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RINGKASAN : Gabungan kaedah indeks berkesan (El) dan kaedah 

perambatan alur dua-dimensi (2D-BPM) telah digunapakai di dalam 

pemodelan pandu gelombang optik berstruktur 'rib'. Simulasi bagi kaedah 

indeks berkesan yang berdasarkan kepada prosedur mencari punca 

biseksyen dan 2D-BPM yang berdasarkan kepada kaedah pembezaan 

terhingga dija/ankan di alas p/adom pengaturcaraan MATLAB". Keputusan 

dari kaedah ini telah dtbandingkan dengan beberapa kaedah numerik 

dan analitik termasuk perbandingan dengan perisian komersial keluaran 

Optiwave!' Corporation. Simulasi yang dijalankan ke alas struktur tersebut 

menunjukkan satu keputusan yang baik apabi/a dibandingkan dengan 

kaedah-kaedah sedia ada. Kaedah ini boleh digunakan bagi pemodelan 

struktur berkeratan rentas trapezoid, yang biasanya dtpero/ehi hasi/ 

daripada kaedah fabrikasi pandu gelombang optik berasaskan punaran 

kimia basah. 

ABSTRACT : A combination of effective index method (El) and two

dimensional beam propagation method (20-BPM) is adopted in modelling 

a rib optical waveguide structure. An effective index method based on 

bisection root finding procedure and 20-BPM simulation based on finite 

difference scheme is carried out on MATLAB® programming platform. 

Results are compared with several numerical and analytical methods 

including commercially available software from Optiwave® Corporation. 

Simulated structures showed very promising results with proposed 

methods. The proposed method can be further used to model a trapezoidal 

cross section structure, a typical output from chemical wet-etching optical 

waveguide fabrication technique. 

KEYWORDS : Optical waveguide modelling, effective index method, beam 

propagation method. 
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INTRODUCTION 

Most useful configurations of photonic integrated circuits or opto-electronic integrated circuits 

utilize channel waveguides as their fundamental component. There are various channel 

waveguide structures including the rib, buried embedded and ridge type. Before any fabrication 

can be made, the accurate modelling and analysis are very essential for the successful 

realization of the photonic integrated circuit. The importance of the modelling phase can be 

regarded significant as it plays several roles in the advancement of optical components, 

including optimization of current designs, shortening of the design cycle for new designs and 

performance evaluation of new design concepts. For these reasons, a number of modelling 

techniques has been developed for years, ranging from the analytical methods which normally 

requires less computation time up to the numerical methods which may take longer simulation 

period. 

In this paper, an analytical based and numerical based method are adopted together in 

modelling rib optical waveguide structure. An effective index method (El) which represent the 

former and two-dimensional beam propagation method (20-BPM) for the latter case are used 

in the simulation to simplify the two dimensional waveguide structure to one dimensional 

structure. This paper covers the theoretical concepts of tlie BPM method and further 

elaborations of working concepts in the modelling task. Methods of analyzing the waveguide 

structure are also presented. Simulation results of structural modelling and comparison with 

other methods will also be discussed. 

THEORETICAL REVIEWS 

Assuming a scalar approximation and considering the basic Maxwell equations and solving 

for the electric field intensity, led to the following Helmholtz's wave equation, 

d2E d2E d2E 
-- + -- + -- + k2n2E = 0 

dx2 dy2 dz2 
(1) 

Using the slowly varying envelope approximation to !! term in which 

I :: I « 2k~o I ~: I (2) 

produce a paraxial Helmholtz wave equation or Fresnel wave equation; 

(3) 
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Many methods of solving this equation have been proposed. The classical method of solving 

the equation is by using the Fourier transformation (Yevick and Hermansson, 1990; Feit and 

Fleck, 1980) to analyze single, coupled and branching rib waveguide. It had also been shown 

by Thylen (1983) that this classical method or known as Fast Fourier Transformation-Beam 

Propagation Method (FFT-BPM) can accurately analyze the rib structure using a very small 

propagating step size which results in large computation times. Several researchers have 

come up with new techniques of solving the equation for faster computation that is more 

reliable in terms of flexibility and extensibility. For example, Chung and Dagli (1992); Yevick 

and Hermansson (1989) demonstrated that for most problems of interest in integrated optics, 

an implicit finite-difference approach based on the well-known Crank-Nicholson scheme was 

superior. Chung and Dagli (1990) had also come up with the finite difference scheme based 

on explicit scheme which is efficient in terms of solving the paraxial equation but conditionally 

stable. For stability, the explicit scheme is always bound by the Von Neumann stability analysis 

which states the range of step size to be (Chung and Dagli, 1990); 

(4) 

In contrast to the explicit scheme, the Crank Nicholson is conditionally stable (Chung and 

Dagli, 1992). For that reason, the work in this paper is based on Crank-Nicholson finite difference 

scheme or known as Finite Difference-Beam Propagation Method (FD-BPM). 

