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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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2.0 Optical co ..... siderations. 

2.1 Introduction 

352/89 

As defined in the introduction a coupling is to be made between a laser diode (lO) 
and a single mode fiber (SMF). This means the transformation by an optical system of a 
divergent light beam into a convergent light beam. See figure 1.1. 

SOURCE 
~ ____ SINK 

OPTICS 

Figure 2.1 Optical transformation system. 

Before tackling the problem of the transformation itself, the optical modelling constraints 
must first be investigated. 

A very important constraint is given by the numerical aperture (NA) of an optical 
source or sink. The NA is defined using half of the maximum angle of divergence 0", •• of 
a source or sink. The NA in air is given by 

N A = s j n ( e max) 

Typical values for a lD NA are 0.4 ::; NA ::; 0.5 and for a SMF NA:::: 0.11. 
Due to the high lO NA paraxial approximations are not allowed on the lD side. 

while on the SMF side these approximations remain va lid [1]. Therefore on the lO side 
the optics are investigated using ray tracing methods. The light propagation is simply 
described by a ray which indicates a path along which light energy travels. The passage 
of rays through an optical system may be determined purely by geometrical consider-
ations. The following assumptions hold: . 

1) A ray travels in a straight line in homogeneous media. 

2) A ray incident at an interface obeys the law of refraction. 

In this report only meridional .rays are considered. A meridional ray is any ray lying in a 

plane containing the optical axis. The meridional ray will remain in the same plane 
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throughout an entire system. This means that ray tracing Is a two dimensional problem. 
Ray tracing can be done very quickly and accurately with the help of a computer. In ap
pendix A, an example of a ray trace algorithm for rotationally symmetric optical systems 

is discussed. 

On the SMF side the convenient A8CD matrix is used. This ray transfer matrix 

describes the propagation of paraxial rays through an optical system. A brief desciption 
follows below. In appendix 8 a description orthe construction of an ABeD matrix of a thick 

lens or a lens system is given. 
A paraxial ray In a given cross section of an optical system is given by its distance 

Y, from the optical axis and by its angle V, with respect to that axis. The angle v, is as

sumed to be small. See figure 2.2 The ray path through an optical system depends on the 
optical properties of the system and on the input conditions y, and angle v,. For paraxial 

rays the corresponding output quantities Y2 and v, are linearly dependent on the input 
quantities. This is conveniently written In the matrix form 

principale planes 
I I 
I I 

I 

H. I - I 

Input plane . 

Yt 

I 
output plane 

I 

optical axis 

Figure 2.2 Characterisation of an optical system in paraxial approximation. 

Generally the ABCD matrix determinant is unity for physical systems and is given by 
AD - BC - 1. The elements of the A8CD matrix are related to the following lens char

acteristics: 

focal length: f = 1 
C 

location of principal plane 1: H, = D ~ 1 

location of principal plane 2: H2 = A ~ 1 

The location of the principal planes, as measured from the input and output planes. and 

the focal lengths are shown in figure 2.2. 
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2.2 Lens description. 

The lenses used for the micro optical coupling configuration can be described in 

terms of their principal planes. focal points and refractive index. In this report the fol

lowing micro lenses are considered: 

A) Ball lens. 

B) Truncated ball lens. 

C) gradient index lens ( GRIN lens). 

A) A ball lens is completely described by its refractive index n and radius R. The 

figure 2.3 Illustrates the lens characteristics . 

• H 
• 
I 

----r;==~===~~==:::;~==:;-r--~O;pPtlCal axis 

Figure 2.3 Bal/lens characteristics. 

The focal length: f = (nR ) 
2n-1 

The ABeD matrix is given by: 

B) A truncated ball lens is completely described by its refractive index n, radius 

R and thickness parameter t. The figure 2.4 illustrates the lens characteristics. 
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H. 

-~t==;;-:-r---t;==:::;-+- optical axis 

Figure 2.4 Truncated ball lens. 

The focal length f = ( R ) 
n-1 

The ABeD matrix for t == 0 mm is given by: 

1 B...] 
(1 _ n) n ~ 

R n 
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C) A GR IN lens is described by its pitch length. diameter and refractive index n(r). 
The figure 2.5 illustrates the lens characteristics. 

H. I I Ht 

, 
n(r) 1 

I I 

I 
, 

I 
I 

f 1 I r 
1 I 

optical axis 

I l I 

Figure 2.5 GR IN lens. 

The pitch length P = ~ ~ . 

Where Z is the length (mm) of the GRIN lens and 9 is the quadratic gradient constant 
( mm-1). The refractive index is given by [5] : 
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where 
n(r) ::: refractive index at dista nce r froin axis 
No ::: refractive index on axis 
h •• h, = higher order constants 

The ABCD matrix is given by: 

[
A B] _ cos( gz ) N 

[ 

sin( gz) ] 

CD - og 
-Nog sin( gz) cos( gz ) 
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In appendix A a ray trace algorithm was given for homogeneous media. For GRIN lenses 
this approximation is no longer holds and a different approach is necessary. In appendix 
C a ray trace method is described [6]. 

2.3 Wave and ray aberration 

As will be seen in the next chapter. knowledge of the waverronts of the LD-field is 
very important. For this reason the wave and ray aberration are introduced here. 

The wave and ray aberration are defined in the following way ( see figure 2.6). Consider 
a rotationally symmetric optical system [7]. Let p' 0 , P', and PI be the points in which 
a ray from a point Po intersects the input plane. the output plane and the image plane. 
If PI" is the image point Po according to paraxial optics. then the vector e is called the ray 
aberration. 

x 

z 

Image plane 

Figure 2.6 Ray aberration in an optical system. 

Referring to figure 2.7; let W be the actual wavefront through the center 0', of the output 
plane coming from a point source in Po. Consider a sphere S representing the wavefront 
in the absence of aberration. This sphere is centred in t~e paraxial image point P," and 
passes through O{ . The points 0 and 0 are the intersection points of the ray P'. P, with 
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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 

l 
I 

output plane 
I 

- --

Wave aberration in an optical system. 

p, 

p,. 

z 
0, 

• 

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) 



· 16· 352/R9 

Q 

s 

, 
opllcal sySlem output plane 

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. 

I, 

s 

b 

output plane 

I 

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. 

! 
t IWS lEAVlNG fOCAl.. POINT 

II 

!! 

II 
<I 
g:i 
i! !l: q 

0 

I 
0 
I 

0.0 7JJ "'-0 21.0 2&0 ao 
ANGULAR RAY DIRECTION (degrees). 

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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The figure above was calculated for a spherical lens with radius 500 IJm and 
refractive index 1.81. Further it was assumed that a=b=f. It is seen that W" increases 
quickly above the paraxial region ( 9, > 10~ ). The same calculation was carried out for 
a truncated spherical lens with refractive index 3,48. radius 1.42 mm and thickness 0 mm. 
Further it was assumed that the truncation faced towards the pOint source and a = b == f. 
The wavefront aberration as function of 0, is illustrated in figure 2.11. 

Figure 2.11 

I~----------------' 
1 RA'IS I.£AVIIC I'OCAL POM 

I 
!' 

II 
I; 
~+-------~----------~ 

lu 7.0 14.0 no 2ILO 
ANGULAR RAY DIRECTION (degrees). 

Wavefront aberration of truncated spherical lens. 

2.4 Reduction of wavefront aberration. 

In the previous section 2.3 it was shown that the wavefront aberration increased steeply 
above the paraxial region. One way of reducing the rapid increase is to move the point 
source S towards the lens. Figure 2.12 illustrates the effect of moving the point source S 
a distance 15 IJm towards the lens. Here the same lens is considered as in paragraph 
2.3.1. 

!~------------------------~ 
1 RAYS I.£AVIIC roa.L POIHI' 
2 RAYS lEAVlNG 0El'00JSED POINT 
IlEfOCtlSlNG TOWARDS !.ENS -15 UY 

7.0 14.0 2UI ao ao 
ANGULAR RAY DIRECTION (degrees). 

