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Abstract
Confinement of the light at the subwavelength scale makes photonic devices more efficient 
in applications such as optical filtering, switching, and sensing with their low dimensions. 
Metal-insulator- metal waveguide-based configurations present many paths for manipulat-
ing light at the wide range of the electromagnetic spectrum. For that purpose, in this study, 
a wavelength demultiplexer (WDM) based on a metal-insulator-metal (MIM) waveguide 
is numerically investigated by finite difference time domain (FDTD) method. Proposed 
WDMs have cascade polygon resonators. After optimizing the fundamental filter, this 
structure is formed as 1×N demultiplexers. The proposed demultiplexers have two- and 
three channels. The minimum full width at half-maximum (FWHM) value for these chan-
nels is 20.02 nm and the maximum quality factor value is 47.7 at 954.9 nm wavelength. 
The minimum crosstalk value is obtained as -30.37 dB for this study. The proposed 1×N 
demultiplexers have potential tools to design low-cost integrated optical circuits for spe-
cific wavelengths.

Keywords  Waveguides · Demultiplexers · Optical circuits · Resonators · Filters · 
Crosstalk

1  Introduction

Optical signals are used to transmit data across distances. During this transmission, certain 
interferences may cause distortions in the signal (Chartier 2005). Optical devices exhibit 
sufficient transmission performance to reduce these effects and enable reliable data trans-
mission to multiple points simultaneously (Murphy 2020). Techniques such as wavelength 
division multiplexing and demultiplexing have paved the way to effectively provide the 
capacity of optical devices (Hu et al. 2011; Zhang et al. 2017; Si and Cheng 2003). The 
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increasing interest in integrated optical circuits for high-speed signal processing has diver-
sified the efforts to improve their performance (Khonina et al. 2022). The most important 
performance parameters in optical devices for specific wavelengths are narrow bandwidth, 
high-quality factor, and optically tunability (Heydari et al. 2017; Ji et al. 2021; Ma et al. 
2021). Confinement of optical signals at specific wavelengths can be easily achieved using 
surface plasmons (Brongersma and Kik 2007). Surface plasmon polaritons propagate along 
the waveguides and are confined to specific wavelengths (Oulton et al. 2008). Controlling 
the light at certain wavelengths in optical ways such as waveguides has formed the basis of 
many studies. Band-pass and band-stop filtering performance determine the quality of the 
applications (Cui et al. 2023; Janfaza et al. 2019; Korani et al. 2023; Ebadi et al. 2020; Pin-
ton et al. 2018; Mao et al. 2017). There are many waveguide-based studies such as Mach-
Zehnder interferometers (Swarnakar et al. 2021; Yang et al. 2022), modulators (Han et al. 
2022; Edelstein et al. 2022), logic devices (Yang et al. 2017; El Haffar et al. 2022; Sreevani 
et al. 2022; Swarnakar et al. 2023), demultiplexers (Mohammadi et al. 2023; Butt et al. 
2023), Bragg reflectors (Zeng et al. 2022; Pallavi et al. 2023), sensors (Bensalah et al. 2022; 
Bahri et al. 2022; Lai et al. 2018; Salah et al. 2021; Salah et al. 2022) and directional cou-
plers (Nanda et al. 2022; Zhang et al. 2020). The optical demultiplexer is based on the band-
pass filter with its optimized parameters such as type and length of resonators. In literature, 
different shapes of resonators such as disks, rings, rectangles, and hexagons have been used 
to design optical demultiplexers (Zafar et al. 2019; Khani et al. 2018, 2021; Xie et al. 2016).

In this study, 1×N demultiplexers are proposed based on metal-insulator-metal wave-
guide including polygon nanostructures. Numerical calculations are done via the commer-
cial Lumerical FDTD solution software (Lumerical 2023). In the first step of this study, a 
band-pass filter is designed and analyzed via parameter sweep to obtain maximum transmis-
sion values at the resonance wavelengths. After determining the geometrical parameters for 
the proposed band-pass filter can be called one channel-demultiplexer, the number of the 
channels is increased to design 1 × 2 and 1 × 3 optical wavelength demultiplexers. Then, the 
field distributions are visualized and the transmission, crosstalk, quality factor, and FWHM 
values are calculated at the resonance wavelengths. Crosstalk and quality factor values 
determine the efficiency of the demultiplexer. The maximum transmission is 76%, the high-
est quality factor is 47.7 and the lowest full width at half-maximum (FWHM) value is 20.02 
for this study. The minimum crosstalk is -30.37 dB.

