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Abstract  The coupling efficiency between a single-
mode circular core optical fiber and a single-mode 
(Ex) Ti:LiNbO 3 channel waveguide is calculated as a 
function of the diffusion process parameters. The 
waveguide modal analysis was carried out by the finite 
element method and the fiber to waveguide coupling 
efficiency was evaluated by the overlap integral factor.  

Index Terms  Finite element method, integrated 
optics, optical fiber coupling, waveguides.  

I. I NTRODUCTION  

The development of low-cost photonic integrated 
devices for future wide-scale commercialization requires 
an efficient coupling between the single-mode optical 
fibers and the optical waveguides as well as a large 
mechanical alignment tolerance. 

Among the several causes of losses in the connection 
of a fiber and a waveguide, the main causes are the mode 
field mismatch, the transversal offset, the longitudinal 
separation, the angular offset, and the refractive index 
mismatch [1]-[3]. From these, the mode-field mismatch 
and the relative alignment are the principal sources of 
fiber-to-waveguide coupling losses. The alignment is 
typically at least ten times more demanding than the 
tolerances for integrated circuit packaging. Therefore, the 
alignment and attachment of fibers are the most difficult 
challenges facing the optical device packaging. 

The analyses of fiber-to-waveguide coupling losses 
were presented by the several authors [1]-[12]. In the 
majority of these papers, the coupling efficiency was 
calculated for z-cut LiNbO3 substrates using 
approximating functions to represent the fiber and 
waveguide mode-field profiles.  

In this work, the coupling efficiency between a single-

mode circular core optical fiber and a single-mode ( x
11E ) 

Ti:LiNbO3 waveguide was calculated by the overlap 
integral of the spatial field distribution. For the circular 
core fiber, the field profile was approximated by the 
Gaussian function, and for the waveguide formed by 
diffused Ti-ions on x-cut LiNbO3 substrate the mode field 
 profile  was  determined  by the finite element method 
[13]. The coupling efficiency calculations were 
performed as a function of the initial Ti-strip geometry 
and the diffusion process parameters. The alignment 
tolerances in the transversal plane were also determined. 

The fiber-to-waveguide attachment scheme and the 
system reference for the relative alignment are presented 
in the Fig. 1. 
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Fig. 1. “End-fire” fiber-to-waveguide coupling. (a) 
Attached single-mode circular core fiber to Ti:LiNbO3 
waveguide device, (b) Longitudinal view of the relative 
alignment between fiber and waveguide. 
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Fig. 2. Initial geometrical parameters of the Ti-strip and 
guided optical field profile in the diffused Ti:LiNbO3 
waveguide. Wx and Wz are the mode diameter at half 
maximum of the optical electric field (Eg) intensity. 

II. T I :L INBO3 CHANNEL WAVEGUIDE  

Optical waveguides formed by diffusion of Ti-ions in 
LiNbO3 substrate are widely used in the optical integrated 
circuits. The controllable diffusion parameters determine 
the mode shape and the confinement. To define the 
optical channel waveguide, the following manufacturing 
parameters were taken into account: the initial width (W) 
and thickness (H) of the Ti-strip, the ion diffusion 
temperature (T) and the ion diffusion time (t). The 
calculations were performed for a guide built in an x-cut 
y-propagation LiNbO3 substrate for a wavelength of 
1.523 µm.  

The schematic view of the initial Ti-strip-geometrical 

parameters, the fundamental mode (x
11E ) electric field 

contour lines and the field-profile in the transversal 
directions are shown in Fig. 2. Because of the anisotropic 
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Ti-diffusion characteristic, the mode field presents a 
nonsymmetrical shape. The Wx and Wz are the mode 
diameters defined as the full width at half maximum of 
the field intensity in the transversal directions z and x.  

For Ti:LiNbO3 channel waveguides, the refractive 
index in the diffused region follows [14]: 
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e, o denote the extraordinary and ordinary rays 
respectively, x and z are the coordinates of a point in the 
substrate, dz and dx are the diffusion width and depth 
respectively, nb is the substrate refractive index, ∆ns is the 
variation of the surface index with the wavelength and 

( )Wzf 2 represents the solution of the anisotropic 

diffusion problem. 
In addition, 

o,eSn∆  is given in terms of H and some 

fitting parameters [15]: 
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The diffusion coefficients Dz and Dx, the diffusion 
width dz and depth dx, and the depths of refractive index 
change profiles dxe and dxo can be calculated by [15]: 
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where Di0 is the diffusion constant, Ei0 is the activation 
energy and k is the Boltzmann constant. These constants 
for Ti:LiNbO3 waveguides are presented in Table I [15]. 

