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Abstract--In the present study, an eight-channel photonic 

crystal wavelength demultiplexer is designed for separating 

eight telecommunication wavelengths: λ₁=1.5552 nm, λ₂=  

1.5563 nm, λ₃ =1.5579 nm, λ₄=1.5593 nm, λ₅ =1.5608 nm, λ₆ =  

1.5623 nm, λ₇ =1.5638 nm, and λ₈ =1.5653 nm. To this end, a 

two-dimensional photonic crystal structure composed of 

circular silicon rods arranged in an air background and 

fabricated on a silica (SiO₂) substrate is employed. 

The design and analysis are performed using the Plane Wave 

Expansion (PWE) method to compute the photonic band 

structure and guided modes, while the Finite-Difference Time-

Domain (FDTD) method is used to calculate transmission 

efficiency and analyze propagation characteristics during 

wavelength-selective separation. Ultimately, by optimizing the 

resonator placement and the radius of point defects, a channel 

spacing of 1.44 nm and a transmission efficiency (TE) of 93% 

were achieved. 

 

    Keywords-- Optical Demultiplexer, Channel Spacing, 
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I. INTRODUCTION 

oday, increasing bandwidth alongside higher data 

transmission speeds is fundamental to the realization of 

optical networks. Various optical networks have been 

developed to meet this need. Among them, wavelength 

splitter systems play a crucial role. These systems optimize 

media capacity by simultaneously multiplexing and 

transmitting multiple wavelengths. The efficient use of media 

capacity, combined with low cost, justifies their widespread 

application. 

Photonic crystals represent a significant breakthrough in 

optical technologies. They are inhomogeneous materials with 

spatially varying dielectric constants, widely used in 

designing and fabricating optical integrated circuits. These 

structures, created by periodically repeating a unit cell, affect 
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photon propagation and have numerous applications in 

photonics, physics, chemistry, and microelectronics [1]. 

In photonics, integrating devices such as lasers, detectors, 

couplers, and waveguides remains at a nascent stage 

compared to electronic semiconductors. A primary challenge 

is that device dimensions cannot be reduced below certain 

physical limits [2]. Photonic crystals offer a solution by 

enabling light conduction with minimal attenuation through 

their unique properties. Moreover, photonic crystals exhibit 

remarkable features absent in homogeneous media [3]. It is 

expected that they will play a role in optical 

telecommunications similar to that of semiconductor 

structures in electronic circuits [4].So far, various photonic 

crystal-based components, such as 90° bends [5], waveguides 

[6], filters [7], power splitters, multiplexers/demultiplexers 

[8], amplifiers [9], and sensors [10], have been designed and 

studied. Photonic crystals consist of two materials with 

differing refractive indices arranged alternately, forming one-

, two-, or three-dimensional periodic structures. The primary 

effect of this periodicity is the formation of photonic band 

gaps—frequency ranges in which wave propagation is 

forbidden. 

Between each two consecutive photonic band gaps lies a 

frequency conduction band that allows wave propagation 

[11]. Photonic crystals are highly dispersive, with 

permittivity and reflectance depending on the wavelength. 

Consequently, transmittance can be nearly zero for certain 

wavelengths (λ₁, λ₂) within the band gap. An intriguing 

feature is the angular dependence of photonic bands due to 

the differing optical path lengths within the crystal, causing 

variations in the photonic band gap transmission [12]. 

The superiority of photonic crystal components over 

conventional micro-photonic devices stems from their 

enhanced waveguide interconnection efficiency. Two- and 

three-dimensional photonic crystals enable strong light 
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confinement and guiding by exploiting band gaps. 

Introducing defects—especially linear ones—disrupts 

periodicity, allowing the creation of photonic crystal 

waveguides that direct light between points. Thus, light 

within the band gap frequency can be confined and guided 

effectively [13]. 

Today, access to high-speed telecommunication devices 

and high-capacity channels is among the most critical needs. 

One approach to maximizing channel capacity is Wavelength 

Division Multiplexing (WDM), which multiplexes multiple 

wavelengths over a single channel. Demultiplexers at the 

receiver then separate these wavelengths [14]. Therefore, 

multiplexers/demultiplexers are essential devices in 

integrated optical circuits. 

