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ABSTRACT 

The coupling of a semi-conductor laser into a waveguide or a fiber has been 

studied extensively. It has been discussed that butt coupling, which is the simplest 

theoretical solution, usually presents challenging tolerancing problems. The addition of 

optical elements between the laser and waveguide is interesting since it provides beam 

magnification and can loosen some tolerances. However, this raises the cost of the 

coupling system; that is why it is important to thoroughly optimize a coupling lens system. 

Since the numerical aperture of the beam emitted by a laser diode is usually in the range 

0.4-0.5, the control of the coupling system's aberrations becomes critical. Some authors 

have already included aberrations in their study of the coupling efficiency of specific 

configurations. Wagner and Tomlinson have published a rigorous and complete treatment 

of the problem. The subject of this dissertation is to present a practical, engineering 

method of treating the coupling problem while employing widely available conventional 

lens design software. It will be shown that the coupling efficiency of a system can be 

related to an apodized and normalized point spread function that can easily be calculated 

with lens design software. This means that lens design software can predict the coupling 

efficiency of any system, but most importantly, it can also be used to optimize and 

tolerance the system. Development, study and validation of the proposed technique will 

be presented as well as some examples and applications. 



11 

CHAPTER 1. 

INTRODUCTION. 

The use of fibers in telecommunications has encouraged the direction of attention 

to the coupling problem. Effectively, the engineering task of coupling light sources into 

fibers or waveguides with maximum efficiency is a challenging and complex problem 

which faces important technical and cost considerations. In the past fifteen years, over 

one hundred papers have addressed the problem of coupling laser diodes into single-mode

fibers or waveguides. This problem has been studied extensively both from the theoretical 

and technical points of view. Although problem overviews have been written and both 

elaborate theoretical models and sophisticated designs have been proposed, (Nicia, 1981, 

Ladany, 1993), very few papers have concentrated on a general analysis of how to solve 

the coupling problem. Most theoretical contributions address specific examples and focus 

on particular problems. Additionally, the varying backgrounds of people interested by the 

coupling problem strongly influence the way they approach the problem. My professional 

interests now coincide with the field of optical system design. Throughout my academic 

career at the Optical Sciences Center, I've made extensive use of commercially available 
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lens design software. That partly explains why I chose to concentrate my work on lens 

coupling problems and why I examine the use of widely available lens design software to 

solve these problems. 

1.1 HISTORICAL REVIEW. 

To my best knowledge, the first paper addressing the coupling problem was 

written by Kogelnik in 1964. Invoking the orthogonality of optical mode functions, 

Kogelnik's paper defines a conversion or coupling coefficient that accounts for the 

fraction of power coupled from an incoming mode into the propagating mode of a system. 

More precisely, this paper describes the coupling power coefficient between two Gaussian 

fundamental modes. This coupling coefficient or conversion factor is now commonly 

known as the coupling efficiency. Furthermore, because of its mathematical expression, 

some refer to it as the overlap integral. 

With the advent of optical fibers in telecommunication came the design and 

development of guided-wave circuits. By the late 1970s, the problem of coupling laser 

light into fibers or waveguides with maximum efficiency became a major concern, and the 

estimation of the system performance was done using the overlap integral (Hunsperger, 

1977, Hall, 1979). It was determined that the simplest way to couple light emitted from a 
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laser diode into a single mode fiber or waveguide was to directly place them end to end. 

This is technically referred to as "butt coupling". Using Kogelnik's analytical expression 

of the overlap integral for Gaussian beam profiles, a simple coupling model was 

established by approximating both laser output and fiber or waveguide modes by Gaussian 

beams. This coupling model improved as authors introduced ways to simulate laser 

ellipticity and astigmatism, and developed equations that help predict system tolerances 

(Hall, 1979, 1980, Emkey, 1983, Joyce, 1984). 

Even today, butt coupling as a coupling solution is studied in detail (Senlu, 1992, 

Helleso, 1992, Karioja, 1995). However, this seemingly simple solution presents severe 

limitations if we try to achieve high coupling efficiencies. These limitations are a result of 

different beam size profiles typical of laser diode outputs that do not normally match 

single-mode-fibers. The ratio ·of beam size profiles, commonly 1 to 5, determines a 

maximum coupling efficiency of about 15%. Certain authors achieved higher butt 

coupling efficiencies (above 60%) but were limited to specific laser and waveguide 

combinations (Hunsperger, 1977, Hammer, 1981). Besides its typical low coupling 

efficiencies, butt coupling presents other technical difficulties. Because this coupling 

technique does not require the introduction of optical elements, it might be considered a 

low-cost technique. However, reduced costs can be reconsidered after studying the 

coupling tolerances. Effectively, butt coupling often comes with tight tolerances that 

considerably increase the cost of the coupling assembly. The small air spacing between 
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the laser diode and the fiber or waveguide also creates a Fabry-Perot cavity that 

destabilizes the laser output as it introduces optical feedback (Hammer, 1981, Hall, 1980, 

Karioja, 1995) (not to mention that too small air spacing can permanently destroy the laser 

performance). 

In an effort to increase coupling efficiencies, mode-matching can be attempted via 

the introduction of optical elements between the laser and fiber/waveguide. The use of an 

optical element to affect laser-to-waveguide coupling is interesting because it provides 

beam magnification and can loosen some tolerances. However, optical elements raise the 

cost of the coupling system; that is why it is important to be able to evaluate theoretical 

coupling performance. As a first order calculation, the beam propagation method (ABeD 

matrices) can be used to guide the design of coupling lenses that are needed to obtain 

mode-matching and high coupling efficiencies. All types of coupling schemes including 

ball, aspheric and grin lenses (Kawano, 1985, 1986, Linares, 1991, Gilsdorf, 1994), as 

well as hemispherical and hyperbolic fiber ends (Eisenstein, 1982, Kotsas, 1991, Edwards, 

1993) have been studied. However, the realization of high coupling efficiency modules is 

rarely successful because aberrations are frequently responsible for the performance 

degradation of the coupling system. 

Knowing that the numerical aperture of the beam emitted by a laser diode is 

usually in the range of 0.4-0.6, this conclusion does not come as a big surprise. But 
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control of the coupling system's aberrations is critical. Tomlinson and Wagner have 

published a rigorous and complete general treatment that includes the contribution of 

aberrations in their calculation of the overlap integral (Wagner, 1982). Similarly, Hillerich 

suggests a method to obtain the system's wave aberration expansion via lens design 

software before evaluating its coupling efficiency (Hillerich, 1988,1989). This can be 

done by fitting a polynomial expansion to the optical path difference curve which 

characterizes the system aberrations. However, this technique requires a two-step process 

--wave aberration fit and coupling efficiency calculation-- that becomes challenging when 

trying establish system tolerances. The difficulty of this process probably explains why 

some authors prefer to manually derive the wave aberration expansion in their study of the 

coupling efficiency of specific set-ups (Sumida, 1984, Karstensen, 1988). This derivation 

approach has the advantage of providing coupling efficiency equations which can be 

modified in order to study system tolerances. However, these equations (1) describe the 

performance of only one type of system at a time, (2) limit the wave aberration expansion 

to its third order, and (3) lack flexibility. 

Therefore, because the implementation of a system's aberration in the analysis of 

coupling efficiency is not easy, some authors have chosen to experiment with different 

types of lenses. For instance, in order to validate some coupling equations, Sumida and 

Takemoto have studied the use of different ball lenses for coupling a laser diode into a 

single-mode-fiber (Sumida, 1984). Only after varying the diameter of the ball lens as well 
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as its index of refraction did they arrive at their conclusions. Although correct, their 

conclusions could have easily been predicted by someone familiar with aberration theory. 

Nevertheless, their work is extremely valuable because their experimental results can be 

used to validate theoretical models. 

1.2 SUBJECT AND SCOPE OF TIllS DISSERTATION. 

As previously stated, there is a need to develop tools that can help predict the 

coupling efficiency of coupling lens systems. Software like GLAD, ASAP and Solstis can 

give an accurate description of the laser modal field as it reaches the front facet of the fiber 

or waveguide. Evaluation of the overlap integral can presumably be done via the 

programming of a special macro command. These macros appear to be the most precise 

way to analyze and design lens coupling systems. Moreover, it is worth noting that 

GLAD and ASAP also provide optimization and tolerance routines. Unfortunately, these 

software packages can be quite expensive and require specialized training in order to 

operate. 

On the other hand, standard lens design software packages like Zemax, OSLO, 

Synopsys and CODEV are widely available and are becoming more user-friendly. In a 

conference paper, Szapiel and Cote suggested adapting lens design software to solve lens 
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coupling problems by using the apodized Strehl ratio and wavefront variance as design 

figures of merit (Szapiel, 1993). Unfortunately their work has not been published nor 

pursued although it presented a lot of potential. In a similar way, the subject of this 

dissertation is to present a practical, engineering method of treating the coupling problem 

while employing lens design software. We will show that the coupling efficiency of a 

system can be related to an apodized and nonnalized point spread function that can easily 

be calculated with lens design software. We will explain how these software approaches 

can predict system coupling efficiencies, and most importantly, how they can be used to 

perform system optimization and tolerances. 

The dissertation is organized as follows. Chapter 1 introduces the problem by 

presenting an overview of the work done in the field of laser diode-to-waveguide coupling 

followed by the subject and scope of this dissertation. The theoretical development that 

underlies the use of lens design software in the analysis of lens coupling problems is 

presented in Chapter 2. System optimization and tolerance procedures are described in 

Chapter 3. We validate our model in Chapter 4 by comparing our calculated predictions 

with experimental measurements detailed in Sumida and Takemoto's paper (Sumida, 

1984). In Chapter 5, we apply our theory to study the advantages and limitations of 

different types of coupling designs. Chapter 6 concludes our work and provides 

suggestions for future research. 
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CHAPTER 2. 

LENS COupLING ANALYSIS. 

The intent of this chapter is to present the theory that underlies treatment of the 

lens coupling problem by using optical design software. Starting with the expression of 

the overlap integral, we show that the coupling efficiency of a system can be related to an 

apodized and normalized point spread function. Knowing that the system's point spread 

function is commonly calculated with lens design software, this relationship enables one to 

directly evaluate the system's coupling efficiency using widely available software as 

CODEV, Zemax, Oslo and Synopsys. 

2.1 OVERLAP INTEGRAL. 

It is customarily known that a system's coupling efficiency is evaluated via the so

called overlap integral. This integral was first introduced in 1964 by Herwig Kogelnik. 

For completeness, we decided to incorporate his derivation in this section of the 

dissertation. Essentially, we want to calculate how much of 'l'm(x,y) transforms (or 
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couples) into 'l'n(x,y) where, in a certain plane, 'l'm(x,y) and 'l'n(x,y) respectively describe 

the modal fields of the incoming and outgoing beams. Assuming that 'l'n(x,y), an 

arbitrarily optical mode, can be expressed by a set of orthonormal functions, we can write: 

V'n(X,y) = LC""V'v(X,y) , (2.1) 
v 

where 'l'v(x,y) belongs to a set of orthonormal functions such that: 

(2.2) 

and owv = 0 if 

w=v. 

Multiplying both sides of Equation 2.1 by \jim· (x,y), which is also one of the orthonormal 

functions, we have: 

(2.3) 
v 

Integrating this last expression, we obtain: 
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If 'If n(X,y)'If:(X,y)dxdy = IILCw.'If v (x,y) 'If: (x,y)dxdy 
v 

(2.4) 

= LCw.If 'If v (X, y)'If: (x,y)dxdy 
v 

=Cmn 

where Cmn can be interpreted as a coefficient that specifies the contribution of 'Vm{x,y) in 

the orthonormal expansion of \j!n{x,y). In other words, Cmn corresponds to a field coupling 

coefficient. To obtain a power coupling coefficient, we simply need to multiply Cmn by its 

complex conjugate Cmn· such that: 

(2.5) 

Similarly, in the event that the modal fields are not normalized, we can write: 

(2.6) 

where 11 is the normalized power coupling efficiency which has unity maximum value. 

Because of its mathematical representation, some refer to Equation 2.6 as the overlap 

integral. 
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2.2 INV ARIANCE OF THE OVERLAP INTEGRAL. 

