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Abstract

In the present work, a nanostructure of trapezoid photonic crystal ring resonator-based channel drop filter is designed for
wavelength division multiplexing systems (WDM) to drop a channel at a center peak wavelength of 1543 nm. The proposed
channel drop filter is composed of bus waveguide, drop waveguide, trapezoid nanoring resonator and reflector in a two-
dimensional (2D) hexagonal lattice with circular rods arranged in air host. The trapezoid nanoring resonator is playing a very
important role in WDM systems for dropping a single channel over a wide wavelength range. The photonic band gaps of perfect
lattice structure and non-perfect lattice structure are absolutely calculated by plane wave expansion method. The functional
properties of the designed filter are evaluated by finite difference time domain method (FDTD). The functional properties are
center peak wavelength, dropping efficiency, passband width and quality factor. The FDTD method results show dropping
efficiency is 100%, and quality factor is about 514.33 which are highly suitable for WDM systems. Further, lattice constant,
inner and outer rod radius and refractive index difference of the structure are varied to tune the filter center peak wavelength
and its corresponding functional parameters effects are investigated. The proposed nanoring resonator-based optical filter is
ultra-compact size around 14 pm x 8.4 wm; hence, it is extremely suitable for WDM-based photonic communication systems
and photonic integrated circuits.

Keywords Photonic crystal - Guided modes - Trapezoid ring resonator - Channel drop filter - Dropping efficiency - Quality
factor - WDM systems

1 Introduction

In recent trend, photonic crystal (PC)-based active and
passive optical devices are highly attractive and excellent
candidates for optical integrated circuits and fiber optic
communication systems due to their ultra-compact size, flex-
ible design, very low power, fast response, better lifetime,
very low group velocity and more temperature resilient [1].
Generally, the optical filter is one of the outstanding com-
ponents in WDM-based optical networks and it is used to
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accurately select or remove a particular channel wavelength
without affecting the remaining channel. Moreover, optical
filters also provide numerous advantages, namely very low
loss, polarization insensitivity, low temperature-coefficient,
high wavelength accuracy, high adjacent channel crosstalk
suppression [2]. Inrecent years, several optical filters are pro-
posed and designed to implement in various optical networks
for a variety of applications such as filtering, add/drop func-
tions, and dispersion compensation. The conventional optical
filter design is based on Fabry—Perot cavity, fiber Bragg grat-
ings, liquid crystal, microring resonator, array waveguide
grating and Mach—Zehnder interferometers [2,3]. Among
them, microring resonator is highly attractive due to their
wide tunability, flexible mode design, high spectral selectiv-
ity and small channel spacing. However, the optical losses,
i.e., micro-bending loss and radiation losses, are increased
due to reducing the ring size [4]. The above-mentioned issues
are overcome by the photonic crystal which provides ultra-
low optical loss and strong photon confinement [4]. Photonic
crystals (PCs) are dielectric nanostructure with two different
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refractive index materials are arranged in a periodic man-
ner to control the light signal within the structure. The basic
property of PC is the photonic band gap (PBG), which make
it suitable to control and guide the light signal at the range of
optical frequency [1]. The light signal within the PBG fre-
quency range is restricted due to periodicity, the light can be
allowed only by removing the periodicity which is executed
by creating some defects in the PC structure. Normally, the
defects are classified as point, line and surface defect. Basi-
cally, PC structures are classified as IDPC, 2DPC, and 3DPC.
The 2DPC has a complete generation of bandgap than 1DPC
and provides high speed of operation to execute simulation
and fabrication is very easy compared with a 3DPC. For this
reason, the 2DPC is preferred for optical filter design [5].
Also, 2DPC best candidate for the optical device due to small
size, perfect bandgap computation, strong light confinement,
simple structure and easy to incorporate with optical inte-
grated circuits [1]. Recently, 2DPC platform widely used
to design the various active and passive optical devices are
namely, demultiplexers [5], laser [6], logic gates [7], sensors
[8], bandpass filters [9], bandstop filters [10], narrow band
filters [11], add-drop filters and channel drop filters [12-25],
etc. Especially PC-based channel drop filter (CDF) is highly
attractive device for WDM, CWDM, and DWDM-based opti-
cal communication systems. So far, PC -based CDFs design is
based on nanocavity coupled to waveguides [12], modified
L3 cavities [13] and nanoring resonators [14-25]. Among
them, ring resonators provide high performance as it has high
dropping efficiency, high-quality factor, low passband width
and very low crosstalk.