This paper introduces a special type of demultiplexer and 

simulates its performance using the Finite-Difference Time-

Domain (FDTD) method [15]. 

 

II. MATHEMATICAL THEORY OF METHODS FOR 

ANALYZING PHOTONIC CRYSTALS 

The analysis of photonic crystals involves solving 

Maxwell’s or Helmholtz equations using analytical, semi-

analytical, and numerical methods [16]. Analytical methods 

are mostly limited to solving Helmholtz equations in 

heterogeneous environments under specific conditions, and 

direct solutions for arbitrary refractive index distributions are 

generally impossible. Although analytical solutions provide 

valuable physical insights, they do not cover all cases, 

necessitating semi-analytical and numerical approaches. 

Semi-analytical methods represent solutions as 

expansions of analytical functions, with coefficients or 

eigenvalues determined by boundary conditions. These 

expansions are truncated at finite lengths, resulting in 

approximate solutions akin to numerical methods. Since their 

formulation is analytical before simulation, they differ 

somewhat from fully numerical approaches. 

Each numerical method in electromagnetism has 

particular strengths, and choosing the right method depends 

on the problem at hand. Calculating photonic crystal band 

structures is fundamentally an eigenvalue problem best 

handled by frequency-domain methods like PWE. Modal 

analysis of cavities and waveguides also favors frequency-

domain techniques. Conversely, time-domain methods are 

preferable for calculating reflection and transmission in 

waveguide bends or junctions. Considering the high 

computational cost of 3D photonic crystal analysis, the 

method’s compatibility with parallel processing is also vital. 

Currently, two of the most important methods for 

photonic crystal analysis are the Plane Wave Expansion 

(PWE) method for band gap extraction and the Finite-

Difference Time-Domain (FDTD) method for output 

spectrum simulation. 

 
PWE Method 

This method is based on frequency-domain analysis, 

where the wave behavior in periodic environments is 

modeled as the product of a plane wave function and a 

periodic envelope function. 

𝐸(𝑧, 𝑦, 𝑧) = 𝐸𝑝(𝑥, 𝑦, 𝑧)𝑒−𝑗𝛽.𝑟 (1) 

𝐻(𝑧, 𝑦, 𝑧) = 𝐻𝑝(𝑥, 𝑦, 𝑧)𝑒−𝑗𝛽.𝑟 (2) 
 

In which 𝐸𝑝 and 𝐻𝑝 are periodic functions, r is the 

position vector, and β is the propagation constant or wave 

vector. r and β can be expressed as: 
 

𝑟 = 𝑎𝑋𝑥 + 𝑎𝑦𝑦 + 𝑎𝑧𝑧 (3) 

𝛽 = 𝑎𝑋𝛽𝑋 + 𝑎𝑦𝛽𝑦 + 𝑎𝑧𝜎𝛽𝑧 (4) 

Assuming a one-dimensional periodic structure, the 

Helmholtz equation governing the electromagnetic field can 

be written as follows: 
 

1

𝜀(𝑥)

𝜕2𝐸𝑧

𝜕𝑥2
= −𝜔2𝜇0𝐸𝑧   

(5) 

 

Finally, by applying a Fourier series expansion, the envelope 

functions can be expressed as follows: 

𝐸𝑧(𝑥) = 𝐸𝑝(𝑥)𝑒−𝑗𝛽𝑥 (6) 

𝐸𝑝(𝑥) = lim
𝑁→𝑥

∑ 𝑒𝑛𝑒
−𝑗

2𝜋𝑛
𝑝

𝑥

𝑁

𝑛−−𝑁

 
(7) 

Ultimately, this process leads to a matrix eigenvalue 

equation, the solutions of which yield the allowed frequencies 

corresponding to different propagation modes within the 

structure. 