As shown in the previous section, the overlap integral or the coupling efficiency of 

a system is evaluated in a plane. For the particular problem of coupling a laser diode into 

a single-mode fiber or a waveguide, most publications select the front facet or the tip of 

the fiber (or waveguide) as the integrating plane. However, in the presence of optical 

elements in the coupling system, the transferred radiation lies within a three dimensional 

region. It may be desirable to choose another plane of integration rather than the front 

surface of the fiber/waveguide in order to optimize the coupling. The purpose of this 

section is to show that the evaluation of the overlap integral can be done in any selected 

plane. Again, this is not a new idea or concept (Wagner, 1984, Hillerich, 1988,1989), but, 

since it is crucial to the rest of the dissertation, we demonstrate it. 

Physically, the understanding that the coupling efficiency of a system can be 

evaluated in any plane is quite intuitive. The reciprocity theorem also tells us that if we 

were trying to couple the fiber or waveguide output into the laser diode, we should obtain 

the same coupling efficiency (provided that the optical feedback into the laser does not kill 

it). We would then be tempted to calculate the overlap integral in the plane of the front 
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facet of the laser (instead of at the tip of the fiber/waveguide). The question is: "Can we 

prove this concept mathematically?" 

The easiest way to do this is to use Fourier Transform theory. Effectively, the 

modal field description of a propagating mode in two different planes (1 and 2) can be 

related via a Fourier Transform (FT) such that the overlap integrals in these planes are: 

(2.7) 

Then, recalling the Parseval Plancharel theorem (Gaskill, 1978): 

ao ao 

Jlf(a>1
2
da = JIF(fJ)1

2
dP 

(2.8) 

ao ao J !(a)g(a)· da = J F(P)G(p)· dP 

where F(P)=FT{f{a)} and G(P)=FT{g(a)}, we can see that TJl=r)2. 
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2.3 LENS DESIGN AND OVERLAP INTEGRAL. 

At this point, we have established that system coupling efficiency can be evaluated 

in any appropriate plane via the overlap integral. Our next goal is to establish a way to 

compute this integral using optical design software. We recall: 

(2.9) 

1]= 00 00 00 00 

J J V'L(X.Y)V'~(X.Y)~ J J V'F(X,y)V'~(X,y)~ 

where 'VL describes the source field amplitude and 'VF describes the field amplitude of the 

propagating mode of the fiber or waveguide. Because the wavefront aberration expansion 

describes the optical path difference (OPD) between a reference sphere and the actual 

wavefront in the exit pupil, it is very convenient to evaluate the overlap integral on that 

surface (Wagner, 1984, Hillerich, 1988, 1989). However, noting that the integration of 

the overlap integral is performed on a plane and that the OPD reference surface is by 

definition a sphere, we realize that associating the reference surface with the exit pupil 

plane is an approximation. Doing that, we make the assumption that the reference sphere 

is planar over the pupil which mathematically translates to eikR::l or R=oo, where R is the 

radius of the reference sphere or the distance between the exit pupil and the image plane. 
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Describing a general system (Figure 2.1) by its pupil function and the location of its 

entrance and exit pupils (EP, XP), the coupling efficiency can be written as: 

l
aoao ..J....I.t 
ll'l'L(X'Y)P(X'Y)'I'~(X,y~~)'1 

11= aoao aoao 

J J \VL(X,y)P(x,y)\V~(x,y)p·(x,y)~ J J 'l'F(X,y)'I'~(x,y)~ 

where: 

"'L = laser source amplitude distribution in entrance pupil; 

"'p = fiber or waveguide guided mode projected onto the exit pupil; 

P= T(x,y)e-ikwex,y) = pupil function of the coupling optics. 

LASER 

EP OPTICAL XP 
SYSTEM 

~---Hf-----H-----+-I F1BERIWAVEOUIDE 

P 

(2.10) 

Figure 2.1: General layout of a lens coupling system. The expressions V/L and V/F . 
represent the laser diode and fiber or waveguide modal fields described in the entrance 
pupil (EP) and exit pupil (XP) respectively. 
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In the exit pupil, we now describe the laser field by: 

P(x,y)'I/ L (X,y) = T(x,y)e-iJcW(Jt,y)'1/ L (X,y) = 'PL (X,y)e-iJcW(Jt,y) , (2.11) 

where W(x,y) is the wave aberration expansion distribution and T(x,y) is a scaling factor 

corresponding to the pupil magnification. This latter quantity also describes the truncation 

of the source beam by the system. 

Substituting Equation 2.11 into 2.10 and multiplying by unity, we can write the overlap 

integral (11) as: 

Setting A(x,y) = 'PL(x,Y)"'F·(x,Y)="'L(x,y)T(x,Y)\jIF·(x,y), Equation 2.12 becomes: 

.... I I A (x,y)e-6 1t"( ... y) 
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The first term on the right hand side of Equation 2.13, 11paraxiat('¥L,'I'F), is simply the 

paraxial evaluation of the overlap integral, and the second term, SR(A, W), can be seen as 

a ratio which takes into account the aberration content of the system. 

Although Equation 2.13 does not appear to provide much simplification in the 

evaluation of the overlap integral, it actually does simplifY the calculations. The first 

factor (11paraxiat) can be greatly simplified provided that, to first order, the system collects all 

the laser energy and images the beam waist of the laser onto the entrance facet of the fiber 

or waveguide with the appropriate magnification. This causes similar modal fields to 

occur in the exit pupil of the system, such that, 11paraxiat is simply equal to l(one). We then 

are left with the overlap integral, 11, simply equal to the ratio SR(A, W). 

Looking more attentively at this ratio, we realize that if we neglect the fact that 

the "A" term may contain a phase factor, this ratio is similar to an apodized Strehl ratio. 

In fact, if the paraxial design of the system is done correctly, we should be able to 

minimize, if not cancel, the phase mismatch between the laser beam and the fiber or 

waveguide mode, thereby eliminating the phase term in the expression of A. The ratio, 

SR(A, W), then becomes what we shall refer to as an "apodized scaled ratio." We do not 

use the term Strehl ratio because SR(A, W) is the ratio of the on-axis value of the apodized 

point spread function for the real system compared to a perfect one. Knowing that the 

Strehl ratio uses the peak of the point spread function, we can see that our scaled ratio will 
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differ from the Strehl ratio if we add tilt or decenter to the optical system which moves the 

real chief ray away from the optical axis (corresponding to the paraxial chief ray defined 

by an on axis object). 

We have established that the coupling efficiency of an optical system can be 

evaluated with lens design software provided that its first order properties are controlled. 

This evaluation can be done using the previously defined apodized scaled ratio which 

simply corresponds to an apodized Strehl ratio for centered systems. This analysis takes 

into account the system's aberrations. But, most importantly, this approach allows us to 

use powerful features of lens design software which include system optimization and 

tolerancing capabilities. 

2.3.1 Gaussian beam analysis. 

There are many advantages to considering Gaussian beam analysis for the coupling 

problem. Probably the most important advantage is the expression of the overlap integral 

as an analytical expression. This analytical expression is correct if we neglect system 

aberration (or consider only 11paraxial) and design a lens which practically collects all the 

laser energy. Secondly, Gaussian pupil apodization is easily implemented in lens design 
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software. Combining this with the fact that laser diode output beams are nearly Gaussian, 

we are convinced that using Gaussian beams simplifies the analysis. 

The next logical step is to express the modal field of the fiber or waveguide as a 

Gaussian field. If one knows the exact profile of a waveguide's modal field, this can be 

done by fitting the best possible Gaussian distribution for each individual waveguide. In 

the case of ideal step-index fibers, there exists a Gaussian approximation formula of their 

fundamental mode. Without going into much detail, we simply want to mention that the 

exact solution consists of a Bessel function and refer the reader to chapter one of 

Ieunhomme's book (Jeunhomme, 1990). 

For 0.8 s AI'Ac s 2, WoF /a can be approximated to better than 1 % accuracy by: 

WoF =a[O.6S+L619V-3/2 +2.879V-6] 

where A. = the wavelength of light, 

'Ac = the cutoff wavelength above which a given fiber becomes single moded, 

WoF = the waist of the Gaussian approximation of the fiber's modal field, 

a = the fiber core radius, 

V = the normalized frequency of the fiber defined as: 

(2.14) 
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(2.15) 

where nl = the refractive index of the fiber core, 

and n2 = the refractive index of the fiber cladding. 

From this treatment we can express the modal fields, '¥L and \jIF, as two Gaussian 

distributions. Assuming that the laser beam is not really truncated by the optical system, 

we can write: 

(2.16) 

where WL and WF, respectively, refer to the 1/e2 intensity beam width of the laser and fiber 

or waveguide beams, and, similarly Rr. and Rp refer to their radius of curvature. k = 21[/').. 

is the light wave number. 

Substituting Equation 2.16 into the first tenn of Equation 2.13, it can be 

demonstrated that (Kogelnik, 1964): 
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4 (2.17) 

Since the first order properties of the coupling optics image the laser beam waist onto the 

entrance facet of the fiber or waveguide (which also corresponds to a beam waist), we can 

see that in the exit pupil, Rr. = R..:; so 11paraxiaJ reduces to: 

(2.18) 

Now adding the assumption that the system magnification matches the size of the beam 

waists, we realize that WL = w F and 11paraxiaJ = 1. 

As mentioned earlier, we are left with the coupling efficiency, 11, simply equal to 

the scaled ratio SR(A, W). Recalling that A(x,y) = \}1L(X,y)'VF· (x,y), we see that it 

corresponds to a Gaussian amplitude distribution: 
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A(x,y) == 1 exp(- x
2 

+ Y2J ' 
W W w2 

L F G 

(2.19) 

where 

1 1 1 -=-+-
w2 w2 w2 ' a L F 

(2.20) 

IfwL=WF, then wo, the lIe2 intensity beam width of the Gaussian apodization simplifies to: 

(2.21) 

This pupil apodization can be implemented in lens design software via dedicated 

commands. For the specifics of this application, we refer the reader to the reference 

manuals of these programs. 

2.3.2. Beam ellipticity. 

In the previous section, we modeled the output of laser diodes as circular Gaussian 

beams. This, of course, is an approximation since these lasers usually present different 
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beam divergence angles in the planes parallel or perpendicular to the laser junction 

(respectively along the x and yaxes). 

Assuming that the laser and fiber or waveguide modal fields can be decomposed 

into a product of separable x and y functions: 

'P L (x,y) = 'P L (x)'P L (y) (2.22) 

'P F (x, y) = 'P F (x)'P F (y) 

we can rewrite the paraxial expression of the overlap integral in a product of separable 

functions as well (Emkey, 1983), such that: 

(2.23) 

where 

II 'I'£(O)\If~(01' 
"0=00 00 

(2.24) 

I 'PL(o)'P~(o)do I 'PF(O)'P~(o)do 

Again considering a non-truncated Gaussian beam analysis where: 
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(2.25) 

1 (02) (iko2) 'II F(O) = -exp --2 exp--
W F W F 2RF 

we can show that: 

2 (2.26) 

Since we work at the optical system's conjugates, imaging the laser beam waist onto the 

beam waist of the fiber or waveguide, we set Rut = Rty = RFx =~y and simplify the 

previous equation to: 

2 
170 = ( ) , WLo + W Fo •... 

WFo WLo 

such that: 

4 

WLy wFy Wlz WFx 17 partaiol = ( )( ) . 
-+- -+
wFy WLy WFx Wlz 

(2.27) 

(2.28) 
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In the event of circular fiber or waveguide modal fields (WFx = WFy = WF), Equation 2.28 

becomes: 

4 4 

Considering an optimum pair of conjugates such that 

we obtain the expression: 

4 
1J pararial = 1 ' 

2+&+
& 

where 8 = Wr.xIWLy is the aspect ratio of the laser beam. 

(2.29) 

(2.30) 

(2.31) 

One might think that such an analytical development should be desirable for the 

term SR(A, W). Usually, this cannot be done because the wave aberration expansion is not 

necessarily a separable function. However, the laser's ellipticity can be considered by 

introducing an anamorphic pupil apodization such that: 
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1 1 1 -=-+-
w2 w2 w2 

ax Lx Fx 

(2.32) 
1 1 1 

-2-= -2-+-2-
Way WLy wFy 

which is feasible in some lens design software. 