2  Design and analysis method

Figure 1 shows a view of the basic filter design. The designed filter has a waveguide with 
a 50 nm width (w) in three regions and two polygon resonators on a silver layer. The two 
polygon resonators are etched on the way of the waveguide. The device parameters are 
L1 = 600 nm, L2 = 160 nm, L3 = 550 nm, L4 = 480 nm, L5 = 450 nm, d1 = 10 nm, w = 50 nm. 
w value is valid for the input, middle, and output parts of the waveguide. The lengths of 
the band-pass filter are 2.8 μm and 1 μm for the x- and y-axis, respectively. The transmis-
sion spectrum of the basic filter design is numerically attained with a 2D-FDTD method. 
The height of the designed structure in the third dimension is wider than the feature size 
in the 2D computation plane. Therefore, the effect of the thickness of the substrate on the 
obtained results is negligible during numerical analysis on the assumption that the structure 
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is infinite in the third dimension (Hocini et al. 2019; Chao et al. 2021). Perfectly matched 
layer boundary conditions are utilized for x and y-axes during numerical calculations. The 
simulation region is set as the x- and y-axis length of the structures. The mesh step is set 
as Δx = Δy = 4 nm. The simulation time is 1000 fs. The orange and white areas in the filter 
are silver and air, respectively. The optical parameters of silver are taken from Johnson and 
Christy (Johnson and Christy 1972). As given in Fig. 1, surface plasmon polaritons (SPPs) 
propagate by transverse magnetic (TM) polarized Gaussian light source along the design. 
Pin and Pout values are calculated as input and output power, respectively. The transmission 
value of the basic filter is calculated via Eq. (1) (Han et al. 2020).

	 T = Pout/Pin� (1)

The resonance wavelength of the polygon resonators can be obtained by Eq. (2) (Hocini et 
al. 2020).

	
λm =

2Re (neff )Leff

m
,m = 1,2, 3, . . . .� (2)

where, Re(neff) is the real part of the effective refractive index of the SPP, Leff is the effective 
resonance length of the resonator and m is the mode number.

The resonance peak occurs at 954.9 nm with a transmission of 76% in Fig. 2(a). The 
basic filter shows the band-pass filter behavior. The FWHM value is 46.11 and the quality 
factor value is obtained as 20.71.

The quality factor is calculated with the formula of (3) (Zafar et al. 2019).

	 Q = λres/FWHM � (3)

The magnetic near-field distribution (|H|2/|Hin|2) at the resonant wavelength is illustrated 
in Fig. 2(b). The transmitted energy is confined at the edge of the two polygon resonators.

Fig. 1  The view of the basic filter
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The parameter sensitivity performance is important to design demultiplexers with dif-
ferent resonance wavelengths. For that reason, geometrical parameter analysis is done to 
overcome this performance. While fixing all parameters, only one length value is changed. 
In Fig. 3(a), L1 is varied from 600 nm to 720 nm with a 40 nm step size. When L1 values are 
increased, the transmission values do not significantly change. In Fig. 3(b), L2 is changed 
from 120 nm to 180 nm with a 20 nm step size. When L2 values are increased, the transmis-
sion values prominently shift to higher resonance wavelengths. Although the step size of L2 
is half of the L1 sweep, significant shifts can be obtained. Since the L2 part of the polygon 
resonator meets the TM polarized light at first, L2 is more critical than L1 in determining the 
resonance wavelengths. So, while designing 1 × 2 and 1 × 3 demultiplexers, only L2 values 
are changed. Figure 3(c) shows the refractive index change in the transmission spectra. As 
the refractive index values are varied by 1%, shifted resonance values can be obtained with-
out losing transmission values. This behavior shows that the designed demultiplexers can 
work in different media with significant performance.