Using the representation of; 

1 [ d2E d2E ] G + -- + k 2 (n2 - n 2 ) E = j2kJl0 dx2 dy2 o o 

equation (3) can be written as; 

dE = GE 
dz 

(5) 

(6) 

According to JUngling and Chen (1994), applying the finite difference scheme to equation (6) 

gives 

E -E 
n+l n = aGEn+i + (1 - a) GE" (7) 
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where a sets the degree of implicitness. Setting a = 0 corresponds to the fully explicit finite 

difference scheme, while the Crank Nicholson scheme is obtained by setting a= 1/2. From 

equation (7) above, En represents the field at the rfh step size, while En+i represents the field at 

the (m-1 )1h step size. By using the effective index method, the three dimensional equation of 

(7) can be simplified to a two-dimensional case in which we set d2E = 0. By applying the 
dy2 

Crank Nicholson scheme; a= 1/2, the following linear equation can be obtained; 

[ 0.5j,1z [ 2 2 2 2 ] ] 0.5,1zj [ 1 ] E. (z + ,1z) 1 + --- + k 0 (n . - n0 ) + -- -- E . 1 (z + ,1z) + 
• 2nJo (.1x)2 • 2nJo (L1x)2 •+ 

-- -- Z+LlZ = 0.5j,1z [ 1 ] E ( A ) 

2nJo (.1x)2 ;+1 

E . (z) [ 1 - O.Sj,1z 
' 2nJo 

[ 2 2 2 2 ]] --- + k (n - n) 
(.1x)2 0 I O 

0.5,1zj [ 1 ] 
- 2nJo (L1x)2 Ei+I(z)-

0.5j,1z [ 1 ] 
2nJo (L1x)2 E;+1 (z) 

(8) 

Equation (8) can be simplified to form (Chung and Dagli, 1992); 

A(z + ,1z) • E(z + ,1z) = B(z) • E(z) (9) 

where; 

A(z +&)and B(z) can be extracted from equation (8) above. Both matrices of A(z +&)and 

B(z) are tridiagonal matrices and the solution of linear equation (9) can be efficiently obtained 

using the well known algorithms (Chung and Dagli, 1992). 

Solutions of equations (8) and (9) characterize the behavior of light propagation in any two

dimensional optical waveguide structures, simplified from its three dimensional case, using 

the effective index method. Details on the effective index method can be found in Norazan et 
al. (2004). 

Apart from modelling the light propagation in optical waveguide structures, the BPM method 

can also be used to calculate the eigenmodes of a structure. By applying the classical FFT

BPM, one needs to calculate the overlap integral of the just-obtained field E(x,y,z) with the 

initial field,E(x,y,O). Results from this method which is also known as correlation method will 

give the peaks which reflects the value of propagation constants for the transverse modes 
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(JUngling and Chen, 1994). Another method by Yevick and Hermansson (1989) is to propagate 

the light along the imaginary axis and they showed that the fundamental mode and its effective 

index can be obtained quite efficiently. According to them, the fundamental mode has the 

largest propagation constant that sees the most rapid oscillations in phase when traveling 

down the real axis. Shifting the propagation domain down to imaginary axis changes these 

sinusoidal variations in phase into exponential growths in amplitude. A sufficiently long imaginary 

propagation gives the fundamental mode, which is the mode with the most growth. From 

Scarmozzino et. al. (2000), the essential idea is to launch an arbitrary field, say a Gaussian. 

After each propagation step, the field pattern, Eis tested for fundamental mode by applying 

the following variational expression in a two-dimensional case; 

fE* [~]+ k;n\i)E dx 

f(E*E) dx 

Equation (10) can be solved by any numerical integration method. 

(10) 

Eliminating the imaginary factor from the series of equations (5-8) and constantly applying the 

obtained £field from each step of imaginary propagation to equation (10) will finally produce 

the integral convergence [ d;;11 = 0] . The obtained nen is the effective propagation index 

for the fundamental mode. 