2.3.3 Laser diode astigmatism. 

The other complication inherent to the modeling of laser diodes comes from the 

laser astigmatism. Laser astigmatism does not mean beam ellipticity. It means that the 

location of the beam waists in the planes parallel and perpendicular to the junction do not 

coincide. The "astigmatism" value, given in microns, refers to the axial distance between 

the location of the two beam waists. This produces a phase error on the wavefront as a 

result of the differing wavefront curvatures. 

The most accurate way to model the laser astigmatism is to use a new feature of 

lens design software which allows for the introduction of two different object planes and 

then to proceed with the pupil apodization. In some cases, it is also possible to neglect 

laser astigmatism and assume that it is within the depth of field of the coupling design. A 
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useful rule of thumb indicates that the depth of field of a non-apodized optical system is in 

the range of the object F-number squared (F/#2) in microns. Typically, adding pupil 

apodization improves the overall system performance and increases its depth of field. In 

short, we can use this and rely on a bit of judgment to detennine whether or not laser 

astigmatism will degrade the performance of the coupling optics. One could also model 

the laser by a pseudo optical system which produces the astigmatism --e.g. a cylinder. 

Such example is given in the Zemax reference manual. 

2.3.4 Real modal fields. 

As previously stated, laser diode output beams are nearly Gaussian. However, a 

waveguide's modal fields may exhibit an asymmetric profile which does not correspond to 

a Gaussian distribution. It does not matter what really causes this but there are some 

cases for which the use of a Gaussian beam analysis is not appropriate. 

There are two ways to approach this problem. Probably the simplest approach 

consists of adjusting the coupling efficiency calculated using Gaussian beams to 

approximate the waveguide modal field. This can be done by viewing the coupling system 

as a series of cascaded systems. For instance, if the laser modal field is Gaussian but the 

fiber or waveguide modal field is not, we can estimate the system coupling efficiency by 
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the product of two overlap integrals. The first integral would result from the use of a 

Gaussian beam analysis (as previously described) and the second integral could be seen as 

an estimation of the error caused by using the Gaussian beams analysis. This second 

integral would describe the overlap between the Gaussian approximation of the fiber or 

waveguide modal field and its exact representation. 

A more precise way to account for the exact modal fields of the laser diode or 

fiber/waveguide is to use a custom pupil apodization. The apodization function still 

corresponds to A(x,y), the cross product of the laser and fiber or waveguide modes 

(A(x,y) = 'PL(x,y)\jI/(x,y». Again, if the paraxial design of the system is done correctly, 

A(x,y) should result in an amplitude apodization. This apodization function is generally 

described via a 20 mapping of the pupil. It does not need to be a symmetrical function 

and can, therefore, account for the modal field resulting from a rectangular waveguide. 

Reference to design code manuals is necessary in order to implement custom pupil 

apodization with each specific software package. Implementation of this type of 

apodization is certainly less user-friendly than Gaussian pupil apodization which can be 

done using one or two commands. 
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2.4 PUPIL TRUNCATION. 

Before closing this chapter, we want to stress that as written in Equations 2.6,2.9, 

2.10, 2.12 and 2.13, the overlap integral expresses how well the source amplitude field 

distribution matches the fiber or waveguide mode in the exit pupil. In some cases, 

especially in the presence of large aberrations, vignetting may improve the overlap or 

mode matching (Marchant, 1984). This improvement may be even more dramatic if we 

just look at the apodized scaled ratio, that is, assume llparaxial equals 1. Therefore, it is 

important to realize that there is a price to pay for pupil truncation if our goal is to 

calculate how much of the total laser energy is transferred into the fiber or waveguide. To 

calculate the fraction of the total optical power emitted by the laser that is coupled into the 

propagating mode of the fiber or waveguide, we must mUltiply the overlap integral by the 

fraction of the laser energy accepted by the coupling optical system (l1acccptcd); 

0000 J J 'I' L(x,y)T(x,Y)'I'~(x.y)T·(x,y)dxdy 
~ 

q~~d=~~-oo-oo------------------

I f 'ilL (X,Y)'I' ~ (X,y)dxdy 
~ 

(2.33) 

Thus, the fraction of the total laser output energy coupled into the fiber or waveguide is: 
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17 .".rgy = 17' 17 (J(;Wptld = 17 paralda/ • SR( A, W) . 17 (J(;Wptld • (2.34) 

For Gaussian beams, it can be shown that: 

(2.35) 

where YE corresponds to the radius of the entrance pupil and WLEP is the laser (l/e2 

intensity) beam width calculated in that plane. A good number for the ratio YE /WLEP is 

above 2.3; this typically ensures that TJacccptod equals unity and that the laser's energy 

propagates through the optical system without producing noticeable diftTaction rings, 

essentially keeping its Gaussian distribution. 

If for some reason, the evaluation of TJacccptcd indicates inevitable laser beam 

truncation, it is important to point out that this laser truncation also results in a different 

evaluation of TJparaxiaJ. Refering to Equation 2.11, we see that pupil truncation affects the 

laser source amplitude distribution, '¥L(X,Y), in the exit pupil. Equations 2.16 and 2.25 

cannot describe the laser mode since they do not include any beam truncation. Therefore, 

expressions 2.18, 2.28, 2.29 and 2.31 do not give an accurate description of TJparaxiaJ in this 

case. 
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However, neglecting diffraction effects produced by pupil truncation, it is possible 

to rewrite the expression for llparaxial in a way which accounts for beam truncation. Since 

Equations 2.18, 2.28, 2.29 and 2.31 are useful analytical expressions, it is desirable to use 

them in the new expression for llparaxial. Comparing the expression for llparaxial in the 

presence of pupil truncation; 

11 parar/aJ = co co co co 

tnlllcrJliOfl f f V' L (x,y)T(x,y)V'~ (x,y)T· (x,y)dxdy f f V' F(x,y)V'~(x,y)dxdy 

, (2.36) 

11 parar/aJ = Yq Yq co co 

tnlllcrJliOfl J J · J J · V'L (x,y) V' L (x,y)dxdy V' F(X,y)V' F(x,y)dxdy 

where yxp corresponds to the radius of the exit pupil, with the expression of llparaxi.1 when 

there is no truncation: 
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11.\11 L (x,y)T(x,Y)\II~ (X'Y~' 
17 paraxiaJ«> = «> «> «> «> 

f f 'If L(x,y)T(x,Y)'If~(X,y)r(X,y)dmy f f 'If F(X,y)'If~(X,y)dxdy 

, (2.37) 

11.\11 L (X,yl\ll; (x,y~' 
17 paraxlaJ«> = «> «> «> «> 

f J 'If L (X,y)'If~ (X,y)dmy J J 'If F(X,y)'If~(X,y)dxdy 

we can relate the two. The relat.ionship is: 

11\11 L (X,y)1{X,Y)\II~(x,y""",j' ____ ~~_______________ ~1 
17 pradd = 17 ~. «> «> :\..L.rl.12 
--- il.\IIL (x,y)1{x,Y)\II~ (x,y)T'(x,y~ 11 \ilL (X,Y)\II;(X'Y'""'1 

«>«> 

J J 'lfL(X'y)'If~(X,y~ 

(2.38) 

where the analytical evaluation of the third factor in the last equation gives: 
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coco 2 

.:.....L_J_rp_L_(X_'Y_)~_(_X'_Y)_rp_~_(X_,Y_)dxdy~-'-+ -e -:; r. 
II V' L (X, y) V' ~ (x,y~' 

(2.39) 

and WG is still described by Equation 2.20. Substituting Equation 2.39 in Equation 2.38, 

we have: 

( 
_)'~J2 

17 paraxial = 17 paraxia/~ • 1 . 1 - e "b 
truncation 17 accepted 

(2.40) 

Finally, assuming that in the exit pupil WL = WF, we see that: 

Wa _ W L _ W LEP (2.41) 

Yxp - .J2. Yxp - ..fi:YE ' 

such that we can rewrite Equation 2.39 in tenns Ofl1ac:ceptcd: 

(2.42) 



Moreover, llparaxialtO = 1 and Equation 2.40 simplifies to: 

T/ paraxial = T/ acc:.pUd • 
tl1l11colion 
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(2.43) 

Going back to Equation 2.34, we conclude that in the presence of pupil truncation, the 

overall coupling efficiency becomes: 

( 
2)2 -I., 

T/e/ll!rgy = T/ parar/altO • SR(A, W). 1- e ,,~ , 
(2.44) 

and, since we have assumed the system magnification is such that in the exit pupil WL = 

(2.45) 

To summarize Chapter 2, we have provided the theoretical foundation required to 

adapt commercial lens design software to the analysis of diode-to-waveguide coupling 

optics. Starting with a correct paraxial or first order design, we showed that system 
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coupling efficiency can be obtained via an apodized scaled ratio. The required apodization 

differs from that needed to describe only the elliptic-gaussian laser beam; the required 

apodization results from a combination of the laser and fiber/waveguide modal field 

parameters. It was also discussed that this scaled ratio can be easily implemented in lens 

design software if we make use of Gaussian beams. However, it is important to point out 

that Gaussian beams do not always propagate like rays, especially if their beam waists are 

located close to the optics focal planes (Saleh, 1991). Typically, for our application, 

standard raytracing will model the paraxial properties of coupling systems only if the 

distance between the laser beam waist and the front focal plane of the optics is greater 

than the Rayleigh distance of the beam. Since most lens design software packages include 

a Gaussian beam analysis capability implemented via ABeD matrices, we suggest the use 

of this feature to perfonn and verify the paraxial design. Once this is accomplished, it is 

possible to evaluate the system's truncation, add the appropriate Gaussian pupil 

apodization and use raytracing software to directly obtain the apodized scaled ratio. This 

simple technique accounts for the system's aberrations and can be used to model any type 

of optical system that such lens design software can handle including aspheric, 

anamorphic, GRIN and diffi'active components. Finally, we described how the suggested 

model can be refined to include the laser's ellipticity, astigmatism and exact modal field 

description. We also analyzed the impact of laser beam truncation on our derivations. 
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CHAPTER 3. 

LENS COUPLING OPTIMIZATION AND TOLERANCES. 

In the previous chapter, we developed a way to predict system coupling efficiency 

using lens design software. These software packages have great flexibility in that they can 

handle a wide variety of optical systems. In addition, such software has built-in system 

optimization and tolerancing capabilities. 

In this chapter, we shall explain how the system analysis technique we have 

developed can lead to a coupling system's optimization and tolerancing. Starting from 

Chapter 2, our goal is to model small displacements and changes which affect the coupling 

performance criterion --the so-called apodized scaled ratio. We shall first examine the 

influence of fiber or waveguide'S displacements on coupling efficiency. Next, we discuss 

system optimization and tolerancing. Finally, we describe how to quickly assess the 

influence of more radical changes which affect the system's magnification or set of 

conjugates. 
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3.1 FillER OR WAVEGUIDE DISPLACEMENTS. 

The theoretical development presented in Chapter 2 describes how to evaluate the 

coupling efficiency of a system when the fiber or waveguide is centered on the optical axis 

and its entrance facet is located in the paraxial image plane. In this section, we will 

address the impact of moving the fiber or waveguide from this location. We will study the 

effect of axial displacements of the fiber or waveguide as well as lateral displacements and 

tilt. 

3.1.1 Axial displacements. 

The paraxial or first order design of a coupling optical system should locate the 

fiber or waveguide entrance facet at the paraxial image plane. However, in the presence 

of aberrations (such as spherical aberration), the best location of the image plane does not 

correspond to the paraxial one. The introduction of defocus can balance spherical 

aberration and, thus, improve the coupling efficiency. 

The exact way to simulate the axial displacement of the fiber or waveguide is to 

recalculate the exit pupil modal amplitude distribution "'F which corresponds to the new 

location of the fiber or waveguide. There is no need to recalculate "'L or the wave 
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aberration expansion W(x,y), because the source's field distribution in the exit pupil is not 

influenced by the location of the fiber/waveguide. Assuming that the propagation mode of 

the fiber or waveguide corresponds to a Gaussian wave, its displacement will result in a 

new beam width and radius of curvature in the exit pupil. The evaluation of 11paraxial as 

well as SR(A, W) will, therefore, be modified. The magnitude of the ratio SR(A, W) will 

be higher than unity as the defocus balances spherical aberration. This occurs because the 

A(x,y) term will contain a phase factor which describes the phase mismatch between the 

source beam and the backpropagated (to the exit pupil) fiber or waveguide beam. 

