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Abstract 
The characteristics of a silicon-on-insulator (SOI) rib waveguide, including the bending 

loss of a multimode bent waveguide and the birefringence of a rib waveguide, are 

analyzed by using a finite-difference method (FDM). Based on a detailed analysis for a 

multimode bent waveguide, an appropriately designed multimode bent waveguide for 

reducing effectively the bending loss of the fundamental mode is realized. The slab 

height and the rib width of an SOI rib waveguide are normalized with the total height of 

the silicon layer and a general relation between these two normalized parameters for a 

nonbirefringent SOI rib waveguide is established. Using this general relation, one can 

easily design a nonbirefringent SOI rib waveguide. The issue of multimode effect in the 

SOI-based microphotonic devices such as arrayed-waveguide gratings (AWGs), etched 

diffraction gratings (EDGs), and multimode interference (MMI) couplers is discussed in 

detail. Two kinds of taper structures are proposed for reducing the multimode effects in 

EDGs or MMI couplers. A bi-level taper is introduced to eliminate effectively the 

multimode effects in an EDG or an MMI coupler. The bi-level taper is very appropriate 

for an EDG demultiplexer since the Si layer is etched through simultaneously for both the 

grating and the bottom taper structure, and thus no additional fabrication process is 

required. For the simulation of an AWG demultiplexer, a fast simulation method based 

on the Gaussian approximation is proposed and two kinds of effective and accurate 

three-dimensional (3D) simulation modeling are developed. The first 3D model is based 

on Kirchhoff-Huygens diffraction formula. To improve the computational speed, the 3D 

model is reduced to a two-dimensional (2D) one by integrating the corresponding field 

distributions in the AWG demultiplexer along the vertical direction under an assumption 

that the power coupled to the higher order modes in the free propagation region (FPR) is 

negligibly small. The equivalent 2D model has an almost the same accuracy as the 

original 3D model. Furthermore, a reciprocity theory is introduced for the optimal design 
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of a special structure used for flattening the spectral response of an AWG demultiplexer. 

In the second 3D simulation method, we combine a beam propagation method (BPM) and 

the Kirchhoff-Huygens diffraction formula. In this method, a 3D BPM in a polar 

coordinate system is used for calculating the light propagation in the region connecting 

the first FPR and the arrayed waveguides, and thus the coupling coefficient of each 

arrayed waveguide is calculated conveniently and accurately. In the simulation of the 

second FPR, due to the uniform arrangement of arrayed waveguides, only several arrayed 

waveguides are needed in the BPM window and thus the computational efficiency is 

improved. 

 

Keywords: waveguide, silicon-on-insulator (SOI), arrayed waveguide grating (AWG), 

etched diffraction gratings (EDGs), and multimode interference (MMI), (de)multiplexer, 

bending loss, birefringence, beam propagation method (BPM), finite-different method 

(FDM).  
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Preface 
This thesis consists of eight papers about the modeling and optimal design of 

microphotonic devices based on silicon-on-insulator (SOI) rib waveguides. This thesis 

presents a brief introduction to the characteristics of SOI-based microphotonic devices 

and a summary of the eight papers. The eight papers are also given after the introduction 

and summary.  
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1. Introduction to Silicon-on-insulator (SOI)-based 

Microphotonics 
 

1.1. Background 

1.1.1. Microphotonic devices  
In the last decade, the demand for Internet services is exploded, which promoted the 

rapid development of high-speed and broad-band optical networks, e.g., fiber to the home 

(FTTH) [1-3] and dense wavelength division multiplexing (DWDM) systems [4-7]. For such 

networks, a variety of optical components (including fiber-, and planar-type elements) are 

required [7-11]. Among these types, planar-type microphotonic devices based on photonic 

integrated circuit (PIC) technologies are the most attractive due to their outstanding 

performances such as small size, excellent design flexibility, stability, and 

mass-producibility, etc [13-19].  

Many PIC-based microphotonic devices have been developed and played very 

important roles in various applications. The developed optical passive devices include 

arrayed-waveguide grating (AWG) (de)multiplexers [20-22] and etched-diffraction grating 

(EDG) (de)multiplexers [23-26], multimode interference (MMI) couplers [27, 28]. For PICs, 

the basic element is an optical waveguide in which light is confined and can be routed by 

a straight or bending structure.  

Many kinds of optical waveguide structures based on various materials have been 

developed, such as buried waveguides, rib waveguides, and strip-loaded waveguides. The 

most popular materials used for PICs are Si [29, 30], SiO2 
[31], polymide [32-34], GaAs [35, 36], 

InP, [37, 38] etc. It is well known that SiO2-based devices have been well developed and 

achieved excellent performances such as a low propagation loss and a high fiber-coupling 

efficiency [39]. Recently, silicon-on-insulator (SOI) structures, which have been 
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successfully used in for example CMOS electronic circuits, are highly promising for 

future low-cost PICs due to the excellent optical properties and the compatibility with 

silicon CMOS integrated circuit technology [29]. Therefore, it is desirable to develop 

SOI-based PIC devices, such as AWG demultiplexers [40, 41]. 

 

1.1.2. SOI waveguides  
For an SOI waveguide, there is a large refractive index difference between the core 

(silicon: n=3.455) and cladding (silicon oxide: n=1.46) layers. If a rectangular cross 

section is used for an SOI waveguide, the transverse dimensions should be at the order of 

sub-micrometer for the requirement of singlemode, which is a pre-requisite for the 

operation of most PICs. In this case, the coupling efficiency to a single mode fiber is very 

low. To overcome this drawback, SOI rib waveguides with large cross sections (several 

micrometers) have been developed [42-43], as shown in Fig. 1. For rib waveguides, the 

higher order modes leak into the surrounding slab regions (i.e., Region II in Fig. 1) 

during the propagation and consequently equivalent singlemode propagation in the rib 

region is realized.  
 

n2=3.455 

W=2aλ

H=2bλ 

x 

y

n1=1.0 

n3=1.46 

h=2rbλ 

I 

II II 

 

Fig. 1. The configuration for an SOI rib waveguide.  

For a rib waveguide with a large cross section, one of the most important issues is the 

singlemode condition, which is given by  

 r>0.5,                               (3-97a) 

t<r/(1–r2)1/2+c,                        (3-97b) 
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where c is a constant [43-48], t=Weff/Heff, and r=heff/Heff. Here the effective rib width Weff, 

the effective rib height heff and the effective slab height Heff are given by  
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where n1, n2, and n3 are the refractive indices of the cladding, the core and the insulator 

layers, respectively, k0=2π/λ, and 
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TM      /
TE                1
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3,1 nn

γ . For SOI waveguides, since the 

difference of the refractive indices is very large, one has Weff≈W, heff≈h and Heff≈H when 

the dimension is at the order of several micrometers. Therefore, t≈W/H and r≈h/H. In this 

thesis, t and r are called the normalized rib height and the normalized rib width, 

respectively.  

The constant c, which is a key parameter for the singlemode condition, has different 

values when different methods (with different approximations) are used. Peterman et al 

obtained the result of c=0.3 [43, 44] by using a mode matching technique. By using the 

effective index method, one achieves c=0 [45]. Pogossian et al achieved another result of 

c=–0.05 [46] by fitting the experimental data in [47]. However, Powell believed that there 

must be some errors for the experimental data used for Pogossian’s fitting. He used a 

beam propagation (BPM) simulation and made a conclusion that the value of the constant 

c should be 0.3 [48]. Since the explicit single mode condition for a rib waveguide is under 

dispute and an explicit condition in the region of r<0.5 has not been established, we use a 

finite-difference method (FDM) to determine the single mode region numerically and the 

results are shown by crosses in Fig. 2 (the explicit condition with c=–0.05 or 0.3 is also 
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indicated in the same figure for an SOI rib waveguide with r >0.5). Such a numerical 

method is reliable and works for any value of r. From this figure, one sees that the curve 

with c=0.3 agrees well with the curve determined by the FDM when r>0.5.  
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h 

FDM 
c=-0.05
c=0.3

 
Fig. 2. The singlemode condition for an SOI rib waveguide.  
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1.2. Modeling and simulation for Si-based microphotonics 
The modeling and simulation plays a very important role for the development of 

microphotonic devices (based on PICs). A robust and reliable modeling helps to estimate 

and optimize the performances of PICs. With a numerical simulation, the PIC design 

becomes efficient and the cost for the development is reduced.  

In the past decades, many powerful tool based on Maxwell’s equations have been 

developed for the design of PIC devices. The most important things for the modeling of a 

PIC device include two things. One is to achieve the modal characteristics of a single 

straight (or bent) waveguide such as the polarization dependence, the bending loss, etc. 

This can be calculated from the eigen values (i.e., the propagation constants) and the 

eigen vectors (i.e., the eigen modal fields). The FDM is one of the most popular 

numerical methods used to solve the eigen equation of an optical waveguide. Therefore, 

in our design we choose the FDM for analyzing the characteristics of SOI rib waveguides. 

The other thing is to achieve the information of the light propagation in a PIC device. For 

this issue, a good choice is to carry out numerical simulation with a beam propagation 

method (BPM), which is one of the most efficient and useful tools for simulating the light 

propagation in PICs. The basis for both FDM and BPM is the wave equation (or 

Maxwell’s equations). In the following two parts, the FDM and BPM are summarized.  

