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Abstract: In this paper, we propose a heterostructure multichannel add/drop filter based on 2-D photonic crystal
ring-resonator in which, add and drop operations are accomplished by coupling between two W1 waveguides. The
wavelength spacing of 10.3 nm, as well as the average cross-talk of —37.5 dB, are the other features of the
proposed filter. Furthermore, nanoscale effects on the filter's performance including wavelength spacing, cross-talk
amount, and dynamic response are considered. By taking into account these effects, the minimum wavelength
spacing of 12 nm is obtained, whereas the filter's cross-talk has an average of —40 dB. Simulations are performed

Keywords: Photonic crystal, Multichannel add/drop filter, Ring-resonator, Heterostructure, Nanoscale effect

Background

Photonic crystals (PHCs) with periodic dielectric materi-
als have provided new ways of controlling light by means
of photonic band gap (PBG). The PBG is a frequency
gap in which the propagation of incident light with spe-
cial frequencies as well as special polarization will be
possible. This feature, in turn, has been utilized for
realization of new optical functionalities and many novel
devices. During the last decade, photonic crystals have
been the most important part in the different areas of
engineering consisting of coherent electron-photon
interactions, ultra small add/drop filters (ADFs), low
threshold lasers, photonic chips, nonlinear optics, and
quantum information processing [1-7]. PHCs with pho-
tonic band gap guidance mechanism can provide highly
confined guided mode which is suitable for controlling
the propagation of light [8]. Nowadays, all-optical ADFs
are the basis of wavelength division multiplexer telecom-
munication systems. On the other hand, compactness is
an important issue for future all-optical integrated
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circuits. Hence, one of the most important candidates
for constructing ultra small ADFs without significant
losses are photonic crystal ring-resonators (PCRRs),
where the guided mode is coupled between two W1
waveguides. Two specific properties of such devices are
high quality factor (Q-factor) and small modal volume
(V). Having a high Q-factor gives rise to the selectivity
of filters, and small V provides single-mode operation.
High Q-factor plus small V, together with PBG guid-
ance mechanism, lead to improve the performance of
small ADF based on PCRRs compared to conventional
micro-ring-resonators-based bulk dielectric.

In this paper, a multichannel ADF based on 2-D PCRR
is proposed in which the wavelength spacing of 10.3 nm
and average cross-talk of —37.5 dB are obtained. Further-
more, nanoscale effects on the ADF's performance for
the first time, to the best of our knowledge, are investi-
gated. The minimum wavelength spacing of 12 nm and
average cross-talk of —40 dB are the results of ADF with
the structure of nanoscale rods. The filter’s dynamic re-
sponse is determined by using fast picoseconds Gaussian
pulses, and the 2-D (finite-difference time-domain
(FDTD) method is applied.

© 2012 Pezeshki and Ahmadi; licensee Springer. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
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Figure 1 Schematic structure of multichannel ADF based on 2-D PCRR hetero-structure.
Results and discussion figure, the filter is composed of four parts with different
Structure design refractive indices where three parts of them look similar

The multichannel ADF structure is composed of 2-D  in their structure. Moreover, those rods at the corner of
PCRR where PHC has a square dielectric-rod lattice.  each ring are used to reduce the radiation losses of light
The lattice constant (a) and the radius of rods (r) are  mode's energy from the ring corners [9]. They have the
540 nm and 0.185a (=100 nm), respectively. The sche- same radius and refractive index like the other rods in
matic structure is sketched in Figure 1. As shown in this  that corresponding part. Furthermore, the last part at
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Figure 2 Dispersion curves of W1 waveguide for different refractive indices of: a) 3.79, b) 3.69, c) 3.59, and d) 3.49.
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the right side is assigned to improve the efficiency of
channel 3. Both ring-resonators in each part are similar.
Since the coupling mechanism in this kind of structure
is utilized between waveguides, we have to take advan-
tage of its heterostructure technology. This technique is
employed by considering the fact that each adjacent part
has a different index of refraction. Indices of parts are
chosen from left to right 3.79, 3.69, 3.59, and 3.49, re-
spectively. As mentioned in [10], the band diagram of
each PHC will be scaled with the change of lattice con-
stant as well as refractive index. That is, the same band
diagram can be achieved, but with this difference, the
operational wavelength varies in conjunction with
changes in refractive index or lattice constant of the
structure. The dispersion curves for each part of the
structure are illustrated in Figure 2, and the operational
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frequency range of guided mode for all parts is listed in
Table 1. As shown in Figure 2, a change in the refractive
index of waveguide's rods causes a change in the disper-
sion curve. Changes in frequency range of guided mode
are inversely proportional with the change in refractive
index. According to Table 1 in this structure, the com-
mon frequency is almost in the range of 0.3182 to
0.43035 (wa/2mc), where w and ¢ are frequency and
speed of light in vacuum, respectively.

