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Abstract. In the current study, a compact demultiplexer
for telecommunication applications using 2D photonic
crystals with a hexagonal lattice structure is presented.
This demultiplexer consists of two L6 resonant cavities as
filters and 6 holes around each cavity for optofluidic infil-
tration. Through the use of this structure, the communica-
tion wavelengths of 1550 nm and 1567 nm with the trans-
mission coefficient of 84% and 96% respectively can be
selected without any change on the size of the radius of
holes. The average value of crosstalk between two
channels is —18.35dB. The plane wave expansion method is
employed in order to extract the photonic band gap and the
finite difference time domain method is implemented to
study the behavior of propagation of light in the structure.
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1. Introduction

Nowadays, designing the smallest device size is
a very important factor in telecommunication applications
in which the main challenge is how to lock and control the
light in the very small space. According to recent studies,
one of the best methods for light controlling is using the
photonic crystals (PCs) [1], [2]. These structures have
periodic arrangement, in which the refractive index of
materials changes periodically and as a result, a forbidden
region of wavelengths can be created against propagation
as photonic band gap (PBG) [3], [4]. This region can be
controlled by adjusting the lattice constant, dielectric con-
stant of the materials and the radius of components in the
structure. In fact, by using these parameters the interval of
reflection wavelengths and transmission wavelengths can
be adjusted [5], [6]. Considering various structural defects,
certain wavelengths can be directed in PBG. Therefore, the
location and size of defects in the structure are very sig-
nificant factors to control the transmitted wavelengths and
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the realization of all optical devices can be achieved by
creating some defects such as point or line defects. So far,
by considering the defects and breaking the region of pho-
tonic band gap, various devices such as buffers, delay lines
[7], polarization splitters [8], power splitters [9], optical
switches [10], modulators [11], optical logic gates [12],
optical sensors [13], optical filters and demultiplexers
[14-20] have been proposed. One of the most important
applications of crystal photonic in the telecommunication
systems is the realization of optical demultiplexers because
by using the wavelength division multiplexing (WDM)
technology, multiple channels through one optical fiber can
be transferred and then at the end of the transmission line
the channels can be separated from each other by applying
optical demultiplexer. To design demultiplexers, various
structures have been heretofore introduced and in all of
them the selection and separation of wavelength are
achieved by changing the distance between the components
of structure or by modifying the radius of them. In this
study, an easy method is presented to design demultiplexer
without any change on the size of holes’ radius by infil-
trating the holes only.

In designing the photonic crystal devices, in the first
step the photonic band gap (PBG) needs to be adjusted in
a way that suits our intended use. To extract the region of
photonic band gap and investigate the electromagnetic
wave behavior in photonic crystal structure, some numeri-
cal solutions should be employed. The two popular meth-
ods for numerical solutions are the plane wave expansion
(PWE) method [21] and the finite difference time domain
(FDTD) method [22]. To extract the band structure dia-
grams and calculate the PBG region, PWE method is used.
The PWE is an interesting numerical method in frequency
domain that makes it possible to calculate eigen modes in
an unlimited alternating structure. However, a point at
issue of PWE is that it is confined to only the constant state
calculation. Thus, the PWE method is not effective for
obtaining the reflection and normalized output spectrum.
Another method that has the flexibility to simulate the
complex problems is FDTD method. The FDTD is the
accurate and efficient method for solving the Maxwell’s
equations in time domain and it can be used to analyze
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Fig. 1. The band structure diagram for the proposed structure.

electromagnetic waves propagated through photonic crystal
structure. In this study, the Bandsolve simulation tool of
RSoft software is utilized to calculate the band structure
and extract the PBG based on PWE method and the full-
wave simulation tool is employed to simulate and study the
behavior of electromagnetic waves.

