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Abstract In this paper, a simple and non-complex structure for an optical double Bandpass Filter (BPF) based on
two-dimensional (2D) Photonic Crystal Ring Resonators (PCRRs) is suggested for ITU-T G.694.2 8-channel Coarse
Wavelength Division Multiplexing (CWDM) optical systems. It is centred at wavelengths of 1491 nm and 1551 nm with the
aim of minimum attenuation. The desired BPF is composed of a 20x19 square lattice of dielectric rods using semiconductor
InAs rods. The normalized transmission spectra simulations and the Photonic Band Gap (PBG) calculations for the desired
filter are done using two-dimensional finite-difference time-domain (2D-FDTD) and Plane Wave Expansion (PWE) methods,
respectively. The simulation results confirm the normalized output transmission efficiencies, quality factors (Q) and Full
Width at Half Maximum (FWHM) for desired BPF are equal to about 99%, 497 and 3 nm (for 1491 nm) and nearly 100%,
310.2 and 5 nm (for 1551 nm), respectively. High transmission efficiencies, acceptable quality factors and low FWHM are

important characteristics of proposed filter.
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1. Introduction

Currently some of important purposes of researchers in the
field of optical electronics and photonics, are design of
photonic crystal (PCs) devices [1]. In recent years, PCs
have attracted more attentions, due to having applications
in optical electronics, telecommunications and optical
information processing [2, 3]. PCs are nanostructures
that their dielectric materials refractive indices change
periodically. These nanostructures are divided into three
principle groups one-dimensional (1D), two-dimensional
(2D) and three-dimensional (3D) structures [4]. 2D PCs
compared with 1D and 3D PCs have attracted more
attentions because they have a complete PBG and also they
can be fabricated much easily using integrated circuit
technology [5]. PCs are good choices for designing optical
filters and other similar elements because of their photonic
band gap (PBG) [6-8]. In PC structures, the PBG is a range
of frequencies which electromagnetic wave can not be
propagated into the structure [9].

In optical communication systems, optical filters are
considered vital elements for wavelength division
multiplexing (WDM) applications [10, 11]. WDM systems
are used in the transmission of information types such as
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voice, internet, video, and etc. Hence, in optical
telecommunication networks one of the ways to increase the
capacity of data transmission is by using WDM systems [12].
These systems consist of a multiplexer at the transmitter to
combine the optical signals into a single signal and a
multiplexer at the receiver to separate the combined signals.
In optical telecommunication network, the Coarse
Wavelength-Division Multiplexing (CWDM) systems and
Dense Wavelength-Division  Multiplexing (DWDM)
systems are the two patterns for WDM systems. Currently,
CWDM systems in comparison with DWDM systems are
more attractive because they are low cost. According to the
ITU-T G694.2 standard in 8-channel CWDM systems,
optical channels are mixed together in the wavelengths range
of 1311 nm to 1451 nm (with the aim of minimum dispersion)
and 1471 nm to 1611 nm (with the aim of minimum
attenuation) with a channel spacing of 20 nm [13]. However,
in CWDM systems the important wavelengths are 1471 nm,
1491 nm, 1511 nm, 1531 nm, 1551 nm, 1571 nm, 1591 nm
and 1611 nm, which they are corresponding to the ITU-T
G.694.2 standard for CWDM systems [14].

In this study, one simple and non-complex structure
for an optical double Bandpass Filter (BPF) based on
two-dimensional (2D) circular Photonic Crystal Ring
Resonators (PCRRs) by using a composition of two quasi
waveguides and a circular PCRR has been reported. Here the
simplest structure geometry that has been used as a basic
structure BPF has been designed in Ref. [11]. This structure
acts as BPF and cover almost the entire C-band of CWDM
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systems. The C-band is comprised of the wavelengths in the
range of 1530 nm to 1565 nm [11]. Hence in this paper, by
applying some changes in the structural parameters of the
filter including the radii (r) and the material of dielectric rods,
we converted the previous wide BPF (the result of the Ref.
[11]) into the narrow double BPF. The resonant wavelengths
in our double BPF have been tuned at 1491 nm and 1551 nm.
Finite-difference time-domain (FDTD) and Plane Wave
Expansion (PWE) methods have been used to calculate the
normalized transmission spectra and the photonic band gap
of the basic structure, respectively [16]. The rest of this paper
is organized as follows: In Section.2, the structure of the
proposed BPF is explained. In Section.3, we’ll describe in
details the effect of design parameters on filter performance
and simulation results. We’ll also have a conclusion section.