The refractive indexes dispersion of the LiNbO3 are 
taken into account by using (6) and (7) with the 
wavelength (λ) in µm [16], and they are:  
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III. F INITE ELEMENT MODEL  

The modal analysis of the Ti:LiNbO3 waveguide was 
carried out by a scalar finite element implementation both 
for nonhomogeneous and anisotropic media [13]. 
Accurated optical field profile and propagation constants 
can be obtained by the application of the finite element 
method.  

TABLE I 

COEFFICIENTS OF THE ARRHENIUS LAW FOR  
 Ti:LiNbO3 GUIDES 

Dz0 (µm2 / h) 5.0 e+9 

Dx0(µm2 / h) 1.35 e+8 

Ez0 (eV) 2.60 

Ex0 (eV) 2.22 

The Helmholtz equation in the scalar approximation, 
for a lossless, inhomogeneous and anisotropic dielectric 
optical waveguide with diagonal permittivity tensor, and 
a harmonically y-propagating wave, can be expressed for 
the Ex modes as: 
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and for the Ey modes as follows: 
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where k0 is the free space wavenumber and β is the 
propagation constant. The variables nx(z,x), nz(z,x) are the 
refractive indexes in the transversal directions and ny(z,x) 
is the refractive index in the longitudinal direction.  

The application of the Weighted Residual Method 
with the Galerkin Approximation in (8) and (9) yields the 
matrix equation: 

[ ]{ } [ ]{ }T
eff

T MnF φφ 2= , (10) 

where neff = β / k0 is the effective index. The matrices for 
each finite element are given by: 

[ ] { } { }∫
Ω

= dxdzNNkAM T2
0 , (11) 

[ ] [ ] [ ]21 FFF −= . (12) 



Revista Científica Periódica - Telecomunicações                                                                                                                                                                       ISSN 1516-2338 

 

 
 

56 Telecomunicações - Volume 07 - Número 01 - Julho de 2004  
 
 

For the Ex modes the matrices are:  
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For Ey modes follows: 
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where A = 2
zn , for Ex modes, or A = 1, for Ey modes, 

yy ng 1= , { } { } xNN x ∂∂=  and { } { } yNN y ∂∂= and x 

and z are the transversal axis and y is the propagation 
direction. The parameters δz and δx assume either the 
value 1 for diffused index in the z and x directions 
respectively, or zero for constant index. The matrix [F2] is 
sparse and nonsymmetrical because of the presence of 
terms with refractive index partial derivative. 

In this work, the variation of the refractive indexes 
and their spatial derivatives inside each finite element are 
expanded in terms of the base functions {N}: 
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The finite element formulation was implemented in a 
personal computer (Athlon 900 MHz, 512 Mb RAM) 
using the Matlab software. For a single modal analysis a 
typical CPU time is about 10 minutes.  The geometric 
models, the attribution of physical properties and 
boundary conditions, the finite element unstructured mesh 
generation (using Delaunay algorithm) and graphic 
visualization of the electromagnetic fields were done 
using the LevSoft, which was developed in the Institute 
of Advanced Studies − IEAv/CTA for finite element 
applications [17].  

IV. COUPLING EFFICIENCY CALCULATIONS  

The coupling efficiency between a single-mode 
circular core optical fiber and a single-mode Ti:LiNbO3 
waveguide was calculated by the overlap integral of the 

spatial field distribution: 

∫∫ ∫∫

∫∫=Ψ
dxdzEdxdzE

dxdzEE

gf

gf

22

2

, 
(17) 

where Ef  and Eg are the electric fields in the fiber and in 
the optical waveguide, respectively. 

For the circular core fiber, the field profile is well 
approximated by the Gaussian function [4]-[9]: 

( )22 2exp)( arrE f −∝  (18) 

where  r2 = x2 + z2 and a is the mode radius of the fiber at 
the half-width-at-half-maximum field intensity.  

Fig. 3 presents the fiber to waveguide coupling 
efficiency and the waveguide mode diameter in the 
transversal directions (Wx, Wz) as a function of the initial 
width of Ti-strip for different diffusion times. The 
following set of fixed parameters was assumed: 
H=80 nm, T=1050 oC, λ=1.523 µm and the fiber mode 
diameter 2a=5 µm. For this particular case, the 
waveguide is single-mode for Ti-strip widths smaller than 
7 µm for t=3 h and smaller than 10 µm for t=12 h. The 
coupling efficiency values reach approximately 92% on 
the single-mode region. However, for long diffusion 
times the maximum coupling efficiency condition is near 
the cutoff second mode. 