Fig. 3  Parameter sweep for the proposed filter. The transmission spectra of the structure for different val-
ues (a) L1, (b) L2, and (c) refractive index of the medium (nAir=1). Corresponding device parameters are 
L1 = 600 nm, L2 = 160 nm, L3 = 550 nm, L4 = 480 nm, L5 = 450 nm, d1 = 10 nm and w = 50 nm

 

Fig. 2  (a) The transmission spectrum of the proposed filter. (b) Magnetic near-field distribution at 
λ = 954.9 nm. Corresponding device parameters are L1 = 600 nm, L2 = 160 nm, L3 = 550 nm, L4 = 480 nm, 
L5 = 450 nm, d1 = 10 nm and w = 50 nm
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3  Results and analyses

Figure 4(a) shows the view of the 1 × 2 demultiplexer. This demultiplexer has two channels. 
The distance (Lz) between these channels is 1760 nm. The device parameters are L1 = 600 nm, 
L3 = 550 nm, L4 = 480 nm, L5 = 450 nm, d1 = 10 nm, w = 50 nm. The other parameters are Lx 
= 180 nm and Ly = 140 nm. The dimensions of the 1 × 2 demultiplexer are 2.8 μm and 2 μm 
for the x- and y-axis, respectively. As discussed in Sect. 2, the L2 sweep provides district 
resonance wavelengths. For that purpose, while designing the 1 × 2 demultiplexer, only the 
L2 value is changed. Since there are two channels, L2 is named Lx and Ly for channel 1 and 
channel 2, respectively. Figure 4(b) visualizes the transmission spectra of the 1 × 2 demul-
tiplexer. The transmission values are obtained 65% at 969.3 nm and 67% at 944.4 nm for 
channel 1 and channel 2, respectively. The FWHM values are 22.46 nm and 28.89 nm and 
the quality factor values are attained as 43.15 and 32.69 at 969.3 nm and 944.4 nm, respec-
tively. The average FWHM and quality factor values are 25.68 nm and 37.92, respectively. 
The magnetic near-field distributions on the channels at 969.3 nm and 944.4 nm are visual-
ized in Fig. 4(c) and Fig. 4(d), respectively. Another important parameter is crosstalk values 
for demultiplexers. Crosstalk, measured in decibels (dB), represents the effect of adjacent 
channels on the designated channel when an optical wave is sent to the demultiplexer input 
(Abderrahmane et al. 2023). Table 1 shows the crosstalk values of the 1 × 2 demultiplexer. 
The crosstalk is calculated by the formula given below as (4).

	 Crosstalk = 10× log (Pi/Pj)� (4)

Fig. 4  (a) The view of the proposed two-channel demultiplexer with two polygon resonators. (b) The 
transmission spectra of the 1 × 2 demultiplexer. Magnetic near-field distributions at (c) λ1 = 969.3 nm and 
(d) λ2 = 944.4 nm. Corresponding device parameters are L1 = 600 nm, Lx = 180 nm, Ly = 140 nm, Lz = 
1760 nm L3 = 550 nm, L4 = 480 nm, L5 = 450 nm, d1 = 10 nm and w = 50 nm
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where 𝑖 and 𝑗 are channel’s number (Moradiani et al. 2020).
Figure 5(a) shows the view of the 1 × 3 demultiplexer. This demultiplexer has three chan-

nels. The distance (Lz) between channel 1 and channel 3 is 2120 nm. Channel 2 is located 
in the middle of the other channels. The device parameters are L1 = 600 nm, L3 = 550 nm, 
L4 = 480 nm, L5 = 450 nm, d1 = 10 nm, w = 50 nm. The other parameters are Lx = 200 nm, 
Ly = 160 nm, Lt = 120 nm. The lengths of the 1 × 3 demultiplexer are 2.8 μm and 3 μm for 
the x- and y-axis, respectively. Since there are three channels, L2 is named Lx, Ly, and Lt 
for channel 1, channel 2, and channel 3, respectively. Figure 5(b) presents the transmission 
spectra of the 1 × 3 demultiplexer. The transmission values are obtained as 64% at 976.7 nm, 
66% at 954.9 nm, and 62% at 934.1 nm for channel 1, channel 2, and channel 3, respec-
tively. The FWHM values are 20.92 nm, 20.02 nm, and 31.14 nm and the quality factor 
values are obtained as 46.69, 47.7, and 30 at 976.7 nm, 954.9 nm, and 934.1 nm, respec-
tively. The average FWHM and quality factor values are 24.02 nm and 41.46, respectively. 
The magnetic near-field distributions on the channels at 976.7 nm, 954.9 nm, and 934.1 nm 
are seen in Fig. 5(c), Fig. 5(d), and Fig. 5(e) respectively. Table 2 shows the crosstalk val-
ues of 1 × 3 demultiplexer. When comparing the FWHM and quality factor values among 