In the literature, various ring resonator-based optical filters
are proposed and designed in square and hexagonal lattice
platform. So far, photonic crystal ring resonator (PCRR)-
based filters designs are namely, square [ 14], quasi-square [4,
15], dual-quasi square [16], hexagonal [17], triangular [18],
circular [19], X-shaped [20], dual-curved [21], 45° shaped
[22], H-shaped [23], flower-shaped [24], curved-Fabry Perot
[25] and etc.

In this attempt, a new structure of trapezoid PCRR-based
channel drop filter is proposed and designed for WDM sys-
tem to drop a channel at the center peak wavelength of
1543 nm. The plane wave expansion (PWE) method is used
to calculate the lattice constant (), radius of the rod (R) and
refractive index difference (A) values, photonic band gap
and guided mode of the proposed structure after the defects.
The dropping efficiency, quality factor and passband width
of the filter are analyzed by FDTD method. Also, filter tuning
is achieved by varying the lattice constant, inner and outer
radius of the rod and refractive index difference and its corre-
sponding functional parameters also investigated by FDTD
method.

The rest of the paper is structured as follows. The PWE
method is used to describe the structural parameters, PBG

and guided mode which is presented in Sect. 2. The trapezoid
PCRR-based CDF design focuses in Sect. 3. FDTD method
results are discussed in Sect. 4. Filter tuning and structural
parameters are evaluated in Sect. 5. At last, Sect. 6 concludes
the paper.

2 Photonic band gap structure

In 2DPCs, the devices can be realized through square lat-
tice or hexagonal lattice and the lattice may be in the form of
dielectric rods in air host (rod type) or air holes in a dielectric
region (hole type). The hexagonal lattice has large PBG, high
filling factor and less sensitive to the incidence angle com-
pared to the square lattice. Moreover, hexagonal lattice acts
as a good platform for photonic integrated circuits and easily
integrate with other optical devices [26,27]. Hence, authors
considered hexagonal lattice. In addition, the proposed CDF
designis based onrods in air platform due to their low scatter-
ing loss, easy fabrication, low absorption loss, low dispersion
loss, and defect-based PC structure effectively produce sin-
gle mode output [28]. The perfect PC structure composed of
23 x 16 silicon rods arranged in X—Z directions. The center
distance between two adjacent rods is 605 nm which is named
as lattice constant (a). The circular rod radius (R) is 121 nm,
and the refractive index (n) of the silicon rod is 3.46. The
aforementioned structural parameters are used to design the
optical filter and obtain the PBG and propagation modes of
the periodic and non-periodic structure. There are two PBGs
for TE mode and one PBG for TM mode obtained which is
shown in Fig. 1. The first TE PBG consider for filter design
and its normalized frequency lie between 0.27461 a/\ to
0.4476 a/x, i.e., 1351.5-2203.1 nm in terms of wavelength.

In optimizing photonic crystal designs, it is frequently
important to characterize the bandgap frequency as a func-
tion of design parameters. The good structural parameters of
the proposed filter are precisely optimized by using gap map
diagrams which are obtained by PWE method. Figure 2a—c
shows that the gap map effect for variation of lattice constant,
rod radius and delta, respectively. From Fig. 2a, it is clearly
noticed that bandgap frequency shifted to lower values while
increasing the rod radius in the structure. The optimum value
of rod radius is selected as 121 nm and it is highlighted by
red line over first TE PBG (blue) region. Alternatively, the
PBG frequency shifted to the higher value for lattice constant
as shown in Fig. 2b and the best value of lattice constant is
selected as 605 nm which is indicated by red line over first
TE PBG region. From Fig. 2c, it is clearly observed that the
bandgap frequency shifted to the lower values while increas-
ing the delta (refractive index difference) in the structure.
The best possible value of delta is selected as 2.46 and it is
highlighted by red line over first TE PBG (blue) region. The
PBG design in a 2DPC is an important to validate the WDM
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Fig.3 a Band diagram of the proposed device and b band diagram after introducing line defects