Since a straight waveguide can be regarded as a bent waveguide with an infinite 

bending radius, a cylindrical coordinate system is used for the full-vectorial wave 

equation (see Fig. 3) and a general result is obtained. The corresponding wave equation 

in a cylindrical coordinate system is give as follows [49].  
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Fig. 3. The coordinate system. 



 15

with Rxtx /~1~ += . Letting )exp( zjEE xx β=  and )exp( zjEE yy β= , one has  

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∂
∂

+
∂
∂

+−−=⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

y

x

xy

x

yyyx

xyxx

E
E

zz
j

tE
E

PP
PP

)2(~
1

2

2
2

2 ββ .             (5) 

 

1.2.1 FDM 

For an FDM [50], one has 0=⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∂
∂

y

x

E
E

z
 and 02

2

=⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∂
∂

y

x

E
E

z
. Therefore, Eq. (5) is 

rewritten as  

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

y

x

xy

x

yyyx

xyxx

E
E

tE
E

PP
PP 2

2~
1 β .                     (6) 

Taking the finite difference (used by e.g. Stern [51]) for the above equation, one obtains 

the corresponding eigen equation, from which the eigen modes of a waveguide can be 

obtained.  
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With an alternating directional implicit (ADI) method [55], each of the above two equation 
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is split into two steps. In this way, the solving becomes more convenient and efficient.  

 

1.3. Fabrication processes for Si waveguides 
Fig. 4 shows the fabrication process for SOI rib waveguides, which includes the 

processes such as the thin film deposition, the lithography and the dry/wet etching. First, 

the layers of insulator (SiO2) and core (Si) are deposited on a Si wafer. The insulator 

layer usually has a thickness of 0.3~0.4µm to prevent the leakage of light from the core 

layer to the substrate. The thickness of the core layer for an SOI rib waveguide with a 

large cross section is about 3~11µm in some reported papers [40]. With a spin-coating 

process, one can deposit a thin film of photoresist on the core layer. By the process of 

photolithograph, the pattern for the mask used for the followed etching process is formed. 

Through an etching process, the pattern is transformed to the core layer. An up-cladding 

layer of SiO2 can be deposited on the etched core layer.  

(a). fabricate waveguide layer  

Substrate 

SiO2 insulator 

waveguide layer: Si 

 
 (b). lithography 

wafer 

waveguide layer

photomask 

wafer 

waveguide layer

photoresistor 

mask for etching 

SiO2 insulator 

SiO2 insulator 
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 (c). etching 

wafer 

SiO2 insulator 

 
 

(d). up-cladding 

SOI 

2D 3D view  

Fig. 4. The fabrication process for an SOI rib waveguide. 
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2. Summary of the Papers 
In this part, the papers included in this thesis are summarized. These papers can be 

divided into the following three parts: (I) Analysis for the characteristics of SOI rib 

waveguides; (II) SOI-based microphotonic devices including AWG demultiplexers, EDG 

demultiplexers, and multimode interference (MMI) couplers; (III) The modeling and 

simulation for an AWG demultiplexer. In part I, the bending loss and birefringence of 

SOI rib waveguides have been analyzed through the modal calculation using the FDM. In 

Part II the multimode effects in SOI-based microphotonic devices have been analyzed 

and the solutions for reducing the multimode effects have been proposed. In the third part, 

three efficient modeling methods for AWGs have been developed.  

 

2.1 Analysis for the characteristics of SOI rib waveguides 

2.1.1 Bending loss 

It is well known that a bent waveguide is a very essential element in PICs. The 

characteristics of bent waveguides have been paid much attention, especially the 

characteristics of bending losses (including the pure bending loss and the transition loss) 
[56, 57]. Usually the bending loss increases when the bending radius decreases. Thus, one 

has to increase the bending radius for the requirement of low bending loss. However, the 

total size of a PIC will then become large, which is not good for achieving a high 

integration density.      

For a rib waveguide (which is very popular for PICs), when the rib height increases, 

the rib waveguide may become strongly confined, which can reduce the bending loss 

greatly. The bending loss can also be reduced by increasing the width of the rib. It is well 

known that a channel waveguide is usually required to be singlemode in most PICs such 

as AWGs. Therefore, the height or width of the rib should be chosen to satisfy the 
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corresponding singlemode condition. Previous analyses for bent waveguides are mainly 

for the fundamental mode of a singlemode bent waveguide.  

In paper I, we give a detailed analysis for a multimode bent waveguide. As we know, 

the bending loss of a higher-order mode is usually much larger than that of the 

fundamental mode. When the geometrical parameters of the bent waveguide is chosen 

appropriately, the power of the higher-order modes can attenuate rapidly along the 

propagation direction and thus bad effects due to the higher-order modes can be reduced. 

Meanwhile, the bending loss of the fundamental mode can be kept low. In this way only 

one mode (i.e., the fundamental mode) propagates with a low loss in a multimode bent 

waveguide. When the waveguide becomes multimode (with a large height or width), the 

bending loss for the fundamental mode of a bent waveguide is reduced. Thus, an 

appropriately designed multimode bent waveguide can be used to reduce effectively the 

bending loss of the fundamental mode.  

 By using the FDM with a perfectly matched layer (PML) boundary treatment [49], 

the eigen modes of a bent SOI rib waveguide are calculated. The real part of the 

propagation constant represents the phase variation along the propagation direction, while 

the imaginary part represents the pure bending loss. The transition loss can be calculated 

by overlapping the eigen-mode fields of the two waveguides connected to each other. 

 Here we illustrate the design procedure with a specific example. Fig. 7 shows the 

SOI rib waveguide structure with an arc of 60º to be designed, which is a part of an 

arrayed-waveguide in an AWG demultiplexer. The parameters for the straight rib 

waveguide parts are given by hr=3µm and wr=3µm. To avoid any additional etching 

process, the bent waveguide has the same rib height as the straight rib waveguide. The 

optimal rib width of the multimode bent waveguide is 4µm and the bending radius is 

determined to be 2250µm. The two straight waveguides are connected with the bent 

waveguide by using two adiabatic tapered waveguides with a length of 1200µm. A 3D 

BPM (with a PML boundary treatment) is used to simulate the light propagation in this 
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structure (shown in Fig. 7). If the bent waveguide has the same rib width as the straight 

rib waveguide (i.e. 3µm), the total propagation loss is about 1.41dB. When we increase 

the rib width of the bent waveguide to 4µm (the optimally designed rib width), the total 

propagation loss of the fundamental mode is predicted to about 0.34dB, which includes 

the loss in the two tapered sections (about 0.05dB for each tapered section). One can see 

that the bending loss of the fundamental mode in this structure is reduced significantly. 

Meanwhile the power coupled to the higher order mode is almost negligible. Such a 

structure can be used to make the PIC more compact and thus improve the integration 

density. 

R 

Taper section

SM straight waveguide

MM bent waveguide

 
Fig. 5. Connecting a bent waveguide with two straight waveguides. 

 

2.1.2 Birefringence  

It is well known that the polarization state of the light propagating in a standard 

singlemode fiber (SMF) is random. Consequently, a polarization-independent 

performance is often desirable for an optical device used in an optical fiber system or 

network. To achieve polarization-independent PIC devices, a few methods, such as using 

a polarization splitter [58], inserting a half-wave plate [59] or using a waveguide with 

under-cladding ridge [60], have been developed. However, these methods increase the 

complexity and cost of the device. A simple and practical method is to design 

polarization-independent (i.e., nonbirefringent) planar waveguide for constructing optical 
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devices.  

In the past years, many kinds of structures and materials for optical waveguides have 

been developed. The birefringence of a waveguide is caused by different factors for 

different structures or materials. For example, for a SiO2-on-Si buried waveguide, the 

stress in the SiO2 film contributes dominantly to the birefringence [60]. Some 

measurement methods for birefringence in thin-film waveguides have been developed [61, 

62], e.g., by using Rayleigh scattering proposed by S. Janz [61]. For a rib waveguide based 

on a semiconductor material, the birefringence mainly results from the structural 

asymmetry. Therefore, in this case one can reduce the birefringence by modifying 

appropriately the geometrical structure of the rib waveguide. When the effective 

refractive indices of the rib waveguide for the TE and TM modes are equal, a 

nonbirefringent waveguide is obtained. A spectral index method and finite-element 

method (FEM) have been used to analyze the birefringence of a strip-loaded waveguide 
[63] and a GaAs rib waveguide [64], respectively.  

For an SOI rib waveguide, Xu et al have proposed a good approach to eliminate the 

birefringence in silicon-on-insulator ridge waveguides by the use of cladding stress [65]. In 

the present paper we use the FDM with a PML boundary treatment to analyze the 

polarization characteristics of an SOI rib waveguide. In order to obtain a general result 

for the nonbirefringent design of an SOI rib waveguide, we normalize the slab height and 

the rib width of an SOI rib waveguide with respect to the total height of the silicon layer 

and establish a general relation between these two normalized parameters for a 

nonbirefringent SOI rib waveguide (as shown in Fig. 6) in Paper II. Using this general 

relation, one can easily design a nonbirefringent SOI rib waveguide. The fabrication 

tolerance for the nonbirefringent SOI rib waveguide is also analyzed, which is shown in 

Fig. 6 (a) and (b). From this Figure, one sees that a larger total height of the Si layer gives 

a larger fabrication tolerance.  
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Fig. 6. The normalized rib width t for a nonbirefringent SOI rib waveguide as r varies.  

