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Summary 

Due to the developments in the area of coherent and high bitrate direct detection syste,:"s 
there is a demand for efficient laser diode to single mode fiber coupling modules con
taining one or more optical isolators. 

A theoretical approach to calculating the laser diode to single mode fiber power coupling, 

when using discrete micro-optical lenses. is discussed. The method is based on the 

combination of gaussian beam theory and geometrical optics (ray tracing). This method 

Includes the effects of wavefront aberration on the power coupling efficiency. 

In this report the method is applied to two different laser diode to single mode fiber cou
pling cases. In the case using one lens the power coupling efficjency is calculated for a 
spherical lens, a plano convex graded index rod lens and a truncated spherical lens. In 

the cases using two lenses the power coupling efficiency is calculated for the combina

fions: spherical lens - spherical lens. spherical lens - graded index rod lens. truncated 

spherical lens - spherical lens. 
Also calculations for misalignments. ie. offset or tilt of a gaussian beam. are carried out 

using only the gaussian beam approximation. 

In practice the power coupling efficiencies were measured for two different cases ( single 

lens and double lens ). 

In the case using one lens the highest power coupling efficiency ( 38 % ) was exper

imentally achieved with the plano convex graded index lens. Furthermore this lens can 

be used in combination with an optical isolator. 

In the case using two lenses the highest coupling efficiency (48 % ) was achieved using 

a combination of two spherical lenses. The great advantage of using two lenses is the 

possibility of inserting several optical isolators between the lenses. This is demonstrated 

by the implementation in a LD package where three optical isolators were inserted be

tween the lenses. 

For the calculation of the LD to SMF fiber coupling efficiency the theoretical model seems 

to predict the experimentally obtained power coupling efficiencies closely. 

The theoretical and experimentally achieved results, for offset and tilt, differ more than 
in the case of the power coupling efficiency calculations. However with the help of this 

approximation good estimations can be made in order to get an impression of the offset 

and tilt tolerances of several LD to SMF lens coupling configurations. 
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1.0 Introduction. 

Nowadays in optical telecommunications special interest is paid to the wavelengths 1.3 
Ilm and 1.55Ilm. For 5i02 - Ge02 single mode fibers ( at wavelength 1.3 Ilm ) the total 
dispersion is minimal and the attenuation is low. At 1.55 Jlm wavelength the attenuation 
is minimal. In long haul transmission systems, the repeater spacing is limited mainly by 
the transmission loss. The reduction of the number of repeaters in a system can be 
achieved by high coupling erticiency between the semiconductor laser diode and the 
single mode fiber. 
There are several methods possible (or coupling laser diodes to single mode fibers. First 
there is the butt joint coupling. This method gives very low coupling efficiencies of about 
-8 dB for typical index guided laser diodes and single mode fibers in the wavelength re

gion described above. The reason for this lies in the mismatch in mode size. Other 
methods were subsequently developed. One way of achieving high coupling efficiency is 
by tapering the single mode fiber. This can be done using the help of a flame or by means 
of a chemical etching procedure. When using a flame the single mode fiber is locally 
constricted by heating and pulling until a suitable taper is present. Then the fiber is 
cleaved and the cleaved end is dipped in high index molten glass, forming a small high 

Index lens at the top of the fiber. In the case of a small high index lens on top of the ta
pered single mode fiber typical coupling efficiency values of -3 dB can be obtained. In the 

case of chemical etching a conical shape is etched onthe fiber end and afterwards flame 
polished. With this method coupling efficiencies of -3 dB can be also be obtained. When 
packaging using these kinds of coupling methods there is no space ( between the laser 

and the fiber) in which to place an optical isolator, to attenuate the back reflected light 
from the fiber endfaces. 
Therefore other methods using single lens elements were developed. These coupling 
methods can be divided into three categories. The first group employs a relatively large 
lens, i.e. a spherical lens or graded index rod lens to establish the coupling efficiency. 