Add and drop operation

Output properties of this filter are analyzed using 2-D
EDTD method by injecting the pulse train including
three Gaussian pulses with full-width-at-half-maximum
(FWHM) of 6 ps by the same input power but at differ-
ent wavelengths. First, we find the resonant wavelength
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Figure 3 Add/drop spectra of proposed multichannel ADF. (a) Drop spectra of proposed multichannel ADF based on 2-D PCRR for Guassian
input pulse with FWHM of 6 ps (b) Add spectra of proposed multichannel ADF based on 2-D PCRR. The signal A4 is injected from input port.
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Table 1 Frequency range of W1 waveguide's guided
single mode for different refractive indices

Refractive index Frequency range Corresponding dispersion

(wa/2rmc) curve
ny=3.79 0.2981 ~ 04304 Figure 2a
ny=3.69 0.3042 ~ 04399 Figure 2b
n3=3.59 03109 ~ 0.4484 Figure 2¢
ns=349 03182 ~ 04578 Figure 2d

for the part of structure with refractive index of 3.59 is
1.5683 pum by sweeping the wavelength parameter of in-
put Gaussian pulse around the wavelengths of 1.5-1.6
um. From Figure 2c, the corresponding wave vector is
obtained. Then according to the wave vector and
Figure 2a,b, the corresponding wavelengths of the other
parts with refractive indices of 3.69 and 3.79 are
obtained as 1.5786 um and 1.5889 um, respectively. Fig-
ures 3 and 4 illustrate add/drop spectra of the proposed
filter, and light propagation inside the multichannel filter
simulated by 2-D FDTD for wavelengths of
A1=1.5589 pum, A\, =1.5786 pum, and A3 =1.5683 um, re-
spectively. Considering the results shown in Figure 3, we
obtained the parameters such as output FWHM, Q-
factor, cross-talk, and time response which are specified
in Table 2. According to Table 2, the difference between
the channel's outputs FWHM is 0.02 nm. Moreover, the
Q-factors are nearly the same and for wavelength spa-
cing of 10.3 nm, the average cross-talk of filter has been
-37.5 dB. Also, the time response (ie., dynamic re-
sponse) of each channel to the input excitation is deter-
mined and listed in Table 2. The average time response
of filter and the difference between time responses of
output channels are 4.78 and 0.14 ps, respectively.

To demonstrate the add operation, Gaussian pulses
with wavelengths of A\; =1.5589 pm, A, =1.5786 um, and
A3 =1.5683 pm are injected from the corresponding drop
ports simultaneously together with A4=1.558 pm from
input port. Figure 3b represents add spectra of proposed
filter which is monitored from through port. Moreover,
the add operations for A;~\; are performed correctly. In
addition, we select the wavelengths based on Metro
Coarse Wavelength Division Multiplexing Wavelength
Grid as specified by International Telecommunication
Union-Telecommunication Standardization Sector G.649.2
[11] from L band. Our proposed filter which is based on
double ring-resonators 2-D PHC heterostructure has better
performances like wavelength spacing and output band-
width compared to the structures in [8,12-15]. The ADFs
reported in [8,15] are based on 2-D PCRR in which the
wavelength spacing in each case are 240 nm and above
20 nm, respectively. In addition, the ADFs presented in
[12-14] are based on 2-D PHC cavity with the average
wavelength spacing of more than 20 nm. Consequently,
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Figure 4 Light propagation inside the multichannel filter. (a)
Ay =1.5889 um, (b) A\, =1.5786 pum, and (c) A3 = 1.5683 pm.
.