2. Single-ring PC Bandpass Filter

The structure used in this study is a 20x19 square lattice
photonic crystal of semiconductor InAs material dielectric
rods embedded in air substrate. The refractive index of
InAs is about 3.5 [17]. We have chosen the radii of the all
dielectric rods to be 0.185a, while the lattice constant “a” is
set as 530 nm. Our proposed BPF structure is shown in
Figure 1.

Figure 1(a) and (b) depict two-dimensional (2D) and
three-dimensional (3D) views of the desired filter,
respectively. With respect to Figure 1, the desired BPF
comprises of two quasi waveguides (line defects) and a
circular PCRR (point defects) between them. In optical
filters, the process of selecting wavelengths is performed
using the PCRRs [18]. The top quasi waveguide and bottom
quasi waveguide are defined as input quasi waveguide and
output quasi waveguide, respectively. This structure has two
ports. Input port is located in left side of input quasi
waveguide and output port in right side of output quasi
waveguide. They are labelled as A and B, respectively. As
shown in Figure 1, using two circular dotted lines labels, the
positions of some dielectric rods have been altered in order to
form the circular PCRR. Also, some rods that have been
displaced from their previous position in order to compose a
circular ring resonator. The reflector rods are placed above
the right side of the input quasi waveguide and below the left
side of output quasi waveguide, which are used to improve
output efficiency of the desired BPF by diminishing counter
propagation modes [11].

The band diagrams of PC structure without any
imperfection in the structure are computed by 2D Plane
Wave Expansion (PWE) method. It is represented in Figure 2.
There are two PBG regions for transverse magnetic (TM)
modes whose magnetic fields are parallel to the dielectric
rods. The normalized frequency range of wide PBG (Band
gap 1) and narrow PBG (Band gap 2) are between 0.2915 <
a/L <0.4336 and 0.7268 < a/A < 0.7506, respectively. Here A
is the wavelength of light in free space. Assuming that the
lattice constant “a” is 530 nm, these normalized frequencies

ranges are corresponding to the wavelengths range of 1221
nm < A < 1816 nm and 705 nm < A < 728 nm, respectively.
They are located in the wide PBG (Band gap 1) which covers
the optical fiber communications window. Therefore, our
proposed filter is suitable for applications in fiber-optic
communications.
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Figure 1. Schematic structure of double BPF based on circular PCRR (a)
2D view of BPF (b) 3D view of BPF

When the proper optical signal is applied to the proposed
structure through the input port “A”, it passes through the
output port “B”. Depending on the wavelength of the input
optical signal, it can be guided either to the port B via the
ring resonator or it may not drop into the ring resonator and
reflect to the port A [19, 20]. A broadband Gaussian pulse is
applied into the port “A”. Then, the transmitted spectral
power density of the desired BPF is calculated at each output
ports. The received spectral power density of the port “B”
were normalized to the incident power density from input
port “A” [11].
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Figure 2. Band diagram of the basic PC structure for 20x19 square lattice

3. Simulation and Results

The normalized transmission spectra at the output port “B”
of the proposed double BPF is estimated by calculating Fast
Fourier Transform (FFT). The electric (E) and magnetic (H)
field components are calculated by two-dimensional (2D)
finite-difference time-domain (FDTD) method. In order to
obtain an accurate and stable simulation, the spatial mesh
must be small enough [13]. Therefore, we consider the
FDTD mesh sizes used in the analysis as Ax=Az=a/16. Thus,
they will be Ax=Az=33.125 nm. However, the temporal step
size is estimated as follow:

At< L (1+ AP+ (1/Az)? (1)
C

Where, c is the speed of the light in free space [9]. The
quality factor (Q) is defined as the ratio of the central
resonance wavelength to Full Width at Half Maximum
(FWHM) value, which is calculated as follows [20, 21]:

Ao

Ak FWHM

Q= 2)

Where, A is the central wavelength at resonance and
Alpwpm 18 the full width at half maximum. Figure 3
represents the normalized transmission and reflection spectra
of the double BPF (based on circular PCRR) at port B. The
resonant wavelengths of the double BPF are observed at
1491 nm and 1551 nm. The obtained results show, this filter
is very suitable for the requirements of ITU-T G.694.2
CWDM communications systems. The normalized output
transmission at 1491 nm and 1551 nm are estimated to be
close to 99% and 100%. The calculated quality factor (Q) of
the corresponding bands is 497 and 310.2, respectively. For
calculation of the quality factors, the half power wavelengths
have been computed by determining the half power from
the Maximum power value [19]. Hence, the half power
wavelengths for this proposed double BPF at 1491 nm and
1551 nm wavelengths are obtained as 3 nm (1490 nm to 1493
nm) and 5 nm (1548 nm to 1553 nm), respectively. Generally,

there is a trade-off between the enhancement of the
transmission efficiency and the reduction of the Q factor [15].
Here our purpose is to have maximum normalized output
transmission and maximum Q factor (equal to minimum
FWHM). For this purpose, we have chosen an optimum
value for radius and refractive index of the dielectric rods. In
the following, we intend to investigate the effect of different
structural parameters on the output spectrum of the proposed
double BPF.
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Figure 3. The normalized transmission and reflection spectra of the

proposed double BPF at port B (a) linear scale and (b) dB scale

First, we investigate the normalized transmission spectra
of the proposed double BPF for two bands, by changing the
refractive indices (n) values of the dielectric rods. When the
change in refractive index is considered, the radius (r=0.185a)
and the lattice constant (a=530 nm) parameters are kept
constant. The normalized transmission spectra of the
proposed filter for two bands for semiconductor InAs (n=3.5)
and Si (n=3.4) materials is represented in Figure 4.

Our investigations show that, by increasing the values of
refractive indices, the central wavelengths at resonance of
filter is transferred to higher wavelengths [16]. Therefore,
it can be set by changing the refractive index value. We
consider the highest transmission efficiency at resonant
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wavelengths 1491 nm and 1551 nm. According to Figure 4,
our proposed double BPF of semiconductor InAs material in
comparison with Si-type material, has a better performance.
1

] T T
—n=3.5 (InAs)
------- n=3.4 (Si)
= 0.8
2
172]
.2
=]
Z 0.6
] i
= i
2 H
N 04 i—
Z 0.2 F—
0 agsanest s, R [t ranan
1450 1470 1490 1510 1530 1550 1570 1590
Wavelength (nm)

Figure 4. The normalized transmission spectra of the proposed double
BPF for InAs (n=3.5) and Si (n=3.4) materials

Next, we increase the radii (r) of the dielectric rods of the
desired double BPF, where their refractive index is 3.5. By
changing the radii of the dielectric rods, the filter parameters
such as the normalized output transmission and Q factor are
affected. The results are shown in Figure 5. It can be
observed that, when the radii of the rods are increased, the
central wavelengths of the filter are shifted into the higher
wavelengths. Therefore, with respect to results, the spectral
selectivity and the Q factor of our proposed filter with
r=0.185a are higher.

1 z B 1 1

““““““ r=0.175a
—r=0.185a

5 08— T %F T T [ T e r=0.195a |

R’

g 0.6

g .

