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We proposed a high performance eight channel demultiplexer using two-dimensional photonic
crystal octagonal ring resonator for wavelength division multiplexing applications. The performance
parameters such as transmission efficiency, Q factor, spectral width, resonant wavelength, crosstalk
and channel spacing of the proposed demultiplexers are evaluated. The plane wave expansion
method manipulates photonic band gap of periodic and non-periodic structure. Finite-difference
time-domain method is used to evaluate the performance parameters of designed two-dimensional
photonic crystal structure. The proposed demultiplexer provides overall transmission efficiency,
Q factor, spectral width of about 98%, 1968 and 0.8 nm, respectively. The ultra-compact eight
channel demultiplexer performs better than the reported one. Hence this work can be implemented
for real time applications.
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1. Introduction
Nowadays the design of high performance with miniaturized optical devices is one of
the most important technological challenges of information processing systems in optical
communication. Photonic crystal (PC) is one of the right candidates for wavelength
division multiplexing (WDM) systems as it offers highly wavelength sensitive, terahertz
speed and miniaturized size without degrading the performance of the device. Recently,
WDM [1] systems receive keen attention in research community as it supports a big
number of channels with narrow channel spacing in a single fibre. It is classified by
coarse wavelength division multiplexing (CWDM) and dense wavelength division
multiplexing (DWDM). The CWDM system (ITU-T Recommendation G.694.2) is
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supporting a smaller number of channels over the wavelength range between 1260 and
1675 nm with 20 nm channel spacing. Alternatively, the DWDM system (ITU-T
Recommendation G.694.1) is facilitating a bigger number of channels from 1535 to
1565 nm with narrow channel spacing (1.6 nm/0.8 nm/0.4 nm). Hence, DWDM system will be employed for point-to-point high capacity network; however, CWDM will
be used for access networks and regional networks. In this work, DWDM system is
considered for demultiplexer design.
Typically, PC based optical devices are realized either in cubic lattice or in hexagonal lattice. The cubic is referred to as a square lattice and hexagonal is referred to
as a triangular lattice. In the cubic lattice, photonic band gap (PBG) size is narrow [2],
there is low dispersion, high power transmission [3], and easy fabrication facility compared to the hexagonal lattice. Hence, the proposed device is designed using two-dimensional photonic crystal (2DPC) in a cubic lattice. The cubic lattice is composed of
the periodic array of dielectric rods which are embedded in an air medium. The 2DPC
is having PBG as the PC is composed of periodic dielectric constant variations in two
different directions. The design of PBG [4] in PC is an active role to identify the desired
operating range. It is used to control and manipulate the light waves propagating
through PC. The lattice constant a, radius of dielectric rod r and refractive index difference Δ are the important PC parameters to generate and control PBG. The device
can be realized by various defects that are introduced in PC. The defects are classified
as line defects and point defects. Once defects are introduced in the periodic structure,
the PBG is entirely broken, which in turn makes the modes propagate inside the defect
based structure. The defects are used to trap or localize the light. By having the aforementioned principle, many PC based optical devices are realized, such as cavity, ring
resonator (RR), waveguide, etc., which are actively used to design optical filter [5–13],
switches [14], sensors [15], polarizers [16], mirrors [17], splitters [18], multiplexers [19],
and demultiplexers [20–35], etc.
In the literature survey, the PC based demultiplexers are designed by introducing
point defects and line defects alone or combining point and line defects. Generally,
the combination of point and line defects is used to develop ring resonator based
PC devices. The demultiplexers are designed using different shapes using either line
or point defects alone, such as Y shape [20], T shape [23], cascaded T shape [24], tree
shape [32] which offer better transmission efficiency, high quality factor, narrow channel spacing and small size. However, it is very difficult to reduce crosstalk. Alternatively, the eight shaped ring resonator [21, 31], elliptical type ring resonator [22, 33],
ring resonator based square ring resonator [25–29], circle type ring resonator [30] and
square ring resonator based octagon shaped resonator [34] are incorporated to design
the demultiplexer. The ring resonator based demultiplexer facilitates high transmission
efficiency, medium level of Q factor, channel spacing and low crosstalk which is considered in this attempt. In this paper, a ring resonator based octagonal cavity eight channel demultiplexer is proposed and designed for WDM applications. The performance
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parameters, namely transmission efficiency, Q factor, channel spacing, resonant wavelength and spectral width are investigated.
The remaining part of this paper is organised as follows. In Section 2, the numerical
methods which are required to accord PBG and output spectrum are discussed.
The PBG in 2DPC structure is demonstrated in Section 3. The proposed photonic crystal ring resonator (PCRR) based eight channel demultiplexer is presented in Section 4.
The output response and its significance is described in Section 5. Finally, Section 6
conclude the paper.

