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Abstract: Ring waveguides are promising devices for integration into optoelectronic integrated circuits. They consist of an optical 
resonator of semiconductor material with the geometric configuration of a ring. It is performed the modeling and simulation of a ring 
bandpass optical filter. The filter consists of a rectilinear guide coupled to a ring guide. The modelling is based on two models, 
analytical and numerical. These models allow the analysis of the electromagnetic field of a dielectric ring waveguide. After that, an 
analytical model of an approximate coupling is introduced and the processes of numerical simulation of the devices are described. 
Then, the parameters of the analytical model are obtained. The system is simulated and presented with the “Comsol” program, which 
uses a finite elements method. After the simulation, the difference between the refractive index of the ring and the substrate, the 
distance between the guides and the radius of the ring is varied. For each condition, the results of the numerical simulations are 
adjusted to the analytical model. It is verified that the establishment of the boundary conditions is the most delicate part in terms of the 
simulation and coupling of these structures, being also more computationally demanding. 

Index Terms: Ring waveguide, semiconductor, simulation, finite elements, coupling, boundary conditions. 

 

1. Introduction  
The theme "Simulation and Optimization of Semiconductor Ring Waveguides" is a relevant and constantly evolving subject. 
Nowadays, optical communications are one of the main methods for transmitting information, either through optical fibers or 
free space propagation. This type of signal allows to send information over long distances and with high bandwidth. Ring 
waveguides, object of this dissertation, are promising devices for integration in optoelectronic integrated circuits and can be 
used to perform multiple functions, such as signal filtering, short-term laser pulse generation, in rotation sensors, etc. The 
objective of this work is the study of a ring bandpass optical filter. This filter consists of a rectilinear waveguide coupled to a 
semiconductor ring waveguide. This device is modeled and simulated considering the spatial and temporal dependence of 
the electromagnetic field. For the numerical simulation, it is used the "Comsol" simulation program that uses a finite 
elements method. 

 
2. State of the Art  

The first works that identify the wave character of electromagnetic radiation go back to 1847. In that year, Hertz identifies 
light as a high-frequency electromagnetic vibration that can propagate in vacuum [1]. In 1873, Maxwell developed a system 
of mathematical equations (Maxwell's equations). These equations describe the behavior of the magnetic and electric field 
[1]. In 1888 [1], Hertz demonstrates the existence of electromagnetic waves. 

 
In the beginning of the twentieth century, John Strutt detects an undulating behavior of sound [2,3]. This discovery allows us 
to analyze the propagation of light in circular optical resonators. In the late 1950s, the laser was discovered. This invention 
leads Rosenthal to propose the first structure of a ring laser [4] in 1962. In 1969, Marcatili developed the first theoretical 
formulation that studies the propagation of waves in a curvilinear guide of rectangular section inserted in a substrate 
consisting of a set of dielectrics with different refractive indices [5]. Summing up its results, it is possible to state that bending 
losses can be reduced by increasing the difference between the refractive index of the guide and the outside refractive 
indexes. It can also be reduced if the radius of the ring increases and if the height of the guide cross section confines the 
fields in the normal direction to the plane of curvature. Today, the ring guide is a fundamental element in integrated optical 
circuits and it is used in lasers, amplifiers [6], filters [6], logic elements [7], multiplexers [8] and sensors [9]. 
 
Currently, it is verified that the morphology and the optical properties condition the propagation of electromagnetic waves in 
resonators. These devices are called MDR (morphology dependent resonators) [10,11] and they have reduced losses by 
electromagnetic radiation. These losses are due to reflections and poor absorption of light. Resonators also have high 
quality factors (Q), above 1011. These devices are quite used as lasers in data communications and sensors [12,13,14]. In 
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addition to the ring waveguides, important studies on semiconductor lasers are reported. The study of these devices starts 
in 2015 [15], by Bauke Tilma et al. Bauke conducts a critical review on semiconductor lasers on disk. The main objective of 
the research is to obtain very short pulses with greater peak power. These pulses allow the energy to be confined, removing 
all material without generating heat in the sample. This discovery is important for new applications in tissue surgery.  
 
