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Abstract. This paper presents the design and analysis of an optical channel drop filters
configuration based on a serially coupled triple ring resonator system. The filtering
characteristics of such the proposed ring configuration have been investigated by using
the mathematical model simulation. In this work, the optical signal as a Gaussian pulse
with a specified wavelength ranges from 1545 nm to 1555 nm is used to be the input
signal that launches into and propagates through the ring resonators. Whereupon, the
required optical channels are obtained at the drop port. The center wavelength of these
filtering optical channels can be specified and controlled by selectively applying the
suitable parameters to the system, such as each the ring radius and the coupling
coefficients. From the simulation results, an ultra-narrow band optical channel with a
spectral width at FWHM of approximately 12 pm can be achieved. Furthermore, an
attempt to tune the filtering responses of the proposed system, by customizing the
refractive index of the waveguide material, has been illustrated. By din of the tuning
technique, the free spectral range shift between adjacent channels of approximately 46
pm, which corresponds to be less than 6.25 GHz of a channel spacing in DWDM system,
can be actualized. The potential of using such the triple ring device for filtering
application is performed and discussed.

1. Introduction
Present day, optical filters are one of the most important components in modern fiber-optic
communication systems. Especially, for a wavelength division multiplexing (WDM) method, the optical
filters are used to separate required optical channels from a combined optical signal without any
required electronic systems. Various kinds of the optical filters have been investigated, such as arrayed
waveguide gratings [1], Fabry—Perot filters [2], and photonic crystals [3]. In addition, although the
photonic crystals are expected to be a promising platform for photonic integrated circuits due to its
significant properties, such as the compactness, and spectral tunability. The filtering channel that can be
obtained from the photonic crystal systems has remained as a large spectral width, e.g., about 10 nm [4].
Ring resonators have also been being received extensive attention as a useful component in optical
communication systems. Many of its potential applications are demonstrated both theoretically and
experimentally in many investigations, such as optical logic operators, optical switch, signal processing,
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and filters [5-8]. However, it still needs to be further developed in order to improve the filtering
responses.

In this paper, the primary aim is to achieve the analytical transfer functions of the serially coupled
triple ring resonator system to be useful as an ultra-narrow band optical filter. Furthermore, the filtering
characteristics that can be obtained by the proposed system and the attempt to tune its filtering response,
by customizing the refractive index of the waveguide material, are demonstrated and discussed.

2. The Triple Ring Resonator System

The proposed ring resonator system of which the schematic diagram is shown in figure 1 is employed
as an optical channel drop filter, which has an effective in filtering characteristics. In operation, the
Gaussian pulse with a specified wavelength from the light source is used to be the optical input signal.
This input light pulse is considered as a function that consists of a constant light field amplitude, E,,
and a random phase modulation, which is the combination of an attenuation term, «, and a phase
constant term, ¢, results temporal coherence degradation. The time-dependent input optical field,
E;,, can be expressed as equation (1), where L is a propagation distance (waveguide length).

Ein(t) = Egexp[—aL + j¢o(t)] (1)
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Figure 1. A schematic diagram of the serially coupled triple ring resonator system

When a Gaussian pulse is propagating through the ring resonator system, in the direction as shown
in the figure, the separate resonant outputs are formed. These output optical fields each at the
throughput port and the drop port are represented by E;, and Ey,-, respectively. The relations between
each of the output, E;j, or E4,., and the input optical field, E;,,, in each round trip calculation can be
expressed as:
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Where the optical field that propagates within each the part i of the ring resonator system is E; and
the specified constant quantities of C,, and x,, are expressed as in Table 1.
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Table 1. The expression of each the optical field E; and the constant quantity of C,, and x,,

The optical fields: E; The specified constant quantities: C,, and x,,
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Equation (2) and (3) indicate that the ring resonator system in this particular case is very similar to
a Fabry—Perot cavity, which has an input and output mirror with a field reflectivity, (1 —x), and a
fully reflecting mirror, k, where k is the coupling coefficient. The details of the specific variables are
as follows: the linear absorption coefficient is «, a roundtrip loss coefficient is e~*Li/2 the linear
phase shift is ¢; = knL;, where kn = 2mtn/A, and the refractive index of the ring waveguide is n. The
waveguide length of the ring radius R; is L; = 2mR;.

