structure (R = 315 nm, r = 140 nm).  

 

D. The Machine Learning Surrogate Model's 

Performance 

By contrasting the Random Forest model's predictions 

with FDTD simulation data that was not utilized during 

training, the model's accuracy was confirmed. As shown in 

Fig. 7 for the optimal structure (R=315nm), the simulated 

spectra (solid black line) and the AI-predicted spectra (red 

dashed line) match very well, achieving an R² score of 

0.978. 

For a more quantitative and detailed assessment of the 

model's performance, Fig. 8 presents a comparison of 

heatmaps. Fig. 8(a) shows the percentage prediction error 

across the parameter space. It is evident that the model 

performs extremely well in the overwhelming majority of 

parameter combinations, with a prediction error of less 

than 5% and reaching a minimum error of just 0.3% (for 

R=315 nm, r=150 nm). Fig. 8(b) visualizes the model's R² 

scores for the same parameter sweeps. These results 

quantitatively confirm the high accuracy and robustness of 

the model, with scores consistently above 0.93 and 

reaching a peak value of 0.986. This thorough analysis not 

only demonstrates the model's reliability for design and 

optimization but also precisely identifies the regimes of its 

highest performance. 

 

 
Fig. 7. Comparison of the FDTD-simulated (Actual) and the AI-predicted transmission spectra for the optimal filter configuration (R = 315 nm, r = 140 nm).  

 

The high agreement between the two curves, confirmed by 

an R² score of 0.978, demonstrates the accuracy and 

reliability of the surrogate mode. Fig. 8 shows the 

percentage prediction error across the parameter space for 

a more quantitative and detailed assessment of the model's 

performance. The radius of the satellite resonator (r) is 

swept along the vertical axis of each map; however, the 

error heatmaps for three values of constant principal radii 

(R = 300, 310, and 315 nm) are compared here. Each cell 

in these maps shows the relative percentage error between 
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the FDTD-simulated spectrum and the AI-predicted 

spectrum. With a prediction error of less than 5%, the 

model performs extremely well in the overwhelming 

majority of parameter combinations, as evident from both 

the numerical values and the color scale (where lower error 

is indicated by darker color). The high accuracy and 

robustness of the model, as hinted earlier by the R² score, 

are quantitatively confirmed by these results. However, 

this thorough study also makes it clear that the error rate 

very slightly rises as the radius r becomes larger, 

especially in the case of R = 315 nm. In addition to 

demonstrating the reliability of the model for design and 

optimization, this transparency about the model's 

performance serves to precisely identify the regimes where 

the model falters. 
 

 

 
                                                   (a)                                                                                                (b) 
Fig. 8: Heatmaps comparing the performance of the machine learning model across different geometries. (a) Prediction error percentage, where each column 

represents a constant main radius (R) and the vertical axis shows the variation of the satellite radius (r). Darker colors indicate lower error and higher 
agreement with FDTD simulations. (b) Model R² Scores for the same parameter sweeps. Brighter/warmer colors indicate higher model accuracy (a score 

closer to 1). 

 

E. Performance Metrics and Comparison 

To quantitatively evaluate the filter's performance, key 

metrics including the quality factor (Q-factor) and 

maximum transmission efficiency (𝑇𝑚𝑎𝑥) were calculated. 

Table I summarizes these metrics for a set of 

configurations. 

 

TABLE I 
Calculated Performance Metrics for the Rose-Inspired Filter. 