The implementation of the Plane Wave Expansion (PWE) 

method is relatively straightforward, and it offers high 

computational accuracy when a limited number of harmonics 

are used. However, as the number of harmonics increases, 

numerical instabilities may occur, leading to a decline in the 

precision of the computed eigenvalues and, consequently, the 

overall accuracy of the method. The primary application of 

the PWE method is in calculating the photonic band structure 

of periodic photonic crystals. While it is generally limited to 

this purpose, with appropriate method integration—such as 

the supercell approach—it can also be extended to analyze 

more complex structures, including cavities and waveguides 

[6]. 
FDTD Method 

The Finite-Difference Time-Domain (FDTD) Method 

The Finite-Difference Time-Domain (FDTD) method is a 

fully vectorial numerical technique that provides both time-

domain and frequency-domain information about 

electromagnetic fields, offering valuable insights into a wide 

range of problems in electromagnetics, optics, and photonics. 

As one of the most widely used methods for analyzing 

photonic crystal structures, FDTD also serves as a benchmark 

for validating other analytical and numerical techniques. 

FDTD is known for its high precision, as it is based on the 

direct numerical solution of Maxwell’s curl equations 

through space and time discretization. The method involves 

no matrix inversion in its standard form, which contributes to 

its computational efficiency. Sources of numerical error in 

FDTD simulations are well-understood and can be effectively 

minimized through appropriate meshing and time-step 

choices, thereby enhancing accuracy. 

Due to its time-domain nature, FDTD is particularly well-

suited for handling broadband and nonlinear problems. It is 

currently regarded as one of the most advanced and versatile 

techniques for computing electromagnetic field distributions 

in photonic crystal devices with complex, non-uniform 

refractive index profiles. Conceptually, FDTD operates by 

discretizing continuous spatial and temporal domains into a 

grid of discrete points. 

An additional advantage of this method is that the 

divergence equations for electric and magnetic fields are 

inherently satisfied due to the specific arrangement of field 

components on the Yee grid. Therefore, only the curl 

equations need to be explicitly solved. In the case of two-

dimensional (2D) simulations, the field components for 

transverse electric (TE) polarization are as follows: 
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(This can be followed by equations or a diagram of the field 

components.) 

For transverse electric polarization, to obtain the new 𝐸𝑧 

at the next time step, the spatial derivatives of 𝐻𝑥 and 𝐻𝑦  are 

required. Similarly, for transverse magnetic polarization, if 

the time derivative of 𝐻𝑧 is needed, the spatial derivatives of 

𝐸𝑦 and    𝐸𝑋will be necessary. Therefore, to achieve a stable 

numerical solution, both spatial and temporal derivatives 

must be centered. 

 

III.DESIGN OF A DEMULTIPLEXER 

The growing demand for higher bandwidth presents a 

significant challenge for optical telecommunications  

worldwide. The rapid increase in internet users, along 

with the surge in data, audio, and video transmissions, has 

created an urgent need to upgrade existing communication 

systems. 

Wavelength Division Multiplexing (WDM) is a key 

technique that enables the simultaneous transmission of 

multiple wavelengths over a single optical fiber. By 

increasing the number of concurrent transmission channels, 

WDM effectively maximizes the utilization of the fiber’s 

capacity. This paper focuses on the design of an eight-channel 

demultiplexer, a critical component in WDM systems. 

The basic structure used for designing the proposed 

demultiplexer is a (𝑁1 , 𝑁2) 53, 100 network of dielectric rods 

on an air substrate. The refractive index of the dielectric rods 

is 3.46 (equal to the refractive index of silicon), and the radius 

of the dielectric rods is 128 nm, with a lattice constant of 641 

nm. The photonic band gap of the structure shown in Fig. 1 

was calculated using the Plane Wave Expansion (PWE) 

method with the Rsoft BandSolve software for TM 

polarization. 

 
Fig. 1. Photonic crystal band structure for the TE mode 

 
 

We found two PBGS in TE mode (blue color areas) 

and no PBG in TE mode. The first PBG is between 0.28-

0.42. considering a = 641 nm the PBG will be 1526-2290 

nm, that is in the range of optical communication 

applications.  

Now, we are going to design and propose a 8 channel 

optical demultiplexer. Based on photonic crystal ring  

resonators. Our proposed demultiplexer consists of 3 main 

part on input waveguide, 8 output waveguides and 8 

resonant rings (Fig. 2).  