Figure 2.12 The effect of moving the point source S. 
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It is seen that by moving the point source towards the lens. the decline of the wavefront 

aberration Is at the expense of the wavefront aberration in the paraxial area. 

Another method of decreasing the wavefront aberration is to adjust the lens sur

faces. In the following, a description of lens surface adjustment for two different kinds of 

lenses Is given. 

1] 
Assume a 0.25 pitch GRIN lens. By applying the raytrace algorithm described in appendix 

3 the ray propagation through a GRIN lens is shown in figure 2.13. Further it is assumed 

that No = 1.5916, g := 0.327 mm-1, h4 = h. = O. 

r--.---.-.----~ 
I I 
I • 
t . : 
! 

~+-~~~~~~~~~~~~~ 
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 1)0.0 

OPTICAL AXIS 0<10) 

Figure 2.13 Ray propagation through GRIN lens. 

It is seen that rays which leave the point source at high angles of divergence propagate 

far from the optica I axis through the GR IN lens. This means that the wavefront aberration 

increases very quickly with increasing angle of divergence. This negative property can 

be influenced by curving the surface in front of the pOint source [10]. As illustrated in 

figure 2.14 and figure 2.15 the rays propagate nearer to the optical axis if the radius of 

curvature is decreased. 
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~~----------------~ 
,._ ..... ------------_ ... _, , , 
t : , . , , 

• I I I 

I 

Figure 2.14 Propagation of rays in GRIN lens with curved surface, 

radius of curvature 2.0 mm. 

1$ 
I': 
Ol 

~~ ~ 
~ ~ c 

I 

g 
I 

0.0 

,...--------... 
I I . , 

f I , , , , . , 
f , . . , , . , , 

to.O 20.0 30.0 <10.0 50.0 60..0 70.0 80.0 90.0 100.0 

OPTICAL AXJ3 0<10) 

Figure 2.15 Propagation of rays in GRIN lens with curved surface. 

radius of curvature 1.0 mm. 
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In figure 2.16 the behaviour of the wavefront aberration as a function of point source di

vergence angle predicted above, is given for the same plano convex GRIN lenses. 
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i?----------------------, 

!' 
13 

I: 

1RCURoo lUll 
2RCURoo2U11 
3RCUR-3UU 
4 RCURoo 1.SOUII 

!~~----~--~~ 0.0 1.0 Wl.O 'IU IIIJ) 2lI.O 

ANGULAR RAY DIRECTION (degrees). 

Figure 2.16 Wavefront aberration of plano convex GRIN lenses. 
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The results from figure 2.16 show that it is possible to minimize the wavefront ab

erration of a GR IN lens by curving the first lens surface. Care should be taken when in

terpreting the results obtained, as the description of the refractive index of the GR IN lens 

is only a rough estimation or the actual refractive index variation. This is due to the fact 

that the optimal quadratic index variation is difficult to realise [6]. 

2J 
As described by [11] it is theoretica IIy possible to shape the contour of a trun

cated spherical lens in such a way that the wavefront aberration is extremely low. The 

contour of a truncated spherical lens with thickness t = 0 is made in such a way that 

light from a point source becomes a parallel beam after passing through the lens. In fig

ure 2.17 the optical paths F-P-O and F-L-R have to be calculated. Assume that H is the 

projection from point P to the optical axis. Since PO = HR, the optical paths will be 

identical if PO = HR. The optical paths are given by the expressions: 

FP = p 

FH = f + (p cos fJ - f) 

where n is the refractive index of the glass, and f is the focal length Flo When the optical 

path of FP is set equal to that of FH, the formula for the contour of the lens is found to be: 

p = 
(n-1)f 

ncosO - 1 
(2.3) 
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Figure 2.17 Shaping the contour of a truncated spherical/ens 

It is interesting to convert p and cos 8 into rectangular coordinates: 

cosO = 

insertion of these two equations in (2.3) and after a little algebraic manipulation gives 

= (2.4) 

where 

a = f 
n + 1 

b J~ ~ 1 
f = 1 

c = n f 
n + 1 

It is seen from equation (2.4) that the lens contour Is hyperbolic. 
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3.0 Gaussian beam approximation. 

3.1 General introduction 
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With the ray trace methods described In the previous chapter it Is only possible to 
describe the phase of a field. To describe the LD and the SMF field completely. that is the 
description of the amplitude function and the phase function In homogeneous media. a 
solution of the reduced wave equation has to be derived. 

The reduced wave equation is given by [12J the well known expression: Vlu + k2u = a 
in which u is a field component of the electric field and k the propagation constant defined 
by 2n:..t.- ' where ..t is the wavelength in the medium. 

For light travelling in Z-direction the field component is written as: 
u(x,Y,z) = 'I'( x.y.z }exp( -jkz ). Insertion in the reduced wave equation gives the par
tial differential equation: 

+ a 2'1' _ 2jk a'I' = 0 
al fJz 

(3.1 ) 

Here it was assumed that'l' is a very slowly varying function over the distance of one 
wavelength A. • 

o the term iF'1' 
az2 

vanishes compared to the term a'I' 
oz 

A solution of the differential equation (3.1) is of the form: 

( 
n:( x

2 + l) ) 
\f( x,y,z) = A exp[ -j P(z) + ..tq(z) ] (3.2) 

Here the parameter P(z) represents the complex phase shift associated with the propa
gation of the light beam. The parameter q(z} is a complex beam parameter which de
scribes the gaussian variation in beam intensity with the distance r= JX2 + f from the 
z-axis, as well as the curvature of the spherical phase front near the axis. Insertion of 
'I'(x.y.z) in equation (3.1) gives: 

2 2 2 

2k( P' + ~ ) + ( k( x : y ) ) ( 1 _ q' ) = 0 (3.3) 
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The prime indicates the derivative with respect to z. Because the above equation has to 
vanish to zero for all values of x,y and z two equations are obtained: 

q'(z) = 1 

P'{z) = -j (z) 
q 

The solution of equation (3.4) is: 

q(z) = qo + z 

Substitution in equation (3.5) gives: 

P(z) = - j In( 1 + -L ) 
qo 

Relating the two real beam parameters R(z) and w(z) to the reciprocal of q(z) gives: 

1 
q(z) 

= 1 
R(z) 

2j 

(3.4) 

(3.5) 

(3.6) 

(3.7) 

(3.8) 

Insertion of equation (3.8) in equation (3.2) makes the physical meaning of these two pa
rameters clear. It is seen that R(z) is the radius of curvature of the wavefront that inter
sects fhe axis at z, and w(z) is a measure of the decrease of the field amplitude with the 
distance from the axis. The decrease is gaussian in form and w is the distance at which 
the amplitude is f times that on the axis. See figure 3.1 and 3.2 . 

Amplitude 

Figure 31 

Figure 3.1 Amplitude distribution of gaussian beam. 

Figure 3.2 Contour of gaussian beam. 

Figure 3.2 

In figure 3.1 the gaussian shape is visible. From figure 3.2 it is seen that the contour has 
a constriction at z = O. Here the R -+ 00 which gives that the qo is purely imaginary indi
cating that the phase front is plane. Furthermore it is seen that th~ qaussian beam can,,: 
tr~cts to a minimum diameter 2wo . The constant Wo is called the beam spot size or waist. 



- 25 - 352/89 

Insertion of the imaginary qo in equation (3.G) and combining this with equation (3.8) gives 
two useful expressions for w(z) and R(z): 

(3.9) 

(3.1-0) 

In figure 3.2 the expansion according to equation (3.9) is shown. It is seen that the contour 
of w(z) inclines to the axis at an angle: 

(J = lim w(z) 
z .... 00 z = 

This is the far-field diffraction angle. 
With the help of the above found equations it is possible to find the complete ex

pression for u( x,y,z }. This is given by: 

u(x.y.z) - :'0 exp[ -Xkz - <1» - (x' + y'{ ~, + ~~ ) ] (3.11) 

where 

<f> - arctan(~) 
1tWo 

In the above derivation of the gaussian beam only the fundamental mode (relevant here) 
was discussed. For rectangular geometries the solutions for u(x,y,z) including the 
Hermite polynomials also satisfy the reduced wave equation [4] . 