Another way to model the axial displacement of the fiber or waveguide is to add a 

defocus term to the wave aberration expansion: 

(3.1) 

where YE, a normalization constant, is the radius of the exit pupil, and W020 is the defocus 

aberration coefficient. "'F and consequently, 11paraxial are not modified. Effectively, the 

quadratic defocus term can simulate the change in the radius of curvature of the 

back propagated fiber or waveguide beam, especially when the distance between the exit 

pupil and the fiber/waveguide exceeds the Rayleigh distance of the Gaussian beam. 

However, we must also note that this approximation does not take into account the 
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change in the fiber or waveguide beam width (in the exit pupil). It will be shown that this 

slightly affects our calculations for systems which contain a fair amount of aberration. As 

a system gets better, its balancing requires a smaller amount of defocus which would not 

modify the fiber or waveguide beam width significantly. 

The addition of a defocus term in lens design software is done by axially moving 

the image plane. The relationship between the displacement (Az') and the defocus 

coefficient (W 020) is 

(3.2) 

where F/# corresponds to the working F-number in the image plane. In short, the 

simulation of an axial displacement of the fiber or waveguide corresponds to an axial 

displacement of the image plane, and finding its optimum location enables one to 

determine the system's maximum coupling efficiency. 

3.1.2 Lateral displacements. 

Using the same logic, we reason that a lateral displacement of the fiber or 

waveguide can be simulated by a decenter of the image. However, knowing that lens 
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design software defines the image on a plane, the question becomes: how do we decenter 

an infinite image plane? Obviously, we cannot do that and we need to address the 

problem differently. Starting with Equation 2.13, we can implement the lateral shift of the 

fiber or waveguide by modifYing the expression \jIF. One could be tempted to modify the 

fiber/waveguide modal field everywhere it appears in the equation, but there is no need to 

do so. Changing the expression \jIF in the numerator of T)paraxial as well as in the 

denominator of SR(A, W) is not necessary since both terms cancel. We can also see that a 

lateral shift won't result in a change in the intensity normalization factor appearing in the 

denominator of T)paraxial. Therefore, we can simulate a lateral displacement of the fiber or 

waveguide by modifying only the expression of \jIF which appears in the numerator of 

SR(A,w). 

Assuming that the fiber or waveguide modal field is Gaussian, we can rewrite the 

laterally shifted modal field in terms of the original one. For small lateral displacements 

(.1y) such that: 

(3.3) 

it can be shown that: 
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• ( !J. ) - • ( )exp(-2YIlY)exp(~) - • ( )exp(~) If/ F X,Y + ~ = If/ F X,Y wi R, = If/ F X,Y R,' 
(3.4) 

where WF and Rt: respectively correspond to the 1/e2 intensity beam width and radius of 

curvature of the fiber/waveguide Gaussian modal field that appears (projected) in the exit 

pupil. This type of relationship is not restricted to Gaussian fiber or waveguide modal 

fields. The derivation only requires that the fiber or waveguide modal field exhibits a 

dominant quadratic phase profile. This condition ensures that the laterally shifted modal 

field can rewritten in terms of the original one times an exponential term that contains the 

cross product yAy (this latter term generates the Fourier kernel essential to the following 

derivation). In practice, this quadratic phase profile requirement is not restrictive. Most 

coupling problems deal with exit pupils that are in the far field of the fiber/waveguide 

modal field described at the entrance facet. Since the dimensions of this fiber/waveguide 

modal field (at the entrance facet) are small compared to the size of the system exit pupil, 

the dominance of a quadratic phase profile in the exit pupil is rather common. 

Reevaluating SR(A, W), we find that: 

Iff A(x,y)e-1kW(.r.y)e -21r1y-3; ~r 
SR(A,W(x,y+Ay» = 1 12 ' ff A (x,y)dxdy 

(3.5) 
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and, defining ex, J3 as spatial frequencies such that: 

a= :;, p=o, 
F 

(3.6) 

we can write this expression as the Fourier transfonn (FT) of the apodized pupil which, 

theoretically, corresponds to an apodized point spread function (PSF). 

IFT{ A(x,y)e-1kW(X,Y)} a=*,",p=or PSF(&y) 
SR(A,W(x,y,&y» = I 12 = 2 . ff A(x,y)dxdy Iff A(X,y)dxdyl 

(3.7) 

Remembering that TJparaxiaJ is still equal to one (thereby assuming that there is no pupil 

truncation and WL = WF), we realize that this apodized PSF describes the coupling 

efficiency of the system under a lateral displacement of the fiber or waveguide. It provides 

the desired centering tolerances, (i.e., a 2D mapping of the coupling efficiency versus 

lateral displacement of the fiber/waveguide) and, most importantly, it can be obtained with 

lens design software. It is also very useful to remind the reader that for non-apodized 

diffi'action limited systems, a simple rule says that the diameter of the PSF (in microns) is 

roughly equal to the image or working F-number, In the presence of an apodized pupil, 

we expect a wider PSF. The diameter of the PSF can be approximated by the image F

number times the ratio of the pupil radius to the (l/e2 intensity) beam width of the 
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Gaussian apodization. This certainly can be used as an indication of what kind of lateral 

tolerances will be required to build a well-designed system that exhibits high coupling 

efficiency. 

Finally, this analysis also shows that the peak value of the PSF, or the apodized 

Strehl ratio, can describe the optimum coupling efficiency of a system. This approach is 

valid anytime we set the fiber or waveguide lateral position as a variable and allow its 

optimization. In lens design jargon, this corresponds to the use of this lateral position as a 

tolerance compensator. Tolerance tables obtained using the apodized Strehl ratio as a 

figure of merit will assume that the system will provide for lateral position adjustment of 

the fiber or waveguide. This lateral adjustment will allow the optimization of the lateral 

position of the fiber/waveguide in order to align it with the peak of the system's PSF. 

3.1.3 Fiber or waveguide tilt. 

Fiber or waveguide tilts can be simulated in lens design software by tilting the 

image plane. Theoretically, this corresponds to adding a tilt term to the wave aberration 

expansion: 

Y 
A)lWll-

Yo 
(3.8) 
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in which AYWll describes the tilt aberration coefficient. The relationship between the 

tangent of the tilt angle (tanS) and its corresponding aberration coefficient is: 

(3.9) 

where, as before, Ye is the height of the marginal ray in the entrance pupil. Contrary to 

defocus which helps balance spherical aberration, tilting the fiber or waveguide usually 

does not improve the coupling efficiency. However, it can somewhat compensate for the 

fiber or waveguide lateral misalignment (Ay) when tanS = -AylRp. 

3.2 OPTIMIZATION AND TOLERANCES OF OPTICAL COMPONENTS. 

By establishing that the coupling efficiency of a system is related to an apodized 

scaled ratio, we have developed an analysis tool which can be implemented in lens design 

software. Knowing that this scaled ratio corresponds to the Strehl ratio for centered 

systems, or, allowing our systems to have a fiber or waveguide centering compensator, we 

have all the information required to perform system optimization. We merely need to use 

the system's apodized Strehl ratio as a figure of merit and write a merit function which 

allows its optimization. 
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In order to do so, the reader should recall that the Strehl ratio also corresponds to 

the ratio of the volume under the real value of the system transfer function divided by the 

volume under the real value of the dimaction limited transfer function. Therefore, it 

appears that a merit function which optimizes the modulation transfer function (MTF) of a 

system will accomplish our goal. This can be done by creating a merit function which 

samples the MTF curve for different frequencies and maximizes it. Since our figure of 

merit corresponds to an apodized Strehl ratio, it is important to ensure that the lens design 

code will carry the pupil apodization even in its MTF optimization routine. 

The system tolerances could be obtained in a similar way. However, we are not 

aware of any lens design software which provides tables of system tolerances using the 

Strehl ratio as a criterion. We need to obtain system tolerances individually by tilting and 

decentering every element and by changing some parameters. Starting with a certain 

system performance criterion, usage of an equal-weight, root-mean-square tolerance 

budget can help establish the individual tolerance criteria. 
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3.3 CHANGE OF MAGNIFICATION. 

The purpose of this section differs considerably from that of the two previous 

sections because it is not limited to treating the influence of small changes. Changing the 

magnification of a particular system involves mainly a displacement of the object and 

image planes. It affects every aspect of the design: its paraxial properties (l1paraxial), the 

laser beam truncation (l1.cccptcd), and of course the system's aberration. In short, a simple 

change of a system's magnification (something easily implemented using lens design 

software), seriously impacts the calculations of the coupling efficiency and cannot be 

studied by only changing the system's set of conjugates. 

The reason to study the influence of a change of system magnification comes 

mainly from practical considerations. Effectively, it appears that there is a strong cost 

incentive to use off-the-shelf components to realize coupling optical systems. However, 

these off-the-shelf lenses are designed and optimized for a particular magnification which 

may not necessarily correspond to the optimum magnification of the coupling system 

(which ensures laser and fiber/waveguide mode matching such that 1')paraxial = 1). Except 

for zoom systems, the aberration content of a particular design can be strongly influenced 

by a change of system magnification. In other words, the apodized scaled ratio, SR(A, W), 

can be optimized by changing conjugates while llparaxi.1 decreases. Therefore, it is useful to 
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be able to investigate the influence of a change of magnification on a system's coupling 

efficiency. 

Essentially, a change of magnification modifies the distance between the laser and 

the entrance pupil of the system and the distance between the exit pupil and the fiber or 

waveguide. Based on the Gaussian analysis presented in Chapter 2, we realize that we 

need to reevaluate the value of the laser beam width in the entrance pupil (WLEP) as well as 

the laser and fiber/waveguide beam widths (WL, WF) in the exit pupil. From these new 

values, we recalculate llparaxi.t. 11.cccptcd and the beam width of the required Gaussian 

apodization (wG). We then proceed by implementing the new pupil apodization and 

obtaining the optimum apodized scaled ratio, SR(A, W). 

Although not very difficult, this procedure is not practical. It would be preferable 

to assess the influence of a change of magnification without having to propagate Gaussian 

beams. In this section, we present equations which describe the influence of a change of 

magnification ( from minit to Illncw) on llparaxial, 11.cccptcd and WG , simply using the old values 

of WLEP, WG and the ratio of magnifications miniJmncw. In all derivations we assume that, to 

first order, the optical systems image the laser beam waist onto the fiber or waveguide 

waist, thereby eliminating the phase mismatch in the exit pupil. Then, R.p = ~ and llparaxial 

is described by Equation 2.1S. Referring to Section 2.4, we understand that this last 

assumption requires that the system's entrance pupil is large enough to collect the laser 
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energy such that T)acccptcd is practically equal to unity and T)paraxial can be evaluated via 

Equation 2.18 analytical expression. We also assume that the initial magnification (mwI) 

matches the size of the beam waists such that WF = WL and T)paraxial = 1. We always use the 

same laser but study two different situations. First in Sub-Section 3.3.1, we keep the same 

fiber or waveguide; secondly, in Sub-Section 3.3.2, we change it by adjusting its size 

according to the change of magnification. 

3.3.1 Using same laser and same fiber/waveguide. 

Recalling Equation 2.34, we see that T)cncrgy can be written as a product of three 

quantities: 

(3.10) 

Our goal is to study how a change of magnification independently influences each of these 

quantities assuming negligible pupil truncation. Starting with an optimum magnification 

(mwt) such that in the exit pupil WF= WL and T)paraxial = 1, we understand that changing the 

system's magnification causes a size mismatch of the beam waists. Expressed in terms of 

magnification change, T)paraxial becomes: 
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4 (3.11) 
T/ paradal = (mMW mlnll ) 2 • 

--+--
mlnll mMW 

Although the derivations made in this section assume essentially no pupil 

truncation, it is useful to verifY if a given change of magnification allows the user to 

maintain this assumption. This can be done by reevaluating TJacccpted under the new 

magnification. The easiest way to derive the effects of a new set of conjugates on TJacccptcd, 

is to presume that the distance between the laser diode and the entrance pupil is greater 

than the laser Rayleigh distance. Knowing that typical laser diode Rayleigh distances are 

less than 10 J.1m, we understand that this assumption is not very restrictive and allows us 

to assume a linear dependence between beam width and axial distance. Therefore, once 

we establish the ratio of the optimum beam width divided by the new one in a certain 

plane, we can keep the relationship to describe the same ratio in any other common plane. 