 

2.2 Multimode effects in SOI-based microphotonic devices.  
Here three kinds of devices are considered, i.e., AWGs, EDGs, and MMI couplers, 

which have played very important roles for a DWDM system. These three kinds of 
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devices include a similar structure, namely, the junction between singlemode channel 

waveguides and a section with a large (or infinite) width, i.e., the free propagation region 

(FPR) in an AWG or EDG, and the multimode section in a MMI coupler. To obtain a high 

coupling efficiency (i.e., to match the spot size of the mode) to a standard singlemode 

fiber, the thickness of the silicon layer for a rib SOI waveguide is usually chosen to be 

3~11µm. According to the single-mode condition [46], one can still obtain a single mode 

rib SOI waveguide with a large cross section even when the difference of the refractive 

indices between the core layer (silicon: about 3.455) and insulator layer (silicon oxide: 

about 1.46) for an SOI waveguide is very large. However, the eigenmode solution for a 

three-layer planar waveguide indicates that the thickness of the silicon layer should be 

less than 0.2µm in order to make the SOI FPR singlemode. Thus, if one chooses the same 

thickness of the silicon layer for the FPR or MMI section as that for the singlemode rib 

waveguide with a large cross section, the FPR will support more than one mode. For 

example, there are more than 20 modes when the thickness of the silicon layer is 5µm. 

The section with a large (or infinite) width support many vertical modes and thus some 

undesired multimode effects (due to multimode interference in the vertical direction) are 

introduced. Consequently the performances of the devices are deteriorated. In this part 

the influences of the multimode effects have been analyzed and some effective methods 

have been proposed for reducing or even eliminating the multimode effects in these 

devices.  
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Fig. 7. Schematic configuration for three kinds of devices. (a) AWG; (b) EDG; (c) MMI coupler; (d) 

the junction between singlemode channel waveguides and the section with a large (or infinite) width.  
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2.2.1. SOI-based AWG/EDG demultiplexer 

In a usual design for an SOI-based AWG/EDG, it is difficult to make a singlemode 

FPR. The multimode effects in an AWG/EDG with multimode FPR include two things. 

First, the intensity distribution in the multimode FPR oscillates periodically due to the 

multimode interference. Therefore, for an AWG demultiplexer, the coupling coefficients 

between the FPR and arrayed waveguides change periodically as the length of the FPR 

increases. Secondly, the propagation constants (the effective indices) are different for 

different modes of the FPR, and thus the corresponding image centers on the image plane 

of the AWG/EDG demultiplexer will shift (particularly for the edge channels). Obviously, 

this may increase the crosstalk (the energy of the higher-order modes will be coupled to 

the adjacent or non-adjacent channels) as well as the insertion loss of the AWG/EDG 

demultiplexer. 

Some analysis for the multimode effects occurring at the multimode arrayed 

waveguides of InP-based AWG demultiplexers has been given [66]. In this part, we give a 

detailed analysis for such multimode effects according to the grating equations. The 

numerical simulation in our previous paper predicts that the multimode effects in an 

SOI-based AWG with a multimode FPR influence the performances of the AWG very 

slightly [67].  

An EDG consists of a curved grating, an input waveguide, several output waveguides 

and an FPR [see Fig. 7(a)]. It is usually based on a Rowland circle construction [68]. For 

an EDG, the optical path length difference between adjacent grating facets, which 

determines the properties of the grating, is related to the effective index of the FPR. Thus, 

a multimode FPR in an EDG will cause more serious problems than that in an AWG, 

which was mentioned by A. Delage et al in [69]. In an EDG, an additional source of 

exciting higher order modes is the non-verticality of grating facets due to fabrication 

imperfection [70]. In paper III and IV, we only focus on optimizing the waveguide 

structures to reduce higher order modes excited at the junction between the input/output 
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waveguides and the FPR. First, we give a detailed analysis for the multimode effects in 

an SOI-based EDG according to the grating equation for all modes in the FPR. Two kinds 

of taper structures are introduced between the input/output waveguides and the FPR, 

which can reduce significantly the multimode effects. Our simulation shows that the 

power coupled to the higher order modes in the FPR can be reduced by optimizing the 

parameters of the input/output waveguide and thus the multimode effects are reduced. 

Usually the input/output waveguides in an EDG is required to be singlemode. In paper III 

and IV, we propose to insert two kinds of taper between a single-mode input/output 

waveguides and the multimode FPR.  

 

(I) Lateral taper  
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Fig. 8. Configuration for the lateral taper connecting the input/output waveguide and the FPR. 

Fig. 8 shows the used lateral taper. In this case the rib width at the slab interface is 

modified, while keeping the rib width of the input/output waveguides under the single 

mode condition. By optimizing the width Wtp of the taper structure, the power coupled to 

the higher order modes can be minimized and thus the multimode effects can be reduced 

(see Fig. 9). Fig. 10 shows the spectral responses for the designed EDG demultiplexer 

when Wtp=3.0µm. The shaded regions correspond to the ITU passband [λi–∆λch/8, 

λi+∆λch/8], where λi is the central wavelength of the i-th channel. This figure shows that 
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the spectral response has two peaks. One is the main peak corresponding to the 

fundamental mode. The other one is a minor peak corresponding to the first order mode, 

which is very significant. For the i-th channel, a considerable crosstalk results from the 

(i–6)th and (i–5)th channels in this numerical example.  
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Fig. 9. The coupled powers as the taper width Wtp increases for the case of hr=2µm.  
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Fig. 10. The spectral response of the 0th and –6th channels for the case of Wtp=3.0µm. 
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It is well known that a larger 3dB passband width is desirable for a device to be more 

insensitive to a wavelength drift due to e.g. the temperature change of an LD source. 

From this point of view, one should choose a large taper width to obtain a large 3dB 

passband width. However, increasing the taper width further will result in a larger 

crosstalk between adjacent channels (as shown in Fig. 11).  
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Fig. 11. The crosstalk as the taper width varies. 

 
In Fig. 11, the curve with squares is for the crosstalk due to the coupling between 

adjacent channels (output waveguides). The other curve with circles is for the crosstalk 

due to multimode effects. One sees that the crosstalk due to multimode effects decreases 

monotonously when the taper width increases. When Wtp=11µm, the values of these two 

kinds of crosstalk are equal. Thus, we choose the taper width Wtp=11µm as an optimal 

design to minimize the crosstalk. The corresponding spectral response of the central 

output waveguide is shown in Fig. 12, from which one sees that these two crosstalks are 

almost the same (about –52dB; the shaded vertical bars in Fig. 12 indicate the positions 

of various channels).  
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Fig. 12. The spectral response at the central output waveguide when Wtp=11µm. 

 

(II) Bi-level taper 

To reduce the multimode effects further, we have proposed a bi-level taper structure 

between a singlemode input (same for output) rib waveguide and the FPR (see Fig. 13). 

This bi-level taper includes double-layered tapers at the top and the bottom. One can use 

a cosine, parabolic, or linear taper (which is used in this paper). The width of the input rib 

waveguide is tapered gradually to a large value (from Wr to Wtp) by the top lateral taper, 

which is formed by the first etching process (see Fig. 13 (a)). Then the Si region marked 

by the dashed lines in Fig. 13(a) is etched through by a second etching process so that the 

bottom taper structure is formed. Through the bottom taper the shallowly-etched SOI rib 

waveguide becomes a deeply-etched rectangular waveguide with the same depth as that 

of the connecting slab waveguide of FPR (see Fig. 13(b)). The Si layer is etched through 

simultaneously for both the grating and the bottom taper structure, and thus no additional 

fabrication process is required. The entrance width (Wtp_b) of the bottom taper should be 

large enough to minimize the scattering loss near the entrance. The lengths (L1 and L2) of 

the top and bottom tapers do not need to be the same. However, the tapers should be long 

enough to make the transformation of the modal field adiabatic. 
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Fig. 13. (a) The structure for the top taper. (b) The taper structure at the junction between the input (or 

output) and the FPR.  

The powers coupled to the three lowest order modes (q=0, 1 and 2) are shown in Fig. 

14(a) and (b), respectively. From this figure, one sees that the coupled power c0 increases 

monotonously when the taper width increases. When the ratio hr_tp/H=1.0 (i.e., the rib 

height is equal to the total thickness of the silicon layer), both the power c1 (coupled to 

the first-order mode) and the power c2 (coupled to the second order mode) are very small.  
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Fig. 14. The powers coupled to the first three order modes in FPR as the taper height htp varies; (a) c0; 

(b) c1 and c2. 

 

Fig. 15 shows the spectral responses of the central channel with htp=5µm for three 

different values of the taper end width. One can see that the crosstalk due to the 
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multimode effects is much smaller than that with a lateral taper (see Fig. 12). When the 

size of the fundamental mode field in the lateral direction is enlarged by increasing the 

taper end width, the 3dB passband width increases. When Wtp=3µm, 6µm and 10µm, the 

3dB passband widths are about 11%, 21.2%, and 32.5% of the channel spacing (0.8nm), 

respectively. Since the input and output waveguides are tapered in the same fashion, the 

coupled power c0 (very close to 1.0) is insensitive to the taper end width when htp= 5µm 

(see Fig. 14). Therefore, the insertion losses are almost the same (nearly 0dB) when the 

taper end width varies. When the taper end width increases, the crosstalk due to the 

multimode effects still remains very low. Therefore, one sees that the multimode effects 

in an SOI-based EDG can be almost eliminated.  
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Fig. 15. The spectral responses of the central channel for htp = 5µm when the taper width Wtp=3µm, 

6µm and 10µm. 