The coupling efficiency and the mode diameters as a 
function of the initial Ti-strip thickness (H) and diffusion 
time are presented in Fig. 4 for W=5 µm, T=1050oC, 
λ=1.523 µm and 2a=5 µm. When t=3 h, the waveguide is 
single-mode for H ≤ 95 nm and the cutoff frequency for 
the fundamental mode is reached for H ≤ 55 nm. For the 
case of t ≥ 6 h, the propagation is only single-mode but 
the cutoff frequency changes to higher Ti thickness. In all 
cases the maximum coupling efficiency is approximately 
92 %, however for t = 6 h  the  efficiency  values  
presents  low sensitivity to the thickness variations, 
allowing to simplify the Ti-strip deposition requirements. 

Fig. 5 shows the coupling efficiency and the 
waveguide mode diameters as functions of both diffusion 
temperature and the diffusion time for W=5 µm, 
H=80 nm, λ=1.523 µm, and 2a=5 µm. Again, the 
maximum coupling efficiency is about 92 % for each 
diffusion time considered. The maximum efficiency 
values are reached for temperatures between 1000oC and 
1100oC and correspond to waveguide mode diameters 
near to 5 µm which is the mode diameter in the fiber. 

Figs. 3-5 show the maximum values of coupling 
efficiency for different fabrication parameters. Even 
though, the related fiber positions are essential to define 
the geometrical parameters of the alignment grooves, 
which are manufactured either by chemical etching or 
laser ablation system. The Figs. 6(a)-6(c) present the 
center fiber position (z=0 µm, fixed) corresponding 
respectively to the data set of the Figs. 3-5. The 
simulations show that the fiber position changes around 
1 µm with W or H variations. For temperature variations 
between 900oC and 1150oC the fiber position must be 
modified by ≈ 5 µm. 
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Fig. 3. The coupling efficiency and waveguide mode 
diameter as functions of the initial width of Ti-strip and 
the diffusion time. 
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Fig. 4. The coupling efficiency and waveguide mode 
diameter as functions of the initial Ti-strip thickness and 
the diffusion time. 
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Fig. 5. The coupling efficiency and waveguide mode 
diameter as functions of the diffusion temperature and the 
diffusion time. 
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Fig. 6. The vertical center fiber position, x (z = 0 µm),  
corresponding to the maximum coupling efficiency as a 
function of the waveguide fabrication parameters.         
λ t = 3 h, ν t = 6 h, � t = 9 h, and � t = 12 h. 
 

The alignment tolerances studies are illustrated in 
Fig. 7 in which the coupling efficiency is plotted against 
transversal offsets for the following fixed parameters: 
2a=5 µm, W=5 µm, H=80 nm, T=1050oC, and 
λ=1.523 µm. The mechanical tolerances were determined 
considering a maximum connection loss equal −1.0 dB 
(≈ 20.6 %). 
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Fig. 7. Coupling efficiency as a function of the transversal offset. (a) Offset in z-direction, (b) offset in x-direction. 
 

TABLE II 
COUPLING EFFICIENCY FOR COMMERCIAL 

 OPTICAL FIBERS 

λλλλ (µµµµm) 2a (µµµµm) 
fiber 

neff 
guide 

Wz (µµµµm) 
guide 

Wx (µµµµm) 
guide 

ΨΨΨΨ (%) 

0.820 3.748 2.174061 4.28 2.758 88.517 

1.060 5.092 2.159105 5.20 3.444 86.830 

1.300 5.656 2.147652 6.14 4.215 89.234 

1.550 6.718 2.138914 7.22 5.145 89.792 

The results shown in the Figs. 3-7 were calculated for 
a typical fiber mode diameter (2a=5 µm) and the 
waveguide mode dimensions were calculated for 
λ=1.523 µm. By taking into account some commercial 
fiber characteristics is possible to obtain the attachment 
condition for special cases. Table II presents an example 
for four commercial fibers (manufactured by 3M, PM 
series) where the following fixed parameters were 
considered W=5 µm, H=80 nm, T=1050oC, and t=6 h. 

I. CONCLUSIONS 

The fiber-to-diffused waveguide coupling efficiency 
was calculated by using the finite element modal analysis 
for the Ti:LiNbO3 waveguide. The effect of waveguide 
fabrication parameters on the coupling was verified. The 
relative fiber positions to obtain the maximum coupling 
efficiency were determined. This study permits the design 
of groove channels to attach and align the fiber-
waveguide connection. The mechanical precision 
alignment requirements were determined by analyzing the 
fiber transversal offsets. 
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