range of nanophotonic devices when structural parameters
changes within it. The size of the PBG is depending upon the
value of choosing structural parameters namely lattice con-
stant (a), rod radius (r) and the refractive index difference
(A). The light signals are propagated through PBG, when
it is broken by defects introduced in the structure. The PBG
region of the proposed devices before introducing the defects
is shown in Fig. 3a. Once the single line defects introduced
in the periodic structure, the guided modes are propagated
within PBG region as shown in Fig. 3b. From Fig. 3b, it is
clearly observed that the guided mode is propagating inside
the PBG region over the wavelength lie between 1351.5 and
2203.1 nm in terms of wavelength.

3 Optical ring resonator-based CDF

Figure 4 shows the schematic design of a general chan-
nel drop coupled system as composed of two waveguides,
namely bus and drop waveguide, coupling element and reflec-
tor. Generally, ring resonator acts as a coupling element and
play the important role in channel selection from multiplexed
input signals. Besides, it has three ports, the port 1 actas input
terminal while port 2 and port 3 acts as output terminals which
are also termed as through port and drop port, respectively.
The WDM signals (A1 A2 A3, A4, A5, A6, ..., Ay) With wide
wavelength range is launched from input port to bus waveg-
uide and its confined into coupling element in resonant mode.
If the ring resonator supports only one resonant mode, it will
decay through both waveguides along the forward and back-
ward directions which introduces the reflection. Hence, in
order for complete the transfer to happen, at least two modes
are needed for the decaying amplitudes to cancel either the
backward direction or the forward direction of the bus waveg-

uide. In CDF, at resonance wavelength (A = 1543 nm) two
localized modes are produce which are named as even mode
(A2) and odd mode (X,). It means that two modes are arrived
for a single wavelength (A2). The even mode is received in
port 3 with same phase (A;) and odd mode received in port
2 with out of phase (A;). Normally, many of the researchers
consider only the port 3 output for CDF design. Generally,
CDF drop any one of the wavelength (1) form group wave-
length (A1, A2, A3, A4, A5, Xe, . .., Ay). For example, in port
3 we assume drop A, channel and remaining all the chan-
nel wavelengths are (A1, A3, A4, As, Ag, - .., A,) forwarded
to port 2. In port 3, we can drop any one of the aforementioned
wavelengths without disturbing other wavelengths [29].

3.1 Photonic crystal ring resonator

Figure 5a shows the proposed PCRR-based CDF. It con-
sists of bus waveguide, drop waveguide, trapezoid PCRR and
reflector. The input light signal is transmitted from port ‘I’
and the output signal is reached to the output ports marked as
‘A’ and ‘B’ that is termed as forward transmission and back-
ward drop, respectively. The bus and drop waveguides are
formed by line defects. The trapezoid ring resonator is con-
structed by removing the inner rods in the horizontal direction
(I"—X) and vertical direction (I"—Z). The lower and upper
part of the trapezoid PCRR is designed by removing 6 inner
rods and 3 inner rods, respectively, in I"—X direction. The
left and right side of the trapezoid PCRR is designed by
removing the 4 inner rods in I"—Z direction.

The Fig. 5b shows the sectional view of trapezoid nanor-
ing resonator. It consists of coupling rods, scatterer rods,
and inner rods. The two rows of coupling rod are located
between trapezoid ring resonator and waveguides. The cou-
pling rods are primarily used to couple the light from bus
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Fig.4 Schematic design of the
channel drop coupled system
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waveguide to ring resonator which in turn ring resonator to
drop waveguide at resonance condition. The radius of the
coupling rods can influence transmission efficiency and reso-
nant wavelength, therefore eight coupling rods (green color)
are shifted in I"—X direction and its radius optimized to
180 nm as a result light energy completely coupled into ring
resonator to drop waveguide.

The scatterer rod (S) is placed at the corner of the ring res-
onator with the radius of 60 nm which is highlighted by black
coloranditis utilized to minimize the scattering loss and back
reflection which leads to improving the performance of the
filter. The two rows of 8 inner rods (R1) located in the inside
of PCRR which is highlighted by dark blue color. Also, inner
rod radius changed to 60 nm owing to reducing the nanor-
ing resonator losses which in turn reducing passband width
and increase the quality factor. Further, the reflector is located
below the right side of the ring resonator, it is used to enhance
the dropping efficiency of the filter.