The second group utilizes a confocal two lens method. Here the laser diode is placed in 
the focal point of the first lens. the fiber is placed in the focal point of the second lens and 
the distance between the lenses is equal to the sum of the focal lengths of the two lenses. 
The third group makes use of lenses and the virtual fiber. Here the virtual fiber is formed 

by attaching a graded index rod lens to the input endface of the single mode fiber. This 
results in a virtual fiber spot size, which is larger than the single mode fiber spot size. 
In this report, the methods used in these first and second groups will be investigated. This 

investigation is done by theoretical calculations and practical measurements of laser di
ode to single mode fiber coupling efficiencies. Further the lenses that will be used must 

be commercially available and must fit into a laser diode package. There must also be a 

possibility of placin9 one or more optical isolators in the package without substantially 
reducing the overall coupling efficiency. 
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In chapter one and two, the theoretical tools are derived for the calculation of the coupling 
efficiency. The calculation is carried out with the help of a program wriHen by the author. 
This program Is written in Fortran 77 and makes frequent use of standard NAG and 
DISSPlA routines. The third chapter gives a short description of the optical Isolator. In 
chapter four the measurement set-up for coupling efficiencies is described. The results 
obtained with the program and with the measurement set·up are given in chapter five. 
Chapter six describes a possible application for a package. utilising a laser diode to sin· 
gle mode fiber coupling method using two lenses and one or more optical isolators. In 
chapter seven, conclusions are summarized and a comparison of the theoretical and 
measured coupling efficiency results Is given. 
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the sphere S and the wavefront W. The optical path length n = 00 is called the wave ab
erration. 

Figure 2.7 
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To calculate the wavefront aberration In a plane behind the lens the method introduced 
by R. van der Veeken [aJ is used. This method has the advantage that no integrals need 

to be evaluated. unlike the method described in [9]. Instead, ray theory is adapted by 

applying the concept of wave aberration which is based on a difference in optical path 

length between the principal ray and a meridional ray. 

The optical path length 0 of a ray between two arbitrary points P and 0 is defined as: 

(2.1 ) 

where n( F ) is the refractive index at a point rand r the vector tangent to the ray. In ho

mogeneous media D (P.O) is simply the geometrical distance between P and 0 multiplied 

by the refractive index of the medium. 

The wavefront aberration is defined at an arbitrary plane behind the lens: the 

output plane. In figure 2.a the desired wavefront ( here taken spherical) through a point 

00 of the output plane is shown. Also shown is the actual wavefront leaving the lens. This 

wavefront is constructed by measuring a fixed optical path length n (S.O) along rays 

emerging from the point source S including the on-axis point 0 of the desired wavefront 

through 00. 
The wavefront aberration W in point 00 of the output plane is now defined as the 

difference in optical path length between 0 and 00 along the actual ray through 00. 

W(Oo) = D(S.O) - B(S, 0 0) 

= 0(5,0) - O(S,Oo)' 
(2.2) 
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Figure 2.8 General configuration for the determination of the wavefront aberration. 

2.3.1 Wavefront aberration of spherical lenses 

As an example of the method used to calculate the wavefront aberration described 
in 2.3 the wavefront aberration of a spherical lens Is calculated. 

In figure 2.9 The rotationally symmetric configuration is shown. The ball lens with 
radius R and refractive index n2 is centred at the optical axis. The point source S is sup
posed to be at a distance z = -a from the principal plane. The output plane is at a distance 
z = b from the principal plane. 
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I 

Figure 2.9 Ray trace through a spherical lens. 
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According to equation (2.2) the wavefront aberration in point Q is given by: 

with Ii the length of segment i and n, the refractive index of the surrounding medium. 
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Figure 2.10 Wavefront aberration by spherical lens. 

By applying the sine rule and Snell's law, it is possible to find the analytical expression 
for Wq either as a function of the angle of divergence 01 of the point source or as a function 
of r .. in the output plane. 
To find the polynominal expressions for Wq( 01 ) and for Wq( ro ) the datapoints Wq and the 
corresponding 01 or r .. are calculated with the ray trace algorithm and then curve fitting 
with Chebychev polynominals up to power 10 is applied. For the above described exam
ple the wavefront aberration as function of 01 is illustrated in figure 2.10. 
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(3.12) 

where qt is the transformation of the complex beam parameter q, and A,B,C,D are the 
elements of the overall ABCD matrix. 
From the given ABCD-Iaw it is easy to obtain the transformed waist Wz and the trans
formed radius of curvature· of the wavefront R,. As an example the transformation of w; 
through an optical system in air is described below. 