 

2.2.3. SOI-based MMI coupler 

Power splitters play very important roles in an optical system, especially in 

emerging passive optical networks for broadband access. Many kinds of planar 

waveguide devices can be used as power splitters, such as Y (or X) splitters [71], 

directional couplers [72], star couplers [73], and multimode interference (MMI) couplers [74, 
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75]. An MMI coupler is attractive due to its compact size, large fabrication tolerance, low 

loss, wide bandwidth, polarization independence, and high uniformity. Recently the 

design and fabrication of SOI-based MMI couplers have also been reported [76, 77]. Since 

the difference between the refractive indices of Si and SiO2 (or air) is very large, there are 

multimode interferences in both the lateral and vertical directions in an SOI MMI section. 

This can be utilized to design three-dimensional (3D) MMI couplers [78, 79]. However, 

there exist many difficulties in the fabrication and packaging of such 3D MMI couplers. 

Therefore, we only focus on two-dimensional (2D) MMI couplers in this thesis. For a 2D 

case, the multimode interference in the vertical direction introduces undesired effects 

such as increased insertion loss.  

For a conventional SOI-based MMI coupler, our simulation shows that the quality of 

the self-imaging is in part dependent on the etching depth in the MMI section. When the 

etching depth becomes shallower, the quality deteriorates and thus the insertion loss and 

non-uniformity increase. In addition, non-perfect self-imaging introduces non-negligible 

reflection at the facet (between output waveguides) of the MMI coupler. A deep etching is 

desired to obtain self-images of high quality. However, in a conventional design [76, 77] the 

etching depth of the MMI section is the same as that of the input/output waveguides, 

which is limited by the single mode condition.  

We present a novel design for an SOI-based MMI coupler (see Fig. 16), in which the 

MMI section and the bent sections of the input/output waveguides are deeply etched to 

make the structure compact and improve the quality of the self-imaging. For the 

input/output waveguides connecting to fibers, a shallow etching is applied to make the 

waveguide singlemode. Usually one can use a tapered structure for the transformation of 

optical fields between different regions in an integrated optical device [81]. In paper V, a 

bi-level taper structure is introduced as a transition region between the shallowly and 

deeply etched regions, similar to a taper structure used for reducing the bending radius of 

a bent waveguide [82]. In the vertical direction, the matching between the input field and 
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the eigen-modal fields (with only one peak in the vertical direction) of the MMI section is 

improved and the power coupled to higher-order modes (in the vertical direction) is 

reduced. Therefore, multimode interferences in the vertical direction can be almost 

avoided. The separation of output waveguides can be reduced since the coupling between 

adjacent output waveguides is very small when a deep etching is applied. The width of 

the MMI section can also be reduced in comparison with the conventional design 

(shallow etching). This shortens the length of the MMI section greatly since the MMI 

length is proportional to the square of the MMI width. In addition, the curvature radii of 

the bent sections of the input/output waveguides can be reduced greatly due to the deep 

etching. Thus, the device can be very compact. For a deeply etched MMI coupler, 

especially when the slab of the rib waveguide is etched out, the MMI section becomes a 

buried rectangular waveguide, which makes the design for the novel MMI couplers more 

convenient. In this case (as in our numerical examples below), the SiO2 insulator layer 

can be a stop layer in the etching process for Si. Thus it is not necessary to control the 

etching depth in the MMI section carefully and the fabrication becomes easier. 
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Fig. 16. The schematic configuration of the present novel SOI-based MMI coupler.  

(a) The top view; (b) scaled view of the bi-level tapered region; (c). The S-bend of the output 

waveguide. 

 
A numerical simulation for the novel structure is given with a 3D semi-vectorial 

BPM and the results are given in Table I. For the conventional design, the output 

intensities of the output channels are not uniform and the non-uniformity is about 0.37dB. 

For the present design, the non-uniformity is reduced to a very low level (about 

0.0285dB). Table I also shows the sources and the calculated values of the excess loss. 

One of the sources is the non-perfect self-imaging of the MMI section, which is the 
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dominant component among all the sources of the excess loss for the conventional design. 

In this example, the non-perfect self-imaging introduces an excess loss of about 1.23dB. 

In contrast, for the present design, this part of excess loss is much smaller (only about 

0.087dB). The present design has an additional loss of about 0.0043dB introduced by the 

bi-level taper. Since each input/output waveguide has a tapered region, this additional 

loss will be doubled. For the conventional and present designs, one of the sources of the 

excess loss is the same, i.e., the bending loss. Usually, the bending loss is lower than 

0.1dB. Therefore, the total excess loss is about 1.33dB and 0.2dB for the conventional 

design and the present design, respectively. One sees that the present design is predicted 

to improve the performance of the MMI coupler greatly. 

 

Table I. Comparison between the conventional design (hr =2µm) and the present design (hr=5µm). 

 EL (dB) Size (µm) 
Designs 

NU 

(dB) bend MMI Taper Total WMMI×LMMI LS-bend Ltp LTotal 

Conventional 0.37 0.1 1.23 0 1.33 64×2375.0 ~6000 0 ~8400 

Present 0.0285 0.1 0.087 0.0043×2 0.2 28×436.5 ~250 453.6×2 ~1600 
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2.3 Modeling of an AWG demultiplexer 

2.3.1. Optimal Design for a flat-top AWG Demultiplexer by using 

the modeling based on Gaussian beam approximation 
In Paper VI, we give an Optimal Design for a flat-top AWG Demultiplexer by using 

the modeling based on Gaussian beam approximation. In this modeling, the fundamental 

mode EF(x) of the input/output (or arrayed) waveguides based on SiO2-on-Si is 

approximated by a Gaussian distribution, i.e.,  

oi,F},/exp{)/1()/2()( 2
F

2
F

4/1
F =−= ωωπ xxE , 

where ωF is the waist with of the Gaussian beam, letter “i” and “o” represent “input” and 

“output”, respectively. When an MMI section is connected at the end of the input 

waveguide for flattening the spectral response of an AWG demultiplexer, the field 

distribution EMMI(x) at the end of MMI section is a two-fold self-image, which can be 

approximated by the sum of two Gaussian field with a separation Y, i.e.,  
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Therefore, the field propagation in the FPR of an AWG (even with an MMI section) can 

be described by the formula for the Gaussian beam propagation, and the far field at the 

aperture of the arrayed waveguides can be obtained easily. The formula for the 

propagation of the Gaussian beam EF(x) is given by  
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where λ is the wavelength in the FPR, k= 2π/λ, ωF and ωF(z) are the beam waist at z=0 

and the beam width at distance z, respectively, and RF(z) is the wave-front radius of 

curvature. In the second FPR, the formula for the Gaussian beam propagation with 

different coordinate transforms is used for describing the far field radiated from each 
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arrayed waveguide. The field distribution Eim(x, λ) at the image plane of an AWG is the 

sum of the radiated far field from all arrayed waveguides. By overlapping the imaging 

field Eim(x, λ) and the fundamental modal field EOW(x) of the output waveguide for 

different wavelengths, one can easily obtained the spectral response |ηout|2 with   

∫
+∞

∞−
= xxExE d)()( *

OWIMoutη . 

By using this modeling based on Gaussian approximation, a SiO2-on-Si-based flat-top 

AWG is designed by optimizing three parameters, namely, the width of the input 

waveguide (Wi), the width of the output waveguide (Wo) and the width of MMI (WMMI) 

(see Fig. 17). Here we choose Wi=Wo=8µm and obtain the optimal value of Y=9.6µm 

(corresponding to WMMI=15.2µm), at which the ripple is minimal (and the insertion loss 

is still acceptable).  
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Fig. 17. The structure for flattening the spectral response. (a) The structure between the input 

waveguide and the input FPR; (b) the structure between the output FPR and the output waveguide. 

 

The designed flat-top AWG demultiplexer has been fabricated. The SiO2 thin film is 

formed by using an equipment of low temperature plasma enhanced chemical vapor 
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deposition (PECVD). The thicknesses of the layers of the buffer, the core (Ge-doped), 

and the cladding are about 13µm, 6µm, and 13µm, respectively. The refractive index 

contrast between the core and the cladding of the buried channel waveguide is ∆= 0.75%. 

The core layer was etched by an inductively-coupled-plasma (ICP) etching with a gas 

mixture of C4F8, H2 and He. A broadband amplified spontaneous emission (ASE) light 

source was used for the characterization the fabricated AWG demultiplexer. The light was 

butt-coupled into the input waveguide passing through a polarizer and a polarization 

maintenance fiber. An optical spectrum analyzer was used to measure the spectral 

response of the fabricated AWG. The measured spectral responses all channels are shown 

in Fig. 18(a) for the TE mode (similar flat-top spectral response has been measured for 

the TM polarization). Fig. 18(b) shows a close agreement between the simulated and 

measured spectral responses of the central channel (the maximal transmission of the 

simulation is lowered down to that of the measured result for the comparison of the 

spectral profile). The spectral profiles are in good agreement, and the difference in the 

sidelobe (crosstalk) between the simulated and fabricated results is mainly due to the 

fabrication errors. 
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Fig. 18. Spectral Response of the fabricated AWG demultiplexer. (a) all channels; (b) Comparison of 

the simulated and measured spectral response for the central channel.  

