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Abstract: The high-Q square resonator as an add-drop filter is proposed and demonstrated using 
commercially available two-dimension (2D) of finite-difference time-domain (FDTD) method. 
Simulation is on a high-index contrast laterally waveguide-coupled square resonator in the 1.55 µm 
wavelength grid and the air-gap size fixed to 0.18 µm. Widths of the waveguide-coupled and diameter 
of square micro cavities are varied from 0.22 - 0.37 µm and 3.6 - 6.0 µm, respectively. The pulse 
excitation signal with fundamental slab mode is launched into the planar waveguide-coupled. Time 
monitor implement the fast Fourier transform analysis. RSoft software is used to simulate this filter. 
The add-drop filter has been successfully designed and analyzed with wide free-spectral range (FSR) 
of 28 nm, higher quality factor (Q) than 1000 and extinction ratio (ER) of 3.9 dB. This proposed filter 
is potentially applied in coarse wavelength division multiplexed (CWDM) systems. 
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INTRODUCTION 

 
 Since the fiber-to-the-home (FTTH) was introduced which offers the high-speed broadband services, the 
demand is unprecedented growth (Malecki; Manzoor; Tiantong & Saivichit). The existing capacity is required to 
be increase to meet the explosive demand. In fact, the customer expectations have already unleashed for 
bandwidth hungry video streaming services, such as YouTube, Social networking (e.g. Facebook), Online 
Gaming, High Speed Internet downloads and the nascent potential for video-on-demand and broadcast TV and 
HDTV services. In order to handle the increasing demand for high-bandwidth service, telecommunication 
companies worldwide employs the traveling light waves within optical fibers as the dominant transmission 
system. The coarse wavelength division multiplexed (CWDM) transmission system is implemented in optical 
fiber communication to provide enormous bandwidth with high speed, consistency in connectivity and low cost 
development. The CWDM is a technology that enables many optical signals to be transmitted simultaneously by 
a single fiber cable. It grid is made up from 18 wavelengths defined within the range of 1270 to 1610 nm (O- 
through L-band) and spaced by 20 nm with wavelength drift tolerance of ±2 nm (UNION, 2003).  
 One of the key components in CWDM system is add-drop filter which is used to add or drop certain 
channels into the CWDM networks along the link. Several approaches have been demonstrated as add drop 
filter, using different type of technology including arrayed waveguide gratings (AWG) (Okamoto et al., 1996), 
thin-film dielectric interference filters (Honda et al., 2003), fiber Bragg gratings (FBGs) (Cusano et al., 2007; 
Mohammad et al., 2004), Fabry–Pérot filters (Liu et al., 2006), Mach–Zehnder (MZ) interferometers (Manolatou 
et al., 1999; Zheng et al., 2012) and square resonators (Fong et al., 2004; Li et al., 2006). In the past few years, 
disk and ring resonator were used as an add-drop filter. However, these resonators have undesirable micrometer-
scale curved sidewalls that impose a shorted interaction length and a tight submicrometer gap (0.1-0.2µm) for 
lateral coupling with straight waveguides (Li et al, 2004; Liu et al., 2006; Morand et al., 2006). A shorted 
interaction length imposes a technologically challenging submicrometer air-gap separation constraint between 
the curved resonator sidewall and the straight side-coupled waveguide sidewall.  
 In order to increase the interaction length for lateral coupling between the waveguide and resonator, square 
type has been proposed as alternative resonator. This filter is designed to accurately drop 1.55µm wavelength. 
The 1.55µm wavelength is utilized for long-haul transmission line. The design and analysis of square resonator 
employed a high-index contrast laterally waveguide-coupled square resonator using commercially available two-
dimensional (2-D) finite-difference time-domain (FDTD) simulation tools (RSoft, 2007). The square resonator 
is designed to demonstrate the optimum performance characteristics. Wide free spectral range (FSR) to 
accommodate many channels, high quality factor (Q) is identification for a lower rate of energy dissipation, and 
a large extinction ratio (ER) to minimize crosstalk are the important parameters of optimized add-drop filter. To 
the best of authors’ knowledge, this is the best high-Q square resonator as an add/drop filter with the micro scale 
size and suite for CWDM application. 
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Theoritical Analysis: 
 Fig. 1 shows the four-bounce round-trip path of laterally waveguide-coupled square resonator add-drop 
filter. Propagated rays along input- and output-coupled waveguide are denoted the fundamental mode 
propagation vector as kwg and the propagation angle relative to the waveguide sidewall normal as Ø. Inside the 
square resonator cavity, the cavity mode propagation is denoted as kcav and the propagation angles as θ at cavity 
sidewall. Once the launched rays enter the input waveguide, some of rays are propagated straight to throughput 
and laterally coupling to the isolated square cavity. Inside the isolated square cavity, the incident rays will be 
square resonated in four-bounce round-trip path with input coupling θ and complementary angle 90𝑜𝑜 − 𝜃𝜃 at the 
orthogonal sidewall (Poon et al., 2001). In order the trajectory to be confined by total internal reflection, θ needs 
to satisfy 𝜃𝜃𝑐𝑐 < 𝜃𝜃 < 90𝑜𝑜 − 𝜃𝜃𝑐𝑐 , where critical angle 𝜃𝜃𝑐𝑐 = sin−1(𝑛𝑛𝑎𝑎𝑎𝑎𝑎𝑎 𝑛𝑛𝑚𝑚𝑚𝑚𝑚𝑚⁄ ) and nair is refractive index of the 
dielectric cavity in air (Saleh et al., 1991). The waveguide and the resonator use the same material refractive 
index nmet. The rays will be propagated laterally coupling out to the output waveguide and straight to the drop 
port. At the drop port, the required wavelength will drop out to the node B. Thus, the ray orbits are closed and 
can be form an infinite number of round-trips. The closed-orbit resonances are expected to be relatively high Q. 
If θ not in range of 𝜃𝜃𝑐𝑐 < 𝜃𝜃 < 90𝑜𝑜 − 𝜃𝜃𝑐𝑐 , the ray orbits are open and can only circulate for a limited number of 
round-trips before the ray displaced to the adjacent sidewall and refractively escape. Therefore, the open-orbit 
resonances are expected to be relatively low Q. 
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Fig. 1: Four-bounce round-trip path in square resonator add-drop filter. 
 