For instance, at the front principal plane, we can directly relate the laser beam width to the 

object distance (z) which, in tum, depends on the system magnification (m) and effective 

focaIlength (EFL): 

z = EFL. (l-m) . 
m 

(3.12) 
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This yields the result that in the entrance pupil (or any other plane), the new laser beam 

waist (WLEPnew) can be written in terms of the old one (WLEPinit). Their ratio is proportional 

to the ratio of object to front principal plane distances such that: 

WLEPIWW ZIWW mlnit (1-mrww ) 

W LEPlnit = Zinit = mMW (1-m lnit ) • 

(3.13) 

Recalling Equation 2.35, 11.cc:cptcd becomes: 

(3.14) 

where YE is the radius of the entrance pupil. For a particular optical system, the entrance 

" 

pupil height is fixed and does not depend on the system conjugates (as long as the same 

component constitutes the system's stop). 

As previously stated, a magnification change can influence the aberration content 

of a system. The overall effect on aberrations is system dependent and cannot be easily 

predicted without lens design software. However, we can use a similar treatment as we 

just did to derive the ratio between the initial and new fiber or waveguide beam width in 

the exit pupil (as well as any other plane). To do this, we make use of the relationship 
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between the image distance z' and the system's magnification (m) and EFL. RecaIling the 

first-order Gaussian equation: 

z'= EFL·(l-m), (3.15) 

we establish that in the exit pupil: 

(3.16) 

Equation 3.13 still describes the laser behavior such that: 

(3.17) 

Substituting Equations 3.16 and 3.17 in Equation 2.20, we obtain: 

(3.18) 

where wo.v:wlwGinit describes the ratio between the new and previous beam widths of the 

Gaussian apodization. This last equation enables the user to quickly modify the Gaussian 
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apodization required for the reevaluation of the apodized scaled ratio using lens design 

software. 

3.3.2 Using same laser but different fiber/waveguide. 

This section is similar to the last in that it intends to present the equations needed 

to rapidly assess a change of magnification. The difference between the sections, 

however, stems from the assumption that the fiber or waveguide dimension will be 

modified to match the laser new magnification. In short, llparaxial stays equal to unity and 

we can neglect pupil truncation. 

Since once we set the system's conjugates, laser truncation does not depend on the 

actual fiber or waveguide properties, Equations 3.13 and 3.14 are still valid. However, 

since the fiber or waveguide beam waist is also changed, Equation 3.16 no longer holds 

true. The relationship between the new and initial fiber or waveguide beam widths in the 

exit pupil becomes: 

WFMW mini, (l-mMW ) 
--= 

mMW(l-mlni,) • 

(3.19) 
WFlnlt 
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As expected, WL and WF are scaled accordingly in order to optimize the paraxial design. 

Similarly, it results that: 

(3.20) 

In summary, in this chapter we have presented a way to study the effect of some 

design modifications on system coupling efficiency. It was discussed that small changes --

fiber/waveguide and components tolerances-- can be modeled by studying their influence 

on the apodized scaled ratio. For instance, fiber or waveguide defocus and tilts 

correspond respectively to defocus and tilts of the image plane. More interestingly, we 

demonstrated that fiber or waveguide lateral tolerances are closely related to an apodized 

point spread function. From this we concluded that, under certain conditions, an apodized 

Strehl ratio is an adequate figure of merit to optimize the coupling efficiency. We 

concluded this chapter by explaining how a change of magnification affects every aspect of 

a design and presented equations which may help analysis of the influence of magnification 

on system coupling efficiency. 
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CHAPTER 4. 

MODEL VALIDATION. 

Before applying the theoretical model described in the two previous chapters, it 

seems logical to confront it with experimental measurements. The easiest way to do this is 

to compare our evaluation of the apodized scaled or Strehl ratio with experimental 

coupling efficiency data taken from a published paper. As mentioned in the introduction, 

Sumida and Takemoto have published a paper which presents a lot of experimental results 

(Sumida, 1984). Their paper clearly describes their experiments and does not leave room 

for ambiguity. It appears to be an excellent resource to help validate our model. 

Moreover, since the selected systems contain large amounts of aberration, they really test 

the use of the scaled ratio. Knov.1ng that, in the presence of defocus, the precision of our 

model improves with the system's performance, we expect less aberrated systems to show 

closer agreement than will be reported in the following pages. 

Sumida and Takemoto's experimental systems consist of five different ball lenses 

that were used to couple the light from a laser diode into a single mode fiber. In order to 
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compare some lens parameters, they selected ball lenses of different diameter and index of 

refraction. In this chapter, we first make use of a "circularized" Gaussian beam analysis to 

model the absolute value of the maximum coupling efficiency obtained with each ball lens. 

We will also compare our theoretical predictions with the tolerance curves presented in 

the paper. Finally, because the laser diode really shows an elliptical profile, we will 

investigate whether it is beneficial to introduce an elliptical pupil apodization. 

4.1 CIRCULAR GAUSSIAN BEAM ANALYSIS. 

In the paper by Sumida and Takemoto, the laser diode and fiber modal fields are 

treated as Gaussian profiles. Therefore, the best we can do is to restrict our analysis to 

Gaussian beams. Advantageously, this results in the calculation of a Gaussian apodized 

scaled ratio which can be implemented easily in lens design software via a Gaussian 

apodization of the pupil. The laser wavelength is 1.3 micron. Its beam waists, 

respectively 0.67 and 1.23 microns in the planes perpendicular and parallel to the laser 

diode junction, lead to a Gaussian beam with a far-field full divergence angle of 63x37° 

which has to be coupled into the fiber. We describe the fiber's propagating mode as a 

rotationally symmetric Gaussian beam with a 5.4 micron beam waist located at the fiber's 

facet. Knowing these parameters one can compute the system's magnification (m). We 

simplifY the problem further by assuming a circular laser beam with a beam waist 
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(OoL = ~(OoLl.(Ool.II = O.91,um. For all five ball lenses, the optimum paraxial magnification is 

then equal to -5.4/0.91, or m = -5.95. 

Figure 4.1 illustrates the paraxial design of the coupling assembly for all lenses. 

The stop, collocated in the middle of the lens with the principal planes, represents the 

entrance pupil as well as the exit pupil. Fixing the stop size to the ball diameter, we can 

estimate the laser beam truncation caused by the finite size of the entrance pupil. For 

Gaussian beams, we mentioned in Section 2.4 that: 

(4.1) 

where YE corresponds to the radius of the entrance pupil and WLEP is the 1/e2 intensity laser 

beam width calculated in that plane. For the specific case of ball lenses, it can be derived 

(see Chapter 5) that: 

YE 2(~X~) 
--= .....&..
WLEP 

(4.2) 

where n is the refraction index of the lens, m, the system's magnification, WOL is the 

"circularized" laser beam waist and A its wavelength (in our case, 0.91J.1m and 1.3J.1m, 
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respectively). For all five ball lenses we obtained T)acccptcd ~ 99.5%. It appears reasonable 

to assume that all the laser energy is captured by the system (T).cccptcd = 1), and because the 

paraxial design is done correctly, we also presume that llparaxi.1 = 1. We are left with the 

coupling efficiency being directly equal to the scaled ratio. 

STOP,EP,xp 

LASER FillER 

BALL LENS 

Figure 4.1: Ball lens coupling assembly. 

As indicated by their layout and optical path difference (OPD) curves (see Figures 

4.2 and 4.3), ball lenses differ significantly from perfect systems --they introduce spherical 

aberration. For our examples, the OPD curves indicate as much as 15 waves of third 

order spherical aberration. There is probably some fifth order spherical aberration, but it 

is difficult to infer this from the OPD curves. Locating the image planes at their paraxial 
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locations, we obtain apodized scaled or Strehl ratios smaller than 21 %, which are 

significantly less than the measured coupling efficiencies. We need to optimize the image 

plane location. 

Figure 4.2: Optical layout of a ball lens. 
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Figure 4.3: Optical path difference curve of a ball lens. 
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4.1.1 Maximum coupling efficiencies. 

Since the optical components and magnification of the systems are fixed, the only 

variable one can alter to reduce the discrepancy between our calculated results and the 

experimentally measured coupling efficiencies is the image plane distance. It is well 

known that the introduction of defocus can improve a system's performance by balancing 

spherical aberration. Setting a merit function which optimizes the overall modulation 

transfer function (see Section 3.2), we let the design software move the image plane. 

Figures 4.4 and 4.5 compare the modulation transfer (MTF) curves resulting from initially 

putting the image plane at its paraxial location versus at best focus position after MTF 

optimization. Table IV.I shows a comparison of the experimental data taken from the 

referenced paper (Sumida, 1984), with the calculated values of the apodized scaled ratios 

that were obtained by relocating the fiber entrance facet to an optimum position. There is 

no doubt that the two sets of values agree. 
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Figure 4.4: Modulation transfer junction curve resulting from collocating the image 
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Index of Dalliens Effective focal SR(A,W) Experimental 

refraction diameter length (CODEV) coupling efficiency 

1 1.78 0.8mm 0.46 mm 49% 47% 

2 1.85 1.0mm 0.54 mm 51% 51% 

3 1.85 1.4mm 0.76mm 43% 44% 

4 1.95 1.7mm 0.87mm 46% 45% 

5 1.95 2.0 mm 1.03 mm 42% 41% 

TABLE 1v'1: Comparison of the experimental data taken from the paper by Sumida and 
Takemoto (1984) with the calculated values of the apodized scaled ratios for five 
different coupling bal/lenses. These results are obtained by relocating the fiber entrance 
facet to an optimum location. 

4.1.2 Fiber axial and lateral tolerances. 

In order to further validate the model, we also compare our tolerance predictions 

for the second ball lens with experimental curves given in the referenced paper. These 

experimental measurements indicate the coupling degradation that results when we 
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separately introduce axial and lateral displacement of the fiber. Figures 4.6 and 4.7 

present these results and show good agreement among measured values and our calculated 

predictions. The disparities shown in Figure 4.6 between the data points labeled 

"CODEV" and the experimental data are explained by the fact that our technique does not 

account for the change in the fiber beam width as we introduce defocus. As indicated in 

that figure, exact calculations of the apodized ratio (where the Gaussian beam width was 

changed with the focal plane position) provide even better agreement. It is also interesting 

to note that the shape of Figure 4.7 is similar to an inverted PSF, as predicted in Section 

3.1.2. To convince the reader that lateral fiber tolerances are easily obtainable, Figure 4.8 

presents the CODEV data produced via a 2D mapping of the apodized point spread 

function. The PSF numbers correspond directly to coupling efficiencies resulting from a 

lateral displacement of the fiber. They were used to build the graph shown in Figure 4.7. 
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Figure 4.6: Coupling efficiency degradation resulting from fiber shift along the optical 
axis. 
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Figure 4.7: Coupling efficiency degradation resulting from fiber shift perpendicular to 
the optical axis. 
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SCALE: ONE INCREMENT= 0.00263964 mm. 
Strehl Ratio = 0.5108 

1 1 1 1 1 1 1 

1 1 1 1 2 2 2 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 3 3 3 1 1 1 1 1 1 

1 1 1 1 1 2 6 11 13 11 6 2 1 1 1 1 1 

1 1 1 1 1 6 15 25 29 25 15 6 1 1 1 1 1 

1 2 1 1 3 11 25 39 45 39 25 11 3 1 1 2 1 

1 2 1 1 3 13 29 45 51 45 29 13 3 1 1 2 1 

1 2 1 1 3 11 25 39 45 39 25 11 3 1 1 2 1 

1 1 1 1 1 6 15 25 29 25 15 6 1 1 1 1 1 

1 1 1 1 1 2 6 11 13 11 6 2 1 1 1 1 1 

1 1 1 1 1 1 3 3 3 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 1 1 1 1 1 1 1 1 1 

1 1 1 1 2 2 2 1 1 1 1 

1 1 1 1 1 1 1 

Figure 4.8: CODEV data resulting/rom a mapping 0/ the point spread junction. 
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4.1.3 Lens decentration. 