 

2.3.2. Accurate two-dimensional model of an AWG demultiplexer and 

the optimal design using the reciprocity theory  

An efficient and accurate numerical simulation is very important for the design of 

PIC devices including AWG demultiplexers. Several common methods have been 

developed to calculate the spectral response of an AWG demultiplexer, such as a 1:1 

imaging method [83], a Fourier optics method [84], and a BPM [85, 86]. The accuracy of the 

1:1 imaging method is not good due to the assumption of perfectly imaging. Using the 

Fourier optics method or the BPM, one can calculate the spectral response more 

accurately.  

Since the scale of an AWG demultiplexer is very large (compared to the wavelength), 

a 3D model will require tremendous computational time, especially for the optimal 

design of a structure in an AWG demultiplexer. Usually an effective index method (EIM) 

is used to reduce the 3D model to a 2D model. However, the EIM may not work well 

sometimes, e.g. in the case of SOI-based PICs. Thus, a more accurate model is desirable 

for an effective simulation of an AWG demultiplexer. In this thesis, we reduce the 3D 
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model to a 2D one by integrating the corresponding field distribution in the AWG 

demultiplexer along the vertical direction under an assumption that the power coupled to 

higher order modes in an FPR is negligibly small. The equivalent 2D model greatly 

improves the computational speed, while keeping almost the same accuracy as the 

original 3D model.  

In order to obtain a flat-top spectral response for relaxing the requirements on the 

wavelength control for lasers and filters in a WDM system, several methods have been 

introduced, e.g., the method of multiple gratings [87], the spatial phase modulation method 
[88], and the simple and effective method of connecting a special structure (such as a 

standard [89] or tapered MMI coupler [90], a parabolic waveguide horn [91]) at the end of the 

input waveguide. The special input structure should be optimized in order to obtain a 

flat-top spectral response. However, since the special input structure is connected at the 

end of the input waveguide, light propagating in the whole AWG demultiplexer (from the 

input waveguide to the output waveguide) should be simulated repeatedly in a 

conventional procedure of the optimization of the special input structure. This introduces 

a great computation effort and makes the optimization for the special input structure 

time-consuming, even for a 2D design of an AWG demultiplexer.  

In paper VII, the reciprocity theory [92] is also used to improve the efficiency of the 

optimal design. The reciprocity theory indicates that the transmission of light can be 

reversed. Therefore, in the optimal design of an AWG demultiplexer in this paper, light is 

transmitted from the (central) output waveguide (instead of the input waveguide), 

propagates through the second FPR, the arrayed waveguides and then focuses at the 

interface between the first FPR and the special input structure. Then the spectral response 

is obtained by overlapping this focused field at this interface and the output field (excited 

by the fundamental mode of the input waveguide) at the end of the special input structure. 

In this paper, this output field is obtained by applying a 3D BPM in the small area of the 

special input structure. When adjusting the parameters of the special input structure in 
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order to achieve the optimal flat-top spectral response, one only needs to use a numerical 

method (like 3D BPM) to simulate repeatedly the light propagation in the small area of 

the special input structure (instead of the whole AWG demultiplexer) and obtain the 

spectral response. Since the size of the special input structure is usually small (as 

compared with the whole AWG demultiplexer), the computational effort is reduced 

greatly.  

As an example, a flat-top AWG with a parabolic waveguide horn (see Fig. 19) 

connected at the end of the input waveguide is designed by using the present modeling. 

The optimal length for the parabolic waveguide horn is chosen to be Lp=504µm. For such 

a design, the maximal 1dB-bandwidth is over 60% (0.6) of the channel spacing and the 

ripple is about 0.02dB. In the same time the chromatic dispersion in the ITU passband is 

also very low (<10ps/nm). 
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Fig. 19. The special input structure of a parabolic multimode section (top view). 

The flattened spectral response and the chromatic dispersion [84] for the central 

channel (Ch0) and the 8-th channel (Ch8) of the designed AWG demultiplexer are shown 

in Fig. 20 (the horizontal axis is normalized with the channel spacing). It is well known 

that the insertion loss of the edge channel of an AWG is slightly larger than that of the 
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central channel (due to the Gaussian shape of the diffracted far field of an individual 

arrayed waveguide), which is confirmed in Fig. 20. From this figure one sees that the 

spectral responses of the central (Ch0) and edge (Ch8) channels are very similar (except 

the insertion loss). One also sees that the chromatic dispersions are almost the same for 

the central (Ch0) and edge (Ch8) channels. Therefore, one only needs to consider the 

central channel in the design of a flat-top AWG.  
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Fig. 20. The flattened spectral response and the chromatic dispersion for the central channel (Ch0) 

and the 8-th channel (Ch8) of a designed AWG demultiplexer with Lp=504µm, α=1.2 and d =10.0µm. 

 

2.3.2. Three-dimensional hybrid method for efficient and accurate 

simulation of AWG demultiplexers 

For the modeling given in Section 2.3.1, the coupling coefficient for each arrayed 

waveguide is obtained by overlapping the far field (at the entrance of the waveguide array) 

in the FPR and the fundamental modal field of the arrayed waveguide. However, the 

overlapping method is not accurate when the separation between two adjacent arrayed 

waveguides is not large enough to ignore the coupling between them.  
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The BPM is an accurate and popular tool for simulating the light propagation in PICs. 

A 3D BPM simulation for an AWG demultiplexer requires a tremendous computational 

effort due to the very large scale (compared with the wavelength). Therefore, few 3D 

BPM simulation results for an AWG have been reported [85, 86]. Furthermore, one can only 

obtain the field distribution at planes perpendicular to the propagation direction when 

using a standard BPM. Since the arrayed waveguides are along the radical direction at the 

two ends, only one arrayed waveguide (usually the central one) can be parallel to the 

propagation direction and consequently all the other arrayed waveguides are tilted. For 

these tilted arrayed waveguides, it is not convenient to get the corresponding coupling 

coefficients since the field distributions of the fundamental mode for arrayed waveguides 

with different tilted angles are different in the coordinate system used for the BPM 

simulation. The tilting of the arrayed waveguides causes the same inconveniences when 

the initial field is constructed for the BPM simulation in the output FPR. Therefore, one 

sees that a standard BPM is not good for obtaining the coupling coefficients for the 

arrayed waveguides.  

In paper VIII, we present a hybrid simulation method which combines a 3D BPM 

and a 2D Kirchhoff-Huygens diffraction formula. The BPM is used for the simulation of 

the light propagation in the transition region between the FPRs and the 

input/output/arrayed waveguides. After a field decomposition, the 2D Kirchhoff-Huygens 

diffraction formula is used to obtain the far field in the input/output FPR. To avoid the 

inconvenience of the tilted arrayed waveguides mentioned above, a 3D BPM in a polar 

coordinate system [93] is used for the simulation of the light propagation in the transition 

region between the input FPR and the arrayed waveguides (see Fig. 21). Consequently, 

the coupling coefficient for each arrayed waveguide is calculated conveniently and 

accurately. Meanwhile, the coupling between the arrayed waveguides is included in the 

simulation.  
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Fig. 21. Schematic configuration for the part of the input FPR. 

 

In the output FPR (see Fig. 22), the total far field is the sum of the far field radiating 

from each arrayed waveguide and thus we can consider the arrayed waveguides 

individually. We choose a coordinate system whose z axis (the propagation direction of 

the standard BPM) is parallel to the arrayed waveguide considered. Since the arrayed 

waveguides are arranged uniformly along the Rowland circle, the field (calculated with 

BPM in the chosen coordinate system) at a plane (near the exit of the waveguide array) in 

the FPR is the same for different arrayed waveguides when a normalized initial field is 

launched [86]. Therefore, one only needs to carry out the BPM simulation once. Then the 

BPM-calculated field is modulated by the coupling coefficient (obtained previously for 

the input FPR) and the phase delay for the arrayed waveguide considered. From the 

modulated field, one can calculate the corresponding far field in the output FPR by using 

a 2D Kirchhoff-Huygens diffraction formula. Using this procedure, one obtains the field 

distribution at the image plane or a plane perpendicular to the direction of the output 

waveguide considered. Then this field can be used as the initial field in the BPM 

simulation for the output section to obtain the output power from the output waveguide. 

If no special structure (e.g., a taper) is connected at the end of the output waveguide, one 
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can obtain the output power from each output waveguide by simply overlapping the field 

at the image plane and the fundamental field of the output waveguide. Finally the spectral 

response can be obtained by scanning the wavelength. 
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Fig. 22. Schematic configuration for the part of the output FPR. (a) The structure for the BPM 

simulation; (b) the structure for the calculation with a 2D Kirchhoff-Huygens diffraction formula. 
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We design and simulate an AWG demultiplexer with a special structure shown in Fig. 

17. Fig. 23 shows the calculated and measured spectral responses. In order to give a clear 

comparison, the insertion loss and central wavelength of the simulated spectral response 

are set at the same values as those of the measured spectral response. From this figure 

one sees that the present simulation method is accurate and the simulation results agree 

very well with the experimental results, particularly the 1dB passband width and the 

ripple.  
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Fig. 23. The spectral responses for the numerical and experimental results for the case of dg=10µm 

when WMMI=17.8µm, LMMI=212µm.  
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Fig. 24. The comparison between the simulated and measured results for the case of dg=10µm when 

WMMI=15.2µm and LMMI=168µm.  

