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In this paper, a heterostructure photonic crystal multichannel drop filter based on ring resonators
and microcavities is presented. This structure has been made in the form of a two-dimensional
square lattice with two regions with refractive indexes of 3.464 and 3.86. The refractive indexes
are so chosen as to allow the easy and practical fabrication of the device. The presented het-
erostructure photonic crystal multichannel drop filter consists of a waveguide, two ring resonators
and a microcavity. This microcavity is placed at the end of the bus waveguide. The ring resonators
have been installed in two regions with different refractive indexes. These ring resonators act as
energy couplers, and at their resonance frequencies, they capture the electromagnetic energy which
is transmitted in the bus waveguide. Filter characteristics have been obtained by using the finite
difference time domain method. Finally, we will demonstrate that in the optimal structure, at ports
B and D (vertical), drop efficiencies close to 90% and 67%, respectively, can be obtained within
the third communication window, and at port C (horizontal), an efficiency of almost 80% can be
achieved within the second communication window.

Keywords: finite difference time domain method, ring resonators, heterostructure, microcavities,
photonic crystal integrated circuits.

1. Introduction

Photonic crystals have alternating structures which do not allow electromagnetic
waves with a certain frequency range to pass through them [1]. So by creating a flaw
in these types of crystals, light can be considerably confined in this frequency range.
This frequency range is known as the photonic band gaps (PBGs). Such unique features
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along with the availability of the fabrication technology based on the standard tech-
nology of semiconductors have recently brought the photonic crystals to the center of
attention. Numerous photonic devices such as lasers, filters and fibers have already
been manufactured on the basis of photonic crystals, and for practical applications [2].
One of the most frequently studied subjects is the use of nonlinear light in photonic
crystal integrated circuits. In devices that use nonlinear light, the light is controlled by
the environment. The need for very high power to produce the nonlinear effects is one
of the basic problems afflicting the all-photonic devices that utilize nonlinear light. To
eliminate this problem, many solutions have been proposed including the reduction of
the device’s effective cross-section, the use of materials that have high nonlinear pa-
rameters and the use of resonating structures. One of these resonating structures is
a ring resonator. In ring resonators, the group velocity diminishes and causes the non-
linear effects to increase. This increase can lead to a reduction in size and the dimin-
ishing of nonlinear power threshold.

A high quality factor can increase the nonlinear effects. To obtain a high quality
factor in dielectric ring resonators, the ring should be as small as possible. This size
reduction in rings can lead to the increase in radiation losses, which makes the dielectric
ring resonators inappropriate for use in the all-photonic integrated circuits [3].

Due to having no radiation losses and a flexible design through the tuning of various
parameters, the photonic crystal ring resonators are considered as suitable substitutes
for the dielectric ring resonators. The parameters that could be adjusted include the ra-
dius of scatterer rods, radius of coupling rods and the lattice’s dielectric constant [4].

One of the applications of ring resonators is their use in multichannel drop filters.
Multichannel drop filters are one of the important components of wavelength multi-
plexers [5]. These filters can also be used in photonic switches, photonic modulators
and dense multiplexers [6].

SHaNHUI FAN et al. presented the design of channel drop filters based on the square
2-D photonic crystal lattice [7]. The first report on a photonic crystal ring resonator is
related to a laser ring in a hexagonal lattice, and it talks about coupling efficiency and
the design of modes [8]. ZEXUAN QIANG et al. have conducted some studies on add-drop
filters based on the square photonic crystal lattice and the use of ring resonators [9].
A multichannel drop filter with three output ports based on ring structures has been
presented in [10]. NoDA ef al. investigated the possibility of improving the drop effi-
ciency in heterostructure photonic crystals by using the reflection at the interface [11].
In the most recent studies in [12], a new drop filter based on 2-D triangular photonic
crystal lattice with silicone rods has been investigated, and they have achieved an ef-
ficiency of over 96% in the direct and reverse drop filters in the third communication
window.

In this article, a multichannel drop filter based on a step-by-step design procedure
has been presented. This filter has been created by combining two ring resonators, a
horizontal waveguide and a microcavity in a 2-D photonic crystal lattice. The reason
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for using the microcavity is to reduce the number of waveguide peaks and to improve
the efficiency of transmission in the waveguide of vertical drop filter.

2. Calculation of quality factor and the mode coupling theory

Before presenting a general methodology for optimum design, it is better to first find
out how quality factor is estimated and how light is coupled in structures such as
waveguide, resonator and microcavity according to the mode coupling theory; because
we need them in order to describe the operation of the multichannel drop filter. There
are two major approaches to calculate the quality factor. In the first approach [13],
the following equation is used:

_ o _ A
Q_Aa) A M

where wis the angular frequency of resonance, A is the bandwidth, A is the resonance
wavelength and AA is the full width at half maximum (FWHM).