In 2017, Daniel Benedikovic et al. [16] develop ring microresonators, with a length of less than 10μm. These devices use 
new materials in the optical band. In the same year, Jayanta Rakshit investigates digital optical comparators [17]. In the 
same year, Huilian Ma et al proceed to a critical review of ring gyroscopes [18]. At the end of 2017, VLSI modulators (Very 

large-scale integration) are developed [19]. These devices are promising for integration into optical interconnections that can 

satisfy data centers and supercomputers. These Modulators can reach or exceed 400 GHz. Furthermore, Sajjad Moazeni et 
al [19] study a digital-to-analog optical converter. The converter operates at 20 Hz with improved linearization. In this way, 
the optical generators used in PAM (Pulse Amplitude Modulation) can replace the transmitters. 
 

3. Modelization of a dielectric ring waveguide  

Two models are used to build the solution. The first is the propagation model based on the Marcatili formalism [5]. This 
model allows the study of finite-dimensional ring guides. For TE mode it is described the fundamental equations and the 
scalar potential of the electromagnetic field. It is used a scalar analytical formulation. With this model we can get an equation 
that is homogeneous and has its own values which allows us to determine the propagation modes in the ring guide. This 
analytical model allows to solve linear problems associated with regular boundaries. The second is a numerical model of 
propagation (finite elements method). The “Comsol” software is used to simulate the bandpass optical filter. A triangular 
elements mesh is used to solve this 2D problem because it is the simplest geometrical configuration. Throughout a program 
there are three processing stages. 
 
The first stage is the pre-processing where it is defined the finite elements mesh, the type of fundamental equation of the 
field, initial and boundary conditions and the constitutive properties of the means. The second stage is the processing in 
which consists in establishing the global reduced field matrix equation, solving the system and determinating the potential at 
the nodes of the domain mesh. The third stage is the post-processing, in which consists in presenting the results (potential 
profiles, equipment surfaces, etc.) and determinating the electric field, electric charges, capacity coefficients, energy forces, 
etc. 

 

4. Proposed solution for a Passband Optical Filter 

A bandpass optical filter consists of a ring waveguide and a rectilinear waveguide. In this system there is coupling which 
consists in the transmission of signals between waveguides, after several turns around the ring. Coupling depends on the 
distance between the guides, the index of refraction of the substrate and the core, the radius of the ring and the thickness of 

the guides. Certain parameters are used in order to characterize this type of filters, among which α represents the coupling 

losses. This parameter only exists in the ring and tends to decrease as the ring radius increases. To carry out the 
simulation, the following parameters are used:   

Table. 1 Definition and description of the parameters to be used in the simulation. 

Name Reference Value Description 

 

1.469 µm Reference wavelength 

 

0.5 µm Ring guide width 

 

0.5 µm Straight guide width 

 

4.65 µm Curvature radius of the ring guide 

d 4.165 x10-2 µm Separation distance between the 
guides 

  
3.6 Refraction index of the ring guide  

 

3.6 Refraction index of the rectilinear 
guide 

 

2.6 Refraction index of the substrate 
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The parameters of table 1 define the analytical model of the point coupling between the two guides. The scheme is shown in 
fig.1 where it is presented the coupling of a rectilinear waveguide (blue in the figure) with a ring waveguide (orange in the 
figure). 

 
Fig. 1 Scheme of the analytical model used to simulate a rectilinear waveguide and a ring waveguide [own authorship]. 

 
This scheme allows to calculate the properties of a bandpass optical filter. It is the basis to make changes in the 
specifications. These changes allow the study and the optimization of the coupling.  
 

5. Demonstration of the Passband Optical Filter 

The simulation process in “Comsol” starts with the preprocessing phase where geometry is constructed (fig.2 a)). First, a 
circle of radius equal to 4.65 μm is placed in the center of a box. Then, the inner domain of the circle is removed to have the 
appearance of a ring. Next, a rectangle is placed on the left side in the center of the ring shell. This rectangle has a length of 
10 μm and the same thickness of the ring. Both objects have a fictitious boundaries width of wf =1.7μm. Some boundaries 
are removed after the union between the ring and the rectangle. After that is the processing phase in which materials and 
the propagation of the electromagnetic field within the guides are defined. Before placing the materials, the rectilinear guide 
and the ring guide domains are defined. Next, the substrate and core properties are defined (fig. 2 b)). Subsequently, the 
propagation of the electromagnetic field is defined. First, the excitation field is imposed in the entrance door. The exit door is 
not intended to be excited by the field. Afterwards, it is necessary to select the dispersion and continuity boundaries of the 
field. At the end, the finite elements mesh is obtained with a domain of triangular elements (fig.2 c)). The thickness of the 
mesh depends on the width of the fictitious boundaries and varies with the radius of the ring guide. After implementing the 
model, there´s the postprocessing phase where a modal analysis is done. The matrix equations are calculated according to 
established domains and boundaries. The frequency range is also chosen for a parametric scan. This is done by scanning 

