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ABSTRACT

This paper proposes a four-channel demultiplexer based on 2-Dimensional Photonic Crystal (2DPC)
cavities and quasi-waveguide bends for Wavelength Division Multiplexing (WDM) and examines the
performance parameters of the demultiplexer, such as transmission efficiency, passband width, Q-factor,
and crosstalk. The proposed demultiplexer consists of a bus waveguide, drop quasi-waveguide bends, and
cavities, in which the output ports are arranged in a way that reduces channel interference or crosstalk.
When simulating the performance of the device, the Finite Difference Time Domain (FDTD) approach was
used and the results showed an average transmission coefficient of 91.87 %, a spectral width of 0.2 nm, and
an average quality factor of 7,658.5. The device achieved crosstalk levels ranging from -18.69 dB (optimal
performance) to -9.262 dB (minimum performance), optimizing it for high-performance Photonic
Integrated Circuits (PICs) and optical communication systems.

Keywords-photonic crystal; Wavelength Division Multiplexing (WDM) demultiplexer; cavity; Q-factor
crosstalk; 2D- Finite Difference Time Domain (FDTD)

I.  INTRODUCTION

Miniaturization of devices is one of the most important
areas of research in optics. Photonic Crystal (PC) technology
allows miniaturization of 10 to 100 times. A PC is composed of
periodic dielectric materials [1] and is classified into three
types: one-dimensional (1DPC), two-dimensional (2DPC), and
three-dimensional (3DPC). Each has a different structure, with
1DPC exhibiting periodicity in one direction, 2DPC in two
directions with homogeneity in the third, and 3DPC in all three
directions. 2DPCs are widely used in the design of optical
devices, with the Photonic Band Gap (PBG) being a critical
factor in determining the device's operating wavelength [2].
This band gap exhibits similar behavior to the electronic band
gap in semiconductor devices, controlling and manipulating
light beams within photonic crystals. This paper used a square
lattice structured by periodically arranging dielectric rods in an
air medium. PC-based devices are designed by introducing
defects into a 2DPC structure. Point and line defects are added
to the design to enable light propagation within the device.
Point defects create resonant cavities, and line defects form
linear or bus waveguides. Defects are created by modifying
structural parameter dimensions or by removing one or more
rods. Many devices use 2D photonic crystals, including filters
[3-7], power splitters [8], polarization splitters [9], switches
[10], waveguides [11], and ring resonators [12]. These devices
play a crucial role in optical communication systems by
functioning as demultiplexers, which can select one or multiple

channels [13-15]. In this paper, a Wavelength Division
Multiplexing (WDM) system is proposed that integrates a four-
channel design within a two-dimensional photonic crystal
consisting of dielectric rods in air. Each channel has a resonant
cavity coupled with a quasi-waveguide bend and a line defect
waveguide. The channels are arranged on both sides of the bus
waveguide, creating photonic resonant cavities by varying the
radius of a single rod within the photonic crystal structure. The
performance of the designed WDM filter was evaluated
numerically using the Finite Difference Time Domain (FDTD)
method [16, 17], with Berenger's Perfectly Matched Layer
(PML) surrounding the entire structure as an absorbing
boundary condition [18]. The simulations yielded positive
results, including high quality factors and excellent
transmission efficiency, which demonstrate the advantages of
this approach.

II.  BASIC PHOTONIC CRYSTAL DESIGN

The study examines a 2DPC formed by a square lattice of
dielectric rods within an air background. The radius of the rods
is defined as r = 0.18a [4], where a signifies the lattice constant
[1]. The CPS-2D structure, as shown in Figure 1, comprises
dielectric rods arranged in a square lattice (periodic in the x-
and z-directions) with a refractive index n=3.3763. The 2DPC
exhibits a broad photonic bandgap in the normalized frequency
range a/2=0.309-0.445 for Transverse Electric (TE)
polarization [4], where / is the free-space wavelength.
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Fig. 1. (a) The schematic of a two-dimensional (2D) square-lattice

photonic crystal structure, (b) photonic band structure of the 2DPC lattice
without defects, computed via the PWE method.
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Fig. 2. Schematic of a 2DPC waveguide and the dispersion curve
corresponding to defect modes within the PBG.

Figure 2 presents the photonic bandgap and the dispersion
curve of the guided defect modes in the single-line-defect
waveguide. A single-mode regime is observed within the
normalized frequency range of 0.309 to 0.442. The 1.55-pm
telecommunication window is characterized by a lattice
constant a of 0.58 um [5], which corresponds to a wavelength
range of 1312 nm to 1877 nm for the defect mode, which is
suitable for the design of demultiplexers for WDM
applications.

III. SIMULATION AND ANALYSIS

FDTD is a numerical method that allows for the accurate
propagation of electromagnetic waves through photonic crystal
devices. In the proposed device, an effective and unique
refractive index was used for channel selection. Consequently,
the 2DFDTD [16] simulation is performed on the structures in
order to obtain the output response of the typical model and the
proposed demultiplexer. The grid size in the x and y directions
is a/16, while the estimated time step (¢) is set to 0.0025, and
the memory size is 33.4 MB. The stability of the system can be
assessed during the simulation in order to ensure that the time
steps (4f) are met and can be calculated by:

A< —1 (1)

cl—r
Ax2+40z2

where c is the velocity of light and 4x, A4z are the spatial steps
in x-z directions. A Gaussian optical signal is applied at the
base of the structures. The transmission spectra are then
analyzed by performing a Fast Fourier Transform (FFT) on the
electromagnetic field distribution within the system simulated
by using 2D FDTD methods.

