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Wavelength division multiplexing splitter with directional
photonic crystal waveguide couplers

CHENG-YANG LIU
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In this paper, we have investigated photonic crystal based optical waveguides implemented into wavelength division
multiplexing systems. The wavelength division multiplexing splitters based on a photonic crystal waveguide coupler with
square lattice and triangle lattice are proposed. The wavelength multiplexing properties are numerically investigated by using
the finite-difference time-domain method. The coupling length can be reduced by using triangle lattice in the photonic crystal
waveguide coupler. The symmetrical splitter has two identical photonic crystal waveguide couplers and three output
channels that splits a lightwave equally and transfers power to the opposite guide. The asymmetrical splitter has two different
photonic crystal waveguide couplers and three output channels that output different wavelengths to the three output
channels. Compared with traditional optical coupler, the sizes of PC coupler are expected to be drastically reduced from a
few hundreds of micrometers to a few tens of micrometers. The PC couplers and splitters should enable novel utilizations for

designing compact devices in photonic circuits.
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1. Introduction

The propagation of electromagnetic waves in periodic
dielectric structures is an interesting study in the recent
years [1,2]. The periodic dielectric structures exhibit the
forbidden regions of frequency where incident lightwaves
cannot propagate in the any direction for any polarizations.
The periodicity of photonic crystal (PC) structures is
broken by introducing some point or line defects that
allow PC structures for guiding lightwaves in distinct
wavelength ranges [3]. Since these periodic structures
have the ability to control lightwave propagation, it is a
good possibility to implement PC based optical
waveguides. Such PC structures can be used to design
efficient compact optical components. The multiplexing
and demultiplexing of optical signals are a great interest
for optical communication systems [4,5]. Many optical
wavelength division multiplexing (WDM) systems have
been discussed with point-to-point core networks [6,7].
The WDM networks require highly accurate wavelength
control of the light source and the wavelength multiplexer.
Along these lines, WDM networks have been proposed
using various technologies such as planar lightwave circuit
based array waveguide grating [8,9] and fiber gratings [10].
However, these typical devices have dimensions of the
order of centimeters or meters to support a large humber of
sufficient spaced wavelength channels. Therefore, all
kinds of multiplexing and demultiplexing with PC
structures which consist of several kinds of defects as
substitution defects, interstitial defects and microcavities

have been realized [11]. It has been demonstrated that PC
structures can be used to multiplex and demultiplex optical
signals. Recently, the multiplexer and demultiplexer based
on PC waveguide are presented [12-22], and it is
especially appropriate for WDM systems. These PC
devices can be placed directly over photonic circuits with
no increase of the optical losses. The photonic devices
based on PC structures have many advantages such as
relatively compact sizes and convenient integration into
conventional devices.

In this paper, the square lattice and triangle lattice PC
waveguide couplers WDM splitters are proposed. The
wavelength multiplexing properties are numerically
investigated by using the finite-difference time-domain
(FDTD) calculation. It has been demonstrated accurately
by comparing with the time-domain beam propagation
method [12] based on a finite element scheme. The novel
PC waveguide coupler based on triangle lattice PCs is
presented to work in the shorter wavelength region. The
demonstrations of the new WDM splitters are presented.
They are constructed by symmetrical and asymmetrical PC
waveguide couplers and have different wavelength
multiplexing properties. The symmetrical PC waveguide
WDM splitters have two square or triangle lattice PC
waveguide couplers at the same coupling lengths. The
asymmetrical PC waveguide WDM splitters have two
square or triangle lattice PC waveguide couplers at
different coupling lengths. The numerical method used in
this paper is presented in Section 2. The design and
simulation of PC waveguide coupler are shown in Section
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3. The design and simulation of PC WDM splitter are
shown in Section 4. The potential applications and the
conclusion for PC waveguide coupler and splitter are
summarized in Section 5.