 



 48

One sees from Fig. 23 that there is a valley at the top of the spectral response, which 

indicates the width of the MMI is too large. Therefore, we reduce the MMI width and 

obtain an optimal design with WMMI=15.2µm and LMMI=168µm. The spectral response for 

the optimal flat-top AWG demultiplexer is shown in Fig. 24. From this figure one sees the 

top of the spectral response is very flat and the ripple is almost zero. Like Fig. 23, the 

calculated and measured results in Fig. 24 agree very well. 
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3. Original Contributions  
The original contributions of the present thesis include the following parts. 

(1) Give a detailed analysis of the characteristics of a SOI rib waveguide, including the 

bending loss of a multimode bent waveguide and the birefringence of a rib waveguide. 

Based on a detailed analysis for a multimode bent waveguide, an appropriately 

designed multimode bent waveguide is introduced for reducing effectively the 

bending loss of the fundamental mode. In the multimode bent waveguide, the power 

of the higher-order modes can attenuate rapidly along the propagation direction and 

thus bad effects due to the higher-order modes can be reduced. Based on an FDM 

calculation, the slab height and the rib width of an SOI rib waveguide is normalized 

with respect to the total height of the silicon layer and a general relation between 

these two normalized parameters is established for a nonbirefringent SOI rib 

waveguide. Using this general relation, a nonbirefringent SOI rib waveguide can be 

easily designed. 

(2) Point out the issue of multimode effects in the SOI-based microphotonic devices such 

as AWGs, EDGs, and MMI couplers. To reduce or eliminate the serious multimode 

effects in an EDG or MMI coupler, two kinds of taper structures for reducing the 

multimode effects are introduced. When the bi-level taper is used, the multimode 

effects in an EDG and MMI coupler is predicted to be eliminated almost. The bi-level 

taper is very appropriately for an EDG demultiplexer since the Si layer is etched 

through simultaneously for both the grating and the bottom taper structure, and thus 

no additional fabrication process is required. 

(3) A fast simulation method based on the Gaussian approximation for the calculation of 

the spectral response of an AWG demultiplexer is proposed. Two kinds of effective 

and accurate 3D simulation modeling for AWG demultiplexer are also proposed. The 

first one is based on Kirchhoff-Huygens diffraction formula and the 3D model is 
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reduced to a 2D one by integrating the corresponding field distribution in the AWG 

demultiplexer along the vertical direction under an assumption that the power coupled 

to higher order modes in an FPR is negligibly small. The equivalent 2D model greatly 

improves the computational speed, while keeping almost the same accuracy as the 

original 3D model. Furthermore, a reciprocity theory is introduced for the optimal 

design of a special structure used for flattening the spectral response of an AWG 

demultiplexer. The second simulation modeling combines a BPM simulation and 

Kirchhoff-Huygens diffraction formula. In this method, a 3D BPM in pole coordinate 

system is used to simulate the light propagation in the region including the junction 

between the first FPR and arrayed waveguides so that the coupling coefficients of 

each arrayed waveguide is calculated conveniently and accurately. In the region of the 

second FPR a regular BPM is used for the simulation, and only several arrayed 

waveguides are needed to include in the computational window due to the uniformly 

arrangement of arrayed waveguides and thus the computation efficiency is improved. 
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4. Conclusion and Future Work 
In the present thesis, we have carried out the modeling and design for silicon-based 

microphotonic devices. First we have analyzed the characteristics of a SOI rib waveguide, 

e.g., the bending loss of a multimode bent waveguide and the birefringence of a SOI rib 

waveguide. We have designed a multimode bent waveguides appropriately so that the 

power of the higher-order modes can attenuate rapidly along the propagation direction 

and the bending loss for the fundamental mode is reduced in comparison with a 

singlemode bent waveguide. Secondly, we have given a detailed analysis for the 

multimode effects in several kinds of SOI-based devices such as AWGs, EDGs, and MMI 

couplers. We have introduced two kinds of taper structures for reducing the multimode 

effects so that the performances of the SOI-based devices are improved. Finally, we have 

proposed a fast simulation method based on the Gaussian approximation for the 

calculation of the spectral response of an AWG demultiplexer. Furthermore, we have 

developed two kinds of efficient 3D simulation modeling for an AWG demultiplexer. 

These two models give an accurate analysis for an AWG demultiplexer (e.g., the 

multimode effects in the FPRs).  

Since the difference between the refractive indices of the core and cladding layers of 

a SOI waveguide is very large, there is a potential to realize an ultra-small photonic 

devices based on SOI waveguides. As a continuation of the present thesis work, we plan 

to carry out the design and fabrication of ultra-small photonic devices based on nano Si 

waveguides in the future. We will focus on the analysis of the characteristics of a nano Si 

waveguide, such as the polarization dependence, bending loss, coupling loss to a 

singlemode fiber. First, our goal is to realize a polarization-insensitive, low-loss 

propagation in a nano Si waveguide. Therefore, some novel structures should be 

developed. For example, one can introduce a novel mode-converter between a nano Si 

waveguide and a singlemode fiber to reduce the coupling loss. A perfect fabrication is 
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indispensable for a nano Si waveguide. Therefore, another important aspect for the future 

work is to improve the fabrication processes and conditions.  

When a nano Si waveguide of good quality is realized, the design and fabrication for 

ultra-small photonic devices (not only for optical communications but also for e.g. optical 

sensing) can be carried out successfully. This is very promising work since many 

functionality devices can be integrated in a wafer and a high integration density is 

achieved.  

 



 53

 

References 
1. Soo-Jin Park, Chang-Hee Lee, Ki-Tae Jeong, Hyung-Jin Park, Jeong-Gyun Ahn, Kil-Ho Song. 

Fiber-to-the-home services based on wavelength-division-multiplexing passive optical network. 

Journal of Lightwave Technology, 22, 2582-2591 (2004). 

2. D. Kettler, H. Kafka, D. Spears. Driving fiber to the home. IEEE Communications Magazine, 

38,106-110 (2000). 

3. N. J. Frigo, P. P. Iannone, K. C. Reichmann. A view of fiber to the home economics. IEEE 

Communications Magazine, 42, S16-S23 (2004).  

4. W. H. Chen, W. I. Way. Multichannel single-sideband SCM/DWDM transmission systems. 

Journal of Lightwave Technology, 22, 1679 – 1693 (2004).  

5. M. J. Minardi, M. A.Ingram. Adaptive crosstalk cancellation in dense wavelength division 

multiplexing networks. Electron. Lett., 28, 1621 –1622 (1992).  

6. S. Tariq, M. K. Dhodhi, J. C. Palais, R. E. Ahmed. Next generation DWDM networks: demands, 

capabilities and limitations. 2000 Canadian Conference on Electrical and Computer Engineering, 

2: 1003-1007, 7-10 March 2000.  

7. T. H. Nguyen, M. N. O. Sadiku. Next generation networks, IEEE Potentials, 21(2): 6 – 

8, April-May 2002.  

8. A. P.  McDonna, B. M. MacDonald. Optical component technologies for FTTH applications, 

Proceedings of Electronic Components and Technology Conference, May 1995, 1087–1091.  

9. H. Uetsuka. WDM optical components using PLCs, The Pacific Rim Conference on Lasers and 

Electro-Optics, 3, 585 – 586 (1999).  

10. M. R. Matthews, B. M. MacDonald, K. R. Preston. Optical components-the new challenge in 

packaging. IEEE Transactions on Components, Hybrids, and Manufacturing Technology, 13, 798 

– 806 (1990).  

11. T. Nakagami, T. Sakurai. Optical and optoelectronic devices for optical fiber transmission 

systems, IEEE Communications Magazine, 26, 28 – 33 (1988).  



 54

12. J. F. Vinchant, P. Pagnod-Rossiaux, J. Le Bris, A. Goutelle, H. Bissessur, M. Renaud. Low-loss 

fiber-chip coupling by InGaAsP/InP thick waveguides for guided-wave photonic integrated 

circuits. IEEE Photon. Technol. Lett., 6, 1347– 1349 (1994).  

13. S. Charbonneau, E. S. Koteles, P. J. Poole, J. J. He, G. C. Aers, J. Haysom, M. Buchanan, Y. Feng, 

A. Delage, F. Yang, M. Davies, R. D. Goldberg, P. G. Piva, I. V. Mitchell, Photonic integrated 

circuits fabricated using ion implantation. IEEE J. Sel. Topics in Quantum Electron., 4, 772 –793 

(1998). 

14. T. L. Koch, Technology and application trends of photonic integrated circuits, IEEE International 

Semiconductor Laser Conference, Page(s): 7- 8, Oct. 1996. 

15. M. Naydenkov, B. Jalali. Advances in silicon-on-insulator photonic integrated circuit (SOIPIC) 

technology, IEEE International SOI Conference, Page(s): 56 – 66, 1999.  

16. R. C. Alferness. Photonic integrated circuits for lightwave networks. LEOS Summer Topical on 

Optical Multiple Access Networks, Page(s):21 – 22, 25-27 July 1990.  

17. R. agarajan, C. H. oyner, R. P. Schneider, et al. Large-scale photonic integrated circuits, IEEE 

Journal of Selected Topics in Quantum Electronics, 11, 50– 65 (2005). 

18. T. L. Koch, U. Koren. Semiconductor photonic integrated circuits. IEEE Journal of Quantum 

Electronics, 27, 641-653 (1991). 

19. A. Delage, S. Bidnyk, P. Cheben, K. Dossou, S. Janz, B. Lamontagne, M. Packirisamy, and D. X. 

Xu, “Recent developments in integrated spectrometers,” ICTON 2004, We. C1.6, page: 78-83.  