The schematic design of the 8-channel demultiplexer is 

shown in Fig. 2. 

 
Fig. 2. Final design of the proposed demultiplexer 
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To create the input waveguide, 98 dielectric rods were 

removed along the Γ-M direction. Subsequently, eight output 

waveguides were formed by removing 25 dielectric rods 

along the M-X direction for each output channel. 

To establish resonant rings between the input waveguide 

and each output waveguide, a 9×9 array of dielectric rods was 

first removed at the designated locations. These were then 

replaced with eight quasi-crystal structures—one for each 

ring resonator. Each 12-fold quasi-crystal structure consists 

of a central core rod surrounded by four concentric orbitals of 

rods. The radii of the first, second, third, and fourth orbitals 

are 0.9a, 1.8a, 2.7a, and 3.6a, respectively, where a is the 

lattice constant. The number of rods in the first, second, third, 

and fourth orbitals are 6, 12, 18, and 24, respectively. 

By adjusting these parameters, different resonant 

wavelengths can be achieved. The resonant wavelength 

exhibits high sensitivity to changes in the refractive index; 

however, to maintain consistent channel spacing, the 

refractive index of the core rods in all photonic crystal ring 

resonators (PhcRRs) is kept identical to that of the 

fundamental photonic crystal structure. 

Another parameter influencing the resonant wavelength is 

the radius of the dielectric rods within the 12-fold quasi-

crystal structure. To minimize channel spacing, the radii of 

the central rods and the rods in the four orbitals of each 12-

fold quasi-crystal structure are kept uniform, while only the 

radii of the outer orbital rods are varied for each resonator. 

 

 

 

Fig. 3. According to the Fig. 5., ring No. 1, 2, 3, 4, 5, 6,7,8 corresponds to the wavelength 

IV.SIMULATION 

   The finite-difference time-domain (FDTD) method [17] 

is the most commonly used approach for analyzing the 

properties of photonic crystal (PhC)-based devices. In our 

simulations, perfectly matched layer (PML) boundary 

conditions were applied to surround the structure, with a PML 

width of 500 nm. The grid size was set to a/32, corresponding 

to 20 nm. To ensure numerical stability, the time step (Δt) was 

chosen according to the Courant stability condition, resulting 

in Δt = 0.026 ns.For simulation calculations, we have used the 

simulation parameters in Fig. 4. .The simulation was carried 

out over 20,000 time steps, requiring approximately 4.9 hours 

of runtime and 30.4 MB of memory for the proposed 

demultiplexer. The output spectra of the demultiplexer for the 

wavelengths λ₁ = 1.5552 μm, λ₂ = 1.5563 μm, λ₃ = 1.5579 

μm, λ₄ = 1.5593 μm, λ₅ = 1.5608 μm, λ₆ = 1.5623 μm, λ₇ = 

1.5638 μm, and λ₈ = 1.5653 μm are shown in Fig. 3. 

 
Fig. 4. Main view of the calculations 
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Fig. 5. Output spectrum of the 8-channel demultiplexer with even channel spacing on linear  scales 

 

Fig. 6. Crosstalk between the channels of the 8-channel demultiplexer 

 

After simulation, the output spectra of the demultiplexer 

were plotted in Figs. 5 and 6, and the results are 

summarized in Tables I and II. 

The full specifications of the demultiplexer are listed in 

Tables I and II. 

 
TABLE I 

Full Detail for Output Spectrum of an 8-channel de Multiplexer 

TE (%) Q ∆ (nm)  (nm) R (nm) Channel 

96 5814 0.3 1.5552 105 1 

97 3112 0.5 1.5563 110 2 

96 3894 0.4 1.5579 115 3 

97 3198 0.4 1.5593 120 4 

97 2229 0.7 1.5608 125 5 

93 2231 0.7 1.5623 130 6 

94 2234 0.7 1.5638 135 7 

95 2608 0.6 1.5653 190 8 

The number of telecommunication channels in 

Wavelength Division Multiplexing (WDM) systems is a 

critical parameter in the design and fabrication of optical 

demultiplexers. 