one can deduce that the output channels in our proposed
structure have narrower bandwidths as well as much smal-
ler wavelength spacing. These two fundamental features
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Table 2 Properties of multichannel ADF based on 2-D
PCRR for Gaussian input pulse with FWHM of 6 ps
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Table 3 Properties of multichannel ADF based on 2-D
PCRR for Gaussian input pulse of FWHM=6 ps

Refractive Resonant Output Q- Cross-talk Time Refractive Resonant Output Q Cross-talk  Time
index wavelength FWHM factor (dB) response  index wavelength  FWHM  -factor (dB) response

(um) (nm) (ps) (um) (nm) (ps)
ny =379 A =1.5889 1.05 1513 XT3=-40, XT,=-38 473 ny=3.79 A =0.868 0.31 2818 XT3 =-45, 523
n,=360 M\,=15786 104 1518 XT3=-36XT,=-35 475 XTp=—44
n;=359 A\=15683 103 1523 XT,=-36XT;=—40 487 M=339  %,=08%6 031 2179 i? - 72? >08

=—

) o o ) n3=339  M\=0844 03 2813 XT,=-41, 491

have a great impact on frequency selectivity which is an im- XT, =39

portant issue in today's optical communication.

Nanoscale effects on filter's performance

In this part, the filter's operation in nanoscale regime is
investigated. The filter structure is similar to the one in
Figure 1, but the lattice constant is 295 nm which leads
to rods' radius of 55 nm through the r=0.185a relation.
In addition, the difference among refractive indices is 0.2
(i.e., indices of refraction from left to right are 3.79, 3.59,
3.39, and 3.19, correspondingly). Note that regarding
f=a/A, the reduction of lattice constant results in lower
frequency, corresponding to the wavelengths in the first
optical communication window.

Figure 5 and Table 3 illustrate the drop spectra and de-
vice operation for the pulse train including three Gaussian
input pulses with similar FWHM of 6 ps. As can be
observed in Figure 5, FWHMs of output channels are nar-
rower, and the difference between efficiency of output
channels is greater compared to Figure 3a. By comparing
Tables 3 and 2, we find that for the same input FWHM, the
Q-factor of the filter is increased significantly in nanoscale
structure multichannel ADF based on 2-D PCRR. The dif-
ference between FWHM of output channels reaches
0.01 nm, while the average cross-talk is —40 dB. On the

other hand, in spite of having a greater Q-factor, the mini-
mum wavelength spacing is 12 nm; the average time
response of the filter is longer by amount of 0.28 ps (i.e.,
time response =~ 5.06 ps). Furthermore, the output chan-
nels (0.868, 0.856, and 0.844 um) shift from the third tele-
communication window to the first one with time
responses of 5.23, 5.03, and 4.91 ps, respectively.

Conclusions

In this report, multichannels ADF based on 2-D PCRR was
proposed. Since add and drop operations were performed
by coupling between two W1 waveguides, the heterostruc-
ture technique was employed. The wavelength spacing of
10.3 nm and average cross-talk of —37.5 dB are some fea-
tures of the proposed filter. Then, the nanoscale effects on
the filter's performance including wavelength spacing,
cross-talk amount, and dynamic response were considered.
By applying these effects, for the minimum wavelength spa-
cing of 12 nm, the average cross-talk was —40 dB. On the
other hand, in spite of greater Q-factor, the average time re-
sponse of the system was longer by 0.28 ps.
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Figure 5 Drop spectra of multichannel ADF based on 2-D PCRR under nanoscale rods condition.
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