Besides analyzing waveguide tolerances, we also compare the tolerance 

predictions regarding the lateral position of the second of the five ball lens with the 

corresponding experimental curve coming from the paper. This curve indicates the 

coupling degradation resulting from a decentration of the ball lens. The waveguide's 

lateral position is fixed and certainly not re-optimized. The raytrace layout of the system 

(see Figure 4.9) shows that the chief ray does not coincide with the optical axis anymore. 

In this case, the scaled ratio does not correspond to a Strehl ratio. Because the waveguide 

is not used as a compensator, we must use the apodized scaled ratio or, in other words, 

the on axis value of the point spread function. We then obtain Figure 4.10 which shows 

an excellent agreement between theoretical and experimental results. 

Figure 4.9: Layout of a decentered ball lens. The chief ray does not coincide with the 
optical axis. 
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Figure 4.10: Coupling efficiency degradation resulting from lens shift perpendicular to 
the optical axis. 

Looking at Figure 4.10, we notice that the shape of the curve also resembles the 

inverted point spread function, but on a different scale. This is explained by the fact that 

the amount of decenter introduced to obtain this curve is not sufficient to alter the shape 
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of the PSF. Effectively, even with 4 microns of lens decentration, the Strehl ratio of the 

system keeps its optimum value of 51 %. Decentering the lens of few microns merely 

displaces the PSF from the optical axis allowing its mapping as we evaluate the apodized 

scaled ratio. Letting the fiber lateral position compensate for the lens decentration and 

measuring the apodized Strehl ratio would result in a different curve with certainly a wider 

range of tolerance. 

4.2 GAUSSIAN ELLIPTICAL BEAM ANALYSIS. 

Knowing that the profile of the laser diode is elliptical, it is interesting to verify if 

the implementation of an elliptically apodized pupil function improves the model. As 

described in Section 2.3.2, we need to reevaluate TJparaxia. and SR(A, W). We assume 

TJacccptcd stays equal to unity. Because the laser beam waist in a plane perpendicular and 

parallel to the laser junction are respectively of 0.67 and 1.23 microns, we calculate a laser 

aspect ratio (e) to be 0.54. Substituting this numerical value in Equation 2.31, we obtain 

TJparaxia. = 91.3%. 

Then, using Gaussian propagation equations as weIl as Equation 2.32, we are able 

to determine the required elliptical pupil apodization. Table IV.II indicates the values of 

the elliptically apodized scaled ratios obtained in CODEV. 
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CIRCULAR ELLIPTICAL 

ANALYSIS ANALYSIS 

Ball lens l1parulal SR(A,W) l1parulal SR(A,W) Experimental 

(CODEV) (CODEV) coupling efficiency 

1 1 49% 0.913 50% 47% 

2 1 51% 0.913 52% 51% 

3 1 43% 0.913 44% 44% 

4 1 46% 0.913 47% 45% 

5 1 42% 0.913 43% 41% . 

TABLE IV.I1: Comparison of the experimental data taken from the paper by Sumida and 
Takemoto (1984) with the calculated values of the circularly and elliptically apodized 
scaled ratios for five different COli piing ball lenses. These results are obtained by 
relocating the fiber entrance facet to an optimum location. 

As shown in Table IV.II, the values of the apodized scaled ratios obtained by using 

an elliptical pupil apodization are slightly higher but do not differ significantly from the 

ones obtained with a circular apodization. These results match the experimental coupling 

efficiencies fairly well, so multiplying them by l1paraxial (0.913) does not help the 
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correlation. However, we cannot conclude that the circular Gaussian analysis (where we 

directly compare SR(A, W) with coupling efficiencies) leads to better agreement. One can 

easily argue that we should multiply these values by 0.913 as well to increase the precision 

of the model. How do we explain the discrepancy between our model and the 

experimental results once we take into account the laser ellipticity in the evaluation of 

llparaxial? 

The explanation comes from Chapter 3, Section 3. 1.1. As mentioned in this 

section, an axial displacement of the fiber influences the radius of curvature and the beam 

width of the fiber modal field (WF) in the exit pupil. Modeling fiber axial displacement via 

an image plane displacement neglects the change on the fiber beam width. In our 

examples, we introduce a fair amount of defocus to balance the strong spherical aberration 

generated by ball lenses. We shortened the distance between the exit pupil and the fiber 

entrance facet (beam waist), thereby decreasing the size of the fiber beam width in the exit 

pupil. To be accurate, we should model this beam width reduction by decreasing the 

width of the Gaussian pupil apodization compared to what is required when we locate the 

fiber at the paraxial image location. Since a stronger pupil apodization 'results in a higher 

apodized scaled ratio, we should obtain a better correlation between theoretical and 

experimental coupling efficiencies. 
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Table IV.ill presents the new values of the apodized scaled ratios taking into 

account the change of the fiber beam width introduced by a defocus. Of course, this 

approach requires more work since we need to adjust the apodization factor to each new 

location of the image plane. However, this explains why after multiplying SR(A, W) by 

11paraxial (0.913), we obtained coupling efficiencies which were lower than the measured 

data. 

CIRCULAR ELLIPTICAL 

ANALYSIS ANALYSIS 

Ball lens SR(A,W) 11 SR(A,W) 11 Experimental 

(CODEV) O.9*SR (CODEV) O.9*SR coupling efficiency 

1 57% 52% 57% 52% 47% 

2 57% 52% 58% 53% 51% 

3 47% 43% 48% 44% 44% 

4 50% 45% 51% 47% 45% 

5 46% 42% 47% 43% 41% 

TABLE IV.lll: Comparison of the experimental data taken from the paper by Sumida and 
Takemoto (1984) with the calculated values of the circularly and elliptically apodized 
scaled ratios for five different coupling ball lenses. These results are obtained by 
relocating the fiber entrance facet to an optimum location and by reevaluating the 
corresponding pupil apodization. 
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In conclusion, we were able to validate our model by comparing our theoretical 

predictions of coupling efficiency with experimental data taken from a paper. Even for 

systems which contain a fair amount of aberration, we obtained a good correlation 

between theoretical estimates and experimental data. We successfully predicted the 

experimental tolerance curves presented in the paper. 

Comparing circular apodized scaled ratios with elliptical ones, we also 

demonstrated that there does not seem to be any practical advantage to implementing 

elliptical Gaussian apodization. We also showed that modeling defocus simply by moving 

the image plane gives lower values of SR(A, W) than if one makes an exact calculation. In 

our example, it conveniently balanced the approximation made by assuming ll~raxial equal 

to unity instead of 0.913 as when one models the laser ellipticity. 

In general, it is wise and easy to take laser ellipticity into account, and it is 

preferable to predict lower values of coupling efficiencies than to reevaluate the required 

Gaussian apodization for each position of the image plane. Anyway, this should not be a 

problem when dealing with high efficiency systems which should require a minimum 

amount of defocus. Finally, we did not need to worry about Fresnel reflections or losses 

since, in the paper, they were already subtracted from the coupling losses. 
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CHAPTERS. 

DESIGN EXAMPLES. 

In the previous chapters, we developed a procedure which helps design lens 

couplers. Chapters 2 and 3 present the theoretical analysis and implementation of our 

model using lens design software, and Chapter 4 validates our theory through the study of 

a particular application. 

In this chapter, we will emphasize the flexibility of our approach by studying a 

variety of lens coupling solutions. We intend to show limitations of our model as well as 

interesting capabilities. Without going through an exhaustive list of coupling designs, we 

want to point out advantages and disadvantages of some simple and more complex 

designs. 
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5.1 BALL LENS. 

Second after butt coupling, the ball lens coupling design is one of the simplest. Its 

simplicity, due to the symmetry of the lens, results in a relatively easy assembly of the 

coupling device for which the orientation of the lens does not matter. This is a big 

advantage once we realize that the typical diameter of a coupling lens is in the range of a 

few millimeters. Unfortunately, ball lenses are far from being perfect. They generate a 

considerable amount of spherical aberration which, as seen in Chapter 4, dramatically 

deteriorates their coupling performance. Typical couP.ling efficiencies range from 30% to 

55% for this type of system. 

In the design of a ball lens coupler, only two parameters must be specified in order 

to complete the design: the lens diameter and its index of refraction. Referring to 

aberration theory, it can be demonstrated that spherical aberration will be reduced as we 

raise the index of refraction of the lens and diminish its diameter. However, it is also 

important to consider the influence of a smaller lens diameter on the laser beam truncation. 

Recalling Equation 2.35, we realize that the truncation factor is determined by the ratio 

yP}WLEP. Higher ratios are desirable since they mean less beam truncation. This ratio 

depends on the marginal ray angle and the divergence of the laser beam. Collocating the 

system's stop (and entrance pupil) in the middle of the lens with its principal planes, we 
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can see that the marginal ray height (YE) corresponds to the radius (r) of the ball lens. 

Knowing that the effective focal length (EFL) of the lens is described by the relationship: 

EFL=!...(~\ 
2 n-V 

(5.1) 

and that he object distance from the principal plane (and the entrance pupil) (z) is equal to: 

z = -EFL.(I--!;;), (5.2) 

where m is the system's magnification, the tangent of the marginal ray angle (tan9m) 

becomes: 

tan 8
m 

= YE =..!.... = 2. (n -I) . (~ ') . 
-z -z n m-V 

Since the laser beam divergence (tan9div) corresponds to: 

tan8
dtv 

= wL =~, 
-z 1lWoL 

we see that: 

(5.3) 

(5.4) 
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YE = 2nwoL .(n-l).(~l. 
W L I/. n m-V 

(5.5) 

This ratio indicates that beam truncation does not depend on the lens diameter and 

reinforces the statement that high values of index of refraction are desirable. Therefore, 

we conclude that for a particular selection of laser and fiber/waveguide, the best ball lens 

will be small and have a high index of refraction. Practically, a ball lens radius of 0.5 mm 

is considered small. Putting a specific ball lens in a lens design code and varying the object 

distance shows that spherical aberration is slightly reduced as we increase the system 

magnification (Iml). However, the aberration improvement and truncation reduction of the 

beam resulting from changing the system's conjugate does not even compensate the loss 

caused by a paraxial mismatch of the beam size. The best design requires a magnification 

equal to m = -WoF/woL where WoL and WoF are respectively the 1/e2 intensity waist of the 

laser in the object space and the 1/e2 intensity waist of the fiber in the image space. In the 

exit pupil WL =WF such that 1')p.1raxial is unity. We just have to accept the resulting beam 

truncation and spherical aberration. 

In general, we don't worry about Gaussian beam truncation when the ratio yP)WLEP 

is higher than 2.3. Using Equation 5.5 and assuming that: 
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(5.6) 

a system magnification (m) smaller than -2.8 results. That explains why ball lenses are 

mainly used for laser to fiber coupling situations which require a fair magnification. In 

short, an optimal use of ball lenses favors strong magnification and high index of refraction 

which reduces both spherical aberration and beam truncation. Smaller ball diameters do 

not affect the laser truncation but lessen spherical aberration. 

5.2 GIUN BALL LENS. 

Ball lenses would be simple and effective lens couplers if they could achieve higher 

coupling performance. Their symmetry eases their assembly but, unfortunately, ball lenses 

generate too much spherical aberration. Understanding that spherical aberration 

corresponds to a stronger bending of rays which depart from the optical axis, it is 

reasonable to minimize this aberration by gradually lowering the index of refraction of the 

lens as we move away from its center. Maintaining the symmetry of the ball lens, we end 

up with what will be referred to as a GRIN ball lens i.e., a ball lens with a spherical 

gradient index centered with the middle of the lens. 
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Obviously, the cost of such a lens is higher than the cost of a regular ball lens. 

Therefore a good design should result in a significant improvement of the coupling 

efficiency. Using the same laser and fiber parameters as in Chapter 4, we target a paraxial 

magnification of -5.947 (-5.4/0.91). Selecting a lens diameter of 1 mm and a middle index 

of refraction of 1.85, we can compare our design with the best coupling lens studied in 

Chapter 4. Remembering that a maximum coupling efficiency of 51% was attained (c.r., 

Section 4.1.1), we consider that a significant improvement should result in a coupling 

efficiency above 75%. 

The actual design of the GRIN ball lens did not come up so easily. The 

combination of a GRIN element with a merit function based on MTF targets slows the 

optimization process considerably. We also point out that in order to obtain the gradient 

index which maximizes the apodized scaled ratio, the pupil apodization must be 

maintained throughout the evaluation of the MTF. Trying different lens design software 

indicates that Zemax is probably the most appropriate software for this type of problem. 