2. Numerical analysis
Several numerical methods are reported to obtain PBG and normalized output spectra of
the periodic and non-periodic PC structure. They are plane wave expansion (PWE)
method [36], transfer matrix method (TMM) [37], finite-difference time-domain method
(FDTD) [38], and finite element method (FEM) [39], etc. The PWE and FDTD methods
are predicting the accurate behaviour of 2DPC. Hence, the PWE is applied in the frequency domain to analyse the PBG and estimates the electromagnetic modes in
PC structures. The band diagram calculations of electric field are carried out by solving
Maxwell’s equation [4] which is
∂B
∇ × E + ----------- = 0
∂t

(1)

∇⋅B = 0

(2)

∂D
∇ × H – ------------ = J
∂t

(3)

∇⋅D = ρ

(4)

The magnetic field H(r) equation is
1
ω 2
∇ × -------------- ∇ × H ( r ) = -------- H ( r )
 c
ε(r)

(5)

The Maxwell electromagnetism appears as an eigenvalue problem for the harmonic
modes of the magnetic field H(r), and the solution of electric field is
ω 2
∇ × ∇ × E ( r ) = -------- ε ( r )E ( r )
 c

(6)

It manipulates PBG in high speed but it cannot extract backward reflections and
light wave propagation in the 2DPC structure. Hence, Maxwell’s equation is employed
in the time domain called FDTD method to analyse the field distribution of PC based
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optical devices. FDTD method is employed to analyse the performance of transmission
spectra of PC based optical devices. It simulates the electromagnetic devices for all
range of frequencies from the microwave to the optical regime. It is one of the most
important computational techniques for analysing the electromagnetic waves propagating through PC devices and for extracting backward reflections. It is a simple, attractive, accurate and efficient way to discretize Maxwell’s equations. In this proposed
structure, the normalized transmission spectra are obtained by taking fast Fourier transform (FFT) of the fields that are calculated by 2D FDTD method. Generally, 1D FDTD
method offers fast simulation with less accuracy and 3D FDTD method requires more
simulation time, large memory size and provides accurate behaviour of PCs. Even
though 3D FDTD method affords accurate results, the same results can be obtained
using 2D FDTD with less time and less memory space. Hence, 2D FDTD method is
considered in the present work. In 2DPC, electromagnetic fields are propagated in the
form of transversely two polarized modes (Eqs. (1) and (3)) TE and TM. The time stepping equation [40] for FDTD is given as follows:
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where the indices i and j denote the discretized grid point in the XY plane and index n
denotes the discrete time step.

3. Structural design
Figure 1 depicts a band diagram of the proposed structure before introducing the defects.
The structure is composed of Si rods embedded in air. The lattice constant a and
radius r of the rods are 560 and 100 nm, respectively. The band diagram in Fig. 1 is
calculated for the first Brillouin zone where the x axis is Γ-X-M-Γ which is called
a wavevector or propagation constant. And the x axis is the point of the first Brillouin
zone. The band diagram has two TE modes, where the electric field travels parallel to
the rod axis and magnetic field travels perpendicular to the rod axis. The first and second TE PBG lie between 0.30233 < a/λ < 0.44593 and 0.74448 < a/λ < 0.75959, re-
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Fig. 1. Schematic representation of band diagram before introducing defects.

spectively. The wavelength range of first TE PBG is between 1255 to 1852 nm, which
is considered in this work.

4. PCRR based eight channel demultiplexer
The proposed eight channel demultiplexer is shown in Fig. 2. It is composed of 40 × 60
periodic array of dielectric rods immersed in the air medium.