20. N. Ooba, Y.Hibino, Y. Inoue, A. Sugita. Athermal silica-based arrayed-waveguide grating 

multiplexer using bimetal plate temperature compensator. Electron. Lett., 36, 1800–1801 (2000).  

21. K. Takada, M. Abe, T. Shibata, K. Okamoto. A 2.5 GHz-spaced 1080-channel tandem 

multi/demultiplexer covering the. S-, C-, and L-bands using an arrayed-waveguide grating with 

Gaussian passbands as a primary filter, IEEE Photon. Technol. Lett., 14. 648 – 650 (2002).  

22. M. K. Smit, and C. Van Dam. Phsar-based WDM-devices: Principles, design, and application. 

IEEE J. Select. Topics Quantum Electron., 1996, 2(2): 236-250. 

23. P. J. Harmsma, C.A. verschuren, M.R. Leys, H. Vonk, and Y.S. Oei. Phased array 



 55

multi-wavelength lasers fabricated using selective area chemical beam epitaxy. Proc. IEEE/LEOS 

symp. Benelux chap. (IEEE/ LEOS’99), Mons, Belgium, Nov. 15, 1999, pp. 61-64.  

24. J.-J. He, B. Lamontagne, A. Delage, et al. Monolithic Integrated Wavelength Demultiplexer 

Based on a Waveguide Rowland Circle grating in InGaAsP/InP. IEEE J. Lightwave Technol., 16, 

631-638 (1998). 

25. M. S. D Smith and K. A. McGreer. Diffraction gratings utilizing total internal reflection facets in 

littrow configuration. IEEE Photon. Technol. Lett., 11, 84-86 (1999). 

26. S. Janz, A. Balakrishnan, S. Charbonneau, P. Cheben, M. Cloutier, A. Delâge, K. Dossou, L. 

Erickson, M. Gao, P. A. Krug, B. Lamontagne, M. Packirisamy, M. Pearson, and D.-X. Xu. 

“Planar Waveguide Echelle Gratings in Silica-On-Silicon,” IEEE Photon. Tchnol. Lett., 16, 

503-505 (2004).  

27. L. B. Soldano, and E.C.M. Pennings. Optical multi-mode interference devices based on 

self-imaging: principles and applications. J. Lightwave Technol., 13, 615-627 (1995). 

28. Q. Lai, M. Bachmann, H. Melchior. Low-loss 1×N multimode interference couplers with 

homogeneous output power distributions realised in silica on Si material. Electron, Lett., 

33,1699-1700 (1997).  

29. B. Jalali, S. Yegnanarayanan, T. Yoon, T. Yoshimoto, I. Rendina, F. Coppinger. Advances in 

silicon-on-insulator optoelectronics. IEEE J. Sel. Topics. in Quantum Electron., 4, 938-947 

(1998).  

30. Lin ZhiLang, Chen Xinli, Wang Yonglin, Cao Gongbai, Jia Xiaolin, Zhang Feng. Design and 

fabrication of compact 3-dB coupler in silicon-on-insulator. Opt. Commun., 240, 269-274 (2004). 

31. K. Kato, M. Ishii, and Y. Inoue. Packaging of large-scale planar lightwave circuits, Electron. 

Components and technology conference. 37-45 (1997). 

32. Fei Wang, ChunSheng Ma, We Sun, Aize Li, Yu Zhao, Haiming Zhang, Zhenhua Jiang, and 

DamingZhang, 32-channel arrayed-waveguide grating multiplexer using fluorinated polymers 

with high thermal stability. Microwave and Optical Technology Letters, 42,192-196 (2004). 



 56

33. Chung-Yen Chao and L. Jay Guo. Biochemical sensors based on polymer microrings with sharp 

asymmetrical resonance. App. Phys. Lett., 83, 1527-1529 (2003).  

34. Jianyi Yang, Qingjun Zhou, and Ray T. Chen. Polymide-waveguide-based thermal optical switch 

using total-internal-reflection effect. App. Phys. Lett., 81, 2947-2949 (2002). 

35. M. H. Hu, Zhengyu Huang; K. L. Hall, R. Scarmozzino, Jr. R. M. Osgood, “An integrated 

two-stage cascaded Mach-Zehnder device in GaAs,” J. Lightwave Technol., 16, 1447 - 1455 

(1998). 

36. K. K. Loi, L. Shen, H. H. Wieder, W. S. C. Chang, “Electroabsorption waveguide modulators at 

1.3 µm fabricated on GaAs substrates,” Photonics Technol. Lett., 9, 1229 - 1231 (1997).  

37. K. Nakatsuhara, T. Mizumoto, S. Hossain, Jeong Seok-Hwan, Y. Tsukishima, Ma Byong-Jin, Y. 

Nakano. GaInAsP-InP distributed feedback waveguides for all-optical switching. IEEE Journal 

of Selected Topics in Quantum Electronics, 6, 143- 149 (2000). 

38. M. Zirngibl, C. Dragone, and C.H. Joyner, “Demonstration of a 15×15 arrayed waveguide 

multiplexer on InP,” IEEE Photon. Technol. Lett., 4, 1250-1253 (1992). 

39. A. Rickman, G.T. Reed, B. L. Weiss, and F. Namavar. Low-loss planar optical waveguides 

fabricated in SIMOX material. IEEE Photon. Technol. Lett., 4, 633~635 (1992). 

40. P. D. Trinh, S. Yegnanarayanan, F. Coppinger, and B. Jalali. Silicon-on-insulator (SOI) 

phased-array wavelength multi/multiplexer with extremely low-polarization sensitivity. IEEE 

Photon. Technol. Lett., 9, 940-942 (1997). 

41. Kemiao Jia, Wenhui Wang, Yanzhe Tang, Yirong Yang, Jianyi Yang, Xiaoqing Jiang, Yaming 

Wu, Minghua Wang, Yuelin Wang, “Silicon-on-insulator-based optical demultiplexer employing 

turning-mirror-integrated arrayed-waveguide grating,” Photon.s Technol. Lett., 17, 378 – 380, 

2005.  

42. Fischer U, Zinke T, Kropp J-R, et al. 0.1dB/cm waveguide losses in single-mode SOI rib 

waveguides. IEEE Photon. Technol. Lett., 8, 647-648 (1996). 

43. K. Petermann. Properties of optical rib-guides with large cross-section. Archiv für Elektronik und 

Überetragungstechnik, 30, 139-140 (1976). 



 57

44. R. A. Soref, H. Schmidtchen, and K. Petermann. Large single-mode rib waveguides in GeSi-Si 

and Si-on-SiO2. IEEE J. Quantum Electron., 27, 1971–74 (1991). 

45. V. Ramaswamy. Strip loaded film waveguides. Bell. Syst. Tech. J., 53, 697-705 (1974). 

46. S. P. Pogossian, L. Vescan, A.Vonsovici. The single-mode condition for semiconductor rib 

waveguides with large cross section. J. Lightwave technol., 16, 1851-1853 (1998). 

47. A.G. Rickman, G. T. Reed, and F. Namavar. Silicon-on-insulator optical RIB waveguide loss and 

mode characteristics. J. Lightwave Technol., 12, 1171-1176 (1994).  

48. Olly Powell. Single-mode condition for silicon rib waveguides. J. Lightwave Technol., 20, 

1851-1855 (2002).  

49. N.-N. Feng, G.-R. Zhou, and W. P. Huang. Computation of full-vector modes for bending 

waveguide using cylindrical perfectly matched layers. J. Lightwave Technol., 20,1976-1980 

(2002). 

50. C. L. Xu, W.-P. Huang, M. S. Stern, and S. K. Chaudhuri. Full-vectorial mode calculations by 

finite difference method. Proc. Inst. Elect.Eng.-Optoelectron., 141, 281-286 (1994). 

51. M. S. Stern, “Semivectorial polarized finite difference method for optical waveguide with 

arbitrary index profiles”, IEE Proc. 135, 56-63 (1988). 

52. R. Scarmozzino and R. M. Osgood. Comparison of finite-difference and Fourier-transform 

solutions of the parabolic wave equation with emphasis on integrated-optics applications. J. Opt. 

Soc. Am. A., 8, 724-731(1991). 

53. J. Yamauchi, S. Kikuchi. Beam propagation analysis of bent step-index slab waveguides. 

Electron. Lett., 26, 822-833(1990). 

54. R. Scarmozzino, et al. Numerical techniques for modeling guided-wave photonic devices. IEEE J. 

Select. Top. Quantum Electron., 6, 150-162(1996). 

55. H. Deng, G. H. Jin, J. Harari, J. P. Vilcot, and D. Decoster. Inverstigation of 3D semivectorial 

finite-difference beam propagation method for bent waveguides. J. Lightwave Technol., 16, 

915-922 (1998). 

56. 1. S. Kim and A. Gopinath. “Vector analysis of optical dielectric waveguide bends using 



 58

finite-different method,” J. Lightwave Technol. 14, 2085-2092 (1996). 

57. M. L. Calvo and R. F. Alvarez-Estrada. “Three-dimensional analysis of bending losses in 

dielectric optical waveguides with arbitrary refractive-index profile,” J. Opt. Soc. Am. A 4, 

683-693(1987).  

58. P. Albrecht, M. Hamacher, H. Heidrich, D. Hoffmann, H. Nolting, and C. M. Weinert, “TE/TM 

mode splitters on InGaAsP/InP,” IEEE Photon. Technol. Lett. 2 , 114-115 (1990).  