The Fig. 5c clearly shows the 3D view of trapezoid PCRR-
based CDF which shows the alignment of silicon pillars in
the structure. The total chip area is 14 pum x 8.4 um.

4 Simulation results and discussion

The normalized output response of the proposed optical fil-
ter is calculated by using FDTD method. Generally, FDTD
method requires correct temporal grid size and time calcula-
tions. The Gaussian light signal with TE-like polarization is
launched from input port “I”’ then signal coupled into trape-
zoid PCRR at a center peak wavelength and its corresponding
output detected at output port “B” and reaming signal for-
ward to output port “A”. In both output ports, time monitors
are placed to observe the normalized output spectrum which
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is calculated by following formula

1/2 [ real (p(f)monior) ds
SourcePower

()=

ey

where T'(f) is the normalized transmission as a function of
frequency, p( f) denotes poynting vector and dSis the surface
normal. Finally, the 7(f) is changed into the function of
wavelength. In order to produce a correct simulation, spatial
and temporal grid should satisfy the following equation

At £ ——— @

where At is step time, c is the velocity of light in free space
and Ax, Az are space steps along x, z-axes, respectively.
Figure 6 shows the normalized output spectra of trapezoid
PCRR-based CDF. The center peak wavelength of the CDF
is observed at 1543 nm with 100% dropping efficiency and its
passband width is 3 nm. The filter performance is calculated
by the quality factor (Q) which is defined as the ratio of
resonant wavelength to the wavelength change at full width
half maximum (FWHM).

A

=

3)
where A is the resonant wavelength and A\ is the wavelength
difference at FWHM. In this attempt, the trapezoid PCRR-
based CDF provides the good quality factor of about 514.33.

The coupling rods are primarily used to couple the light
from bus waveguide to ring resonator which in turn ring
resonator to drop waveguide at resonance condition. The
number of coupling rods (eight) and its values (radius) are
properly selected in such a way that to ensure the com-
plete signal transfer from bus waveguide to ring resonator.
If the values of coupling rod are not properly selected which
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Fig.6 Normalized output
spectrum of the PCRR-based
CDF
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decreases the coupling efficiency, dropping efficiency and
other functional parameters. The relation between dimen-
sions of coupling rods (green color) and transmission effi-
ciency is shown in Fig. 7a. From the simulation results, it is
clearly observed that, if the coupling rod radius is increased
(175-185 nm), the resonant wavelength is red shifted and
transmission efficiency is also varied. The coupling rods
radius of 180 nm shows high transmission efficiency (100%)
compared to 175 nm (86.6%) and 185 nm (76%) coupling rod
radius. Hence, 180 nm of coupling rod radius is accounted
in this work. In addition, the rods other than coupling rod
are used to provide mechanical strength of the structure and
increase the confinement of the signal.

The coupling rod rows are increased to enhance the qual-
ity factor; however, transmission efficiency is reduced. The
impact of normalized transmission with respect to the cou-
pling rod effect with and without optimization is shown in
Fig. 7b. The simulation results clearly shows that without
optimization of coupling rods, the transmission efficiency is
very low about 11%, as a very less amount of light signal cou-
pled into ring resonator to drop waveguide. However, with
optimization of eight coupling rods (green color) are used
to enhance the transmission efficiency (100%) which means
that light signal completely coupled into ring resonator to
drop waveguide. From the simulation result, it is observed
that after the optimization of coupling rods, the transmis-
sion efficiency is increased significantly. Hence, reference
rods (red color) are used to couple the small amount of light
while optimized coupling rods (green color) are used to cou-
ple more amount of light within ring resonator.

Figure 8 shows the normalized output spectrum of the ring
resonator-based CDF without and with scatterer rod. The
simulation result clearly shows that the dropping efficiency
(78.38%), and quality factor (428.33) of the CDF without
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scatterer rods become low due to the backward and scattering
loss are produced at corners at the center peak wavelength.
Figure 9a clearly shows at a center peak wavelength
1543 nm the electric field of input light signal is completely
(100%) coupled with nanoring resonator and dropped into
its output port B, which is termed as on resonance. How-
ever, at off-resonance 1555 nm, the electric field energy is
directly forwarded to output port A and also observed that
due to scattering loss small amount of signal power (1-8% is
negligible) is coupled into ring resonator as shown in Fig. 9b.