λ2
1546.8 nm

λ1
1545.2 nm

λ4
1550.4 nm

λ3
1548.4 nm

λ8
1557.3 nm

BUS WAVEGUIDE

λ6
1554.1 nm

λ5
1552.5 nm

λ7
1555.6 nm

INPUT

Fig. 2. Schematic representation of proposed PCRR based eight channel demultiplexer using MOC.
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The proposed demulitplexer consists of eight octagonal ring resonators, bus waveguide and eight L bend waveguides. The octagonal ring resonator is used to select the
desired channel whereas the L bend waveguide is employed for dropping the selected
channel. The Gaussian light source is launched at the bottom end of the structure
through a bus waveguide. The size of the bus waveguide is 920 nm (2a), which is useful
to propagate the light waves linearly and distribute them to RRs through CRs. The footprint of the proposed structure is 752.64 μm2. The output ports which are positioned
in the right side from the bus waveguide of the PC structure are used to select odd numbers (λ1, λ3, λ5 and λ7) and ports in the left side are employed to drop even numbers
(λ2, λ4, λ6 and λ8), which results in producing channels with low crosstalk. The proposed
single channel demultiplexer (see Fig. 2) is composed of modified octagonal ring resonator, scatterer rods, coupling rods, channels selector rods and L bend waveguides.
The arrangement of the above mentioned rods is given below. The sectional view
of a single RR of the proposed structure is depicted in Fig. 3a which comprises a ring
resonator and L bend waveguide. The RR consists of a modified octagonal shaped cavity, scatterer rods and coupling rods. The L bend waveguide has channel selector rods
to select the desired channel.
Modified octagonal cavity (MOC). It is constructed by varying the position of
the inner rods and the period between the rods 0.28a (i.e., a/2) as shown in Fig. 3b.
Scatterer rods
Channel selector rods

Coupling rods

a

MOC

L bend waveguide

b

Ring resonator

c

a/2
r

–1.3

–1.3

0.0

X [μm]

0.0
1.3

1.3

Z [μm]

Fig. 3. Sectional view of single square MOC ring resonator (a), MOC (b), and 3D view of MOC (c).
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T a b l e 1. Inner rod sizes in MOC with resonant wavelength of proposed eight channel demultiplexer.
Channel
λ1
λ2
λ3
λ4
λ5
λ6
λ7
λ8

Inner rod radius of MOC r/2 [nm]
73
75
77
79
81
83
85
87

Resonant wavelength λ0 [nm]
1545.2
1546.8
1548.4
1550.4
1552.5
1554.1
1555.6
1557.3

The size of the MOC and its designated wavelength are given in Table 1. The radius
of the rods in MOC is increased by 2 nm for every channel. From the Fig. 3c, the overall
size of each MOC is about 6.76 μm2. Hence, the average value of channel spacing is
1.7 nm. MOC is useful to control light within a narrow wavelength range and to make
a narrow-bandwidth filter.
Scatterer rods (SRs). It is located at the corner of each RR and its size is 120 nm.
The role of these rods is to suppress the counter propagation modes and to improve
the spectral selectivity of the channel.
Coupling rods (CRs). The two columns of coupling rods (CRs) are located in between MOC, bus waveguide and L bend dropping waveguide. The CRs are used to couple the propagation of light waves from bus waveguide to RR and RR to L bend
waveguide. The size of each CR is 100 nm.
L bend waveguide. It is constructed by removing the rods in L shape. It drops the
selected channels from RR. The channel selection part consists of three channel selector rods, which are located inside the L bend waveguide. It supports with MOC the
selecting of the desired wavelength and improves the dropping efficiency. The radius
of the centre rod in the channel selector is kept a 74 nm as constant for all the channels.
However, the radius of the top and bottom rods in the channel selector is varied from 60
to 74 nm with 2 nm step (i.e., 60 nm for λ1, 62 nm for λ2 and so on).

5. Simulation results and discussion
The signal is launched at the input port. The normalized transmission spectra are obtained
at ports B, C and D by conducting FFT of the fields that are calculated by 2D FDTD
method. The input and output signal power is recorded by power monitors which are
positioned at the input and output ports. The normalized transmission is calculated
through the following formula:



monitor

1/2 Re [ p
( f ) ]dS
T ( f ) = ---------------------------------------------------------------Source power

(10)
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where T( f ) is a normalized transmission as a function of frequency, p monitor( f ) represents Poynting vector monitored by the power monitor at the output port of the device
and dS is the surface normal. The further normalization at the output side does not affect
the result because of the source power normalization. Finally, the T( f ) is converted
as a function of wavelength. The perfect matched layer (PML) is placed on all sides
of the structure as an absorbing boundary condition to avoid the reflections in the computational domain. The reliability of the following numerical solution is ensured by
the time steps Δt for electromagnetic fields propagating in 2DPC structure accurately
1
Δt ≤ -----------------------------------------------2
2
c 1/Δx + 1/Δz

(11)

