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In this paper we used the Finite Difference Time-Domain Method (FDTD) to solve Maxwell equations in micro-ring resonator 
filter. The usefulness of micro-ring resonator has been demonstrated through the variety of applications ranging from optical 
filters to biological and environmental sensing. Because the transmission spectrum is highly sensitive to the refractive index 
changes in the surrounding media, these micro-rings were used to detect cancer molecules (University of Illinois).  The 
simulations based on this mathematical model are very suitable to describe the losses in different types of micro-ring 
resonators. The simulations were made for a single ring and for two rings coupled to a single waveguide at diffrent 
wavelengths, diffrent refractive index and diffrent widths in order to reduce the losses. It is also described the quality of the 
coupling for diffrent wavelengths.The obtained result refers to the simulation of amplitude for single resonating micro-ring 
filters and for multiple micro-rings filters. The object of this paper is to establish that this method can be useful for both 
designers and students performing numerical simulations as computer experiments. 
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1. Introduction 
  
The interest in FDTD Maxwell’s equations has 

increased in the last years which can be seen in the number 
of published articles [1-13]. The Finite-Diffrence Time-
Domain (FDTD) Method is also used in areas such as 
photonics and nanotechnology. This method is considered 
easy to understand and easy to implement in software for 
simulations.  

The accuracy of FDTD method is used in simulations 
for industrial and research design of newly optical 
components. The modeling of micro-ring resonators is of 
particular interest, since these devices provide compact, 
narrow band and large free spectral range of optical 
channel droping filters. The ratio of optical power coupled 
between ring and bus waveguides in micro-ring based 
devices is crucial to the desired device characteristics [6], 
[11].  

Micro-ring resonators are the potential building block 
integrated circuits and they may be used as electro-optic 
switches or modulators, in Photonic VLSI circuits or as 
passive filters for add-drop functions in wavelength-
division multiplexing (WDM), for band-stop filtering, for 
sensing and for optical telecommunications [14-17]. Due 
to the small size and versatility these micro-rings can be 
incorporated in integrated optic circuit. Also it can be used 
to trap microparticles onto silicon micro-ring resonators 
which have various nanomanipulation applications. [13] 

The micro-ring resonator can be manufactured from 
different materials using E-beam or UV lithography. Most 
used material is silicon because it has a small absorption 
loss at telecommunication wavelength of 1.55 µm. Micro-

rings based on GaAs materials are used to manufacture 
high electron mobility transistors. Polymers are also used 
as manufacture material for micro-rings because of their 
lower cost and better integration. Such materials are used 
to manufacture passive devices, electro-optic and thermo-
optic devices [18-21]. 

It was proved that the difference in refractive index 
between core and cladding will reduce losses, but the 
fabrication will become more expensive. There have been 
used a range of different materials in experiments: III-V 
materials, silicon nitride, Si on insulator and Ge doped 
silica [6].  

In this paper we will simulate the amplitude and for 
single ring and two rings coupled to a single waveguide. 
The simulation were made for diffrent wavelengths and 
diffrent refractive index. In order to achieve these results 
we used the OptiFDTD Software. 

  
 
2. Theory 
 
We consider a region of space with no electric or 

magnetic current sources, but may have materials that 
absorb electric or magnetic field energy. The time-
dependent Maxwell’s equations are given by the following 
equations: 
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where E
r

 is the electric field (V/m), D
r

is the electric flux 
density (C/m2), H

r
is the magnetic field (A/m), B

r
is the 

magnetic flux density (Wb/m2), and J
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is the electric 
current density (A/m2). 

We can relate D
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using the 
relations: 
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where ε (F/m), εr is the relative permittivity, ε0 is the free-
space permittivity (8.85× 10-12), µ is the magnetic 
permeability (H/m), µr is the relative permeability, and µ0 
is the free-space permeability ( 7104 −×π H/m). 

J
r

 and M
r

can act as independent sources of E
r

 and 
H
r

 field energy and can be written as:  
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where σ is the electric conductivity (S/m) and *σ is the 
magnetic loss ( m/Ω ). 