Fig. 5  (a) The view of the designed three-channel demultiplexer with two polygon resonators. (b) The 
transmission spectra of the 1 × 3 demultiplexer. Magnetic near-field distributions at (c) λ1 = 976.7 nm, (d) 
λ2 = 954.9 nm, and (e) λ3 = 934.1 nm. Corresponding device parameters are L1 = 600 nm, Lx = 200 nm, Ly 
= 160 nm, Lt = 120 nm, Lz = 2120 nm, L3 = 550 nm, L4 = 480 nm, L5 = 450 nm, d1 = 10 nm and w = 50 nm

 

Crosstalk(dB) Channel 1 Channel 2
Channel 1 ………. -15.79
Channel 2 -18.05 ……….

Table 1  Crosstalk values at the 
corresponding resonance wave-
lengths of the proposed 1 × 2 
demultiplexer
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the band-pass filter (1 × 1), 1 × 2, and 1 × 3 demultiplexers, it is observed that the FWHM 
values decrease while the quality factor values increase. When the number of channels is 
increased, the coupling strength between the polygon resonators on the different channels is 
increased resulting in narrower FWHM and higher quality factor (Khani et al. 2021). This 
trend indicates an enhancement in device performance. In addition to this, 1 × 1, 1 × 2 and 
1 × 3 demultiplexers have different dimensions such as 2.8 µm2, 5.6 µm2, and 8.4 µm2, 
respectively. However, the maximum transmission loss is at around 15% as compared with 
the designed demultiplexers. To demonstrate the efficiency of the designed demultiplexers, 
the transmission, FWHM, quality factor, and crosstalk values in this study are compared 
with those reported in prior work, as presented in Table 3. When these values ​​are compared 
with previously reported studies, it is seen that this study has better performance values ​​in 
designing optical wavelength demultiplexers.

4  Conclusion

In this study, 1×N demultiplexers have been numerically designed and analyzed by the 
FDTD method. The two and three-channel demultiplexers have been proposed based on 
a single-mode band pass-filter including two similar polygon resonators. Thanks to high 
geometrical parameter sensitivity, discrete resonances have been obtained and the wave-
length demultiplexers have been designed. The highest transmission and quality factor val-
ues of this study are 76% and 47.7 nm, respectively. The minimum FWHM is 20.02 nm. 
The lowest crosstalk value is obtained as -30.37 dB. The results show that increasing the 

Table 3  Comparisons between the proposed demultiplexers and other studies
Ref. Number of channels Maximum

transmission
Minimum
FWHM
(nm)

Maximum
quality
factor

Minimum
crosstalk
(dB)

(Zafar et al. 2019) 2 45 − 60 -30
(Khani et al. 2018) 3 50 36 38.11 −
(Khani et al. 2021) 2 56.7 32.56 33 −

4 54.13 83.1 16.57 −
(Abbaszadeh-Azar and Abedi 2020) 4 40 60 − −
(Asgari and Fabritius 2020) 2 55 220 − -48.3
(Han et al. 2020) 4 68 37 − -13.7
(Xie et al. 2016) 3 50.95 28.4 − −
(Azzazi and Swillam 2015) 4 52 9.8 − −
(Faghani et al. 2021) 3 80 − − -23
(Truong et al. 2021) 3 30 90 − -15
This work 2 65 22.46 43.15 -18.05
This work 3 66 20.02 47.7 -30.37

Crosstalk (dB) Channel 1 Channel 2 Channel 3
Channel 1 ……… -15.65 -29.76
Channel 2 -17.91 ………. -13.58
Channel 3 -30.37 -17.07 ……….

Table 2  Crosstalk values at the 
corresponding resonance wave-
lengths of the proposed 1 × 3 
demultiplexer
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number of channels supports the lower FWHM and crosstalk values and higher quality 
factors which are indispensable for optical devices. The lowest distance is 10 nm between 
the polygon resonators and the straight waveguides. When the proposed structure is also 
thought for experimental study, it can be achieved via the last nanofabrication techniques 
without transmission loss as given in the geometric parameter sweep analyses. Highly effi-
cient performances support better transmission, quality factor, FWHM, and crosstalk values 
as compared with the literature. The proposed demultiplexers exhibit a wide range of appli-
cations within the concept of highly integrated optical circuits via their appropriately sized 
configurations.
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