the frequency at 600 points and with a wavelength window between 1.42 μm and 1.52 μm. These simulations represent the 

variation of the transmittance of the signal with the wavelength. The transmittance represents the division between the 
power of the output and input door signals, both from the rectilinear guide.  

 
Fig. 2.a) Final geometric model, b) Definition of the core domains, c) Construction of the triangular mesh [20]. 
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6. Analysis of the Results 

To obtain the results, it is varied the difference between the refractive index of the ring and the substrate (na - ns), the 

distance between the ring guide and the rectilinear guide (d), the radius of the ring (r). Variations are based in table 1. 
 

6.1. Variation of the difference between indexes ( ) 

First, the difference between indices is changed, which is given by Δn = na - ns. The refractive index of the substrate (ns) is 

increased and the refractive index of the ring is constant (na). The remaining simulation values in table 1 are the same. The 

case studies considered are: Δn = 0.3,0.4,0.6,1. Table 2 shows the values of each parameter of the analytical model. 

 
Table 2.  Values of the analytical model parameters for Δn= 0.3;0.4;0.6.1. 

 
  

α 
 

 

 

0,3 0,777 0,700 0,861 0,086 3,548 3,202 

0,4 0,881 0,540 0,870 0,374 3,759 9,212 

0,6 0,984 ________ 0,917 0,917 3,669 9,360 

1 0,992 0,012 0,923 0,905 3,712 5,945 

 

In table 2, there are some approximation problems observed in neff. This parameter should increase with Δn. As Δn 

increases, the coupling decreases and α approaches |t|. The model fit to the simulation results is shown in fig.3. 

 
Fig.3 Model fit to the simulation results for a) Δn=0.3, b) Δn=0.4, c) Δn=0.6, d) Δn=1 [21]. 

 
 
Figures 3.c and 3.d have a behavior of a band pass filter. In these figures, the coupling is very small except in the 

resonance. If α ≈1 and α ≈|t|, the maximum of the function is near 1 and the signal transmitted to the ring tends to 1 (ideal 

situation). The arguments θ + φt are multiples of 2π (table 3) for all wavelengths where there are minimums (resonance 

situations): 
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Table 3. Difference of the inverse of the wavelengths and their average for Δn = 0.3;0.4;0.6;1. 

 

   

 

Average Value 

0,3 9,517x10-3 -1 9,261x10-3 -1 9,168x10-3 -1 9,072x10-3 -1 9,255x10-3 -1 

0,4 9,375x10-3 -1 9,359x10-3 -1 9,183x10-3 -1 9,305x10-3 -1 9,306x10-3 -1 

0,6 9,328x10-3 -1 9,322x10-3 -1 9,384x10-3 -1 9,281x10-3 -1 9,329x10-3 -1 

1 9,252x10-3 -1 9,247x10-3 -1 9,233x10-3 -1 9,284x10-3 -1 9,254x10-3 -1 

 
Table 3 shows that all values range from 0.009μm-1 to 0.010μm-1. The half-power wavelength values of Figures 3.c and 

3.d are taken. The bandwidth (Δf ) is presented in table 4 for the peaks at half power: 

 

Table 4 Bandwidth values and half-power wavelength values for Δn = 0.6,1. 

   average 
0,6 (1/2) =1,437  

(1/2) = 1,440  

(1/2) =1,457  

(1/2) =1,460  

(1/2) = 1,477  

(1/2) = 1,480  

(1/2) =1,498  

(1/2) =1,500  

=366,61 GHz  

=380,58 GHz 

=370,32 GHz 

=382,70 GHz 

375,05 GHz 
 

1 (1/2) =1,425  

(1/2) = 1,426  

(1/2) =1,444  

(1/2) =1,445  

(1/2) = 1,464  

(1/2) = 1,465  

(1/2) =1,484  

(1/2) =1,485  

(1/2) =1,504  

(1/2) =1,505  

=147,63 GHz  

=143,78 GHz 

=139,88 GHz 

=136,13 GHz 

=132,54 GHz 
 

139,99 GHz 
 

 