5 Tunability in proposed CDF

Recent years, data transmission through ultra-high-speed
optical network path is highly congested due to the huge
amount of information which have been used for various
real-time applications such as High-Definition Television
(HDTYV), Video-on-Demand (VoD), Voice-over-IP (VoIP)
and high-speed Internet. Therefore, the cumulative optical
network bandwidth is greatly enhanced by multiple chan-
nel wavelengths that are simultaneously transmitted over a
single fiber. The ultra-small photonic component of CDF
filter is the attractive candidate which is used to select a sin-
gle channel from the multi-wavelength network with very
low crosstalk. Typically, the ring resonator-based CDFs are
used but it operates at a fixed wavelength. However, PCRR-
based optical filter can be effectively tuned by different tuning
mechanisms.

5.1 CDF tuning mechanisms

Generally, PC tunability executed by two different mecha-
nisms such as PC tuning within itself and PC tuning without
itself. In the first mechanism to modify both structural geom-



Photonic Network Communications (2018) 36:230-245

237

Fig.7 Normalized output 1.0

spectrum of the PCRR-based .
CDF a at different coupling rod 0.9 1
radius and b without and with 1
optimization of coupling rods 0.8

ission

Normalized Transm

’\ R=175 nm

R=180 nm

T T | LI I B | |
1.53 1.54 1.55 1.56
Wavelength (um)

(a)

ission

-

Normalized Transm

etry (a, r) and material characteristics (u or n). In second
mechanism dynamic material (liquid or solid) including into
PC structure which is highly sensitive to external excitation.
The aforementioned tuning mechanisms are used to realize
filter tuning and effectively shifting the resonant wavelength
over the wide wavelength range. The five different meth-
ods are extensively used for photonic crystal tuning namely,
structural tuning, thermal tuning, electrical tuning, magnetic
tuning, and mechanical tuning [30]. All the aforementioned
tuning mechanisms have some pros and cons. Among them,
structural tuning method is very simple and does not affect
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the optical filter performance [19]. Hence, structural param-
eter (@, R, R1 and delta) tuning is considered in this paper, as
a result, four different cases are considered for filter tuning.
Generally, in PC-based device, if the lattice constant, radius
of the rod and refractive index of the rod is varied whose
corresponding resonant wavelength is varied linearly based
on the amount of value change in the structural parameters.
As the PBG region is varied owing to the change of struc-
tural parameters which in turn change in resonant wavelength
shift. If the structural parameter value is increased, the PBG
region is shifted into the higher wavelength region; therefore,
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Fig.8 Normalized output 1.0
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Fig.9 Electric field distribution of trapezoid ring resonator at a 1543 nm and b 1555 nm

the resonant wavelength is shifted into the higher wavelength
region and vice versa.

5.2 Lattice constant tuning

The first case, the lattice constant of the structure is var-
ied with an increment of 1 nm from 604 to 606 nm and its
corresponding normalized output spectrum is investigated
which is shown in Fig. 10a. From the simulation results, it
is observed that the center peak wavelength of the CDF is
linearly shifted to higher wavelength and its dropping effi-
ciency and quality factor slightly increased but passband
width remain constant. The functional parameters of CDFs
are compared with different lattice constants are tabulated
in Table 1. Further, CDF is used to detect the minute lattice
constant variation of 0.3 nm (605.3 nm) and its center peak
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wavelength has shifted by 0.7 nm compared with a reference
value (605 nm) which is shown in Fig. 10b. The lattice con-
stant sensitivity (S,) is calculated by the following equation.

A

== 0)

Sa

where A represents the resonant wavelength difference and
Aa represents the lattice constant difference. The obtained
result shows that lattice constant sensitivity is equal to 2.33,
hence the small lattice constant variation is highly sensitive
to resonant wavelength tuning.