The input optical field, E;,, i.e. a Gaussian pulse from a laser source with the specified wavelength,
is launched into the proposed ring resonator system with the appropriate parameters, such as the radius
of the ring resonators, and the coupling coefficients, so that the transmitted output signals can be
controlled.

From figure 1, in principle, the input light pulse is divided and sliced as the discrete signal
propagates within the first ring, R, through the first coupling location of k. Thereafter, it is spread to
the other rings, R, and R3, through the coupling locations of k, and ks, respectively, in the direction
as shown in the figure. Finally, after propagation in the proposed ring resonator, the required signals
are obtained via the throughput port and the drop port of the system.

3. The Simulation Results

The optical Vernier effects that can be used for high-resolution distance measurement are commonly
generated by using a resonant structure such as a micro-ring resonator [9]. For instance, a Gaussian input
with a specified wavelength ranges from 1.545-1.555 um (C-band), 10 nm bandwidth, and a peak power
of 0.2 W, as shown in figure 2(a), is launch and propagating through the proposed system. Thereafter,
the resonant outputs each at the throughput port and the drop port are obtained with the optical Vernier
effects. In addition, the Vernier effects are valuable and can be applied to advantage for filtering the
optical ultra-narrow band under appropriate conditions.

In this work, the triple ring resonator system is proposed to be useful as an effective optical filter by
din of the optical Vernier effects that resulting in its resonant outputs. In order to associate the system
with a practical device [10, 11], the system parameters are specified as follows: the ring radii R; = 15
um, R, =450 um and R; = 60 um. The refractive index of the waveguide material is fixed to be n = 3.47
(Si—Crystalline silicon). The coupling coefficients, x, of the system are ranged from 0.2 to 0.5. The
waveguide loss is considered to be « = 0.5 dB/mm. For simplification, the optical field relation does not
take into account the coupling losses [12].



CCISP IOP Publishing
IOP Conf. Series: Journal of Physics: Conf. Series 787 (2017) 012004 doi:10.1088/1742-6596/787/1/012004

ey (a) Input port: Gaussian pulse & 1.0 (d) Throughput port e
' 5 0.8} ';1"“‘,
Z0.15 = 0.6F
g 0.4
0.10F Z 0.2
1.545 1.547 1.549 1.551 1.553 1.555 1.545 1.547 1.549 1.551 1.553 1.555
Z L (b fhrol hput 01"[ ‘ R :‘15 ‘mR‘=45l‘.‘) m. 2l (e)Dro ‘ or't‘ @ (Bl(c‘n Fw R R |
£ 1.0 (b) Throughput p 1= 15 um Ry= 4504 g0 (€) Drop port(1) (% 1 Yapen 360 m 48
5 0.8 R3=60 pm o 0.8 T(2) 13pm 390um 52 pm|
= 0.6 E 0.6 : 513: 14pm- 420 um 56 pm-
E 04+ E 0.4} E 5(4) 15um 450 pm 60 pm
2 0.2 g 02t E(Sa 16 pum 480 pm 64 um |
L 1 L L L L L .‘.m.—m‘ .-‘l a
1.545 1.547 1.549 1.551 1.553 1.555 1.545 1.547 1549 7 551 1.553  .1.555
= L (c bro I ort ‘ I ‘ K‘—O,i‘ K —‘0,3 1zl (f Enlalr ment
210 (€)1 Dropl portieee | 2 g0 ) g R
5 0.8 12 pm i3=02 K4=0.5 508 :
=1 =
= 06+ = 0.6 460
E 047 g O pm
Z 0.2¢ Z 0.2
1.545 1.547 1.549 t 1.551 1.553 1.555 1.5475 1.548117 1.548822 t 1549951 ¢ 1.5510
1.549952 1.549427 1.550411
Wavelength (um) Wavelength (um)