Another derivation of the gaussian beam propagation is obtained with diffraction 
theory [13]. This approach gives the same results as described above. 

3.2 Paraxial gaussian beam transformation by thick 
lenses. 

For the lenses described in 1.2 the thin lens approximation is not allowed. as the 
lens thickness is large compared to the optical lens characteristics i.e the focal length of 
the lens cannot be neglected. Therefore the thick lens approximation for a gaussian beam 
transformation is applied. A very convenient way to predict the transformed gaussian 
beam by an optical system consisting of thick lenses is given by the ABeD-law [12]. 

The ABCD-Iaw follows from the analogy between the laws for laser beams and the 
laws obeyed by the spherical waves in geometrical optics. The ABCD-Iaw is given by: 



Aq, + B 

Cq, + D 
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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. 



Figure 3.4 

" (r,) 

• 28 . 

,Inpul plane • outpul plane 
, . 
: r, ; r. 
I---------i 

'f' .( r.) 

q' L-'-'---, LENS 

O~-L!!..-~~~---+----~pl' -------t opllcal axis 

The optical configuration to derive output field. 
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For the phase function y(ro) it is seen in the figure 3.4 that the phase along the op~ 

tical axis changes with a value kDoPl>' where k=2 1tA.- 1 • and Dol!'" the optical path length 

OPP'. The phase along the optical path OOQ' changes with a value 1<.0 000" 

It is interesting to have a look at the difference between Dopp' - 0 000' as this gives the 

wavefront aberration WO" See chapter 1 paragraph 1.3 . 

Hence for the phase shift function in the output plane of the lens the function 

exp[ - jk( W( r 0) + <I> )] is fou nd. Here <I> denotes a phase consta nt. 

With the ray trace algorithms descibed in appendix 1 and 3. the optical path 

lengths can be calculated for every angle O. With this information the wavefront aber

ration function W( ra) can be described as a polynomial formed by curve fitting with 

Chebychev polynomials up to the desired order. See also chapter 1 paragraph 1.3 . 

The first assumption plays an important role by obtaining the amplitude function of the 

transformed laser beam. It is assumed that the normalised amplitude function of the 

gausian beam in the input plane (see also figure 3.4), is given by: 

Jf [ 2] 2 1 -- rj 'I'{r,)= - --exp --
I 11: wL W 2 

L 

(3.18) 

with 

and WL is the transformed laser spot Wo due to the propagation in air and is given by: 
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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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coupli,nO plane 

LENS 

LENS1 
coup ngp n \I la e LENS:! 

L 0 l'- _____ ---'- .. 
"'- SMF 

~ 

~ - --1--------- ........ ,- '" . 'I'", optical axl '1' .. s 

'I'LIIr I \1' ,ttr 

Figure 3.5 Lens configurations for LD to SMF coupling. 

The normalised fields 'I'lo and '1'1'0 denoted in the figure can be expressed as: 

jf 1 [ ~2] 'I'LO = - -- exp ---
'It w LO W 2 

LO 

and 

with WLO and WFO the LD and the SMF waists. Further 'I'Ltr describes the transformed 
gaussian LD beam in the coupling plane after propagation through lens 1. 'If FIT and 'I'Fllr 

describe the transformed gaussian SMF beam in the coupling plane. 

The variable r is defined in the coupling plane with the origin on the optical axis and is 

defined by rZ == x, + r 

To obtain high coupling efficiencies the lenses have to obey the gaussian imaging prop

erties. In the following the two cases are split up to derive their imaging 'laws', 

In kasel the LD waist WLO has to be transformed into the fiber waist WFO by one lens. 
To match these two waists the gaussian imaging equation is used [12]. Consider! 
figure 3.6. 
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Here the lens is given by it principal plane or planes. The LD waist and SMF waist are 

placed at distance d, and dt respectively from the principal plane. 

Figure 3.6 

.. 

prlnclpl!1 plane lens 

I 
I 

1'''''-' -" 1-' -'--, . 
• t 

I 
I 

C<;Ise1 coupling configuration. 

• 

For the configuration shown above the imaging law is given by: 

(d1 - fXd2 - f)= r - f02 

With 

(3.21) 

and f is the focal length of the lens. Equation (1.21) is valid for any lens with f> fo. Once 

f is chosen the distances d, and d2 have to satisfy: 

and 

WLO J 2 2 d1 == f ± -- f - fo 
wFO 

(3.22) 

(3.23) 

In ~..e.2 the LD waist Wu has to be transformed into the fiber waist WfO by two lenses. 

Consider figure 3.7. Here the lenses 1 and 2 are given by their principal planes. Further 

it is assumed that the system is in confocal condition. This means that the following 

conditions are obeyed: 

d, = dz == fll 

d, = d" = fu 



Figure 3.7 
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I 
I 
I 

11' 

0',:. ~" d.-I .. 

Ca_se~ coupling configuration. 
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w .. 
r 

Considering figure 3.7. Placing the LD at a distance d! from lens 1 and the SMF at a dis
tance d. from lens 2 gives using equation (3.21) : 

fL1 == f01 f01 == 
1lWlOwl' 

AO 

fL2 = f02 f02 = 
Tl:.WFOWF' 

AO 

The transformed waists are distinguished with a prime. 
To couple the two beams with high efficiency it is required that Wl' - WF' . This gives the 
following relation between the waists and focal lengths: 

(3.24) 

Now for a given LD waist and SMF waist, the correct focal lengths of both lens 1 and 2 can 
be calculated,thereby determining the lens configuration. 

With the tools developed in the. previous chapter and this chapter, the transformed LD 
field and the transformed SMF field can be described completely in the coupling plane. 
The power coupling efficiency J7 is defined by [19J the overlap Integral: 

2 

11 = 1
00 100 * 

_OQ _OQ \f ur'l' A d A (3.25) 

The asterisk denotes the complex conjugate of the normalised transformed SMF field. 
The integration takes .place over the coupling plane where the transformed LD field and 
the transformed SMF are coupled. 
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3.5 Coupling efficiency deterioration due to offset or tilt 

In the previous sections. it was assumed that all components. that is LO, lenses 
and SMF were aligned along the optical axis. Now an estimation will be made to obtain 
knowledge about the coupling efficiency deterioration when or.s of the optical elements 
has offset or tilt. To calculate the influence of offset and tilt between two gaussian beams 
consider the rectangular geometry as illustrated in figure 3.B. 

Figure 3.B Coupling between gaussian beams. 

As described by [18,19.20.21J the propagating two dirnens:onal gaussian beams are 
given by the expressions: 

'1',AX,Z) = JJ: ~ exp[ - L-jk~] 
Ir W 2 2R'r 

Ir 

where '1'1< is the gaussian beam propagating from the left to the right and WI •• R,. are the 
transformed waist and radius of curvature of the wavefront given by the equations (3.9) 
and (3.10) respectively. 
The gaussian beam propagating from right to left has offset X; and tilt angle f) and is de
scribed by: 

J 12 1 [( x - xo)'J (x - X )' ] 
'I'r,{X.Z')= v"ftw- exp - 2 -jk 2RO exp[-jkexJ 

n wn n 

with Wn ,R., the transformed waist and radius of curvature of the wavefront. 
The coupling efficiency is calculated with the help of the overiap integral and the follow
lowing expression is obtained: 
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K exp
[ - K { ~' (W:" + 

k'w' ) + XO' (_1_ k'w' ) k2 rl Ir 
'1x.,B = 

2R/ 
+ + -. 2 W 2 2 8 

Ir 2R'r 

2X~,~'.' )]} ] 

(3.26) 