R           

(nm) 

r               

(nm) 
Mode 

Resonance λ 

(nm) 

Transmission   

(%) 

FWHM 

(nm) 
Q-factor 

300 140 1 722.9 44.1 14.1 51.3 

  2 1152.1 16.1 9.4 122.6 

310 140 1 760.1 62.4 14.9 51.0 

  2 1150.1 38.6 9.2 125.0 

315 140 1 774.2 80.0 16.5 46.9 

  2 1145.5 60.1 9.0 127.2 

The primary advantage of our design lies in its dual-mode 

operation, wherein it fulfills two distinct functions within 

the same structure: a high-selectivity mode for sensing and 

a high-throughput mode for signal transmission. To 

numerically assess this unique trade-off, we introduce a 

Figure of Merit (FOM). The measure is designed to prefer 

structures that offer both a sharp, high-Q resonance (Mode 

2) and another efficient high-transmission passband 

(Mode 1) simultaneously, encapsulating the practical 

usefulness in multi-functional integrated circuits. The 

FOM is expressed as: 

FOM = 
𝑄𝑚𝑜𝑑𝑒2 . 𝑇𝑚𝑜𝑑𝑒 1

100
,                                            (2) 

where QMode2 is the Fano sharp Mode 2 quality factor, 

and TMode1 is the percentage peak transmission of the 

broad bright-mode (Mode 1) resonance. Because of the 

requirement that a truly useful dual-mode device must 

excel in both areas, a multiplicative format was chosen. 

This FOM prevents the overall score from being seriously 

penalized if either the Q-factor or transmission is 

diminished and hence serves as a proper gauge of the 

device's real-world utility. In our thorough analysis, our 

proposed filter is tested against several state-of-the-art 

designs listed in Table II For easier comparison with 

single-mode filters, we have included the conventional Q 

× T Product figure of merit. 
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TABLE II 
 Comparison of the Proposed Plasmonic Filter with Reported Designs in the Literature 

 
 

Here is a comparison of our filter's performance metrics 

against other relevant works. As shown in Table II, our 

proposed filter exhibits competitive performance even in 

conventional figures of merit such as the Q × T product, 

especially in its high-Q mode. Although individual Q × T 

values may exceed those of specific single-mode designs 

or configurations, our structure is characterized by its 

double functionality. This distinguished feature is 

quantitatively reflected by our tailored FOM, which is 

found at a high level of 10176. This quantitatively points 

up our design's excellent multifunctional balance at the 

cost of conventional single-purpose filters. 

 

V.CONCLUSION 

In this research, we proposed a new, bio-inspired 

multichannel plasmonic filter based on a rose-shaped 

nanostructure and numerically characterized it. Sharp and 

controllable transmission peaks were attained, and the 

potential application for use in sophisticated filtering 

applications was demonstrated. To circumvent the 

computational expense of typical FDTD calculations, a 

tractable Random Forest-based surrogate model was 

formulated and calibrated. It is utilized to estimate the 

transmission spectra (R² > 0.95) very accurately, and the 

application of this model permits rapid design 

investigation and optimum design. The filter's proposed 

performance was compared against a number of state-of-

the-art designs. Although other designs might provide 

slightly better transmission or peak Q-factors within a 

solitary mode, our design stands out due to its double-

mode capabilities. Such superiority was numerically 

encapsulated in a specially-defined FOM, which provided 

a high number of about 102. This finding verifies the 

superior trade-off between two distinct operating regimes: 

a high-Q mode (Q ≈ 127.2) suited for high-resolution 

sensing platforms and a high-transmission mode (T ≈ 

80.0%), suited for applications where stable signal 

throughput is required. This tunability can be supported 

further by its comparable performance, rendering the rose-

shaped filter a strong component for next-generation PICs, 

such as WDM systems and on-chip biosensors. 

Experimental confirmation of performance for the 

optimized design and exploration in its application in high-

sensitivity sensing platforms will be addressed in later 

work. The dominant resonances at λ ≈ 774.2 nm and λ ≈ 

1145.5 nm lie within the technologically important NIR 

region, making the filter highly suitable for compact 

wavelength-division multiplexing (WDM) modules and 

high-resolution refractive-index sensing applications. The 

coexistence of these modes enables simultaneous signal 

routing and sensing on the same photonic chip. Future 

work will focus on experimental validation of the 

proposed design and its integration into high-sensitivity 

plasmonic sensing platforms. 
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