Unfortunately, this software limits the spherical gradient to the second power of the radial 

distance from the center of the lens. In order to completely balance spherical aberration, 

one would expect to use a gradient which goes as the fourth power of the radial distance. 

In other words, aberration theory predicts that the introduction of a second power 

spherical gradient will essentially simulate a simple defocus of the image plane. 
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Optimization of the GRIN ball lens confirms this last assumption. Fixing the image 

plane to its paraxial location, we first restrict the optimization variables to gradient index 

parameters. A GRIN ball is obtained for which indices of refraction of the center and 

edge of the ball are 1.85 and 1.74 respectively. The spherical gradient is proportional to 

the square of the radial distance and the approximate scaled ratio is 51%. As predicted, 

this result corresponds to the optimum value obtained with a comparable uniform ball lens 

(1 nun diameter and a middle index of refraction equals to 1.85) for which we balance 

spherical aberration with a defocus of -0.52 nun. Further optimization of the GRIN lens 

does not improve or modify the design even when adding a defocus variable. 

Next, we return to the initial ball lens and start a new optimization allowing the 

introduction of both defocus and spherical gradient index. The lens design program 

produces a solution with practically no gradient index and a defocus value of again -0.52 

nun. Once more, this concludes that there is no advantage to design a spherical GRIN 

ball lens unless the gradient index is at least proportional to the fourth power of the radial 

distance. CODEV can implement such gradients but we were not able to design such a 

lens since this program does not perform MTF optimization of apodized pupils. 



89 

5.3 HEMISPHERICAL AND HYPERBOLIC FillER END. 

This idea consists of altering the tip of the fiber in order to simulate a lens located 

directly against the fiber's facet. Obviously, this design solution applies only to laser-to

fiber coupling. The goal of this section is to study this type of coupling design using the 

model presented in Chapters 2 and 3, and to compare our results and conclusions with 

current literature. One could argue that this material should be part of Chapter 4 (Model 

Validation), but since the essence of this section differs somewhat from the general 

philosophy of this dissertation, we chose to present it as an example. The reader will 

probably agree that the application of our model to the study of fiber end coupling is not 

obvious and direct. However, it works and gives interesting insights. 

The design parameters relevant to this section come from Edwards and Presby's 

paper (Edwards, 1993, "Ideal Microlenses for Laser to Fiber Coupling"). Essentially, this 

paper studies and compares the use of hemispheric and hyperbolic fiber ends as laser diode 

to single-mode-fiber couplers. The l/e2 intensity beam waist of the laser and fiber are 

respectively 1 and 5 microns, which makes the design requirements similar to those of the 

ball lens design and allows comparison of the two solutions. The ideal system paraxial 

magnification should be -5. The laser wavelength is 1.3 J.1m. 
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The first important step when modeling fiber end couplers is to realize that the 

fiber's waist is located directly against the plano-convex coupling lens. The fact that the 

distance between the image plane (fiber's facet) and the focal plane is less than the fiber's 

Rayleigh range indicates that standard raytracing cannot predict the paraxial properties of 

our system. For this particular case, paraxial raytracing and Gaussian beam propagation 

do not coincide. In Saleh and Teich's book (1991), it is explained that locating the beam 

waist of an incident Gaussian beam against a lens will produce a different Gaussian beam. 

Its waist will be located close to the lens focal plane and its size will be scaled according 

to the following relationship: 

A'! 
W'=--o , 

(5.7) 

tlWo 

where Wo = the 1Ie2 intensity beam waist of the incident beam, 

Wo'= the 1Ie2 intensity beam waist of the focused beam, 

and, f= the effective focal length of the lens. 

Intuitively, this result can be understood by knowing that at its waist, a Gaussian 

beam has an infinite radius of curvature, or a planar phase which can be simulated by a 

collimated beam. Extending this idea to the use of lens design software, we model our 

problem by simulating the fiber mode with a collimated beam. Using this raytracing 
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simulation, we obtain an infinite set of conjugates which enables us to evaluate the 

apodized scaled ratio, SR(A, W). Since lens design software are easier to deal with when 

we have an image point, we reverse the problem and study the coupling of the fiber into 

the laser. That is, we locate the object plane at infinity and collocate the paraxial image 

plane with the focal plane of the lens. Because of the reciprocity principle, this approach 

should give us the same coupling efficiency as the reverse problem. In short, we have just 

established that fiber end coupling can be studied using Equation 5.7 to evaluate the 

system paraxial properties (llparaxial), while lens design software is used to evaluate 

SR(A, W) using an infinite set of conjugates. 

Highly inspired by the previously referenced paper (Edwards, 1991), we modeled 

three different fiber ends: two with a hemispherical profile and one with a hyperbolic 

profile. Using Equation 5.7 and targeting an ideal paraxial magnification (-5), we 

calculate an effective focal length of about 12 microns which, with a refractive index of 

1.46, results in a radius of curvature of 5.6 microns. Whether we have a conic surface 

does not matter at this point since we first worry only about the first order properties, ie., 

we try to assure that llparaxial is unity. 

Modeling a 5.6 micron radius hemispherical fiber end using a lens design software 

involves other subtleties. For example, setting a plano convex lens that works at infinite 

conjugates and that has its stop at the lens, we find that it is not possible to couple the 
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entire incident beam. Total internal reflections occur on the hemispherical surface if the 

stop diameter is larger than 7.5 microns. Referring to Section 2.4, we know that llparaxial is 

no longer equal to unity and becomes equal to lllcccptcd (cf., Equation 2.43). Since the ratio 

of the stop size on the Gaussian beam is 7.5/10, we calculate that llacccpled equals 67.5%. 

Introducing the appropriate Gaussian apodization, we optimize the image plane location 

and obtain SR(A, w) = 95%. Use of Equation 2.45 indicates that llcnergy equals 43%. 

MUltiplying this result by the overall transmission of the hemispherical surface (94%) gives 

40%, which agrees well with the predictions and experimental measurements of about 

36%. 

Edwards points out that this coupling efficiency does not correspond to the 

optimum coupling efficiency that may be obtained using hemispherical fiber ends. To 

reduce the truncation caused by total internal reflection, it is possible to increase the radius 

of curvature of the fiber hemispherical surface. When this occurs llparaxialao is reduced and 

departs from unity, but this loss can be compensated by lesser truncation. Setting a 

hemispherical radius of 8.5 microns, we obtain an effective focal length of 18.7 microns; 

we are then able to open the pupil diameter to 11.6 microns. Equation 5.7 indicates that 

in the pupil, WL equals 7.74 microns. Since Wp = 5 microns, Equation 2.20 gives Wo = 4.2 

microns. From this, we calculate that llparaxialao = 83%, llacceplcd = 93% and 

[ 1- exp(- ~)J2 =72.5%. Equation 2.40 shows that 7J paraxial = 65%. By implementing 
trIInctJtion 
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pupil apodization in the lens design software and optimizing the image location, we obtain 

an apodized scaled ratio (SR(~ W» of 92%. Using Equation 2.44, we estimate a 

couplin~ efficiency (l1cncrsy) of 56% which, when multiplied by the transmission of the 

hemispherical surface (96%), becomes 53%. Once more, this result is similar to 

experimental data; eg., Edwards measured, at best, a coupling efficiency of 55%. 

As demonstrated by the two previous examples, beam truncation caused by total 

internal reflection seems to limit the system's coupling efficiency. In order to achieve very 

high coupling efficiencies, we need to reduce pupil truncation and keep an effective focal 

length of 12 microns (such that l1paraxialoo is unity). This can be done by allowing the 

hemispherical surface to become hyperbolic via the introduction of a conic constant. 

Going back to the first hemispherical fiber end which had a radius of curvature of 5.6 

microns, we add a surface conic constant of -1.5. This simple change permits us to open 

the system's stop (or pupil) to 14.1 microns, increasing the value of l1acceplcd, and 

consequently, l1paraxial (cf. Equation 2.43), to 98%. Adjusting the Gaussian pupil 

apodization parameters to corresponds to the reduced system F-number, we are able to 

maintain an apodized scaled ratio (SR(~ W» of 98%. This high value is possible due to 

the surface conic constant. MUltiplying this scaled ratio by l1acceplcd squared, we obtain a 

coupling efficiency (l1cncrsy) of94% (cf. Equation 2.45). Knowing that the transmission of 

the hyperbolic surface is of 96%, we predict a coupling efficiency of 91 % which again is 

close to the optimum coupling efficiency of90% reported by Edwards. 
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. Table V.I summarizes the results covered in this section. It is interesting to note 

that for all three examples, the scaled ratio is higher than 90%. This means that the 

coupling efficiency of fiber ends is not limited by aberrations. It also substantiates that the 

use of lens design software to study fiber end coupling may be overkill. As previously 

mentioned, this example is certainly not an easy direct application of the theory developed 

in Chapters 2 and 3. However, our study gives interesting insights to the problem. It is 

rather surprising to conclude that the introduction of a conic surface mainly contributes to 

increase coupling efficiency by decreasing beam truncation. Usually conic surfaces 

primarily help reduce the aberration content of a system. Apparently in this application a 

more appropriate question is: how much aspheric sag is present for such small lenses? 
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Hemispherical Hemispherical Hyperbolic 

fiber end fiber end fiber end 

R= 5.6 J.1m R=8.5 J.1m R = 5.6 J.1m 

1'Jp ..... laIco 100% 83% 100% 

1'Jacceptecl 67.5% 93% 98% 

17 pararlal 67.5% 65% 98% 
Inlllco/ion 

SR(A,W) 95% 92% 98% 

lens transmission 94% 96% 96% 

1'Jenergy 40% 53% 91% 

paper's result 36% 55% 90% 

TABLE V.I: Summary of fiber end coupling calculations for three different fiber ends: 
two with a hemispherical profile and one with a hyperbolic profile. Comparison of our 
predictions with experimental data taken from the paper by Edwards, Presby and 
Dragone (1993). 

Fiber end coupling is an interesting solution which can achieve high coupling 

efficiencies. It requires some alteration of the fiber end which may not always be possible 

and, obviously, it does not apply to laser-to-waveguide coupling. Typical coupling 

efficiencies resulting from the introduction of a hemispherical surface on the fiber end are 

comparable to those obtained when using homogeneous ball lenses as lens couplers. 

Replacing the hemispherical profile by a hyperbolic one generally contributes to a 
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significant improvement of the coupling efficiency. Coupling efficiencies as high as 90% 

have been reported. 

5.4 AXlCON FffiER END. 

While reading about different coupling designs, we came upon a paper 

(Eiseinstein, 1982) which suggests the use ofaxicon fiber ends to couple laser light into a 

single mode fiber. This paper says that axicon fiber ends have typical coupling efficiencies 

between 50% and 55% which are comparable to hemispherical fiber ends. The advantage 

of using an axicon fiber end comes from their relatively easy fabrication. Contrary to 

hemispherical ends, which may require a very complicated manufacturing process, conical 

or axioon fiber ends can be ~anufactured by selective chemical etching of the fiber. This 

results in a much simpler microlens fabrication process. 

Following the procedure described in the previous section, our goal is to study the 

coupling properties ofaxicon fibers. Since once again the fiber beam waist is located 

against the coupling lens, we reverse the problem and model it by focusing a collimated 

beam via a "plano-conical" or axicon lens. We independently use the terms conical and 

axicon since an axicon surface is like a cone, with the tip of the cone at the vertex of the 

surface. It is rotationally symmetric about the optical or z axis, and it is described by a 
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single parameter: an angle e measured between the plane normal to the optical axis (at the 

vertex of the lens) and the axicon surface. As recommended in the Zemax reference 

manual, we simulate the axicon using the "Standard" surface model. It entails setting a 

surface With a very small radius of curvature and a conic constant which is less than - I . 