2. Design Procedure

In this regard, the hexagonal lattice structure of air
holes with the radius of » =115 nm in dielectric slab with
the effective refractive index of 2.8 is used in which the
value of lattice constant of PCs structure is 420 nm and the
array of holes is considered as 30 in X direction and 20 in
Z direction. In Fig. 1, the band diagram of structure with-
out any defects is plotted along the edges of irreducible
Brillouin zone (I', M and K are the three corners of the
irreducible Brillouin zone) and the frequency axis is nor-
malized by the lattice constant. It can be seen that there are
only two photonic band gaps in transverse electronic (TE)
mode and the structure does not have PBG for transverse
magnetic (TM) mode. In the TE mode of PCs, electric field
components of light are perpendicular to air holes. Thus,
we used the TE mode in the current simulation. According
to Fig. 1, as shown by the dispersion curve of structure,
there are two PBGs in 0.25 <a/4<0.3 and 0.69 < a/1<0.7
range. The first PBG in TE mode will be in 1400< 1<1640
(nm) wavelength range by choosing a =420 nm. This
range of wavelengths indicates that this basic structure is
suitable for designing of optical telecommunication
devices.

At this step, the main purpose is to achieve filters
with the capability of selecting and filtering the desired
wavelengths. Cavities in photonic crystals have the ability
to select central wavelengths with narrow bandwidth and
high efficiency, and they are also easy to integrate. Note
that the cavities in this design must be adjusted in the range
of optical telecommunication’s wavelengths. Therefore, the
resonance wavelength of cavities should be set near
1550 nm at which the intensity of output should be higher
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(a) 7 holes are examined for each of the cavities in the
structure, (b) names of the holes.

Fig. 2.

and the presence of undesirable wavelengths should be
reduced. This design consists of an input waveguide and
two output waveguides, and there is a resonant cavity
between the input waveguide and each of the output
waveguides for filtering.

In order to analyze the performance of cavities,
7 holes are considered for each of them, as shown in Fig. 2.
In each step, by removing each of the marked holes, the
output is examined.

To create the two L1 cavities, we removed the H1
holes from the structure. The output spectrum of both
channels is shown in Fig. 3.

To create the two L3 cavities, we removed the HI and
H2 holes from the structure. The output spectrum of both
channels is shown in Fig. 4.

To create the two L5 cavities, we removed the H1, H2
and H3 holes from the structure. The output spectrum of
both channels is shown in Fig. 5.

To create the two L7 cavities, we removed the HI,
H2, H3 and H5 holes from the structure. The output spec-
trum of both channels is shown in Fig. 6.

To create the two L6 cavities, we removed the HI,
H2, H3 and only the left H4 holes from the structure. The
output spectrum of both channels is shown in Fig. 7. It can
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be found from Fig. 7 that by removing 6 holes (L6 cavity),
the intensity at the outputs is higher and the undesirable
wavelengths are less than those with L1, L3, L5 and L7
cavities. Due to the same conditions of both cavities, they
have the same central wavelength, and according to Fig. 7,
both output channels are perfectly aligned with each other.

At this step, we used optofluidic infiltration to sepa-
rate the output of two channels from each other, by testing
some holes around the cavities. We selected 6 holes for
optofluidic infiltration around each of the cavities (3 upper
holes and 3 lower holes).

The two suitable fluids for infiltration into the holes
are water with the refractive index of 1.31 and benzene
with the refractive index of 1.47 [23].

According to Fig. 8(a), in simulating the structure, the
refractive index of six holes around the upper cavity was
considered to be 1.47 and the refractive index of the six
holes around the lower cavity was considered to be 1.31.
Since the refractive index of holes around the cavities has
increased, resonance wavelength of the cavity is expected
to be shifted. As the refractive index of the holes increases,
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Fig. 3. The output spectrum resulting from the removal of H1
holes.
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Fig. 4. The output spectrum resulting from the removal of H1
and H2 holes.
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Fig. 5. The output spectrum resulting from the removal of HI,
H2 and H3 holes.
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Fig. 6. The output spectrum resulting from the removal of H1,
H2, H3 and H4 holes.
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Fig. 7. The output spectrum resulting from the removal of HI,
H2, H3 and the left H4 holes.

the selected wavelength shifts to greater wavelengths. In
Fig. 9, performance of the designed demultiplexer in linear
(a) and decibel (b) mode is shown.