Figure 2. The simulation results, (a) the Gaussian input, (b) and (c) the filtering characteristics that
are obtained at the throughput port and drop port, respectively, (d) and (e) the filtering characteristics for
changing the appropriate ring parameters as the five sets of the ring radius obtained at the throughput
port and drop port, respectively, and (f) the enlargement of the figure (e).

Figure 2(b) and 2(c) show the filtering characteristics that can be obtained via the throughput port
and the drop port, respectively, where the filtering channel with a center wavelength of 1.549952 um
and a spectral width of 12 pm, at FWHM, can be achieved.

The simulation results of the same input signal with the appropriate ring radius change for five sets
as given in the figure are shown in figure 2(d) and 2(e). The output signals from the throughput port
and the drop port of the system are superimposed in the figure, respectively. The enlargement of figure
2(e) is also demonstrated in figure 2(f). The filtering channels obtained from the drop port for each
ring parameter set are at the center wavelengths of 1.548117 pm, 1.548822 pm, 1.549427 um,
1.549951 pm, and 1.550411 um. The free spectral range shift between the adjacent channels is
approximately of 705 pm, 605 pm, 524 pm and 460 pm, respectively.

4. Discussion

In practice, the appropriated ring parameters that are selectively applied to the system, such as the ring
radius, and the coupling coefficients, might have unavoidable errors in the fabrication process and
result in the filtering characteristics of the actual device. However, the resonant characteristic of a
micro-ring resonator can be tuned by dint of several methods. The most typical and straightforward
approach for tuning the resonant response is to change the refractive index of the waveguide material,
such as the thermo-optic effect method, which applies the heat to the material [13], and the
electro-optic effect method, which applies the electrical field to the waveguide [14]. Therefore, the
waveguide tuning techniques must be considered in the fabrication work for the actual device in order
to function properly. Hence, in this study, an attempt to tuning the filtering characteristics of the
proposed ring system is demonstrated. It can be performed by customizing the refractive index of the
waveguide material, e.g., to be within +£0.015% of the base refractive index value of the waveguide
material (Si—Crystalline silicon; n = 3.47). The simulation results for customizing the refractive index,
with the same of the other ring parameters as shown in figure 2(b) and 2(c), are demonstrated in figure
3(a). By the well-known linear regression, the linearity relation of the free spectral range shift as a
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function of the change in the refractive index is also illustrated in figure 3(b). As shown in the figure,
the center wavelength of a filtering channel obtained from the drop port can be varied by customizing
the refractive index of the waveguide material. Herein, the free spectral range shift between the
adjacent channels of approximately 46 pm, which corresponds to be less than 6.25 GHz of a channel
spacing in DWDM system (recommendation of ITU-T G.694.1) [15], can be actualized.
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Figure 3. The results for customizing the refractive index of the waveguide material.

5. Conclusion

This article presents an optical waveguide configuration based on a serially coupled triple ring resonator
system of which the design and analytical model are demonstrated to be useful as an optical channel
drop filter. The resonant characteristics of the proposed system can be investigated by dint of its
mathematical model simulation. These resonant responses can be controlled by selectively applying the
suitable parameters to the ring system. From the simulation results, an ultra-narrow band optical channel
with a spectral width of approximately 12 pm can be achieved. Moreover, by customizing the refractive
index of the waveguide material, the filtering responses of the ring system can be tuned as
approximately 46 pm of free spectral range shift between the adjacent channels. Therefore, due to such
significant properties as the compactness, the spectral tunability, and especially in the filtering ability,
the proposed ring system will be valuable for improving the performance of modern fiber-optic systems.
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