2. Numerical method

In 1966, the FDTD method is first proposed by Yee
[23]. The time-dependent Maxwell’s equations are
separated using central-difference approximations to the
time and space partial derivatives. The FDTD calculations
have emerged as primary facility to compute many
scientific and engineering problems for dealing with
electromagnetic wave interactions in different materials
and structures. In this paper, the two-dimensional (2-D)
FDTD method is used to simulate the lightwave
propagation in the 2-D PC waveguides. The numerical
absorbing boundary conditions are applied to the
computational region of the FDTD algorithm. The whole
computational domain is surrounded by perfectly matched
layers to absorb the outgoing lightwaves [24]. In 2-D
simulations, the computational domain is in the x-z plane.
We assume that the device being modeled extends to
infinity in the y-direction with no change in the form or
position of its transverse cross section. The PC waveguide
devices are laid out in the x-z plane. Here, Ax and Ay are
the lattice space increments in the x and y coordinate
directions, respectively. The incident lightwave is uniform
in the y-direction, then all partial derivatives of the
electromagnetic fields with respect to y must equal zero.
The lightwave propagation is along z-direction. The space
sampling is a sub-wavelength scale and assumed Ax = 0.07
and Az = 0.07. Each mesh point is associated with a
specific material and contains the properties of materials
such as dispersion parameters and refractive index. The
time sampling is determined by the Courant limit to ensure
the stability of the numerical algorithm. During the
process of calculation, a 2-D computational region of 32
um x 10 pm is discretized with uniform mesh. The
centered finite difference expressions are used for the
space and time derivatives that are both calculated and
second-order accurate in the space and time increments. In
order to receive the full amplitude information of
lightwave, the stationary complex fields are needed. The
complex fields are the source of all valuable information
such as overlap integrals, reflected and output powers.
These complex fields are calculated by a real-time Fourier
transform performed in the last time period of the
calculation. The Final complex electromagnetic fields can
be visualized at particular planes located properly in the
computational region. The programming of FDTD is
written in MATLAB®. The computer used in the
calculation is Intel® Core i7 and has 24 GB of
random-access memory. The reference of FDTD method is
given in [23].

3. PC waveguide coupler

In optical communication system, the conventional
WDM devices provide up to 8 channels in the third
transmission window (C-Band) of silica fibers around
1550 nm. The International Telecommunication Union
standardized a channel spacing grid for WDM systems by
using the wavelengths from 1270 nm through 1610 nm
with a channel spacing of 20 nm. For the 1550 nm center
wavelength, we consider the PC structure composed of a
square array of dielectric cylinders in air with lattice
constant a = 0.54 um. The refractive index and the radius
of cylinders are taken as n = 3.4 and r = 0.18a. Fig. 1
shows the photonic band structure for the dielectric
cylinders of square array by using the plane wave
expansion calculation [25], where the inset indicates the
Brillouin zone of square lattice. This PC structure has a
photonic bandgap for TM mode which extends from A =
1.2 ymto 1.7 um, where A is the wavelength in free space.
The geometrical structure of the investigated PC
waveguide directional coupler is proposed. Fig. 2 shows
the PC waveguide coupler with two rows of dielectric
cylinders in the interaction region, where LC is the
coupling length. We can see that at some coupling length
the lightwave migrates from the first waveguide to the
second. The normal mode theory is employed to calculate
the coupling length [26]. Total electromagnetic field
‘P(X, Z) in the coupling region can be represented by the
superposition of excited modes:

\P(X' Z) = Cll//l(x’ Z)e_jﬂlz + Gy, (X! Z)e_jﬁzz 1)

where the field excitation coefficient is C , the localized

Bloch wave function with propagation constant of S is

Vo (X, Z)efjﬂmz , and subscript m marks order of mode.

Total electromagnetic field ‘I’(X, L) should satisfy
following condition after propagating coupling length z =

L that a two-folded image can be made:

(x )=y e +ear(x L " =[op(x ) -cua(x Uk
)
The equation for coupling length can be derived by
inspecting Eq. (2):
T

L=r—— 3)
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Fig. 1. Photonic band structure for the square array of
dielectric columns, where inset shows the Brillouin zone.
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Fig. 2. PC waveguide coupler with the square lattice. The
lattice constant is a = 0.54 um and the radius of
cylinders are r = 0.18a.