[(O'W", - 2xrflw,,' ) + (" R r, 
o Wlr -

where 

4 [C: .. + _1 )' k' ( 1 1 )'] (3.27) K = 2 2 
W/ 4 Rrl R lr Wlr Wrl 

where w,, , W,I are given by expression (3.9) and RI, , Rrl are given by expression (3.10). 
With the assumption that both waists are near the coupling plane the above expression 
can be simplified ( in this case R

" 
..... 00 and Rrl - 00 , the terms with the reciprocal R., and 

R
" 

vanish in equations (3.26) and (3.27)). Further Wrt = W,IO and w,, == WI,O. These sim
plifications give: 

rtx.,B = K exp[ _ K{ x~2 (_1-2 
WrlO 

1) k2 
2 • 2 2 }] + --2 + eO (WrIO + Wrro) 

Wrro 
(3.28) 

With the help of equation (3.28) it is possible to discuss the influence of offset and tilt in 
the configurations given by ~ftsSlJ and ~j1Jt~~ in paragraph 3.4. 
It is seen from equation (3.28) that in order to minimize the influence of offset on the 
coupling efficiency between two gaussian beams a conriguration is needed where the 
beam waists WI,O and W,IO are large. This on the other hand however is in contradistinction 
with the influence of tilt on the coupling efficiency between two gaussian beams. There
fore a trade-off has to be made. 
With the help of equation (3.28) it is easy to derive an estimation of the coupling efficiency 
deterioration when in the situation of k9...s~2 only 1 lens has offset. In figure 3.9 the situ
ation is illustrated. assuming confocal condition. 

LENS2 
I...ENS1 I 

L~ 
I 8MF - ,- -_x. 

I ... 
t I , , I • I {11 (u I" {11 

I 

Figure 3.9 Offset of one lens in two lens configuration. 
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The effect of introducing a small offset in lens 1 (figure 3.9 ) is to cause an angular tilt 
between the two gaussian beams at the coupling plane. This is already given in equation 
(3.28) where e expresses the tilt angle. Therefore in the case of offset of lens 1 or lens 2. 
8 has to be substituted by ~o. Here Xo is the lens offset and f is the focal length. It is seen 
that lenses with large focal lengths have less influence on coupling efficiency deteri
oration than lenses with small focal lengths. 



- 36· 352/89 

4.0 Optical isolators. 

It is desirable that the optical configuration of lenses and components in a LD to SMF 
coupling be such that optical elements (eg. optical isolators) can be inserted into the ex
panded beam. The function of the optical isolator is to prevent back reflected light from 
the fiber facets returning into the laser cavity. which prohibits good laser working. In this 
paragraph a short general description of the working of the optical isolator is given. 

The basic idea [22J uses of the non-reciprocal property of the Faraday effect. The 
Faraday effect causes a rotation of the wave's polarisation plane as it passes through a 

Faraday magnetooptical material, for example Yttrium Iron Garnet (YIG) single crystals, 
in an axial magnetic field. The basic construction of an optical isolator can be schemat
ically represented as illustrated in figure 4.1. 

Polariser1 FR Polarlser2 

"O~' -1-[2]- fa-I;dj 
Faraday angle 

Funcllon v.5• 

45" 

Forward ®~ 

Reverse 

Figure 4.1 Schematic representation of optical isolator principal. 

As illustrated in figure 4.1 a 45" polarisation rotation is obtained in the Faraday rotator to 

realize the optical isolator. This way the forward propagating light beam is rotated by 
45<> and can pass the second polariser. The rotation angle of the polarisation plane can 

be expressed by the equation: e = V x H x I. Here V Is the Verdet constant of the 

Faraday rotator, H is the magnetic field strength along the optical axis and I the optical 

path length in the Faraday rotator. This equation is only valid in the case of a homoge
neous H-field. When the H-field is not constant along the axis the product H x I should be 
replaced by the integral of H in the Faraday rotator along tile optical path. Furthermore 
the applied maQnetic field should be above the maQnetic saturation Hut of the Faraday 
material for hiQh isolation. See figure 4.2 for example [23) . 
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Figure 4.2 Faraday rotation angle e as a function of applied magnetic induction B. 
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The backward reflected light beam passes the second polariser and propagates through 
the Faraday rotator where its polarisation plane is rotated again 45~. This polarisation 
plane lies at an angle of 90' with respect to the polarisation angle of the first polariser 
and therefore cannot pass it. 
Thus, this kind of isolator has a preferred linear polarisation input angle. Because of the 
fact that the LD radiates strongly polarised light with a polarisation plane parallel to the 
p-n junction interface. this type of isolator can be used. Otherwise isolators having no 
preferred input polarisation angle must be used. See for example [24]. 
In practice for LD to SMF coupling, the following requirements are needed [25J : 
a] low insertion loss, 
b) high forward to backward ratio, 
c] compact size, 
d] low power consumption. 
e] isolator operation at room temperature and tolerant temperature dependence. 
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5.0 Coupling efficiency measurements. 

5.1 Introduction to coupling efficiency measurements. 

The coupling efficiency measurement set-up is schematically represented in figure 5.1 . 

DETECTOR 

LD n OPTICS H AalR H 8t>H ,:E:., I 
amplliler. 

Figure 5.1 Schematic representation of measurement set-up. 

In the above figure the LD box represents a semiconductor laser diode. Le. a Fabry Perot 
( FP ) or a Distributed Feed Back ( DFB ). lasing at a wavelength of A = 1300 nm or A = 
1550 nm. 
The box OPTICS represents an optical configuration according to ~;ls.el or kase_2 as de
scribed in chapter 3 paragraph 4. In s:_as.el there is only one lens to achieve a coupling 
between the laser diode and the single mode fiber. In r;a.SJa2 there are two lenses in nearly 
confocal condition to achieve a coupling between the laser diode and the single mode fi
ber. 
The box FIBER represents a piece of single mode fiber into which the laser light is cou
pled by means of the lens system in the optics box. 
The box DETECTOR represents a Ge diode sensitive to light in the 1.3 11m - 1.55 11m re
gion. The photodiode current is transformed directly into a voltage by a transimpedance 
amplifier. See appendix 4 where the accuracy is discussed. 
The output of the amplifier is connected to an x-y chartrecorder where a copy of the op
tical power vs. laser diode current can be made. 
Optical losses occur in the LD to SMF coupling (box OPTICS ) as a result of factors such 
as, lens aberrations, spot size mismatch, Fresnel reflections and possible misalignment. 
It is the purpose of the measurement set-up to determine this overall loss and this is 
called the coupling efficiency. In measuring the coupling efriciency it is usual to measure 
the output optic.al power of the LD against the input electrical current ( LD efficiency. see 
figure 5.2 ) and compare this with the output optical power of the complete coupled syst-
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tem against the Input electrical current ( system efficiency. see figure 5.2). In this way 

the coupling efficiency (optical loss) Is fully determined and the optical power vs. laser 
diode current for the system is also known. 

II 
E 

f 

current -rnA 

Figure 5.2 Optical power vs. laser diode current curves used In the determination 

of coupling efficiency. 

To determine the lens properties the laser diode waist or NA and single mode fiber waist 

or NA have to be known. In this chapter the typical values of the laser diode waist of 1 

11m and the fiber waist of 51lm are assumed [16.34]. With the help of these two values 
the optical configuration can be calculated. 

5.2 Coupling efficiency experimental set-up. 

For case1 the lenses described in chapter 1 paragraph 2 can be used to achieve a cou

pling between LO and SMF [14.20,29,30.31]. In ~ase2 several lens combinations are 

possible [16,32.33.34.35] . 

The lens combinations considered in this report are defined as Cq§ru. (a) • (b) and (c) and 

case2 (a), (b) and (c). These are illustrated in the figures 5.3 and 5.4. 
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LO 0 SMF 

£lIsf!}t!) 0 I 

spherical lens 

LD D 
SMF 

~!f!.~{!l} 0 I 

GRIN lens 

LD D SMf 

~!('~l 0 

truncated spherical lens 

Figure 5.3 Combinations for ~.!:,!"s~J. 

spherical lens 

lO 0 

LO spherical lens 

DO 
truncated spherical 

lensconnector ferrule - -, 
" SMF ,..----
",- -

-- -_/ 

GRIN lens 

D SMF ,r---
fens ISpherlcallens LoD 0 SMF 

Figure 5.4 Combinations for ~a_sst2. 
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The options defined in figure 5.3 and 5.4 as ka_~eJ. (a), (b) and (c) and c_a_s_e2 (a), (b) and 
(c) are referred to throughout the report. 
Only the following four combinations were considered for experimental measurements: 

case1( a) and case1(b), 
case2(a) and case2(b). 