As expected, the wavelength has shifted and two res-
onant modes have appeared in 1550 nm and 1567 nm with
a transmission efficiency of 84% and 96%, respectively.
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Fig. 8. (a) The proposed structure with two L6 cavities.
(b) More details of the two cavities and marked 6 holes
around them to be infiltrated with benzene and water.

benzene

3. Simulation and Results

In this work, we used the FDTD method to design
and simulate the behavior of electromagnetic waves in the
structure using the full-wave simulation tool. An accurate
simulation of photonic crystal structures requires 3D cal-
culations that are very time consuming and it requires large
size of memory as well as very powerful computer sys-
tems. The simulation of photonic crystal structure is possi-
ble through the use of the effective index approximation by
reducing the full 3D calculations to simpler, through ap-
proximate 2D calculations. Therefore, to make calculations
easier using the effective refractive index method, we have
assigned the value of n.;= 2.8 to the dielectric material in
structure for 2D FDTD simulation. In order to use this
method, precise meshing and time calculations are required.
Due to the high performance of the perfectly matched layer
boundary condition (PML), it is employed in the present
simulations. In these simulations the width of PML around
the structure has been considered as 500 nm. Our structure
consists of air holes in the dielectric layer in the x-z plane.
The mesh size that is commonly used in simulations is
between a/20 and a/10 (in which a refers to lattice con-
stant). The grid sizes in FDTD mesh (space steps x and z)
are chosen as Ax = Az = a/16 which are equal to 26.25 nm.
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Fig.9. (a)Spectral output for 2-channel, linear scale.
(b) Spectral output for 2-channel, decibel (log) scale.

For 2D structures, after determining the space steps, the
time step is obtained from (1)

Atﬁ[c /L2+L2j Q)
Ax™ Az

where c is the velocity of light in free space.

In order to have exact results we considered the
simulation during 30000 time steps.

The proposed structure has resonant modes at
1550 nm and 1567 nm by transmission efficiency of 84%
and 96%, respectively.

When the input wavelength to structure is 1567 nm, it
will be dropped from channel-1 and when the input wave-
length to structure is 1550 nm, it will be dropped from
channel-2, as presented by Fig. 10.

The important parameters to design demultiplexers
are central wavelength Ay, the full width at half power of
output A, transmission efficiency and quality factor Q.
The quality factor is calculated from the following relation

0=2/A2. )

The results of this structure are shown in Tab. 1.
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Fig. 10. Propagation of light in structure (a) with 1567 nm
wavelength input, (b) with 1550 nm wavelength input.

Another important parameter in wavelength division
demultiplexer action is the crosstalk. The resolution of
demultiplexer will be increased when the crosstalk de-
creases. In Tab. 2, the results of the crosstalk between two
channels are presented. In the proposed structure, it is
shown that the crosstalk between the outputs is acceptable.

Additionally, the comparison of the previous works
with the proposed structure is listed in Tab. 3. In all of the
previous studies, the method of resizing the radius and
movement of the rods or holes has been used to adjust the
desired wavelengths but in the present study the telecom-
munication wavelength separation is performed without
any change in size or place of holes.

Refractive
index of A AL Transmission
optofluidic (nm) (nm) (%) ¢
liquid
Channel-1 1.47 1567.4 2.4 96 653
Channel-2 1.31 1550.3 2.3 84 674

Tab. 1. Parameters of the proposed structure for different
values of refractive index of optofluidic.

Channel 1 2
1 * —18.9
2 —17.8 *

Tab. 2. Crosstalk value of the proposed structure (dB).

Spectral | Channel | Transmission .
. . . Quality
Authors | Channel width spacing efficiency factor
(average) | (average) (average) (average)
@om) | @m) (%) £
[24] 2 6.8 18 86.68 75.49
[25] 4 e 27 87
[26] 2 180 98.25
[27] 7 31.6 40.5
[28] 3 2.73 8.2 88.3 608
[29] 2 4 44 71.5 382
[30] 4 2.7 6.1 94.7 556.2
This 2 235 17.1 90 663.5
work

Tab. 3. Comparison of the properties of the previous works
with the proposed structure.

4. Conclusion

In this structure we proposed a two-channel demulti-
plexer using water and benzene infiltration into specific
holes. The filter of channel-1 has resonant mode at
1567 nm by transmission efficiency of 96% and the filter
of channel-2 has resonant mode at 1550 nm by transmis-
sion efficiency of 84%. The average value of crosstalk and
quality factor of our structure are —18.35 dB and 663.5,
respectively. In most research activities, the photonic
crystal devices have been designed by reducing or increas-
ing the radius of rods or holes at the scales of nanometer
and in some cases the fabrication is impossible. However
in this study, the results showed that the proposed struc-
ture, just by using optofluidic, can be fabricated easily
without any change of the holes radius.
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