In the second method, since the amplitude of the electric field decreases exponen-
tially, the quality factor can be determined by the following equation:

w,(T, — Ty)At
2In(E,/E,)

0 =- )
where At is the time step, and E| and E, are the electric fields at time steps 7, and 7,,
respectively.

To gain a better understanding of how the presented multichannel filter functions,
the Fano mode coupling theory is described. To reduce complexity, a three-port sys-
tem, with one ring resonator and one microcavity with 100% reflection, is considered.
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Fig. 1. A schematic of a multichannel filter based on a microcavity with 100% reflection.
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The ring resonator in this system is coupled with the bus waveguide from one side and
to the drop waveguide from the other side. The theoretical model has been illustrated
in Fig. 1. In a Fano resonator, the general dynamic equations for amplitude a of
the resonance mode can be written as

G b e fwris) ®

where @, and 7 are the central frequency and resonance lifespan, respectively. Ampli-
tude a is normalized in such a way that |a|? indicates the energy in the resonance
mode. Of all the input waves, only one reaches the resonance state and is coupled with
the output waves. In the above relation, (k|’k is the vector of coupling constants and
|S,) is the vector of input waves, which is shown as

S+
1S, =1 ° 4)

m+

where m is the number of inputs. Wave reflections can be expressed as follows:
|S) = C|S,) tal|d) %)

and |d) denotes the coupling constants and C is the scattering matrix.
When the input wave is at frequency @, the resonated mode’s amplitude is obtained
from the following relation:

()15

a = 7 (6)
J(o— @) + -

This method is valid only when the width of resonance is much smaller than
the resonance frequency. It has been demonstrated in [14—16] that the coupling con-
stants can be considered independent of frequency, and that frequency shifts because
the modes decrease exponentially at the ports.

Now in view of Eq. (3), the dynamic equation for amplitude b of the resonated
mode in the ring resonator is expressed as follows:

where §;, and S,  are the normalized amplitudes of input and output waves,
respectively, and 6, (j =1, 2, 3, 4) are the phases of coupling coefficients between
the resonator modes and the modes of bus waveguide or drop waveguide. Since we
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have a 100% reflection for the microcavity, the amplitudes S, and S;_ would be zero,

regardless of the external excitation source. Due to the time-reversal symmetry and

power conservation, the relationship between the amplitudes of input and output waves

in the waveguides and the resonated mode’s amplitude can be expressed as follows.
Assuming 6, = 6,, we have:

S, =8 —e % [ b ®)
rb
-6, | 2

Sy = Sp—eh = b )
rb

Sy =~ Syt S, —e % fb b (10)

Because of the reflection in the microcavity, the amplitudes S,, and S,_ are equal, and
they only have one phase difference which is due to different distances they travel.

When the input is only launched from the left-side port to the bus waveguide, we
get Sy, =0

2
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where S, are the Fourier transforms of S, .
It has been stated in [16] that in order to have a 100% transmission, the following
relations should be established: O, =20, 4 and ¢ = 2nT.

3. Optimization of the radius of lattice rods

In the first step of optimization, we consider two structures with refractive indexes of
3.464 and 3.86. Since most photonic devices operate within the third communication
window, it is necessary to choose such a radius for lattice rods which will make this
communication window fall in the middle of the photonic crystal band gap. Moreover,
to calculate the photonic crystal band gap in the cascade structures with different re-
fractive indexes, we should calculate the overlapping of the photonic crystal band gaps
of all the structures, and consider it as the overall band gap of the photonic crystal
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Fig. 2. Photonic crystal band gaps for various radiuses of lattice rods.

structure. The third communication window for the considered structure falls within
the range of 0.3323a/4 < 6 <0.3399a/A. Therefore, it is sufficient to choose a radius
at which this interval falls in the middle of the band gap. For this purpose, we calculated
photonic crystal band gaps for various radiuses in Fig. 2. As this figure shows, the best
radius for the desired objective is » = 0.1a, where a is the lattice constant.
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Fig. 3. Scatter diagrams for flawless structure.