METHODS OF ANALYSIS 

In this paper, the combination of effective index method (El) and beam propagation method 

(BPM) is implemented in the rib structure modelling as shown in Figure 1. The labels are as 

follows; 

n5 = substrate refractive index; 

nc = cladding refractive index; 

n, = core refractive index; 

W= rib width. 

Applying the El method to the respective portions of y-axis will produce the index distributions 

as described in a previous paper (Mohd Haniff Ibrahim et. al., 2004) . 
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Figure 1. Rib Structure 

x z 

The two-dimensional BPM, when applied to the structure in Figure 2 will carry out the modelling 

task. Two distinct analyses are carried out in this work. The first analysis is to simulate the 

wave propagation in the waveguide structures. This type of analysis is very important in the 

actual device fabrication as it gives the simulated properties of the guiding structures. Applying 

equation (8) on the MATLAB® programming platform for different structures will perform the 

wave propagation for that particular structure. In order to verify the computer program reliability, 

four types of structures are simulated. These include a straight waveguide, a parallel waveguide, 

a Y-branch structure and a Mach-Zender interferometer (MZI). 

w 

-w/2 wa 

Figure 2. Two-dimensional structure where (ne,), = (n8 ,)3 

The second analysis is to model the structures for the propagation constant (~) value. This 

analysis is mainly emphasized on the rib structure as shown in Figure 1, in which two different 

configurations as listed in Table 1 are used for comparison purposes. 

Table 1 : Comparison of parameters of rib waveguide 

Guide n, n nc d(µm) h(µm) w(µm) 
s 

1 3.44 3.36 1.0 1.0 0.9 3 

2 3.44 3.40 1.0 1.0 0.6-0.9 3 

162 



A Combination Approach of Effective Index Method and 
Beam Propagation Method in Optical Device Modelling 

In this simulation, air is chosen as the cladding with nc = 1.0. Simulations are based on the 

wavelength of 1.55 µm for guide 1 and 1.15 µm for guide 2. For guide 1 , several methods are 

compared with the present work in this paper. The methods involved are effective index method 

(EIM) (Huang and Hauss, 1991 ); mode-matching (MM) (Huang and Hauss, 1991 ); function 

fitting (FF) (Huang and Hauss, 1991 ); scalar finite difference (F01) and (F02) (Huang and 

Hauss, 1991 ); semivectorial finite difference (F03) (Stern, 1988); variational method (VP) 

(Huang and Hauss, 1991) and beam propagation method (BPM) (Yevick and Hermansson, 

1989). 

For guide 2, the guide thickness, h is varied from 0.6-0.9 µm. The results for these variations 

are compared to the other five methods which are effective index method (Zaghloul and EI

Fadi, 1999); variational method (Huang and Hauss, 1991 ); vector finite element method 

(Zaghloul and EI-Fadi, 1999); scalar finite element method (Zaghloul and EI-Fadi, 1999) and 

semivectorial finite difference (Stern, 1988). Accordingly, the authors had also simulated the 

structures using the scalar finite difference scheme and effective index method. Both results 

are tabulated as (P-FO) (Norazan et. al., 2005) and (P-EIM) (Mohd Haniff Ibrahim et. al., 
2004). 

For additional comparisons, a BPM_CAO simulation software from Optiwave® Corporation 

was employed. Two distinct packages namely Mode Solver 20 and Mode Solver 30 which 

are based on classical correlation method of FFT-BPM were simulated. The functionalities 

and reliabilities of these software packages have been tested by Nazib et. al. (2001) and 

Sahbudin and Kumarajah (1998) which showed that their simulated results are within the 

acceptable range. The simulated results using the method in this paper which is the combination 

of El method and two-dimensional FO-BPM are presented as EI-BPM20. Analysis in this 

paper is based on the normalized propagation constant, b in order to provide a more sensitive 

comparison (Stern, 1988), 

b= 
n2 - n2 

eff substrale 

2 2 
nguide - n subs/ra/e 

(11) 

RESULTS AND DISCUSSION 

The results for the first analysis are shown in Figure 3 to 6. The parameters used in the 

simulation are given in Table 2. 
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Figure 3. Straight waveguide 

' E- t l ela Plot 
i>--"'i..c,.;-, ,.,..1-,t.;.;,a;~s ~:; •• _ . · ;._ 

Figure 5. Y - branch 

1)5 

0· 
0 

E- field Plot 
~. '",. .. ~-,- -. 

··' : . 