5.3 Radius of the rod tuning

The second case, the outer and inner rod radius of the ring
resonator is modified from 111 to 133 nm and 59 to 61 nm
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Fig. 10 Normalized output spectrum of the PCRR-based CDF at a different lattice constant and b minute lattice constant variation

Lattice constant (nm) Resonant wavelength (nm) Transmission efficiency (%) Passband width (nm) Quality factor
604 1541.3 95.6 3 513.76
605 1543.0 100 3 514.33
606 1544.8 100 3 514.93
605.3 1543.7 100 3 514.56

with the step of 1 nm and its normalized transmission spec-
trum is shown in Fig. 11a, b. The numerical result shows that
resonant wavelength of the optical filter is highly sensitive
to inner rod radius (R1) compare to outer rod radius (R).
As a result, outer rod radius is more resilient to wavelength
tuning compared to inner rod radius. Also, abrupt changes
in dropping efficiency and quality factor are observed while
changing the outer rod radius. However inner rod radius tun-
ing, dropping efficiency and quality factor is trivial change
with high linearity. The functional parameters of CDFs are
compared with different inner rods radius and are tabulated
in Table 2. Moreover, optical filter is used to detect the small
inner rod variation of 0.5 nm (60.5 nm) and its center peak
wavelength has shifted by 1 nm compared with the reference
value (60 nm) which is shown Fig. 11c. The inner rod radius
sensitivity (S;) is calculated by the following equation.

AM

= ARI ©)

T

where A represents the resonant wavelength difference and
A R1 represents the inner rod radius difference. The obtained
result shows that rod radius sensitivity is equal to 2; there-
fore, small inner rod radius is highly sensitivity to resonant
wavelength tuning.

5.4 Effect of variation in filling fraction

The radius of the rod is directly influenced in the filling frac-
tion of the structure which is defined as the rods occupied area
in the hexagonal lattice. The filter design is based on circular
rods in hexagonal lattice, the single circular rod area in the
PC structure is calculated by using the basic formula (772).
The perfect PC platform composed 368 (23 x 16) rods in a
hexagonal lattice and after line and point defects are intro-
duced to remove 56 rods in vertical and horizontal direction,
therefore, after creating the defects total number of rods in
PC platform is 312, however 8 coupling rods (180 nm) and 9
inner rods (60 nm) radius is increased form reference value
owing to increase the filter performance. Hence, the total
number rod in the PC structure is 295 (312 — 8 — 9 = 295)
which is collectively named as outer rods. The scattering
and back reflection is reduced by inserting the 4 rods at the
corner of the trapezoid ring resonator structure. Finally, the
total number of rods in the proposed structure is equal to
316 (295 4+ 8 + 9 + 4). The four different single rod area is
calculated and then it multiplies by the corresponding total
number of rods to obtain the individual filling fraction. The
cumulative filling fraction is calculated by adding four dif-
ferent rod individual filling fraction and it is clearly shown
in Table 3.
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Fig. 11 Normalized output spectrum of the PCRR-based CDF at a different outer rod radius, b different inner rod radius and ¢ minute inner rod

variation

Table 2 The functional parameters of the CDF at different inner rod radius

Inner rod radius (R1) (nm) Resonant wavelength (nm) Transmission efficiency (%) Passband width (nm) Quality factor
59 1541.0 100 3 513.66
60 1543.0 100 3 514.33
61 1544.9 97.2 3 514.96
60.5 1544.0 97.8 3 514.66

To study the impact of center peak wavelength with ref-
erence to cumulative filling fraction, the inner rod radius
changed from 59 to 61 nm with an increment of 0.5 nm.
The variation in cumulative filling fraction while changing
the radius is 13.765 x 1012 m? to 13.772 x 10712 m? and
its equivalent center peak wavelength varied from 1541 to
1544.9 nm. From the simulation results clearly observed
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that 1 nm center peak wavelength linearly shifted to higher
wavelength while changing the inner rod radius which leads
to increase the filling fraction. Figure 12 shows the linear
relationship between cumulative filling fraction and resonant
wavelength. The CDF functional parameters such as drop-
ping efficiency and quality factor slightly changed at higher
filling traction which are listed in Table 4.
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Table 3 Filling fraction calculation of single and total number of rods in a hexagonal lattice

Different type of rod ~ Total number Rod radius Single rod Filling fraction Hexagonal lattice  Filling fraction
of rods (nm) area (m?) (with defects) area (m?) (%)
(m?)