 Assumption is made that 𝑘𝑘𝑤𝑤𝑤𝑤 ≈ 𝑘𝑘𝑐𝑐𝑎𝑎𝑐𝑐  and ∅ ≈ 𝜃𝜃 at the input and output waveguide-coupled. The near k-
vector matching is due to the coupling between the waveguide and the finite size microcavity. Considering the 
parallel input- and output-coupled waveguides of the same width, we reason that only the 𝜃𝜃𝑐𝑐 < 𝜃𝜃 < 90𝑜𝑜 − 𝜃𝜃𝑐𝑐  
four-bounce high-Q modes can be simultaneously k-matched and coupled at both the input and the out-put-
coupled waveguides. Multiple ray orbit of the same θ can be input and output-coupled along the resonator flat 
sidewalls. The number of coupled ray orbits of the same θ depends on width and sidewall length (diameter). 
 
Experimental Design: 
 Fig. 2 shows the schematic design of high-Q laterally waveguide-coupled square resonator. A square 
resonator of diameter (sidewall to sidewall) distance d is laterally coupled with two parallel single mode 
waveguide of width w. The isolated square and waveguide are separated with an air-gap separation of distance g. 
The simulation is implemented on a high-index contrast silicon-based device. The 2D refractive index of 
resonator and air are 3.5 and 1 respectively (Cholan et al., 2008; Fong et al., 2004).  The air-gap is fixed to 
0.18µm. A single mode 5.17fs Gaussian pulse centered at vacuum wavelength 1.55µm is launched into the input 
waveguide as a TE-polarized and the waveguide-coupled mode is the fundamental slab. The spatial grid size is 
60nm and the temporal resolution is 0.14fs. A perfectly matched layer (PML) of reflectivity 10-8 with thickness 
0.5µm in the y-direction and the x-direction is used to absorb stray field at the simulation window boundaries. 
 Fig. 3 shows the analysis for performance characteristics of FSR, Q, ER, and Full Width Half Maximum 
(FWHM), on transmission spectra. These performance characteristics are obtained at the throughput and drop 
port by launching a resonant wavelength pulse using Fast Fourier transform (FFT) analysis (Hagness et al., 
1997). 
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Fig. 2: Schematic of square resonator add-drop filter. 
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Fig. 3: Performance characteristics of add-drop filter. 
 

RESULTS AND DISCUSSION 
 
 Square resonator add-drop filter is designed in such a way that performance characteristics of the filter are 
optimized by tuning waveguide width of 0.22 - 0.37µm as well as the square resonator diameter of 3.6 - 6.0µm). 
The transmission spectra will be obtained after performing FFT analysis at the port. First, the waveguide width 
is tuned. Fig. 4 (a) and (b) show the simulated TE-polarized transmission spectra of square resonator for various 
waveguide widths simulated at the throughput port and summarization of performance characteristics. The 
laterally waveguide-couple square resonator is fixed to diameter of 2.2 µm and air-gap of 0.18 µm.  
 Based on Fig 4 (a), the performance characteristics in term of FSR, Q, ER and FWHM are measured at 
waveguide width of 0.22, 0.27, 0.3 and 0.37 µm. When waveguide width is tuned to 0.3 µm, the FSR, Q, and ER 
are high with value of FWHM is acceptable. These characteristics indicate towards the optimum filter. Tuning 
waveguide width of 0.3 µm has increased the number of multiple ray orbit of the same θ along the square 
resonator flat sidewalls. This mean, the ray trajectory of θ are in range of   16.6𝑜𝑜 < 𝜃𝜃 < 73.4𝑜𝑜 , where critical 
angle 𝜃𝜃𝑐𝑐 = sin−1(1 3.5⁄ ) is formulated from total internal reflection of Snell’s law. Normally, square resonator 
has four-bounce closed-ray that confines total internal reflection at the flat cavity sidewall with an incident angle 
of 𝜃𝜃 = 45𝑜𝑜  (Fong et al., 2004). Therefore the closed-ray orbits always return to the same starting point upon 
each round trip because 𝜃𝜃 = 45𝑜𝑜  is in range of 16.6𝑜𝑜 < 𝜃𝜃 < 73.4𝑜𝑜 . Based on Fig. 4 (b), the performance 
characteristic for various waveguide widths are summarized. The FSR, Q, ER increase as we increase the width 
of the waveguide, while FWHM is decreased. The decreased of FHWM means that the spectra passband is 
narrow. The narrowed spectra passband increases the Q-factor and ER. The small ER which is high crosstalk 
occurs when the spectra passband is below half-power of -3 dB at diameter of 0.27 and 0.37µm. Thus, 
waveguide width of 0.3 µm generates Q of 778 and wide FSR of 92 nm with low crosstalk filter. To improve the 
performance of the add-drop filter, the diameter of resonator can be adjusted which will be explained in the next. 
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w = 0.22 µm