Using (1), (3) and (4) we obtain the Maxwell’s curl 
equations in linear, isotropic, non-dispersive, lossy 
materials: 
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If we write the vector components of the curl 
operators in Cartesian coordinates we will obtain the 
following system of six coupled scalar equations: 
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if we consider that σ* and σ are equal to zero. 
The system of six coupled partial differential 

equations forms the basis of the FDTD numerical 
algorithm for electromagnetic wave interactions with 
general three-dimensional objects. 

To determine each component of the magnetic and 
electric fields we can use Yee algorithm which is very well 
described in [1],[2]. 

The most well-known configuration for ring resonator 
consists of a unidirectional coupling between a ring with 
radius r and a waveguide as we can see in Fig. 1a. There 
are different types of coupling for micro-ring resonators as 
we can see in Fig. 1b and Fig. 1c. 

Ring coupling relations are given by the following 
equations: 
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where β is the propagation constant, neff is the effective 
refractive index, λ is the wavelength of the laser, θ is the 
phase shift per circulation and r is the ring radius measured 
from the center of the ring to the center of the waveguide. 
 

   
 

Fig 1. Single ring coupled to (a) single waveguide (b) 
two waveguides; (c) two rings coupled to single 

waveguide. 
 

If these rings are used as filters we can describe them 
with the following parameters: 
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where FSR is the free spectral range, L is the 
circumference of the ring and k is the vacuum wave 
number, FWHM – full width half maximum, F is the 
finesse and Q is the quality factor. The FWHM and FSR 
are measured as we can see in Fig 2.  
  

 
 

Fig 2. The FWHM is measured at the middle of the 
resonance peak hight and FSR is measured as the 

distance between two resonance peaks. 
 

Another important parameter is the mode matching 
that can be achieved using suitable optics. The quality of 
mode matching and the coupling efficiency depends upon 
the overlap integral of the Gaussian mode of the input 
laser beam and the nearly Gaussian fundamental mode of 
the fiber. For perfect matching to a cavity mode (typically 
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the fundamental Gaussian mode), complete transmission 
of the resonator can be observed when the resonance 
condition is met, whereas other resonances (corresponding 
to other resonator modes) cannot be excited [12]. 

3. Results 
 
First we consider a single ring coupled to a single 

waveguide with the following parameters: the width of the 
waveguide is equal to 0.5 µm, the depth 1.25 µm and the 
length 10 µm; the refractive index of the micro-ring and of 
the waveguide is constant (Fig.3) in the core and is equal 
with 2; the refractive index of the cladding is 1; the radius 
of the micro-ring is 1.7 µm. The separation between 
micro-ring and waveguide is 0.255 µm. 

The wavelength of the laser in simulation is 1.4 µm 
and the amplitude is 1V/m. 
 

 
Fig.3 The evolution of refractive index is constant on the 

waveguide and micro-ring. 
 
 
We can see in Fig.4a that the amplitude of the ring is 

lighter than that of the input, but if we increase the 
wavelength to 1.42 µm (Fig. 4b) or 1.5 µm we can see that 
the amplitude in the ring is larger than that from the input 
due to the constructive interference of light in the loops of 
the ring. At the output of the waveguide, for 1.4 µm we 
can see that the signal is very close to that from the input. 
This means that at this wavelength we cannot use the 
micro-ring as a band-stop filter. For 1.42 µm (Fig.4b) or 
for 1.5 µm this micro-ring can be used as a band-stop filter 
at resonance because the signal drops down. 

In this simulation we have considered two observation 
points, one at 0.375 µm and the other one at 9.775 µm. 
The evolution of amplitude versus the wavelength is 
plotted in Fig. 5 for the two observation points. At the 
input we don’t have many losses, but at the output we can 
see that for different wavelength we have smaller or bigger 
losses. We can also see that indeed this micro-ring can be 
used as band-stop filter for 1.42 µm, for 1.5 µm and for 
1.57 µm. 

The FWHM bandwidths at resonances for                           
λ1 = 1.3425 µm, λ2 = 1.4138 µm and λ3 = 1. 4932 µm are 
∆λ1 = 0.01 µm and ∆λ2 = 0.02 and µm ∆λ3 = 0.02 µm. 
From these values and using the (11) relation we obtain 
that Q has values of hundreds. This is not a convenient 
value for the quality factor.  