Outer rods 295 121 0.04590 x 10~12 13.5405 x 10712 117.6 x 1012 11.7080
Coupling rods 8 180 0.01017 x 10~12 0.08136 x 10~12
Scatterer rods 4 60 0.01130 x 10712 0.04520 x 10712
Inner rods 9 60 0.01130 x 10~12 0.10170 x 10~12
Total no. of rods 316 13.7687 x 10~12

1546

1545

" o _ M ©
1544 "= An
1543 o

Resonant wavelength in nm

13.765  13.766  13.767 13.768 13.769 13.770 13.771 13.772

Filling Fraction in 10?2 sq.m

Fig. 12 Effect of resonant wavelength variation in filling fraction

5.5 Refractive index difference tuning

The third case, the refractive index difference (A) is varied
with an increment of 0.01 from 2.45 to 2.47 and its corre-
sponding normalized output spectrum is shown in Fig. 13a.
The center peak wavelength of the CDF is linearly shifted
to higher wavelength and its dropping efficiency and quality
factor trivial changes are observed. The functional param-
eters of CDFs are compared with different refractive index
difference and are tabulated in Table 5.

Further, the optical filter is used to detect the small refrac-
tive index variation of 0.003 (2.463) and its center peak
wavelength has shifted by 0.8 nm compared with the refer-
ence value (2.46) which is shown in Fig. 13b. The refractive
index difference sensitivity (S,) is calculated by the follow-
ing equation.

where A represents the resonant wavelength difference and
An represents the refractive index difference. The obtained
result shows that refractive sensitivity is 266.66 nm/RIU, as
a result, refractive index difference is highly sensitivity to
resonant wavelength tuning and this value is highly suitable
for WDM systems and nanosensor applications.

5.6 Cumulative structural parameters tuning

The high-resonant wavelength tuning is normally obtained by
changing all the structural parameters, for this reason simul-
taneously varied all the three parameters as an alternative
of varying any one of the parameters such as lattice con-
stant, inner radius of the rod and refractive index difference.
These three parameters are collectively named as cumulative
structural parameters (CS) and its different combinations are
used to obtain the high-resonant wavelength tuning as shown
in Fig. 14a. For CS-1 tuning, center peak wavelength 5 nm
(1538 nm) shifted to the lower wavelength from the cen-
ter peak wavelength of 1543 nm. For CS-3 tuning, center
peak wavelength 5.6 nm shifted to the higher wavelength
from the center peak wavelength of 1543 nm. The lower and
higher wavelength shifting is obtained owing to the cumula-
tive dielectric strength of the PCRR is reduced and increased,
respectively. The functional parameters of CDFs are com-
pared with different CS values and are tabulated in Table 6.
For CS-4 tuning there is 2 nm center peak wavelength shift is

Table 4 Filling fraction, resonant wavelength and transmission efficiency at different rod radius

Inner rod radius (nm) Filling fraction (m?)

Filling fraction (%)

Resonant wavelength (nm) Transmission efficiency (%)

59.0 13.765 x 1012 11.705
59.5 13.767 x 10712 11.706
60.0 13.768 x 1012 11.707
60.5 13.770 x 10712 11.709
61.0 13.772 x 10712 11.710

1541.0 100
1542.0 100
1543.0 100
1544.0 97.8
1544.9 97.2
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Fig. 13 Normalized output spectrum of the PCRR-based CDF at a different refractive index difference and b minute refractive index difference

variation

Table 5 The functional parameters of the CDF at different refractive index difference

Refractive index Resonant wavelength Transmission Passband Quality factor
difference (RIU) (nm) efficiency (%) width (nm)

2.45 1541.0 100 3 513.66

2.46 1543.0 100 3 514.33

2.47 1545.0 96.4 3 515.00

2.463 1543.8 98.32 3 514.60

ission
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Wavelength (um)

(a)
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Fig. 14 Normalized output spectrum of the PCRR-based CDF at a different cumulative structural parameter and b minute cumulative structural

parameter variation
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Table 6 The functional parameters of the CDF at different cumulative structural parameters