 

w = 0.27µm

 

w = 0.3µm

 

w = 0.37µm

 
(a) 
 

Diameter 
(µm) 

Width 
(µm) 

FSR 
(nm) 

FWHM 
(nm) 

Q-factor Extinction Ratio (dB) 

2.2 0.22 88 4.1 380.24 3.8 
0.27 ** ** ** 1.8 
0.3 92 2.0 778 4.2 
0.37 ** ** ** 1.1 

** No parameter characteristics because simulated result below half-power (-3dB). 
(b) 
 
Fig. 4: Transmission spectra of square 2.2 μm diameter resonator for (a) various waveguide widths and (b) 

summarization of performance characteristics with the same span of wavelengths. 
 
 Fig. 5 (a) and (b) show the simulated TE-polarized transmission spectra of square resonator for various 
resonator diameters simulated at the throughput port and summarized table of performance characteristics. In 
order to get optimized design, optimal waveguide with of 0.3 µm with air-gap of 0.18 µm are utilized. Based on 
Fig. 5 (a), the performance characteristics in term of FSR, Q, ER and FWHM are measured at diameter of 3.6, 
4.0, 5.5, and 6.0 µm. When resonator diameter is tuned to 3.6 µm, the FSR and Q have the highest value with 
reasonable FWHM.  These characteristics indicate towards the optimum filter. Tuning waveguide width of 3.6 
µm has increased more the number of multiple ray orbits of the same θ along the square resonator flat sidewalls. 
This mean, the ray trajectory of θ are accurately resonated at specific θ in range of   16.6𝑜𝑜 < 𝜃𝜃 < 73.4𝑜𝑜 . Based 
on Fig. 5 (b), the performance characteristics for various resonator diameters are summarized. As the diameter 
of resonator increase, FSR decrease while FWHM shows small variation.  
 Fig. 6 shows the simulated TE-polarized transmission spectra of the optimal square resonator as an add-
drop filter for CWDM application. The transmission spectra are obtained after performing FFT analysis at the 
port. With a resonator diameter of 3.6 µm and input- and output-coupled waveguide width of 0.3 µm, the 
analysis on transmission spectra successfully generate the high-Q of 1197.69, FSR of nearly 28 nm and ER of 
3.9 dB. Thus, both combinations of optimum design parameter demonstrate the optimum performance 
characteristics with Q higher than 1000. 
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d = 4 µm

 

d = 3.6 µm

 

d = 5.5µm

 

d = 6 µm

 
(a) 
 

Diameter (µm) Width 
(µm) 

FSR 
(nm) 

FWHM 
(nm) 

Q-factor Extinction Ratio (dB) 

3.6 0.3 28 1.3 1197.69 3.9 
4.0 23 1.5 1032.67 4.9 
5.5 13 1.5 1032 4.7 
6.0 11 1.5 1034.67 5.6 

 
** No parameter characteristics because simulated result below half-power (-3dB). 
(b) 
 
Fig. 5: Transmission spectra of square resonator for (a) various diameters and (b) summarization of performance 

characteristics with the same waveguide width of 0.3 μm and span of wavelengths.  
 

d = 3.6µm

Q = 1197.69

ER = 3.9dB

FSR = 28nm

 
Fig. 6: Measured transmission spectra of square resonators for square diameter d = 3.6 μm and waveguide width 

0.3µm. 
 
Summary: 
 In conclusion, the optimized square based resonator for add-drop filter has been successfully designed. 
Performance of the square resonator add-drop filter is most optimized when the diameter of resonator is 3.6μm 
and the width of input and output coupled waveguide is 0.3μm. By using this proposed design, good 
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compromise between Quality Factor, Free Spectral Range, Full Width Half Maximum and Extinction Ratio can 
be achieved. 
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