Assume the optical configuration as shown in figure 3.3. 

Input plane 
I 

output plane 

I ABCD ... 

I l , 
I 
I 

J d. d, 'I W. W'!I__ OPTICS __ I 
I I 

-. - - I- - -- - - -- - :- - - ..... ----.. optical axis 
ABCD 

Figure 3.3 Optical configuration for determination of transformed laser beam parameters. 

Here w, is the spot to be transformed. The box OPTICS represents a thick lens or a thick 
fens combination. The overall box represents the OPTICS box plus the distances be
tween the OPTICS box and the input and output planes. This overall box can be de
scribed by the A8CD.o1 matrix as shown in the figure 3.3. 
The ABeD-law is given by : 

Ctot + 
Dtot 

1 ql 
= q2 

Atot + 
Btot 

q1 

(3.13) 

Assume the waist w, at distance d, from the optics box. According to equation (3.8) ql can 
be expressed as : 

1 
q, 

. A -J--
2 

1tW, 

And q2 is given by : 

(3.14) 

(3.15) 



1 . A. 
--J-- = 
R2 1tw/ 

with r 

Clot - jDtotr 
Alot - j Btotr 
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The real part of the above equation gives the transformed radius of curvature of the 
wavefront: 

(3.16) 

The imaginary part gives the transformed beam spot W2. With the assumption that in a 
physical system the determinant of the ABCDtot equals unity the transformed spot is given 
by: 

(3.17) 

Hence the gaussian field 'I' ( xo , Yo ,z ) in the output plane of the thick lens or lens con

figuration is known. 

3.3 The non .. paraxial transformation of the gaussian 
laser beam by a lens. 

In the previous paragraph it was seen that the transformation of the gaussian 
beam with the help of the ABCD-Iaw was allowed in the paraxial approximation. Due to 
the high NA of the LD this approach is not valid on LD side. To find the gaussian field of 
the LD in the output plane of a lens the method described below is used. 

First it is assumed that the actual laser beam can be approximated by a gaussian 
beam as described in paragraph 3.1. To obtain a model of the lens as a gaussian beam 

transformer the following two points are assumed [14,15,16,17]: 

1] The lens acts as a phase transformer. This means that the lens influences the phase 

of the gaussian beam but has no influence on the transmitted power through the lens (ie: 

no absorption, reflection or scattering takes place ). 
2] The distance between the LD and the lens is great enough to assume that the LD 

acts as a point source, seen from the lens ( ie: the lens is located in the LD far field. the 
1tWoz 

distance LD to lens> > -..1.- as follows from equation (3.10)). 

For the derivation of the phase and amplitude function of the transformed gaussian 
beam in the output plane of a lens consider the configuration of figure 3.4. 
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Because of the assumption that the power of the incoming field 'Vi within a radius rlmn 

equals the power of the outgoing field 'I' 0 within a radius ro .... _ the following equation is 
valid: 

or 

(3.19) 

With the equation (3.19) it is possible to derive \1' o( ro ) when rl is known as function of ro . 

For obtaining rj as a function of ro the ray trace algorithms and curve fitting routines can 

be used. With the help of these tools it is easy to derive ri as a polynomial of roo 

With the help of the methods described above it is possible to express the laser field in 

the output plane of the lens. The outgoing field 'I' a can be expressed as: 

(3.20) 

Here p( ro) is a polynominal of ro and f( ra ) is a function of roo 80lh are derived when 
solving equation (3.19). 

With the help of the diffraction integral in the Fraunhofer approximation it is possible to 

describe the propagation of the gaussian beam. 

3.4 Coupling between gaussian beams. 

After the previous study of the propagation of gaussian beams in air and through lenses 

it is possible to determine the coupling efficiency between two gaussian beams. In this 

chapter special attention is paid to the coupling of a gaussian beam propagating from a 

SMF and a gaussian beam propagating from a LD lasing in the fundamental mode. 

8efore the calculation of the coupling efficiency can be made first the optical configura

tion has to be determined. In this report the two cases illustrated In figure 3.5 are con

sidered. 
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