In case1 the optical distance between LD and SMF is fixed by the dimensions of the op
tical isolator. The optical isolators used, were fabricated by Sumitomo for wavelengths 
of 1300 nm and 1550 nm. The dimensions are diameter=6 mm and a length of 6.2 mm. 
By using the combinations in k..a~e2 the possibility exists to place the optical isolators 
between the lenses. This improves the working of these isolators. because of the fact that 
the rays propagate nearly parallel through the isolator. 
When measuring the case2(a) it would be very convenient to use as second lens. the lens 
that Is used in the lensconnector ferrule [27.28]. The lensconnector ferrule shown in 

case2(.!I) is an optical fiber feHule containing a prealigned spherical lens and single 
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fiber, for optimal coupling. The spherical lens has a refractive index n -1.51 and radius 
R = 1.5 mm. Now with the help of formula (3.24) the desired focal length of the first lens 
can be calculated to be 444 pm. Because of the fact that high laser diode to single mode 
fiber coupling efficiency is wanted, the first lens particularly should have low aberration. 
Therefore a lens with high index and small radius is used. A commercially available lens 
which satisfies this is a lens with n-1.81 and R =500 Ilm. It is seen using formula (3.24) 
that the imaging condition is not completely satisfied. 
In case2(b) a spherical lens with radius 500 p m and refractive index n == 1.81 is used as the 
first lens. With the help of formula (3.24) the focal length of tf1e GRIN lens can be calcu
lated to be equal to 2.79 mm. A commercially available GRIN lens which approaches 
these conditions is given by the characteristics: pitch length P = 0.25, No - 1.551, g = 0.282 
and an outer diameter of 2 mm. 
It is also possible to use an optical configuration consisting of three lenses [36,37] . These 
configurations however will not be considered in this report. 

In order to measure the coupling losses for the cases described, an experimental set-up 
for the alignment of the lenses and optical isolators with respect to LD and SMF is 
needed. This means that a set-up must be made which makes it possible to align the LD. 
lenses. optical isolator and the fiber, in line with an accuracy < 11lm. These accuracies 
can be achieved in practice using high accuracy translation stages. 

In realising an experimental set-up which allowed easy but accurate alignment of the 
lenses and optical isolators with respect to the LD and the SMF, the lenses and optical 
isolators were placed in accurate V-grooves. In this way the alignment of all elements 
with respect to each other was avoided. An example of this V-groove is shown in figure 
5.5. 

V-groove opllcs/lsolator 

1./ 

Figure 5.5 Example of V-groove for two lenses and optical isolator. 

As can be seen from figures 5.3 and 5.4, not every element requires a similar number of 
degrees of freedom. Another advantage of a V-groove is the fact that it is easily and ac
curately made with a milling machine. A problem arises in case2(b). Here the diameters 
of the lenses are different. This problem was solved by placing the lens with smallest di
ameter in a cylinder with an outer diameter equal to the diameter of the other fens. The 
optical isolators were placed In a second V-groove that was placed between the lens and 
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fiber In ~ and between the two lenses In case2. The laser diode was. placed on x,y 
and z translation stages and (J and 4> rotation stages as shown in figure 5.6~ The laser di
ode crystal was fixed on a cubic heatsink which was mounted on a TO-5 foot. This cubic 
heatsink could easily be aligned with respect to the lens V-groove. In this way it was quite 
easy to align the laser diode crystal with respect to the lenses and optical isolators in the 
V-groove. 
In ~ the core centered- ferrule [26] was placed in a fiber holder. In ~ a different 
sized fiber holder was used for the lensconnector ferrule. The fiber holder was aligned 
in the x, y and z directions with respect to the lens V-groove . 

. . 

Figure 5.6 Measurement set-up. 

The displacements in x,y and z directions were measured using displacement 
transducers with an accuracy of 0.1 p.m. . 

A coupling efficiency measurement was carried out by measuring the laser diode optical 
power vs. laser current. This was done by placing the laser diode, which was mounted 
on a TO-5 foot, In front of the detector and recording the optical power vs. laser current. 
The background radiation however due to reflected light. emitted by the laser at the back 

. facet t was eliminated. This was done by painting the TO-5 foot (see figure 5.7) black, thus 
absorbing the stray light. Further the laser diode had to be placed at such a distance from 
the photodiode that the whole area was Illuminated. 
Then the lenses were placed between the laser diode and fiber. After optimal alignment 
with the experimental set-up described above the output optical power of the complete 
coupled system against the input electrical current ( see figure 5.2) was recorded. In this 
way the coupling efficiency (optical loss) was fully determined by taking the ratio of the 
system efficiency and the LD efficiency. During the measurement a lensconnector ferrule 
was used with an anti-reflection coated lens and an allti-reflection coated fiber end in the 
ferrule mount. Furthermore all lenses and optical Isolators were anti-reflection coated. 
The anti-reflection coating used, was for both wavelengths 1.3 11m and 1.55Ilm. 
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6.0 Theoretical and practical results. 

Theoretica I 
With the help of the mathematical tools developed in chapter 2 and chapter 3, it is possi
ble to calculate the coupling efficiencies for different lens systems. To calculate the 
coupling efficiency a program has been written in Fortran 77 on an IBM mainframe com
puter and standard mathematical routines of the NAG Fortran Library Routine Document 
have been used. 
First the wavefront aberration as a function of ro in the coupling plane is calculated. See 
figure (3.4). This is done by using the ray trace algorithms described in appendices 1 and 
3. With the help of these algorithms it is possible to calculate the value of the optical path 
difference between a principal ray and a meridional ray. Further the values of ri in the 
input plane and ro in the coupling plane are calculated. Then to these sets of data points 
Chebyshev curve fitting routines are used to find the polynomial of the wavefront aber
ration to the tenth power and the polynomial of rl to the sixth power. With this knowledge 
and the gaussian beam approximation ( chapter 3) the overlap integral ( formula (3.25)) 
can be calculated with integration routines. 
Further it is assumed that the LD is lasing at a wavelength of 1300 nm and has a NA of 0.6. 
This is a typical value for the laser types used. In the results presented below the cou
pling efficiency is calculated as a function of the distance between the LD and the first 
lens. In Idise1 the distance between the lens and the fiber is firstly calculated with the 
help offormula (3.23) and is kept constant during the system efficiency calculation, where 
the LD - lens distance is varied. In ~_'HLe..2 the fiber is placed in the focal point of the sec
ond lens. The distance between the two lenses is then arbitrarily chosen. The system ef
ficiency calculation is also made by varying the LD - lens distance. 

Practical 
The coupling efficiency measurements were carried out with the measurement set-up 
described in chapter 4 paragraph 2. The results are represented the same way below as 
described above, i.e. the coupling efficiency is measured as a function of the distance 
between the LD and the SMF. Measurements were carried out for the situations shown 
In case1 (a) and (b) and case2 (a) and (b). The measurements for case1(c) and case"!c) 

could not be carried out because no Si truncated spherical lens was available. 

Each coupling efficiency curve presented below uses a continuous line to represent the
oretical calculations. In some cases actual measurements were carried out and repres
ented by pOint data. 