Figure 3 illustrates the scatter diagrams for a flawless photonic crystal structure.
As can be observed, the structure has two band gaps for the transverse magnetic (TM)
mode. Of these two band gaps, band gap 2 is of interest because it falls within the range
of communication frequencies. This band gap is in the range of 0.27a/Ato 0.417a/A.
Lattice constant has been tuned to 520 nm. The general design of the presented struc-
ture has been shown in Fig. 4. This structure consists of a waveguide (W1) at the end
of which a microcavity is placed. This microcavity has been used to improve the per-
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Fig. 4. General structure design of the presented multichannel drop filter based on two ring resonators.

formance of the resonators and to reduce the number of resonance peaks. Also, two
ring resonators with odd symmetry about the interface of the two regions have been
utilized. The input port, direct transmission port and the drop ports have been labeled
as A, B, C and D, respectively. Past works on the design of filters indicate that in order
to reduce back scattering and improve the performance of resonators, four rods can be
used at four corners of resonators and one rod at the end of the drop filter route. So we
also place these rods into each of these resonators. These rods have been marked in
the figure by black solid circles. The characteristics of these rods are similar to those
of other lattice rods. The blue rods that have been delineated by violet colored ellipses
are known as the coupling rods. In this section, a Gaussian light source with a light
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Fig. 5. Normalized transmission diagrams within the communication frequency range at ports B, C and D.
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power of unity has been used, which is applied to the input port. Power is monitored
at ports B, C and D. Figure 5 shows the normalized transmission diagrams at ports B,
C and D. As is observed, ports B and D have transmission efficiencies of about 68%
and 80% at frequencies of 1545 and 1521 nm, respectively. Also according to the per-
formed calculations, port C shows a transmission close to zero for this frequency range.
Maximum transmission efficiency for this port is close to 30%, which occurs at
the frequency of 1310 nm. At this stage, the radius of coupling rods has been consid-
ered as 0.089a. Now, in order to improve the transmission efficiency at each port, we
will optimize the radius of coupling rods and change the position of the microcavity.
It is also emphasized that during all the design steps, a constant radius, equal to
the radius of lattice rods, has been considered for the scatterer rods.

4. Changing the microcavity’s position to increase the efficiency

Changing the microcavity’s position can be effective in improving the transmission
efficiency at port D. So in the following section, we investigate this possibility and
evaluate the efficiency for different values of x. As has been shown in Fig. 6, with
the position change of x in the indicated direction, the values of efficiency and reso-
nance frequency change. For the three values of x =0, x = 0.5a and x = 1.0a, we have
monitored the efficiency values at port D. As is demonstrated, the highest transmission
efficiency at port D occurs at x = a. In this situation, transmission efficiency is equal
to 90%, which occurs at the frequency of 1526 nm.

5. Optimization of coupling rods for the increase of efficiency

One of the practices that can help increase the transmission efficiency in ring resonators
is the optimization of the coupling rods’ radius. In this section, we attempt to find
the best radius in order to obtain the highest value of transmission at the ports. For this
purpose, we consider the optimum structure of the preceding step (the third structure),
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Fig. 6. The effect of changing the microcavity’s position on the transmission efficiency of port D.
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Fig. 8. Normalized transmission at ports B and D in the frequency range of 1500-1570 nm (a) and
normalized transmission at port C (b).

which was obtained at x = 1.0a. As is illustrated in Fig. 7, by scanning the radius of
coupling rods in the left-side resonator of the third structure for a frequency at which
maximum transmission has occurred at this port, we would notice that if we set
the radius of the first resonator’s coupling rods at R, = 0.078, the transmission effi-
ciency at ports B and C will increase by about 20% and 10%, respectively. According
to Figs. 8a, and 8b, maximum transmissions at ports B, C and D have occurred at fre-
quencies of 1541, 1325 and 1516 nm, respectively.

Table 1. A comparison between the examined structures.

Number Transfer in

of structure PortB PortC  PortD R, R, X

1 68% 30% 80% 0.089a 0.089a 0
70% 80% 75% 0.089a 0.089a 0.5a

2
3 70% 70% 90% 0.089a 0.089a 1.0a
4 90% 80% 66% 0.078a 0.089a 1.0a
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A, = 1325 nm

Fig. 9. Electric field pattern.

Efficiency values of transmission in the presented structures for different values
of Ry, R, and X have been given in Table 1. As is observed, the highest amount of trans-
mission has occurred at port B in the fourth structure, while minimum transmission
has taken place at port D in the second structure. From among the proposed structures,
the fourth structure is the best. The electric field pattern for the optimum structure has
been shown in Fig. 9.

6. Conclusions

In this paper, a heterostructure photonic crystal multichannel drop filter based on ring
resonators and a microcavity in a two-dimensional square lattice form was presented.
The microcavity used in this structure functions as a 100% reflector at a specific fre-
quency range and enables the considered structure to be used as a device for separating
the two main communication wavelengths. The refraction indexes of the structures
have been selected so that it would be easy to actually fabricate the device. The design
process was carried out via a step-by-step approach, and four different structures were
simulated. In the optimum structure, transmission efficiencies of 90%, 80% and 66%
were achieved at ports B, C and D, respectively. These structures are of small size and
can be used in future photonic integrated circuits.
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