A. Typical Filter Design

The schematic of a typical photonic crystal filter is shown
in Figure 3 (a), where the structure includes a cavity located
between a bus waveguide and a Quasi-Waveguide Bend
(QWGB). The QWGB is formed by removing a single line of
L-shaped rods from the 2DPC lattice. In order to optimize light
transmission into the bend, the rods labeled (a, b) are displaced

by a distance of V2 /2 X a along the /-M direction [19]. The
waveguide's primary function is to collect signals from the
cavity and direct them to the output port. The existence of a
defect is confirmed by the reduction of the radius of the central
cavity rod to r=0.08a. This setup leads to a resonant
phenomenon, which emerges from the coupling interaction
between the cavity and the two waveguides. Figure 3 (b) shows
that the optimized transmission coefficient for a cavity radius
of r=0.08a attains a near-ideal transmission efficiency of
T=100% and a quality factor Q=3338. The quality factor was
calculated using the relationship Q=4y/44 [1], where 44 is the
Full Width at Half Maximum (FWHM) bandwidth of the
resonance peak, and 4y=1669.1 nm is the resonant wavelength
at the center of the band.
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Fig. 3. (a) Schematic diagram of the typical resonator with one output
port, (b) the optimized transmission response of the resonator, achieved for a
cavity radius of r = 0.08a.

B. Design of 2DPC four-channel WDM Demultiplexer

The construction of a WDM demultiplexer is based on the
optimized resonator design depicted in Figure 3(a). In order to
enhance performance, the array of dielectric rods is expanded,
and three additional output ports are symmetrically integrated.
This reduces signal interference and crosstalk as shown in
Figure 4. The demultiplexer's performance was initially
examined by systematically adjusting the radius of its resonant
cavities (r;, 1, 13, ry) as: r;=0.010a, r,=0.022a, r;=0.024a, and
r4=0.032a. A Gaussian optical pulse, extending across the
entire frequency range of interest, is generated at the input bus
waveguide. Four monitors were positioned at output ports 1, 2,
3, and 4 to collect the normalized transmitted power spectral
density after FFT. The pulse's input light flux traverses each
cavity, where it interacts, and is subsequently detected by the
monitor positioned at the output waveguide. As shown in
Figure 5, the proposed WDM demultiplexer exhibits distinct
output transmission spectra.
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Fig. 4. Schematic structure of the proposed WDM demultiplexer.
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Fig. 5. The four-channel output transmission spectrum of the proposed
‘WDM demultiplexer.

The device transmits four distinct wavelengths: 1524.3 nm
(A1), 1527.6 nm (4;), 1533.1 nm (43), and 1542.0 nm (44), with
each wavelength transmitted exclusively from its designated
output port. The obtained results show channel isolation, with
distinct spectral peaks corresponding to the expected
wavelengths. The sharp resonance profiles with minimal
channel crosstalk highlight the high spectral specificity of the
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device, confirming its effectiveness for wavelength selectivity
in dense photonic circuits. The operational efficiency of the
demultiplexer is evaluated through the simulation of the steady-
state electric field distribution for the four target wavelengths.
As shown in Figure 6, the electromagnetic field profiles at the
resonant wavelengths (1:—A+) indicate substantial modal
confinement within their respective output channels. These
spatial field patterns demonstrate effective wavelength-
selective routing, with minimal cross-channel interference,
confirming the device's ability to isolate and guide distinct
spectral components to designated ports. Table I presents a
synopsis of the key performance metrics of the WDM
demultiplexer, including resonant wavelengths, passband
widths, channel spacing, transmission efficiency, and Q-factor.
The data demonstrate the device's spectral characteristics and
its capacity to select and transmit distinct wavelengths with
high precision. Table IT summarizes the inter-channel crosstalk
measurements, with the logarithmic ratio of the crosstalk power
between adjacent channels to the maximum power of the
neighboring channel used as the quantification method [19].
The measured crosstalk values range from -9.251 dB
(maximum, indicating stronger interference) to -18.690 dB
(minimum, reflecting lower interference). This level of
isolation is important to ensure that signals transmitted through
different channels do not interfere with each other, which is a
necessary condition for high-density WDM systems. Table III
provides a comparative analysis of the functional
characteristics between the proposed demultiplexer and
existing designs that possess the same square lattice structure
and number of channels, highlighting the key performance
metrics, such as the overall dimensions, number of channels,
passband bandwidth, transmission efficiency, Q factor, and
crosstalk levels for all four channels. Authors in [20] reported a
notably high Q factor exhibiting poor transmission efficiency
and a bulky design. Authors in [21] presented improved
passband width and reduced crosstalk; however, its overall
footprint remains substantial at 360 pm2. Authors in [22]
reported that the transmission efficiency was lower and the
bandwidth was wide, while authors in [12] found low crosstalk,
yet its total area (315 um?) is considered a limitation. Authors
in [23] reported a transmission efficiency of 95% and authors
in [24] described a compact structure size of 180.96 um?, a
transmission efficiency of 98%, and a low Q factor. The newly
designed WDM demultiplexer exhibits a surface area of 204
um’ and an average transmission efficiency of 91.87%, along
with an exceptionally high average quality factor (7658.3).
These characteristics render it a potentially valuable component
for photonic integrated circuits and future optical networks.

IV. CONCLUSIONS

Two-dimensional photonic crystal (2DPC)-based optical
Wavelength Division Multiplexing (WDM) devices are
essential for the design of Photonic Integrated Circuits (PICs),
using a new configuration of a resonant defect system.
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Fig. 6. The field distribution inside demultiplexer at four wavelengths: (a)
A=1524.3 nm, (b) 4> = 1527.6 nm, (c) 4s = 1533.1 nm, (d) 1+ = 1542.0 nm.
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