For case1( a1 the LD to SMF coupling efficiency curve with one spherical lens of radius 

R = 1 mm and refractive index n = 1.81 is shown in figure 6.1. 
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21l1:t;S 304.7:S 321.73 338.73 

CST. I..ASER I.£NS 

Figure 6.1 Coupling efficiency curve using one spherical lens .• 

In case1(b) LD to SMF coupling efficiency curve with a plano convex GR IN lens is cal
culated for a lens with pitch length of 0.26. The values of the following two parameters 
are taken from the Nippon Sheet Glass specifications on GR IN lenses. The quadratic 
gradient index constant g =0.327 and the refractive index on axis No = 1.5916. Further it is 
assumed that the higher order constants 11" and 116 are equal to zero. The radius of cur
vature of the first fens surface is used as a parameter for the following three coupling 
efficiency curves. 

9~----------__________________ ~ 

Figure 6.2 Coupling efficiency curve for plano convex GRIN lens with a radius of 
curvature Revr = 1.5 mm. 
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Figure 6.3 Coupling efficiency curve for plano convex GRIN lens with a radius of 
curvature Revt = 2.5 mm. 

~CD 
t:Jd 

~~~~~~~~~~~~~~ 
5!SO.O 518.0 1582.0 598.0 614..0 

OIST. ~ LENS QJM) 

Figure 6.4 Coupling efficiency curve for plano convex GRIN lens with a radius of 
curvature Rev,== 3.5 mm. 

The effect of the higher order constants h. and he on the coupling efficiency is illustrated 

in figure 6.5. Here the values of h. == 2/3 and hs = - 17/45 are used. These values 
correspond to the ideal refractive index distribution [38,39J which is given by: 
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Cosh2(gr) 

= No
2[1 - (gr)2 + 2/3 (gr)4 - 17/45 (gr)6 + ..... J 

It is assumed that the radius of curvature of the first lens surface Rout = 2 mm. 

II) 

d 

580.0 594.0 608.0 822..0 636.0 

DIST. LASER LENS QJM) 

Figure 6.5 The effect of a change in the refractive index of a GRIN lens on coupling 

efficiency. 

In case1(c) the coupling efficiency is calculated for the LD to SMF coupling using a Si 

tru ncated spherical lens. Using refractive index n = 3.48 and radius R = 1.42 mm. Fur

thermore it is assumed that the thickness t = O. The coupl ing curve, where the truncation 

is placed towards the lens. is given in figure 6.6. 
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Figure 6.6 Coupling efficiency curve for a Si truncated spherical lens. 

For case~a) the coupling efficiency is calculated for the LO to SMF coupling using two 
spherical lenses. The first lens is defined by a refractive index n= 1.81 and radius R =0.5 
mm. The second lens is defined by a refractive index n = 1.51 and a radius R = 1.5 mm. 
The distance between the lenses is assumed to be 2.5 cm. Figure 6.7 shows the coupling 
efficiency curve. 

s~------________________ ~ 

Figure 6.7 Coupling efficiency curve for spherical lens - spherical lens combination. 

For case2(b) the coupling efficiency is calculated for the LD to SMF coupling using as first 
lens a spherical lens and as second lens a GRIN lens. The spherical lens has a refractive 
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index n = 1.81 and a radius R =0.5 mm. The GRIN lens is defined by the (ollowing pa
rameters: pitch = 0.25 , refractive index on axis No = 1.551. quadratic gradient constant 
g =0.282 and outer diameter 2 mm. Figure 6.8 illustrates the coupling efficiency curve. 

s.-----------------______ ~ 

~~~~~~~~~r_~¥T~~ 
23.64.'l 36.M'2 <4Il.64.'l 62.64.'l 75.64.'l 

DIST. LASER LENS ~) 

Figure 6.8 Coupling efficiency curve for spherical lens - GRIN lens combination. 

For case2(c) the coupling efficiency is calculated for the LD to SMF coupling using as first 
lens a truncated spherical lens and as second lens a spherical lens. The truncated 
spherical lens has a refractive index n = 3.48. radius R = 1.42 mm and thickness t = 0 mm. 
As second lens a spherical lens with refractive index n = 1.51 and radius R = 1.5 mm is 
used. Figure 6.9 illustrates the coupling effiency curve. 

s.-----------________________ ~ 

Figure 6.9 Coupling efficiency curve (or truncated spherical lens· spherical lens com
bination. 
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The gaussian approximations for offset and tilt according to formula (3.28) are also im

plemented in the program. With this part of the program, offset and tilt between two 

gaussian beams can be investigated. For offset of the fiber in case1(a) • the coupling ef

ficiency deterioration is shown in figure 6.10 

Figure 6.10 Coupling efficiency deterioration due to offset of the fiber. 

For offset of the fiber and second lens (ie: lensconnector ferrule) in case2(a) the coupling 

efficiency deterioration is illustrated in figure 6.11. 

c ... 
~ 

~~ 

~~ 

r a ""x 
"x 

0.0 SO.O 100.0 150.0 200.0 
OFFSET SECONO LENS + FBER Q../M) 

Figure 6.11 Coupling efficiency deterioration due to offset of the fiber plus second lens. 

In the case of tilt in the coupling plane between the gaussian beams of case1(a) the fol

lowing result is obtained. 
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s~--------------------~ 
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Figure 6.12 Coupling efficiency deterioration due to tilt between the beams in 

case1(a). 

In the case of tilt in the coupling plane between the gaussian beams of case~~l the fol

lowing result is obtained. 

Figure 6.13 Coupling efficiency deterioration due to tilt between the beams in case2(a). 

With the help of the substitution f) = 7. given in paragraph 2.5, in the case of small/ens 

offset. the coupling efficiency deterioration can be calculated. Here the following result 
is obtained for ~ase2(aJ where the first lens has. a small offset. 
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9~------------------

Figure 6.14 Coupling efficiency deterioration due to small offset or the first lens in 

case2(a). 
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7.0 Implementation in DIL package. 

In the previous chapter the coupling efficiency results were given for the LO to SMF cases. 
Case1(b) where the plano convex GRIN lens was used. gave a high coupling efficiency. 
This lens has the advantage that the distance between the lens and the fiber is large 
enough to place a Sumitomo optical isolator in between. Case2(a) where two spherical 
lenses were used, also gave a high coupling efficiency. The great advantage of this kind 
of coupling method is the fact that more than one optical isolator can be placed between 
the lenses. Furthermore the working of these isolators is enhanced due to the fact that the 
rays propagate nearly parallel through the isolators. The options of case2 can also be 
implemented in the so called Dual In line (OIL) package. 
A cross-sectional view and a top view of this OIL package is shown in figure 7.1. The fol
lowing elements are mounted in the OIL package: 

- A Peltier Cooler for stabilising the temperature in the package. 
- A base plate. located on the Peltier Cooler. holding from [eft to right. a photodiode. a 
laser diode carrier and space for one lens. 

The photo diode can be used as a monitor diode for the optical power delivered by the 
laser. The laser diode itself in the implementation descibed here is a DFB laser lasing 
at a wavelength A = 1558 nm. The free space on the base plate can be used for mounting 
either the GRIN lens or the spherical lens. 

Figure 7.1 Cross-sectional view and top view of OIL package. 

In this paragraph OIL implementation with GR IN lens wilt not be considered. The meas
urement however was carried out using the measurement set-up described in chapter 5 
paragraph 2. Here a FP laser was used at a wavelength ..t = 1550. The maximum coupling 
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efficiency without a Sumitomo isolafor was found to be 25 % and with an isolator the 

coupling efficiency reduced to 21 % . 
From the calculations and measurements it was seen that ~ase~ ( the spherical lens to 
spherical lens option) had the highest efficiency. This was thus implemented in the OIL 

package. A problem arises however when more than 30 dB attenuation of the back

reflected light in the fiber i~ wanted. Then more than one isolator is needed. But the OIL 

package has physically only enough room for one. Therefore two OIL packages are 

welded together giving enough room for even three isolators, as will be seen. . 

The first lens is the spherical lens with <l> = 1 mm and refractive index n = 1.81. This leAS 

has to be fixed at the base plate in front of the laser facet at a distance of approximately 

58,lm. The positioning of this lens can be done with the help of the manipulator set-up 

of Mr. H.Kock. In figure 7.2 an overall view of this set up can be seen. Here on the top left 

the x.y and z manipulator for the first lens is seen. In the centre, the extended OIL package 

can be seen. There are also 2 optical isolators present in the OIL package. These are 

place in a V-groove. The x,y and z manipulator for the lens ferrule is shown on the right. 