The excitation of TE polarized light is propagated in light velocity c along with
XZ direction and its spatial steps are Δx and Δz. The grid sizes (Δx and Δz) are selected
to be a/16 which equals 35 nm and the estimated FDTD time step Δt is 0.0175. If
delta/16 is increased, it is highly possible to get the most precise output; however, it
takes much time to get the desired response. If delta/16 is decreased, it is very difficult
to predict the accurate behaviour of the proposed device. However, delta/16 is considered in this work as it offers the desired output with less computational time. The PML
as an absorbing boundary condition is used to minimize the signal reflected from the
launch field. The width of PML is 500 nm.
Figure 4 shows the normalized output spectrum of the proposed eight channel
demultiplexer. The resonant wavelength of the eight channels is 1545.2 nm (λ1),
1546.8 nm (λ2), 1548.4 nm (λ3), 1550.4 nm (λ4), 1552.5 nm (λ5), 1554.1 nm (λ6),
1555.6 nm (λ7) and 1557.3 nm (λ8). The resonant wavelength, transmission efficiency,
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Fig. 4. Normalized output spectrum of proposed eight channel demultiplexer.
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T a b l e 2. Resonant wavelength, spectral width, line spacing, transmission efficiency and quality factor
of proposed eight channel demultiplexer.
Channel
λ1
λ2
λ3
λ4
λ5
λ6
λ7
λ8

Resonant wavelength
λ0 [nm]
1545.2
1546.8
1548.4
1550.4
1552.5
1554.1
1555.6
1557.3

Spectral width
Δλ [nm]
0.9
0.8
0.7
0.9
0.8
0.7
0.8
0.7

Line spacing
[nm]
1.6
1.6
2.0
2.1
1.6
1.5
1.7
1.7

Transmission
efficiency [%]
99
96
95
98
100
100
99
100

Quality
factor Q
1545
1933
2212
1723
1941
2220
1945
2225

Q factor and spectral width of the channel 1 (λ1) are 1545.2 nm, 99%, 1545 and 0.9 nm,
respectively. The channel spacing is attained at 1.6 nm. The aforementioned functional
characteristics of other channels λ2–λ8 are listed in Table 2.
Table 2 presents the resonant wavelength of eight channels (λ1 to λ8) along with
spectral width, line spacing, transmission efficiency and Q factor. The spectral width Δλ
has been estimated by the Gaussian distribution function for a full width at half maximum (FWHM) of spectrum.
The electric field distribution of the proposed eight channel demultiplexer at
λ7 = 1555.6 nm is shown in Fig. 5. From the figure, it is observed that at ON resonance
of port 7, the signals are transferred from the bus waveguide in the RR which in turn RR
to output port 7. However, at OFF resonance, the signal is reflected back to the source
without entering into the resonator. Based on the size of the modified octagonal RR,

Fig. 5. Field distribution of channel λ7 (1555.6 nm) for proposed eight channel demultiplexer.
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T a b l e 3. Crosstalk of proposed eight channels demultiplexer.
Xij [dB]
λ1
λ2
λ3
λ4
λ5
λ6
λ7
λ8

λ1
·
–26.9
·
·
·
·
·
·

λ2
–26.8
·
–29.8
·
·
·
·
·

λ3
·
–29.8
·
–29.7
·
·
·
·

λ4
·
·
–29.9
·
–29.9
·
·
·

λ5
·
·
·
–30.0
·
–20.9
·
·

λ6
·
·
·
·
–20.9
·
–20.4
·

λ7
·
·
·
·
·
–22.9
·
–26.9

λ8
·
·
·
·
·
·
–27.0
·

the appropriate wavelength is selected and passed on to the concerned dropping L bend
waveguide.
Table 3 shows the crosstalk between the channels. The crosstalk Xij of channels i
and j varies from 1 to 8. It shows the crosstalk of channel i at the resonant wavelength
of channel j as well as the crosstalk of channel j at the resonant wavelength channel i.
The minimum value of the crosstalk is –30 dB which facilitates better performance of
the demultiplexer. In addition, the channel selector rods and MOC play a role in diminishing the crosstalk. It is noticed that the proposed demultiplexer offers better channel spacing, Q factor, transmission efficiency and crosstalk than the reported one.
Besides that, the present work covers the third window of optical communication.

6. Conclusion
In this paper, 2DPC based eight channels demultiplexer is proposed and designed using
an octagonal ring resonator for WDM applications. The functional parameters, namely
resonant wavelength, Q factor, channel spacing, spectral width, output efficiency and
crosstalk are investigated. In this attempt, the channel selection is carried out by
altering the size of the octagonal ring resonator. The average transmission efficiency,
Q factor, spectral width and channel spacing of the proposed demultiplexer are 98%,
1968, 0.8 nm and 1.7 nm, respectively. The crosstalk of the proposed demultiplexer is
very low and amounts to –30 dB as the even number of channels and the odd number
of channels are dropped separately. The size of the demultiplexer is about 752.64 μm2.
The functional characteristics of the proposed demultiplexer are meeting the requirements of WDM systems, hence this demultiplexer can be incorporated for integrated
optics.
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