R: To create the desired ring resonator (intensifier), 

dielectric rods within the structure are removed to form a 

circular (ring-shaped) pattern. The radius of the core rods of 

the resonator is selected within the range of R₁ = 105 nm to 
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R = 140 nm to achieve effective separation of the intended 

wavelengths. 

λ (nm): In the design of WDM systems, the channel 

spacing, i.e., the wavelength separation between 

telecommunication channels, is a crucial design factor. 

Δλ (nm): Bandwidth and bandwidth latency refer to the 

data transmission rate over a network connection or interface. 

Bandwidth represents the range between the highest and 

lowest frequencies within the telecommunication channel 

spectrum and is typically measured in Hertz (Hz). 

Q: In optical demultiplexers, the quality factor (Q) is 

defined as the ratio of the central separated wavelength of the 

device to its spectral bandwidth. A narrower bandwidth 

corresponds to a higher quality factor. 

TE (%): The transmission efficiency (TE) indicates the 

percentage of the electromagnetic light wave that 

successfully passes through the optical surface or element. 

Transmission coefficients can be determined based on both 

the amplitude and intensity of the wave. These values are 

calculated as the ratio of the transmitted quantity to the 

incident quantity and are usually expressed as a percentage. 

 
 

 

TABLE II 

 Full Details for Crosstalk Between the Channels of 8-channel de Multiplexer in dB. 
 

8 7 6 5 4 3 2 1 channels 

-46.7 -49.4 -38 -18.2 -34.1 - 34.7 -22.2  1 

-39.7 -30.7 -18.6 -42.9 -28.4 -18.6  -31 2 

-30.9 -20.4 -37.2 -37.8 -15.2  -38.2 -32.5 3 

-18.8 -35.7 -32.8 -28.8  -40.8 -32.2 -32.3 4 

-37 -33.6 -32.2  -33.1 -36.9 -41.5 -16.2 5 

-30.3 -34.7  -18.2 -26.9 -30.7 -16.3 -36.3 6 

-13.6  -18.5 -24.8 -23.1 -25 -39.1 -34.1 7 

 -21.3 -25.3 -27.9 -20.4 -49.7 -38.7 -34.6 8 

 

Crosstalk: in telecommunication issues, crosstalk is equal 

to the extent of telecommunication channels interference 

on adjacent telecommunication channels. 

 

V.DISCUSSION AND CONCLUSION 

This paper investigates a two-dimensional photonic 

crystal structure using Rsoft-Bandsolve software to 

determine its band structure diagram and photonic band 

gap region. The propagation and transmission 

characteristics of the desired wavelengths were analyzed 

using the Finite-Difference Time-Domain (FDTD) 

simulation method with Rsoft-Fullwave software. An 

eight-channel demultiplexer structure based on resonant 

cavities is proposed. The channel spacing and transmission 

efficiency (TE%) of the structure were calculated using the 

Plane Wave Expansion (PWE) and FDTD methods. A 

comparison of channel spacing and TE% with similar 

structures was performed. 

As shown in Table III, the designed eight-channel 

demultiplexer achieves an optimal combination of channel 

spacing and transmission efficiency compared to 

previously reported devices, making it one of the best-

performing demultiplexer designs to date. 

 

 

 
TABLE III 

Comparison of Previous Work on 8-Channel Ring Demultiplexers with the Current Work 

Reference Channels 
Channel Spacing 

(nm) 
TE (%) 

Mehdizadeh et al [18] 8 2.1 94 

Venkatachalam et al [19] 8 0.9 47 

Rakhshani [20] 8 2.25 65 

Dhandrapati et al [21] 8 1 55 

Berry et al [22] 8 3.2 91 

Kavitha et al [23] 8 2.25 90 

This work 8 1.3 93 

Suggestions 

All designs and simulations performed in this paper are 

based on 2D simulations. Given that many photonic crystal 

devices are fabricated in 3D in the real world, it is suggested  

 

that the simulations be implemented in 3D, although such 

simulations require powerful computer systems. 
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