Figure 7.2 Overall view of manipulator set-up for OIL package. 

For the fixation of the first lens on the base plate the lens is placed in a cylindrical tube. 

This tube fits within the so called weld clip. Figure 7.3 illustrates the combination of the 

cylindrical tube containing the lens and the weld clip. Using an x,y and z manipulator for 

the first lens holder, it is possible to place the lens in the correct position in front of the 

laser facet. This can be fixed afterwards by laser welding or glueing. 
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WELD CLIP 
CYLINDRICAL TUBE 

Figure 7.3 Lens tube and weld clip. 

Figure 7.4 illustrates a close up of the centre of figure 7.2. Here the first lens holder, the 
lens ferrule holder and extended OIL package are clearly visible. Further the first lens 
placed in the cylindrical tube is positioned in front of the LO. Using the lensferrule ma
nipulator it is possible to position the lensferrule outside of the OIL package. The 
lensferrule itself is placed in a cylindrical tube with a flange. This way it is possible to fix 
the lensferrule against the OIL package, by laser welding or by glueing. 

Figure 7.4 Close up OIL manipulator set-up. 

In figure 7.5 the extended OIL package is shown with three optical isolators built in. The 
first lens and lens ferrule are glued in the OIL package. The three optical isolators are 
placed in a long V-groove between the first lens and the lens ferrule. Although the optical 
isolators are anti-reflection coated. it might be necessary to reduce the back reflection 
from the isolators. This can be done be placing the isolators in slightly tilted V-grooves. 
In fact this can be seen in figure 7.4 where the two isolators are slightly tilted. Further the 
fixation of the first lens with the help of the cylindrical tube and weld clip is visualised. 
The results obtained with this DIL package are as follow: 



·55· 352/89 

-Coupling efficiency with one isolator implemented '11 = 26 % 
-Coupling efficiency with two isolators implemented '12 = 23 % 
-Coupling efficiency with three isolators implemented '13 = 19 % 

The forward loss of the optical isolators were according to manufacturers specifications 

0.49 dB, 0.55 dB and 0.48 dB. This should give a total loss of 1.52 dB. It was seen that in 

the case of three isolators in cascade the total loss was 1.84 dB. This discrepancy may 

arise due to a decrease in the magnetic field through the Faraday rotator because of t~e 

attracting direction of the magnetic fields. This causes the magnetic field to decrease 

below the saturation magnetic field ( see figure 4.2 ) and so increasing the the forward 

loss and decreasing the backward loss. 

Figure 7.5 Close up extended OIL package. 

The lower coupling efficiency in the case of only the two lenses is believed to be due to 

the higher NA of the OFB laser. With the help of the program developed the effect of the 

higher NA on the coupling efficiency can be simulated. The results are represented in 

figure 7.6 and 7.7. Here the following assumptions were made: wavelength 1= 1558 nm. 

refractive index first lens n == 1.81, radius first lens R = 0.5 mm. refractive index second 

lens n == 1.51, radius second lens R = 1.5 mm. The distance between the lenses J = 2.5 cm. 

The NA of the laser shown in figure 7.6 is supposed to be 0.6 and in figure 7.70.65. 
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Figure 7.6 Coupling efficiency curve for NA ==0.6 