Fig. 3 depicts the coupling lengths of a square lattice
PC waveguide coupler with two rows of cylinders in the
interaction area. The different incident wavelengths need
different coupling lengths for complete optical coupling.
The shorter incident wavelengths need longer coupling
lengths, and the longer wavelengths need shorter coupling
lengths. Fig. 4 depicts the transmission spectrum for the
PC waveguide coupler with L. =48a, where the
incident lightwave launched into port 1 is the
TM-polarized continuous wave with Gaussian profile. The
unit of normalized power in the transmission spectrum is
an arbitrary unit. Lightwaves with wavelengths of
A, =142um and A, =1.574m are transferred to
the opposite guide (port 3), and the lightwaves with
wavelengths of A, =1.52ym and A, =1.62um are
outputted from the original guide (port 2). The power ratio
between output ports is defined as Port 3 / Port 2 or Port 2
/ Port 3. In the square lattice, the output power ratios of PC
coupler are 27.51 dB at input wavelength 1.42 um and
27.61 dB at input wavelength 1.52 um.
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Fig. 3. Coupling lengths of the square lattice PC
waveguide coupler.
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Fig. 4. Transmission spectrum of the square lattice PC
waveguide coupler. The unit of normalized power is an
arbitrary unit.

Fig. 5 depicts the photonic band structure of the PC
with the triangle array of dielectric cylinders where the
inset is the Brillouin zone of triangle lattice. We can see
that the photonic bandgaps of the square and triangle PC
structures are similar. The PC waveguide coupler
composed of a triangle array of dielectric cylinders in air is
proposed. The material properties and geometry
dimensions of triangle lattice PC waveguide are the same
as those of square lattice PC, as shown in Fig. 6. Fig. 7
shows the coupling lengths of the triangle lattice PC
waveguide coupler. The coupling lengths also decrease as
input wavelengths increase. The coupling length of 48a is
satisfied by the coupling length at wavelength Zl. At the
same coupling length L, =48a, the PC waveguide
coupler with triangle lattice requests shorter input
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wavelength than the PC coupler with square lattice, as
A, =1.38um < A, =1.42um . Fig. 8 shows the
transmission spectrum for the triangle lattice PC
waveguide coupler with L, =48a . The incident
lightwave launched into port 1 is also the TM-polarized
continuous wave with Gaussian profile. Figure 9 shows
the electric field patterns at the input wavelengths
A, =1.38um, A, =143um, A, =1.46um , and
A, =1.51um. The input lightwaves with wavelengths of
ﬂi and /1'3 propagate to the opposite guide (port 3), and
the input lightwaves with wavelengths of A, and A,
output from the original guide (port 2). In the triangle
lattice, the output power ratios of PC coupler are 27.42 dB
at input wavelength 1.38 um and 26.95 dB at input
wavelength 1.43 um. It can be concluded that the
mismatch losses have an almost negligible effect on the
output power ratio. However, the output power ratio may
be impaired due to different radiation losses if a
three-dimensional simulation is considered. The influence
of radiation losses on the performance of the PC coupler
will be addressed in future work. The directional coupler is
a very important device in the optical integrated circuits.
To study the use of PC waveguide directional coupler, it
becomes mandatory to know about the variation of the
coupling length against the optical wavelength. The
wavelength-dependence of the coupling length allows us
to employ the PC coupler for WDM applications such as
channel interleavers and wavelength demultiplexers.
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Fig. 5. Photonic band structure for the triangle array of
dielectric columns, where inset shows the Brillouin zone.
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Fig. 7. Coupling lengths of the triangle lattice PC
waveguide coupler.
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Fig. 8. Transmission spectrum of the triangle lattice

PC waveguide coupler.
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(d) Input wavelength /1'4 =151 um

Fig. 9. Electric field patterns of the triangle lattice PC

waveguide coupler for different input wavelengths.

Normalized power

4. WDM splitter

The WDM splitter based on the square lattice PC
waveguide couplers with three output channels is proposed
and shown in Fig. 10. Fig. 11 shows the transmission
spectrum for the WDM splitter at L, = 48a. The WDM
splitter split the power of input lightwaves equally into the
opposite guide (port 3, port 4), if the wavelengths of input
lightwave are odd numbers. Fig. 12 shows the electric
field patterns at the input wavelengths A, and A,. The
input lightwave at wavelength A, is transferred equally
to the two opposite guides (port 3, port 4). The input
lightwave at wavelength A, is outputted from the
original guide (port 2). Fig. 13 shows the multiplex signals
with wavelength A, and A, launched into port 1 at the
same time and they are outputted from ports 2-4,
respectively. The wavelength multiplexing properties of
the WDM splitter are numerically investigated. The WDM
splitter with asymmetrical square lattice PC waveguide
couplers is proposed and shown in Fig. 14. One of the
waveguide couplers has coupling lengths which are half of
the coupling lengths of the other waveguide coupler. Fig.
15 shows the transmission spectrum for this WDM splitter
at L, =48a. The input lightwave at wavelength A, is
transferred to the opposite guide (port 3). The input
lightwave at wavelength A, is outputted from the
original guide (port 2). The input lightwave at wavelength
A, is transferred to another opposite guide (port 4). Fig.
16 shows the electric field patterns at the
wavelengths A, ,