/ e, ,( t:1::J:::J · .. 
.· · ....... ,; 

< .,, , 
X-axia x?. Be - 8111 

l !l) 

Figure 4. Parallel straight waveguide 
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Figure 6. Mach-Zender Interferometer 

Table 2. Parameters of simulated structures 

Structure Wavelength (µm) Core Width (µm) n.n core nett cladding 

Straight Waveguide 1.55 3 3.4127 3.4000 

Parallel Straight 1.55 2 1.5200 1.4900 

Waveguides 

Y-branch 1.55 2 1.5200 1.4900 

Mach-Zender 1.55 2 1.5200 1.4900 

Interferometer 
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The figures clearly show the properties of light confinement in the respective structures. For 
example, in the parallel straight waveguides, the phenomenon of light coupling which is the 
basic concept in optical switching is clearly observed. From here, important parameters such 
as the interaction length for full coupling and the distance between waveguides can be easily 
obtained. For the Y-branch and the Mach-Zender structures, the expected phenomenon of 
division of light at a particular branch is shown. Due to structural properties, radiation losses 
at the waveguide bends are clearly exhibited, where only a small amount of light intensity exit 
the output channels for both Y-branch and Mach-Zender structures. However, the work on 
structural design for optimum light confinement is beyond the scope of this paper. The motivation 
from this analysis portion clearly reflects on the functional ities of the computer program for 
further optical structural design and simulation. 

For the second modeling analysis which emphasized on the propagation constant values, 
results obtained from the method in this paper are compared with other analytical and numerical 
methods produced by several researchers. For guide 1, the results are tabulated in Table 3. 

Table 3. Comparison of normalized propagation constant, b for guide 1. 

Method b (Guide 1) 

Effective Index Method 0.4404 

Mode Matching 0.4390 

Function fitting 0.4332 

Finite Difference (FD1) 0.4367 

Finite Difference (FD2) 0.4400 

Finite Difference (FD3) 0.4406 

Beam Propagation Method 0.4280 

Variational Method 0.4348 

Scalar Finite Difference (P-FD) 0.4369 

Effective Index Method (P-EIM) 0.4407 

Mode Solver 20 0.4408 

Mode Solver 30 0.4421 

EI-BPM2D 0.4317 

Numerical values of b for simulation on guide 2 are given in Table 4. The results are shown for 
four values of waveguide height. 

165 



Mohd Haniff Ibrahim, Norazan Mohd Kassim, 
Abu Bakar Mohammad and Shee Yu Gang 

Table 4. Comparison of normalized propagation constant, b for guide 

2 of different guide thickness. 

h (µm) 

Method 0.6 0.7 0.8 0.9 

Effective Index Method 0.3583 0.3649 0.3749 0.3908 

Variational Method 0.3257 0.3374 0.3548 0.3819 

Vector Finite Element 0.3382 0.3522 0.3684 0.3905 

Scalar Finite Element 0.3369 0.3497 0.3656 0.3869 

Semivectorial 0.3382 0.3525 0.3696 0.3905 

Finite Difference 

Scalar Finite 0.3612 0.3711 0.3815 0.3916 

Difference (P-FD) 

Effective Index 0.3586 0.3652 0.3751 0.3909 

Method (P-EIM) 

Mode Solver 20 0.3587 0.3661 0.3761 0.3911 

Mode Solver 30 0.3462 0.3562 0.3711 0.3911 

EI-BPM2D 0.3511 0.3568 0.3654 0.3783 

From Table 3, the competitiveness of the obtained results for guide 1 is clearly observed. 

Using the scalar approximation for the Mode Solver 20 and Mode Solver 30 packages of 

BPM_CAD simulation software, the results seems to have a very good agreement with other 

methods and the EI-BPM2D method, which is proposed in this paper. Although the results 

showed a small difference in the normalized propagation constant, the value of j3 may almost 

be the same, as the normalized value is more sensitive (Yevick and Hermansson, 1989). 

The results for guide 3 also exhibit the same phenomenon in which, the values of b for respective 

waveguide heights give almost the same values. The percentage of difference between the 

EI-BPM2D method and other simulated methods are very small. The results obtained from 

the commercial software packages are agreeable to the proposed method in this paper, which 

again reflect the high reliability of the method in waveguide modelling. 

CONCLUSION 

From the field distribution plots of different optical device structures and the tabulated results 

for rib waveguide modelling analysis, it clearly shows the compatibility of the combined methods 

of effective index and beam propagation in optical waveguide modelling analysis. In addition, 

there was close agreement with other existing methods, commercial software packages and 

previous simulated methods. 
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