In table 4, the bandwidth decreases with Δn. For higher values of Δn, there is better confinement. As the confinement of the 

field in the guide increases, greater is the approximation from the numerical simulation results to the analytical model.  
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6.2. Variation of the distance between guides (d) 
The distance between the guides (d) is also reduced. The remaining simulation values in table 1 are the same. The 

following case studies considered are: d = 3x10-2 μm and 1x10-2μm for Δn = 0.4 and 0.6. Table 5 shows the values of each 

parameter of the analytical model: 

Table 5 Parameter values of the analytical model for d= 3x10-2  and 1x10-2  when 0.4 and 0.6. 

 

  

α 
  

 

 

0,4 e 

3x10-2  

0,867 0,496 0,854 0,376 0,478 3,759 9,212 

0,4 e 

1x10-2  

0,838 0,438 0,827 0,364 0.463 3,759 9,212 

0,6 

e 3x10-2  

0,977 0,145 0,902 0,793 0.109 3,669 9,397 

0,6 e 

1x10-2  

0,970 0,066 0,875 0,798 0.077 3,677 8,391 

 
 
In table 5, the difference of the inverse of the minimum wavelengths decreases when the distance between guides 

decreases. This variation increases with Δn. The model fit to the simulation results is shown in fig.4. 

 

 

Fig.4 Model fit to the simulation results for a) Δn=0.4 and d=3x10-2 , b) Δn=0.4 and d=1x10-2 , c) Δn=0.6 and d=3x10-2 , d) Δn=1 and 

d=1x10-2 , [21]. 
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In figure 4.d, the minimums are closer to zero when compared to figure 4.c. These figures have a behavior of a bandpass 

filter. In table 6, the arguments θ + φt are multiples of 2π for all wavelengths where there are minimums (resonance 

situations). 
 

Table 6 Difference of the inverse of the wavelengths and their average for d = 3x10-2 μm and d = 1x10-2 μm when Δn = 0.4 and 0.6. 

 

    

Average Value 

0,4 e 3x10-2  9,215x10-3 -1 9,518x10-3 -1 9,334x10-3 -1 9,227x10-3 -1 9,324x10-3 -1 

0,4 e 1x10-2  9,211x10-3 -1 9,204x10-3 -1 9,414x10-3 -1 9,449x10-3 -1 9,320x10-3 -1 

0,6 e 3x10-2  9,410x10-3 -1 9,400x10-3 -1 9,303x10-3 -1 9,204x10-3 -1 9,329x10-3 -1 

0,6 e 1x10-2  9,408x10-3 -1 9,397x10-3 -1 9,224x10-3 -1 9,204x10-3 -1 9,308x10-3 -1 

 
The half-power wavelength values of figures 4.c and 4.d are taken. The bandwidth (Δf) is presented in table 7 for the peaks 
at half power: 
 

Table 7 Bandwidth values and half-power wavelength values  3x10-2   and 1x10-2  when  0,6. 

 
  average 

0,6 e 3x10-2  

 

(1/2) =1,437  

(1/2) = 1,440  

(1/2) =1,457  

(1/2) =1,460  

(1/2) = 1,477  

(1/2) = 1,480  

(1/2) =1,497  

(1/2) =1,501  

=415,39 GHz  

=404,23 GHz 

=439,71 GHz 

=450,29 GHz 

427,41 GHz 
 

0,6 e 1x10-2  (1/2) =1,437  

(1/2) = 1,441  

(1/2) =1,457  

(1/2) =1,460  

(1/2) = 1,477  

(1/2) = 1,480  

(1/2) =1,497  

(1/2) =1,501  

=562,00 GHz  

=523,06 GHz 

=485,88 GHz 

=495,31 GHz 

=132,54 GHz 

 

516,56 GHz 
 

 
 

In Table 7, the average value of the bandwidth increases when the distance decreases. Furthermore, the minimum value 

decreases, which increases the coupling. The decrease in the minimum value is due to the decrease in α - |t|. 
Consequently, the signal that goes to the ring increases. 
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6.3. Variation of the ring radius(r) 
Finally, the radius of the ring (r) increases. The remaining simulation values in table 1 are the same. Additionally, the width 

of the window is smaller (1.45 μm to 1.49 μm). The change in the frequency sweep is due to the number of resonant peaks, 

which tends to increase with the radius. The mesh is extremely thin in order to observe these peaks. The case studies 

considered are: r = 6.975μm, r = 9.3μm and r = 11.625μm. Table 8 shows the values of each parameter of the analytical 

model. 