59. Y. Inoue, Y. Ohmori, M. Kawachi, S. Ando, T. Sawada, and H. Takahashi, “Polarization mode 

converter with polyimide half waveplate in silica-based planar lightwave circuits,” IEEE Photon. 

Technol. Lett. 6, 626-628 (1994).  

60. M. Okuno, A. Sugita, K. Jinguji, and M. Kawachi, “Birefringence control of silica waveguides on 

Si and its application to a polarization-beam splitter/switch,” J. Lightwave Technol. 12, 625-633 

(1994).  

61. S. Janz, P. Cheben, H. Dayan, and R. Deakos, “Measurement of birefringence in thin-film 

waveguides by Rayleigh scattering,” Opt. Lett., 28, 1778-1780, (2003).  

62. James T. A. Carriere, Jesse A. Frantz, Bruce R. Youmans, Seppo Honkanen, and Raymond K. 

Kostuk, “Measurement of Waveguide Birefringence Using a Ring Resonator,” Pphoton. Technol. 

Lett., 16, 1134-1136, 2004.  

63. W. P. Wong, and K. S. Chiang, “Design of optical strip-loaded waveguides with zero modal 

birefringence,” J. Lightwave Technol. 16, 1240-1248 (1998). 

64. B. M. A. Rahman, S. S. A. Obayya, and H. A. EI-Mikati, “Minisation of modal birefringence in 

semiconductor optical guided-wave devices,” IEE Proc-Optoelectron. 147, 151-156 (2000). 

65. D.-X. Xu, P. Cheben, D. Dalacu, A. Delâge, S. Janz, B. Lamontagne, M.-J. Picard, and W. N. Ye, 

“Eliminating the birefringence in silicon-on-insulator ridge waveguides by use of cladding 

stress,” Opt. Lett., 29, 2384 -23846, (2004). 

66. S. R. Park, B.H. O, S.G. Lee, and E. H. Lee, “The control of multimode effect on an arrayed 

waveguide grating-device,” Proc. SPIE, 4904, 345-353 (2002). 

67. Daoxin Dai, and Sailing He, “Analysis of multimode effects in the FPR of an SOI-based AWG 



 59

demultiplexer”, Applied Optics, 42(24): 4860-4866, 2003.  

68. J.-J. He, B. Lamontagne, A. Delage, L. Erickson, M. Davies, and E. S. Koteles, “Monolithic 

integrated wavelength demultiplexer based on a waveguide Rowland circle grating in 

InGaAsP/InP,” J. Lightwave Technol., 16(4), 631-638 (1998). 

69. A. Delage,  S. Bidnyk,  P. Cheben,  K. Dossou,  S. Janz,  B. Lamontagne, M. Packirisamy, 

Dan-Xia Xu. “Recent developments in integrated spectrometers,” Proceedings of 2004 6th 

International Conference on Transparent Optical Networks, 2004.Vol. 2, 2004, Page(s): 78-83. 

70. S. Janz, A. Balakrishnan, S. Charbonneau, P. Cheben, M. Cloutier, A. Delậge, K. Dossou, L. 

Erickson, M. Gao, P. A. Krug, B. Lamontagne, M. Packirisamy, M. Pearson, and D.–X. Xu, 

“Planar waveguide echelle gratings in silica-on-silicon,” IEEE Photon. Technol. Lett., 

16,503-505 (2004). 

71. C. Chaudhari, D. S. Patil and D. K. Gautam, “A new technique for the reduction of the power 

loss in the Y-branch optical power splitter,” Opt. Commun., 193, 121-125 (2001). 

72. K. Kishioka, “A design method to achieve wide wavelength-flattened responses in the directional 

coupler-type optical power splitters”, J. Lightwave Technol., 19, 1705-1715 (2001). 

73. C. Dragone, C. H. Henry, I. P. Kaminow, and R.C. Kistler, “Efficient multichannel integrated 

optics star coupler on silicon,” IEEE photon. Technol. Lett., 1, 241-243 (1999).  

74. L. B. Soldano, and E. C. M. Pennings, “Optical multi-mode interference devices based on 

self-imaging: principles and applications,” J. Lightwave Technol., 13, 615-627 (1995). 

75. M. L. Mašanović, E. J. Skogen, J. S. Barton, J. M. Sullivan, D. J. Blumenthal, and L. A. Coldren, 

“Multimode interference-based two-stage 1×2 light splitter for compact photonic integrated 

circuits,” IEEE Photon. Technol. Lett., 15, 706-708 (2003). 

76. S. L. Tsao, and P. C. Peng, “Design of two-dimensional 1×16 and 1×32 array waveguide 

optical power splitters”, Proc. SPIE Int. Soc. Opt. Eng. (Optoelectronic Materials and Devices II, 

Y.-K. Su, P. Bhattacharya, Editors), 4078, 373-382 (2000). 

77. Hongzhen Wei, Jinzhong Yu, Zhongli Liu, Xiaofeng Zhang, Wei Shi, and Changshui Fang, 

“Fabrication of 4×4 tapered MMI coupler with large cross section”. IEEE Photon. Technol. Lett., 



 60

13, 466-468 (2001).  

78. M. Rajarajan, B.M. Azizur Rahman, T. Wongcharoen, and K. T. V. Grattan, “Accurate analysis of 

MMI devices with two dimensional confinement,” J. Lightwave Technol., 14, 1078-2084 (1996).  

79. S. He, X. Ao, V. Romanov; “General properties of N×M self-images in a strongly confined 

rectangular waveguide,” App. Opt., 42, 4855-4859 (2003). 

80. S. Lvescan, and A. Vonsovici, “The single-mode condition for semiconductor rib waveguides 

with large cross section,” J. Lightwave Technol., 16, 1851-1853 (1998). 

81. F. Xia, J. K. Thomson, M. R. Gokhale, P. V. Studenkov, J. Wei, W. Lin, and S. R. Forrest, “An 

asymmetric twin-waveguide high-bandwidth photodiode using a lateral taper coupler,” IEEE 

Photon. Technol. Lett., 13, 845-847 (2001). 

82. M. Popović, K. Wada, S. Akiyama, H. A. Haus, J. Michel, “Air trenches for sharp silica 

waveguide bends,” J. Lightwave Technol., 20, 1762-1771 (2002). 

83. D. Dai, S. Liu, S. He, and Q. Zhou, “Optimal design of an MMI coupler for broadening the 

spectral response of an AWG demultiplexer,” J. Lightwave Technol., 20, 1957-1961(2002). 

84. M. E. Marhic, and X. Yi, “Calculation of dispersion in arrayed-waveguide grating demultiplexers 

by using a shifting-image method,” IEEE J. Sel. Top. Quantum Electron., 8, 1149-1157(2002). 

85. R. Scarmozzino, and R. M. Osgood Jr., “Simulation and computer aided design of large-scale 

photonic integrated circuits using the beam propagation method,” Lasers and Electro-Optics 

Society Annual Meeting (Nov. 10-13, 1997), IEEE Conference Proceedings, 1: 403-404 (1997). 

86. J. C. Chen, C. Dragone. “A study of fiber-to-fiber losses in waveguide grating routers,” IEEE 

Photon. Technol. Lett., 15(10): 1895-1899 (1997). 

87. A. Rigny, A. Bruno, and H. Sik, “Multigrating method for flattened spectral response wavelength 

multi/demultiplexer,” Electron. Lett., 33, 1701-1702(1997).  

88. Z. Shi, J. He and S. He, “An analytic method for designing passband flattened DWDM 

demultiplexers using spatial phase modulation,” IEEE J. Lightwave Technol., 21, 

2314-2321(2003). 

89. J. B. D. Soole, M. R. Amerfoort, H. P. LeBlanc, N. C. Andreadakis, A. Rajhel, C. Caneau, R. 



 61

Bhat, M. A. Koza, C. Youtsey, and I. Adesida, “Use of multimode interference couplers to 

broaden the passband of wavelength-dispersive integrated WDM filters,” IEEE Photon. Technol. 

Lett., 8, 1340-1342(1996). 

90. D. Dai, W. Mei, and S. He, “Use of a tapered MMI coupler to broaden the passband of an AWG,” 

Opt. Commun., 219, 233-239(2003).  

91. K. Okamoto and A. Sugita, “Flat spectral response arrayed-waveguide grating multiplexer with 

parabolic waveguide horns,” Electron. Lett., 32, 1661-1662(1996). 

92. D. Dai and S. He, “Fast design method for a flat-top arrayed-waveguide-grating demultiplexer 

using the reciprocity theory,” J. Opt. Netw. 2, 402-412 (2003), http://www.osa-jon.org 

/abstract.cfm?URI=JON-2-12-402.  

93. Z. Zhou, D. Wang, S. Lu, Y. Yan, G. Jin, and E. Y. B. Pun. “Design and simulation of very low 

insertion loss arrayed waveguide grating using full-vectorial beam propagation method with 

circular cylindrical coordinates,” Proc. SPIE Int. Soc. Opt. Eng., 4579: 101 (2001). 


	Reduction of multimode effects in a SOI-based etched diffraction grating demultiplexer.pdf
	Reduction of multimode effects in a SOI-based etched diffraction grating demultiplexer
	Introduction
	Theory
	Spectral response
	Imaging of the higher-order modes

	Numerical results and discussions
	Conclusion
	Acknowledgments
	References