~~--------------------~ 

~~~~~--~--~~~~~~ 
23.642 38.64:l 53.842 68.642 83.64Z 

OLST. LASER LENS QJM) 
Figure 7.7 Coupling efficiency curve for NA =0.65 
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Conclusions. 

LD to SMF coupling efficiencies were theoretically and experimentally determined for 
both single lens and double lens configurations. 

For the calculation of the LD to SMF fiber coupling efficiency, the theoretical model, based 
upon gaussian beam theory and geometrical optical considerations ( taking into account 
wavefront aberrations), seems to predict closely the experimentally determined coupling 
efficiencies. 
The small discrepancy between theory and practice is due to some simplifying assump
tions made in the theoretical calculation, namely, 
·the amplitude field of the laser diode field has a gaussian shape. 
-the laser diode field and single mode fiber field are both rotationally symmetric 
-the lenses are perfect (ie: perfect spheres, perfect surface quality) 

From the theory it is also seen that in order to achieve high coupling efficiencies the fo!
lowing points are very important: 
-in case2. WLO and WFO must be known to calculate the correct lens combination. 
-when using a laser diode with a high NA it is important to reduce the wavefront aber-
ration as much as possible. 

In case1, theoretically the highest coupling efficiency is achieved with a Si truncated 
spherical lens. These lenses however were unavailable. 
Form the other configurations measured the commercially available plano convex GRIN 
lens provided the highest coupling efficiency (38 % ) in c...as..eJ. Use of this kind of lens also 
offers the possibility of inserting one small optical isolator between the lens and SMF. 

In ~t theoretically the highest coupling efficiency is achieved with a combination of 
a Si truncated spherical lens and a spherical lens. Experimentally the highest coupling 
efficiency (48 % ) was achieved with a combination of two spherical lenses. An advantage 
of using two lenses is that a parallel beam is formed into which several optical can be 
placed. 

The effect of offset and tilt on the coupling efficiency deterioration was discussed only 
using the gaussian beam approximation, thus neglecting wavefront aberrations. The 
theoretical and experimental results differ therefore more than in the case of the coupling 
efficiency calculations. However with the help of this approximation good estimations of 
offset and tilt tolerances of several LD to SMF coupling lens configurations can be made 
to get an impression. 
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Further it is shown that the possibility exists to implement three small optical isolators in 
one extended OIL package using the lensconnector ferrule. 
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Appendix 1 Ray trace algorithm 

The ray trace algorithm [2,3] described here is only valid in homogeneous media where 
rays travel in straight lines. Rerlections are ignored and as a ray is incident at an interface 
it obeys the law of refraction. The ray trace algorithm below is given for the case of 
meridional rays, and is therefore a 2 dimensional problem. Using the algorithm a very 
quick estimation of the properties of a ray travelling through a set of refractive surfaces 
can be made. 
The following conventions for the ray trace algorithm are made: 

1] Light travels from left to right, 
2] An optical system will be regarded as a series of surfaces. The surfaces will be 

numbered consecutively, in the order in which the light is incident upon them, 
3] All quantities between surfaces will be given the number of the surface immediately 

preceding them, 
4] The radius rl belongs to the i-th surface. It will be considered positive when the center 

of curvature lies to the right of the surface. 
The curvature of the Hh surface is Ci = ~; , 

5] tl is the axial thickness of the space between the ith and 
i + 1 surface. It is positive if the i + 1 surface physically lies to the right of the ith 
surface, 

6] Lit Mi are the products of ni and the direction cosines of a ray in the space between the 
ith and i + 1 surface, 

7] The optical axis will coincide with the Z axis. 
8] Yi , Zi are the position coordinates of a ray where it intersects the ith surface. 

The meridional ray trace algorithm is given by: 

dl = ni 
(ti z.) 

M, 

L-
YI = YI + d i n;-
H = c,Yl 

8 = MI - CIYILI 

cos I = /~2 _ ciH 
'\j nl 

niH 
(8 + nj cos I) 
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cos I' = ( 
nicosl )2 _ ( ni )f + 1 

niH niH 

r = "H.l COS I' - "j cosl 

M'+l = M, - (Znl CI - 1) r 

The parameters in the ray trace algorithm are shown in figure A.1.1. 

__ ~y.~.~~~======~~=======:~ _________ z_. 

Figure A.1.1. Ray trace through 2 spherical surfaces. 

The starting conditions are given by: 

Mo = cos (} 

4>= sin (} 

Zo = 0 

Yo = 0 

The final calculated Y, Z , M. L, now become the initial ray data for the next calculation. 
The new system data. t. nand C+1 must be given. These ray and system data are used with 
the above ray trace equations; In this way a given meridional ray from any input plane 
can be traced through any number of spherical surfaces to the output plane. 
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Appendix 2 Derivation of ABeD matrix of thick 
lenses 

352/89 

When a ray travels through a thick lens there are two basic types of process that occur 
[4] : 

a] A translation a straight line trajectory (followed by a ray) from one refractive 
surface to the other. 

b] Refraction at the boundary surface between two media with different refractive 
index. 

Deducing the translation matrix T in air as mentioned in point a] (see figure A.2.1). 

I 
reference plane I 

I 

referen~ plane 2 
• 

P: 1 V,-

. I Y, 

v·-----7 
R' 

Figure A.2.1 Deduction transfer matrix. 

It is seen that: 

Y2 == RP == RO + OP 
== Yl + t tanV1 
== Yl + t VI 

It is obvious that Vt =- Vz. Hence it is obtained that: 

In homogeneous media with refractive index n, t becomes *. 

-------_ .. 
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v. 

reference plane 1 
I reference plane 2 

Figure A.2.2 Deduction refractive matrix. 

Here Yl =: Yt. 
Applying Snell's law in the paraxial approximation gives nti l = n2i2' From figure A.2.2 

it follows that: 

and 

Or 

Hereby obtaining the relation: 

Note that R will be considered positive when the center of curvature lies to the right of the 

surface, otherwise R will be negative. Now the ABeD matrix of a thick lens can be ob

tained by multiplying the matrices given above in the correct order. As an example the 

ABeD matrix of a spherical lens is given. 
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reference plane 1 _-_. 
I 

reference plane 2 

I 

I 

optical axis 

Figure A.2.3 Defining a spherical lens in air. 

With the help of figure A.2.3 it ;s seen that the matrix product is given by: 

ABCDballlens 
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Appendix 3 Ray tracing in inhomogeneous media. 

To find the ray trajectory of a ray in a distributed index medium. Fermat's principle is 
used. This principle defines that the ray trajectory takes the shortest optical path length 
when the ray travels from point PI to Pz • See also figure A.3.1. With this assumption the 
variational method can be used to derive the ray equations in any desired coordinate 
system. 

y. 
z p,r' 

I 

----------~~-----------x 

Figure A.3.1 Ray propagation in a distributed medium. 

The optical path length is given by: 

J
pz 

D = n(f)ds 
P, 

( A.3.1) 

where n{r) is the refractive index of the distributed medium. Using the coordinates 
x(t), y(t) and z{t), as a function of independent parameter t equation (A.3.1) can be writ
ten as: 

n = r:Zn(X,y,Z)Jx,2 + y,2 + z,2 dt 

'1 
(A.3.2.) 

and the prime means the differentiation with respect to t where t'l and tz are respectively 
the initial and final value of t. Since the z-axis is the optical axis and the system to be 
described is cylindrical rotationally symmetric, the equation (A.3.2) can be expressed as: 

(A.3.3) 
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where the prime means differentalion with respect to z and where Zo and Zl are respec
tively the initial and final values of z. 
Now to find the ray trajectory Euler's equation is used. This means that the functional F 
is a function of r, 0 , r' .0' and z and is given by: 

F(r,O,r'.O';z) = n(r.O.z}J1 + r,2 + (rO,)2 (A.3.4) 

With the assumption that integration of F takes stationary value, the relations among r 
and e are described by the following two equations: 

d(OF)== 
dz or' 

of 
or 

d (OF) aF 
dz air = ao 

The Euler equation for r follows from equation (A.3.5a) and is: 

The Euler equation for e then gives: 

It is seen that equation (A.3.?) gives: 

-1 

n( r)r20' (1 + r,2 + (rO,)2 f2 == c 

where c is constant for any ray. 

-1 

+ rn(r)0,2( 1 + r,2 + (rO,)2 f2 

(A.3.5a) 

(A.3.5b) 

(A.3.6) 

(A.3.7) 

(A.3.6) 

Considering only meridional rays, i.e. 0 is constant, gives c==O and equation (A.3.S) can 
be rewritten as: 

== 1 (1 + ( dr )~ dr a ( n2(r) ) 
n2(r) dz} dz oz 2 

1 (1 + ( dr )2) a ( n2(r) ) 
n2(r) dz ar 2 

(A.3.9) 

Now assume the refractive index distribution for a GRIN lens as described in paragraph 
1.2 and defi ni ng: 



x, == r 

Xl == ...QL 
dz 
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Then the meridional equation is obtained and the second order differential equation 
(A.a. g) is transferred into two first order differential equations: 

(A.3.10a) 

= (A.3.10b) 

with the incident conditions XII = r, and Xt , = r{ . Here r, is the initial incident ray height 
and r,' Is the initial incident ray angle with respect to the optical axis . 

. With the help of these two first order differential equations it is possible to discuss the ray 
propagation through a GRIN lens. This discussion is easily carried out by using a com
puter and making use of standard differential solving routines. 
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Appendix 4 Measurement accuracy. 

With the help of the experimental set-up illustrated in figure A.4.1 the linearity of the Ge 

diode detector (Le. photodiode plus amplifier) can be measured. As shown in the figure 

A.4.1 the output power of the fiber can be varied using the optical attenuator. The output 
is measured with the Ge diode detector and with the HP 8152A optical power meter. This 

HP power meter offers typically 0.05 dB linearity between 450 nm and 1700 nm. The ab

solute calibration accuracy with respect to NBS and PTB is better than 5 % . 

COUPlING 0:q:3:ar 
lensconnector ferrule 

r @ 
OPTICAl 

.m:_-'~ 0 1::::1 

TO" .~. I L ....... ""£111 
cor~nlered ferrule ~ ~[> VOU'-

.~ ..,. 

Figure A.4.1 Experimental set-up for detector linearity measurement. 

The measurements are performed for the wavelengths A. = 1300 nm and A. = 1558 nm. In 

the table below the measured values are summarised. Here Pout is the power in flW 
measured with the HP power meter. VOU1 in mV is the output voltage measured across the 

Ge diode detector. 
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..l. = 1300 nm ..l. = 1558 nm 

Pout VOU! POUI VOU! 

750 5909 750 6880 
700 5518 700 6430 

650 5120 650 5875 

600 4736 600 5415 

550 4345 550 5000 

500 3967 500 4602 

450 3551 450 4071 

400 3169 400 3700 

350 2775 350 3143 
300 2381 300 2701 

250 1977 250 2287 

200 1579 200 1828 

150 1185 150 1346 
100 790 100 923 

Table A.4.1 Results of linearity measurements of Ge diode detector. 

From the above results it is seen that for both wavelengths a linearity of 0.06 dB is offered 

by the Ge diode detector. 

An important property of the Ge measurement photodiode is the variation in responsivity 

across the active area of the device. This is important because the photodiode active area 

must be substantially larger than the illumination area in order to confidently capture all 

Incident radiation. The position of illumination on the photodiode is thus never exactly the 

same for two measurements. A flat response reduces the error in the measurement. 

Figure A.4.2 illustrates a measurement set-up fo" measuring this response. The LD light 

was coupled into a SMF. A beamsplitter was inserted to obtain a reference output. An 

x-y manipulator was used to move a lensconnector ferrule (having a constant power op

tical signal) across the Ge diode active area. 

,. 
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Figure A.4.2 Experimental set-up for photodiode response measurement. 

The recorded data for two different Ge diodes is presented in figure A.4.3 and A.4.4. The 

data is normalised with respect to the first data point. Figure A.4.3 illustrates an electrical 

output intensity vs. displacement for a poor quality Ge diode. Figure A.4.4 illustrates the 

response profile (or a good measurement Ge diode. The reason for the dip in figure A.4.4 

is that the end of the active area was reached. This Ge diode was used during the system 

coupling efficiency measurements. 
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Figure A.4.3 Intensity profile of a bad Ge diode. 
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Figure A.4.4 Intensity profile of a good Ge diode. 
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