 
 
Fig. 4 a. The evolution of Ey component versus distance 
in 3D and the projection (X, Z axes) in  2D for 1.4 µm;  
b. The evolution of Ey component versus distance in 3D  
      and the projection (X, Z axes) in 2D for 1.42 µm. 

 
 

The simulations were made from 1.4 µm to 1.57 µm 
and we calculate for each wavelength the mode overlap 
integral at input and at the output of the waveguide.  

 

 
 

Fig.5 The evolution of amplitude versus wavelength for 2 
observation points. 

 
Table 1. Mode Overlap Integral at the input and at the 

output of the waveguide for different wavelengths 
  
Wavelength 

(µm) 
 

MO Integral 
Input (%) 

MO Integral 
Output (%) 

1.4 25.0640 30.6492 
1.42 20.0915 5.0880 
1.45 24.4674 25.9392 
1.47 23.2291 27.6093 
1.5 22.2932 10.5520 

1.52 23.7353 23.6468 

1.55 21.7249 24.6228 
1.57 22.1811 18.0510 
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From Table 1 and Fig 6 we can see that at 
wavelengths where the micro-ring can be used as band-
stop filter the mode overlap integrals have smaller values. 
Higher values of the mode overlap integral means that the 
coupling efficiency is better. 

 

 
 

Fig 6 The evolution of mode overlap integral versus 
wavelength at the input and at the output of the 

waveguide 
 

If we change the distance between the micro-ring and 
waveguide to 5.88 µm, we can see that the Ey component 
changes. In this case we obtain a higher value for the mode 
overlap integral of 23.94 % , with coupling efficiency 
improved  more than the above ones, but this micro-ring 
can not be used as band-stop filter. 

  
Fig. 7 a. The evolution of Ey component versus distance  
in 3D and the projection (X, Z axes) in 2D for 1.42 µm 
and higher separation distance; b. The evolution of Ey 
component versus distance in 3D and the projection (X, Z  
    axes) in 2D for 1.42 µm and different refractive index. 
 
 
 

This change of the refractive index will modify the 
resonance wavelength as we can see in Fig 8.  
 

 
 

Fig.8 The evolution of amplitude versus wavelength for  
n = 1.5 and wavelength 1.42 µm . 

 
We made simulation for multiple ring resonators 

ranging from 1 ring to 5 rings. In this case the signal 
dissipates through the micro-ring as shown in Fig 9. There 
is no improvement in the quality factor. In order to 
improve the quality factor, for better sensing, the 
resonance wavelength should be sharper. 
 

 
 

Fig. 9 . The evolution of Ey component versus in 2D for 
1.42 µm: a. with one added ring; b. with five added rings  

 
  

Table 2 and Fig 10 indicate that the amplitude in dB 
drops with higher values f 

 
Table 2. Variation of amplitude at the output of the 

waveguide for different number of rings  
 
 

Number of 
rings 

 

Amplitude (dB) 

1 -12.884400  
2 -13.373000  
3 -13.659700  
4 -13.641100  
5 -13.617600  
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Fig. 10 . The evolution of amplitude at the output of the 
waveguide for different number of rings. 

 
 

In order to obtain higher quality factor we made the 
simulation for a silicon micro-ring on a SiO2 wafer. We 
can see in Fig. 11 that the resonance frequencies are 
sharper and in this case we obtained higher quality factor 
with values of thousands. 
 

 
 

Fig. 11 . The evolution of amplitude versus wavelength 
for n = 3.49 and wavelength 1.5 µm 

 
 

4. Conclusions 
 
In conclusion the micro-ring resonators are ideal 

candidates to manufacture devices ranging from optical 
filters to lasers. These type of devices can be easily 
integrated with other semiconductor based devices and 
show loss variation with the size and with the refractive 
index.  

The Finite Difference Time-Domain Method  is a very 
powerful tool to describe losses in different type of micro-
ring resonators. The simulation time is very long (the 
simulation time, in this study, range from 45 minutes to 8 
hours), but the method can be useful for both designers 
and students performing numerical simulations as 
computer experiments. 
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