=

2 i

N 0.4

= P

S

Z02 i \ H

o =] ."..,,.---"'h Ny / e :"g
1460 1480 1500 1520 1540 1560 1580 1600

Wavelength (nm)

Figure 5. The normalized transmission spectra of the proposed double
BPF for different values of the radii of the dielectric rods (r)

Table 1. Simulated Parameters of BPF (Based on Circular PCRR) for InAs
and Si materials

Refracti Specifications of the BPF (Based on Circular PCRR)
efractive for InAs and Si materials (r=0.185a, a=530 nm)
Index (n)
o (nm) Algwam (nm) T.E." (%) Q
n=3.4 1477 3 (1475 to 1478) 97.35 492
(Si) 1537 6 (1533 to 1539) 98.64 256
n=3.5 1491 3 (1490 to 1493) 99.09 497
(InAs) 1551 5 (1548 to 1553) 100 310

* Transmission efficiency.

Table 2. Simulated Parameters of BPF (Based on Circular PCRR) for
different values of the radius

Specifications of the BPF (Based on Circular PCRR) for
Radius (1) different values of the radius (n=3.5, a=530 nm)
}\.0 (1’11'1'1) A)\FWHM (nm) TE£I (%) Q

1476 3 95.38 492
r=0.175a

1535 6.2 99.86 ~ 100 247.5

1491 3 99.09 497
r=0.185a

1551 5 100 310.2

1505 3 97.63 501.6
r=0.195a

1565 5.5 99.25 284.5

* Transmission efficiency.

Tables 1 and 2 present the detailed specifications of the
double BPF (based on circular PCRR) for two bands for
different values of the radii (r) and the refractive indices (n)
of the dielectric rods, respectively. As seen, the best
conditions are obtained for the radius of 0.185a and the
refractive index of 3.5, while the lattice constant is set as
530nm.
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Figure 6. The normalized transmission spectra of the proposed double
BPF for different values of the lattice constant (a) linear scale and (b) dB
scale

Finally, in Figure 6, we investigate the effect of the lattice
constant (a) on the operation of the proposed double BPF for
two bands, while the radius (r=0.185a) and the refractive
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index (n=3.5) parameters are kept constant. Figure 6
represents the normalized transmission spectra of the
proposed double BPF for different values of the lattice
constant. By increasing the lattice constant, the normalized
output transmission and Q factor are not changed
significantly, however the central wavelengths are
transferred to higher wavelengths. As seen in Figure 6, by
changing the lattice constant of structure, we’ll have a double
BPF with acceptable performance in the important
wavelengths of the CWDM systems, so that they are
corresponding to the ITU-T G.694.2 standard.
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Figure 7. The distribution of the electric field inside the structure for
proposed double BPF at port B for wavelengths of (a) 1491 nm (b) 1551 nm
(c) 1510 nm

Figures 7(a), (b) and (c) represent the distribution of the
electric field inside the structure for the desired double BPF
at port B for three different wavelengths such as 1491 nm,
1551 nm and 1510 nm, respectively. Figures 7(a) and (b)
show that at resonant wavelengths A=1491 nm and A=1551
nm, the optical waves (electric fields) are fully coupled to
the circular PCRR and transmit towards port B, whereas
according to Figure 7(c), in non-resonance wavelength
A=1510 nm, the optical wave will not be directed to the port
B.

4. Conclusions

In this study, one simple and non-complex structure for an
optical double BPF based on 2D circular PCRRs has been
reported for CWDM optical systems. The BPF is centred at
resonant wavelengths of 1491 nm and 1551 nm with the aim
of minimum attenuation. The structure used in the BPF
design is 20x19 square lattice of semiconductor InAs
material dielectric rods embedded in air substrate. The
simulation results demonstrate that the normalized output
transmissions at wavelengths 1491 nm and 1551 nm (with
the aim of minimum attenuation) are estimated to be close to
99% and 100% with calculated Q factors of 497 and 310.2,
respectively. Generally, there is a trade-off between the
enhancement of the transmission efficiency and the
reduction of the Q factor. Our investigation shows that, by
increasing the value of design parameters such as the
refractive indices, radii of the rods and lattice constant, the
resonant wavelengths are transferred to higher wavelengths
values. Therefore, the resonant wavelengths of filter can be
set by changing these parameters values. The proposed
structure may be more useful for CWDM systems and metro
networking applications.
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