input
A, , and A, . The wavelength
multiplexing properties are clearly evident.
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Fig. 11. Transmission spectrum of the square lattice
PC WDM splitter.
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Fig. 14. Square lattice PC WDM splitter with asymmetrical
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(b) Input wavelength A, = 1.52 um Fig. 15. Transmission spectrum of the square lattice

PC WDM splitter with asymmetrical PC couplers.

Fig. 12. Electric field patterns of the square lattice PC WDM

splitter for different input wavelengths. The WDM splitter based on the triangle lattice PC

waveguide couplers is proposed and shown in Fig. 17. Fig.
18 shows the transmission spectrum for the WDM splitter
with L_=48a. This WDM splitter with triangle lattice
can work in shorter wavelength regions than the WDM
splitter with square lattice, and its wavelength
multiplexing properties are numerically investigated.
Another WDM splitter with asymmetrical triangle lattice
PC waveguide couplers and three output channels is
proposed and shown in Fig. 19. Fig. 20 shows the
transmission spectrum for this WDM splitter with
L. =48a. The wavelength multiplexing properties of
WDM splitter with asymmetrical triangle lattice PC
waveguide couplers are similar to those of the WDM
splitter with asymmetrical square lattice PC waveguide
couplers, and the electric field patterns are also similar.
The three-channel multiplexer-demultiplexer in Fig. 10
Fig. 13. Electric field patterns of the square lattice PC WDM and Fig. 17 is considered, and the transmission spectrum is

splitter at input wavelength 2, = 7.42 um and 2y = 1.52 um. shown in Fig. 11 and Fig. 18, respectively. The solid and
dashed lines in the transmission spectrum are for the cross

and bar states. Assuming the lattice constant a = 0.54 pm,
the coupling length for realizing 20 nm channel spacing
required in WDM systems is about 144a = 77.76 um in the
structures of Fig. 10 and Fig. 17. The channel spacing of
PC couplers is approximately proportional to the coupling
length.




1052 Cheng-Yang Liu

(c) Input wavelength A, = 1.57 um

Fig. 16. Electric field patterns of the square lattice PC WDM
splitter with asymmetrical PC couplers.
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Fig. 17. PC WDM splitter with triangle lattice.
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Fig. 18. Transmission spectrum of the triangle lattice
PC WDM splitter.
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Fig. 19. Triangle lattice PC WDM splitter with
asymmetrical PC couplers.
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Fig. 20. Transmission spectrum of the triangle lattice
PC WDM splitter with asymmetrical PC couplers.

5. Conclusion

In this paper, we have demonstrated numerically a
versatile device based on PC technology. The WDM
splitters based on square lattice and triangle lattice PC
waveguide couplers are proposed and their wavelength
multiplexing properties are investigated by using the
FDTD method. The coupling lengths of PC waveguide
coupler decrease as incident wavelengths increase. At the
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same coupling length L. =48a, the triangle lattice PC
waveguide coupler associates with shorter input
wavelength than the square lattice PC waveguide coupler.
The WDM splitters with symmetrical PC waveguide
couplers and three output channels split power equally and
transferred it to the opposite guide (port 3, port 4). The
WDM splitters with asymmetrical PC waveguide couplers
outputted different wavelengths from the different
channels, respectively. Compared with traditional WDM
device, the sizes of PC WDM splitters are reduced
drastically. The WDM splitters can be used as key
component to develop micro-scale optical integrated
circuits due to their relevant characteristics such as small
size, compactness, and mass manufacturing possibilities.
The three-dimensional numerical and experimental
investigations are needed to take the WDM splitters into
realization.
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