Cumulative Resonant wavelength (nm) Transmission Passband Quality factor
structural efficiency (%) width (nm)
parameter
(CS)
CS-1 a =604, Rl =59 and A =2.45 1538.0 100 3 512.66
CS-2 a =605, Rl =60and A =2.46 1543.0 100 3 514.33
CS-3 a =606, Rl =61 and A =2.47 1548.6 94.5 3 516.20
CS-4 a =6053, Rl =60.5 and A =2.463 1545.0 96.1 3 515.00
Table 7 Comparison of designed PCRR filter with the existed PCRR-based filter
Reference Lattice struc- Dimension Type of PCRR cavity Dropping effi- Passband Quality factor
ture (uwm?) ciency (%) width (nm)
[4] Square HoAk Quasi-square 96.0 9.80 160.0
[14] Square 189.6 Square shaped 355 3.50 437.7
[15] Square 242.4 Quasi-square 90 4.00 387
[16] Square 174.1 Dual-quasi-square 89.0 3.50 399.0
[17] Triangular HoAk Hexagonal shaped 55.0 3.69 423.0
[18] Triangular 315 Triangular shaped 100 4.00 377.5
[19] Square 129.9 Circular shaped 100 13.0 114.6
[20] Triangular wkE X-shaped 100 7.90 196.0
[21] Triangular wHE Dual curve shaped 68.0 9.80 153.6
[22] Square wHE 45° shaped 90.0 1.85 840.0
[23] Square o H-shaped 100 7.01 221.0
[24] Square 152.7 Flower shaped 100 8.0 205.5
[25] Square 123.0 Curved Fabry—Perot 99.0 13.0 192.0
Present work Triangular 117.6 Trapezoid shaped 100 3.00 5143

*#**Not discussed

observed while at once minutely varying the lattice constant,
inner radius of the rod, refractive index difference by 0.3 nm,
0.5 nm, and 0.003, respectively, from the constant value and
its corresponding result shown in Fig. 14b.

The passband width directly proportional to energy loss
in the cavity (ring resonator). The trapezoid ring resonator
energy loss is mainly based on the inner rod radius; therefore,
passband width remains constant for small inner rod radius
(every 0.01 nm increment) variation. In addition, lattice con-
stant (every 1 nm increment) and refractive index (every 0.01
RIU increment) value slightly changed which does not affect
the energy loss within the ring resonator which leads to pro-
vide constant passband width.

The PCRR-based optical filter functional parameters
namely device dimension, cavity type, dropping efficiency,
passband width and quality factor are compared with the
reported PCRR-based optical filters which are listed in
Table 7. From this table, observed that curved Fabry—Perot
resonator is designed with small dimension is 123.0 um? and

high dropping efficiency (99%) however passband width is
very high and Q factor is very low. However, 45° shaped
PCRR cavity provides low passband width is 1.8 nm and
high Q factor is 840; however, it provides 90% transmis-
sion efficiency. Meanwhile, triangular, circular, H-shape and
flower-shaped PCRR cavity were used to provide 100% drop-
ping efficiency; however, passband width and Q factor are
very low. From this analysis, it is clear that the proposed
trapezoid PCRR-based CDF provides enhanced result in all
aspects.

6 Conclusions

The trapezoid ring resonator-based CDF is designed using
the hexagonal lattice platform to drop a channel at a center
peak wavelength of 1543 nm. The FDTD results show 100%
of dropping efficiency is observed at 1543 nm and its pass-
band width is 3 nm and quality factor is about 514.33 which is
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the higher value compared to the reported CDFs. The center
peak wavelength tuning of nanoring resonator-based CDF is
numerically investigated by changing the structural param-
eters individually and simultaneously and its corresponding
functional parameters are also analyzed. From the simula-
tion result, for every 0.3 nm variations in lattice constant,
0.5 nm variations in the inner rod radius and 0.003 varia-
tions in refractive index difference, there is 0.7 nm, 1 nm and
0.8 nm center peak wavelength shift observed. The designed
CDF is ultra-compact and total chip area is 14 pm x 8.4 um.
Hence, this type of device is highly suitable for the realiza-
tion of photonic integrated circuits for WDM systems and
nanochip-based sensing applications.
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