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Abstract-By using the Pad4 approximation, an efficient method is proposed 
for the analysis of the optical waveguide discontinuity problem. The eigenvalue 
problem of the original formulation based on the method of lines is replaced by a 
rational function of the characteristic matrix. The computation time and memory 
are further reduced by adopting the multistep method. 

I n t r o d u c t i o n  

Discontinuity problems are important in the investigation of optical devices, 
such as laser facets, gratings, waveguide ends, and connections of different waveg- 
uides. Ikegami [I] solved the laser facet problem by eigenmode expansion and 
mode matching. Later, many efforts [2]-[9] have been made, which contribute 
greatly to  the understanding of the reflection and transmission phenomena a t  the 
discontinuity interface. 

The analysis methods reported can be divided into two categories from the 
viewpoint of linear space bases. Many methods employ the eigenmode expansion 
method, in which the discrete guided mode(s), the continuous radiation modes, 
and the continuous evanescent modes are taken as the bases [3]. The reflection 
and transmission are solved through the mode matching procedure. Using such 
proper bases, accurate results can be obtained by including relatively smaller 
number of bases. For example, Ikegami [1] used two bounded bases and explained 
well the reflection phenomena at  a laser facet. However, such methods require 
mode solving in advance, which is usually a complicated procedure except for 
such simple structure as the double heterojunction (DH) laser facet. On the 
other hand, some methods take well-known functions such as sinusoidal functions 
in the Fourier transform technique and Gaussian functions as bases due to  their 
similarity to  the guided modes. Well-known properties of these functions make 
the analysis easier. Nevertheless, since these bases are not the exact ones for the 
problem, we need larger number of bases to achieve accurate results 

In this paper we propose a novel method in which the Pad6 approximants 
(PAS) are used. The original formulation is derived from the method of lines 
(MOL) [9], [IO]. Due to  the inefficiency of solving eigen systems (that is, mode 
solving) in the MOL, we approximate the formulation by using the PAS. In 
the proposed method exact bases are used but mode solving is not necessary. 
Accurate results can be obtained efficiently with low order Pad4 approximants. 

Theory 

electric field, E,, satisfies the Helmholtz equation 
Consider T E  waves in a nonmagnetic and z-invariant medium. The y-polarized 
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where n(x)  is the refractive index distribution. If we discretize the transverse 
direction into N nodes, (I) becomes 

where [L] is the characteristic matrix and E represents the column vector com- 
posed of N nodal electric field after discretization. The fields in regions A and B,  
as shown in Fig. l(a), can be expressed in terms of the fields at the interface T 
(2 = 0). If an incident field EAf is launched onto the interface T ,  then by fulfilling 
the continuity boundary conditions for Ey and dEy /dz ,  we have the reflected field 
E; and the transmitted field EBf expressed in terms of the incident field as 

Note that  = [ V ] m [ V ] - '  if [L] = [V][D][V]-',  where [D] is a diagonal 
matrix with its diagonal elements being the eigenvalues of [L] and columns of 
[VI being the corresponding eigenvectors. These eigenvalues and eigenvectors of 
[L] are the propagation constants and modes of the structure, respectively. The 
TM case can be derived similarly. Unfortunately, it is inefficient to solve an eigen 
system especially for non-Hermitian characteristic matrices. 

To avoid solving the eigenvalue problem, we propose PAS to approximate the 
characteristic matrix [L] ([LA] or [LB] )  in (3). That is, is approximated by 
a rational function of [L] .  The Pade approximation has been widely used in the 
wide-angle beam propagation method (BPM) which was originally derived from 
the paraxial approximation [11]-[13]. is approximated by the m-th order 
PA as 

f i z  ( k o i i + j F m )  e P" (4) 

where n is the reference refractive index in the BPM, 

where s is the order of the approximant. 

The PA is usuallly expressed as P(n,d) ,  where n and d are the orders of 
the numerator and the denominator in the rational function, respectively, and 
m := + d. Making use of the multistep method [13], we can take advantage of 
the sparseness of [L],  and the computation time and memory are further reduced. 
Coinpared with the MOL, the Computation time and memory are reduced to O ( N )  
from 0 ( N 3 )  and O(Ar2), respectively. The high efficiency of the proposed method 
is attributed to the fact that  the solving procedure of eigen systems is replaced 
by matrix multiplications and inversions. Besides, this method is versatile in 
application because [L] is not restricted to Hermitian matrices. 

- Numerical Results 
We consider Ikegami's sturcture [l], as shown in Fig. l (b) .  The wavelength 

X is 0.86pm, the core width D ranges from 0.05 to  1.00pm, and the indices of 
the core and the cladding are ncore = 3.60 and n c l a d  3.24, respectively. The 
computation window is taken large enough such that  the fields are negligible at 
the boundaries. 
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Pig. 2 shows the calculated reflectivity of the fundamental T E  wave by the 
MOL and PAS of different orders. The incident ficld is the fundamental mode in 
the waveguide. The reflectivity Ro is defined as the power ratio of the reflected 
and incident fundamental modes. It is seen that the PA results converge rapidly 
to  the MOL result (without PA) which is shown as the circles in Fig. 2. Our 
calculation also shows that  when the index difference is small, excellent results 
can be obtained even by paraxial approximation. Fig. 3 demonstrates the good 
agreement between the paraxial approximation and the MOL. 

Fig. 4 shows the reflectivity of the fundamental mode for TE and TM waves 
for different index contrasts. The core index is 3.60 and the cladding index is 
3.60(1 - A), with A taken to be 3% and 10%. The solid and dashed lines are 
Calculated using P(3,3) .  The circles and stars are the results given in [6] based 
on multimode analysis. The two results coincide except for the TM wave at 
A = lo%, which is attributed to  the larger A and the discontinuity of Ez. Better 
result can be achieved by higher-order PAS. Generally speaking, satisfactory 
results could be obtained using P(3 ,3) .  

Conclusion 
In conclusion, we have proposed a novel method based on the Pad6 approx- 

imation for solving the step discontinuity problems for optical waveguides. The 
method is efficient, accurate, and versatile in application. The results agree well 
with those obtained using the multimode analysis and the MOL. 
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Fig 1 (a) Layered media A and B seper- 
ated by the interface ‘T in the transverse 
direction. (b) Structure of the laser facet 
problem. 
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Fig. 3 Reflectivity of the fundamental mode 
TE wave as a function of the core width, 
calculated by the paraxial approximation 
and the MOL. The index difference at the 
interface is much smaller. 
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Fig. 4 Reflectivity Of the fundamental mode 
as a function of the core width. Both TE 
and T M  waves are shown. The index differ- 
ences between the core and cladding are 3% 
and 10%. Solid and dashed lines are calcu- 
lated by the P ( 3 , 3 )  approximant. Circles 
and stars are the results given in [6]. 
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Fig. 2 Reflectivity ofthe fundamental mode 
TE wave as a function of the core width, 
calculated by the M ~ L  and pade approxi- 
mants of different orders. 
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