 
Table 8 Parameter values of the analytical model for r = 6.975μm; r = 9.3μm e r = 11.625μm. 

 

  

Α     

6.975  0.970 0.024 0.862 0.816 0.046 3.554 6.896 

9.3  0.960 0.012 0.834 0.797 0.037 3.627 9.024 

11.625  0.940 0.026 0.809 0.745 0.064 3.643 8.720 

 

In table 8, when the radius increases, α and |t| decrease. Furthermore, α does not approximate |t|, which is not what is 

expected. The model fit to the simulation results is shown in fig.5. 

 

 
Fig.5 Model fit to the simulation results for a) r= 6.975 , b) r= 9.3 , c) r =11.625  [21]. 

 

In fig.5, the number of resonance peaks increases with the radius of the ring. In table 9, the arguments θ + φt are multiples 

of 2π for all wavelengths where there are minimums (resonance situations): 
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Table 9 Difference of the inverse of the wavelengths and their average for r = 6,975μm; r = 9.3 μm and r = 11.625 μm when Δn = 0.6. 

 

    

Average Value 

6,975  6,079x10-3 -1 6,761x10-3 -1 ------------- ------------- 6,420x10-3 -1 

9,3  4,716x10-3 -1 4,721x10-3 -1 ------------- ------------- 4,718x10-3 -1 

11,625  3,694x10-3 -1 3,759x10-3 -1 3,820x10-3 -1 ------------- 3,758x10-3 -1 

 
In table 9, the difference of the inverse of the minimum wavelengths decreases when the radius increases. The half-power 

wavelength values of figures 5.a, 5.b and 5.c are taken. The bandwidth (Δf) is presented in table 10 for the peaks at half 

power: 
 

 

Table 10 Difference of the inverse of the wavelengths and their average for r = 6,975μm; r = 9.3 μm and r = 11.625 μm when Δn = 0.6. 

 
  average 

6,975  (1/2) =1,456  

(1/2) =1,458  

(1/2) =1,469  

(1/2) =1,471  

(1/2) =1,484  

(1/2) =1,486  

=282,64GHz  

=277,66GHz 

=272,08 GHz 

277,46 GHz 
 

9,3  (1/2) =1,455  

(1/2) =1,457  

(1/2) =1,465  

(1/2) =1,467  

(1/2) =1,475  

(1/2) =1,477  

=283,03 GHz  

=279,18 GHz 

=275,41 GHz 

 

279,21 GHz 
 

11,625  (1/2) =1,457  

(1/2) =1,458  

(1/2) =1,465  

(1/2) =1,466  

(1/2) =1,473  

(1/2) =1,474  

(1/2) =1,481  

(1/2) =1,482  

=141,22 GHz  

=139,68 GHz 

=138,17 GHz 

=136,68 GHz  

 

185,25 GHz 
 

 

In table 10, Δf average should increase as the difference of the inverse of the minimums decreases, which is not verified in 

these results. 
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4. Conclusions  

With this dissertation, it´s demonstrated the modelization and simulation of a ring band pass optical filter. During the 
simulations, it is found that the thinner the mesh, the longer is the calculation time and more demanding is the memory 
simulation. The results obtained allow us to improve existing devices and facilitate the design of new optical filters. This 
study allows to adapt the filter according to some requirements, such as the bandwidth. To have greater bandwith, the 
radius of the ring, the distance between guides or the refractive index of the ring can be varied to maximize filter behavior. 
As future work, we can start from the same structure that is already modeled and simulate the variation of guide thickness. 
Additionally, another rectilinear guide can be added to perform the same variations. Even more elaborately, one more ring 
can be added to the structure and the results compared.  
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