The relationship between the tangent of the angle e (tanS) and the surface conic constant 

(K) is: 

(5.8) 

Attempting to predict the coupling efficiency of the axicon fiber described in 

Eiseinstein and Vitello's paper (1982), we simulate the fiber end in lens design software 

using infinite conjugates. We add the required Gaussian apodization, calculate the 

optimum scaled ratio and determine if there is pupil truncation. We follow the procedure 

described earlier in this dissertation to evaluate 11.cccptcd, SR(A, W) and 11paraxial. Doing this 

we determine that 11.cccptcd is about 87% and SR(A, W) is close to 100%. However, we are 

not able to evaluate 11paraxi.1 since we cannot determine the first order properties of the 

axicon surface. This problem stems from the fact that the axicon is modeled using a high 

conic constant and an arbitrary, very small radius of curvature. Because the focal length 

of the coupling lens depends on this radius of curvature, we are left with an arbitrary 

choice of focal lengths. One could trace a ray through the lens and determine its 
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magnification using the ratio of the incident and outgoing angles. However since different 

ray heights give different magnification values, the problem then becomes: "What should 

be the height ofthe incident ray?" 

In short, we conclude that our model is not suitable to study the coupling 

efficiency of conical fiber ends. This limitation is due to the difficulty inherent in 

attributing first order properties to axicon surfaces. Readers interested in such a coupling 

solution should refer to Eisenstein and Vitello's paper (1982). 

5.5 GELTECHLENSES. 

We have studied the coupling properties of ball lenses and fiber ends. Except for 

the GRIN ball lens, these examples have already been successfully modeled, and all we did 

was reproduce known results using our model. This served two purposes: to demonstrate 

the flexibility of our model and to convince the reader of its validity. Although, we tried 

to introduce new insights and design guidelines, we did not address new problems. We 

did, however, consider the influence of aberrations in our calculations. But, some of the 

referenced papers have also introduced the effect of third order aberration in their 

theoretical model. However, their study is limited to simple coupling lenses and the 

techniques used quickly become untenable as the coupling system gets more complex. 
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In this section, we study a coupling system that will be used to couple a double 

heterostructure laser diode into a waveguide. This coupling system consists of two 

molded microlenses distributed by the Geltech company. Each surface of each microlense 

is highly aspheric which makes the system hard to analyze without the use of, at least, a 

conventional lens design software. These micro lenses, originally designed for optical data 

storage applications, are used to either collimate or focus a laser beam. They are 

optimized for a set of infinite co.njugates; theoretically provide diffraction limited 

performance when used at these conjugates. One Geltech lens, which was considered for 

use in this application, is optimized for finite conjugates that produce an optimum 

magnification of -3.7. This lens was not further considered for our application after we 

determined that it does not have a good performance at magnification higher than m = -2.0 

(m == -1.4 is required for this coupling system) . 

The goal for this coupling system is to couple a semiconductor laser having beam 

waists of 0.5 J.l.m and 1.65 J.l.m respectively in the directions perpendicular and parallel to 

the junction into a square (channel) waveguide which can be characterized by a circular

gaussian beam waist of 1.275 J.l.m. The laser wavelength is 0.855 J.l.m, and we calculate a 

desired paraxial magnification of -1.4. Knowing that Geltech lenses are optimized for 

infinite conjugates, a simple solution lies in using two lenses for which the ratio of 

effective focal lengths is close to 1.4. Then, putting the object plane near the first lens 
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focal plane should provide the desired magnification. We note that this situation differs 

from having the object plane close to the system's focal plane, so we are not violating the 

condition which ensures an appropriate use of raytracing to model Gaussian beam 

propagation. 

We found two possible combinations of Geltech lenses. The combination of lenses 

CIN 350150 and CIN 350160 which have respective focal lengths of· 2 mm and 2.72 mm, 

or, the combination of lenses CIN 350140 and CIN 350150 which have respective focal 

lengths of 1.45 mm and 2 mm. We selected the latter combination based on the fact that 

lens 350140 is designed for a higher object numerical aperture than lens 350150 (0.55 

versus 0.5). This allows us to neglect pupil truncation and assume that ll.cccptcd is unity. 

Figure 5.1 shows the design layout which consists of two aspheric singlets, a stop 

and a plane parallel plate. The introduction of the plane parallel plate comes with the 

initial design of lens 350150; it helps compensate for the aberrations introduced by using 

the lenses at conjugates which differ slightly from their original design. We note that the 

exact location of this plane parallel plate is not important as long as it is located 

somewhere between the second lens and the image plane. From a design point of view, 

we can add that the distances between the stop and each lens are also not critical. 

However, as these distances become larger, the respective alignment between the two 

lenses becomes more critical. Adding the appropriate Gaussian apodization, we determine 
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that our system is diffi'action limited with a maximum apodized scaled ratio of unity. 

Taking into account the laser aspect ratio of 3.3, we evaluate llparaxial (cf. Equation 2.31), 

and conclude that the coupling efficiency of our system, limited by the laser ellipticity, is 

equal to 71.4%. 

350140 
EFL= 1.45 mm 

350150 
EFL=2 mm 

Figure 5.1: Layout of the Geltech design which uses a combination of lenses 350140 and 
350150. 

Figures 5.2 and 5.3 show the lateral and longitudinal waveguide positioning tolerance-

contours that correspond to coupling losses of 1, 2, 3 and 4 dB. Figure 5.2 considers a 

perfect system with no misalignment, and Figure 5.3 is specific to a system having a 

decenter of 15 J.Lm on the collimating lens and a tilt of 2 degrees on the focusing lens. 

Both graphs show similar tight waveguide positioning tolerances. It is also worth noting 
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that we obtain an optimum scaled ratio of98% even when adding a 15 J.lm decenter on the 

first lens and 2° tilt on the second lens. The tight waveguide lateral placement tolerances 

are a direct result of the good performance of the system. It is established that for a 

perfect system, the size of the point spread function (in microns) is in the range of the 

image F-number. Because we cannot increase this F-number without affecting pupil 

truncation, there is not much we can do to improve these waveguide lateral placement 

tolerances. In addition to these two figures, Table V.II presents a list of individual 

tolerances for the tilt and decenter of each component. These values correspond to a 10% 

performance degradation of the system Strehl ratio. 

1.5...-----------------, 

~ ~ ~ ~ ~ 0 N v ~ ~ ~ 

waveguide axial displacement (J.lm) 
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-1dB 
-6-2dB 

-iE-2dB 

~3dB 

-+--3dB 

-+-4dB 
-4dB 

Figure 5.2: Lateral and longitudinal wavegUide displacement tolerances assuming no 
misalignment. 
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Figure 5.3: Waveguide placement tolerances assuming 15 pm decenter of the collimating 
lens and 2 0 tilt of the focusing lens. 



CRITERIA: Obtain Strehl ratio equal to 90%. 

Collimating lens: 

decenter: ± 40J.lm 
tilt: ± 30 

Focusing lens: 

decenter: ± 700J.lm 
tilt: ± 90 

Plane parallel plate: 

thickness: 0 to 0.9 mm (nominal thickness 0.25 mm) 
(Do we really need this plate?) 

tilt: ± 80 

Tolerances on distance between laser and collimating lens: 

with no focus compensation: + 2J.1m 
-3J.1m 

with focus compensation: ± 50J.1m but magnification changes 
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Table V. 11: List of some individual component tolerances which result in a performance 
degradation of 10%. 

In conclusion, we were able to design a diffraction limited diode laser-to-channel 

waveguide coupling system using two Geltech lenses. It is possible to use the same design 

and maintain diffraction limited coupling performance over a range of magnification 
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varying between -1 and -2. This is accomplished by simply changing the thickness of the 

plane parallel plate. The coupling system discussed in this section is relatively easy to 

construct since it uses off-the-shelf components. Very few companies offer small, high 

quality aspheric lenses with high numerical apertures. Microlenses sold by Thorlab are 

identical to Geltech lenses. 

5.6 ANAMORPHIC SYSTEMS. 

As demonstrated in the previous section, a mismatch between the aspect ratio of 

the laser and fiber or waveguide modes can limit the coupling efficiency of a system. The 

only way to address this problem is to introduce anamorphic elements between the laser 

and fiber/waveguide. A popular solution consists of circularizing the laser beam (or 

moditying its aspect ratio) by single or double prism expansion. In order to minimize 

aberrations introduced by the prism, this is usually done by inserting the prism in a 

collimated beam, ie., between a collimating and a focusing lens. Unfortunately, this 

solution requires at least three elements which can result in a longer and more costly lens 

coupler. Another way to alter the ellipticity of the laser is to use anarmorphic lenses, i.e., 

lenses which have different paraxial properties in the two orthogonal directions 

perpendicular to the optical axis. The goal of this section is to analyze the features and 

properties of this type of design, trying to come up with a solution which minimizes the 
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number of elements. Our intent is not to provide an exhaustive study of anamorphic 

systems but simply to introduce some guidelines which may help start a design. 

In an initial attempt, the design of an anarmorphic system can be decomposed into 

a two-configuration, non-toric design for which each configuration represents a different 

orthogonal orientation. This is somewhat similar to the design of a two-position zoom 

system. For both systems, you need to produce two configurations that have different 

magnifications while keeping the same distance between the object and image planes. In 

the case of a zoom system, the change of magnification is realized by altering the spacing 

between the different elements that comprise the lens. This is, the same lenses are moved 

with respect to each other. In an anamorphic lens, the spacing between the elements is 

maintained but we modifY the way the elements bend the rays by having different 

curvatures and powers for each configuration. However, thinking in terms of system 

principal planes, we realize that what we really accomplish is a change of magnification 

which primarily results from a change of object and image distances with respect to the 

principal planes of the system. 

The easiest way to explain the last statement is by looking at a graph taken from 

Dr. Roland Shack's class notes (Shack) (cf., Figure 5.4). This graph illustrates the relative 

positions of lens, object and image for different conjugates (or magnifications) using a thin 

positive lens. Reading along horizontal lines, we can visualize the change in object and 
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image distances as we scan through different systems magnifications. Restricting 

ourselves to the first quadrant of the graph which deals with a real object and real image, 

we notice that we can maintain the total track (0) of the system for two sets of conjugates 

related by reciprocal magnifications (m and 11m). In other words, for a certain effective 

focal length there are two pairs of conjugates for a same total track. Their magnification 

corresponds to m and 11m, and, we can alternate between these solutions by sliding or 

changing the location of the lens' principal planes. 



4 
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Figure 5.4: Relative positions of lens, object and image for a thin positive lens. 
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It is this observation which can help us understand the design of an anamorphic 

lens coupler. Effectively, the coupling of a laser diode into a waveguide often requires 

different magnifications in the planes perpendicular and parallel to the laser junction which 

are spread around -1. Moreover, if the product of the two magnifications is equal to 

unity, we can alternate between the two pairs of conjugates just by sliding the location of 

the principal planes, without altering the focal length of the lens. In most cases, we do not 

meet this last criteria. However, we often approach it, making Figure 5.4 a useful tool 

because it shows the required displacement of the principal planes between the two 

orientations of the anamorphic lens. Since principal planes are generally located close to 

the most powerful element (or surface) of a lens, we see that a same surface can be strong 

for one orientation and weak for the other. It also means that a highly anamorphic system 

will tend to be long and have its toric elements at the extremities. Shorter systems will 

necessitate more powerful elements in order to introduce the same amount of 

anamorphicity (or principal planes displacement between the two orientations). 

From the previous explanation, we see that anamorphic singlets are not ideal lens 

couplers unless we fill up the air space with glass. The combination of two toric lenses 

presents a better solution. For one orientation, we have essentially four degrees of 

freedom (four curvatures) and two constraints (magnification and total track) which leaves 

us with two degrees of freedom to maximize the system performance. Considering the 

on-axis performance of a monochromatic source, it should be possible to achieve a good 
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coupling efficiency using two toric lenses. However, the high divergence of laser diodes 

makes things more complex since we also must consider high order aberrations as well as 

pupil aberrations resulting from the high power of external surfaces. A good design 

would probably require the introduction of some aspheric surfaces. 

We successfully designed an anamorphic lens coupler using two doublets. The use 

of doublets allowed us to control color over a wavelength range of twenty nanometers and 

add some degrees of freedom to our design without adding aspheric surfaces. As 

predicted by our first order analysis, this lens coupler has highly toric first and last 

surfaces. It is certainly an expensive solution to the coupling problem. 

5.7 DIFFRACTIVE /HYBRID LENSES. 

The use of diffractive surfaces in the design of a lens coupler is appealing. Hybrid 

systems are usually lighter and more compact than conventional ones. For instance, it 

could be quite advantageous to replace doublets with hybrid lenses. The anamorphic 

design to which we referred in the previous section could probably benefit from this idea. 

However, the introduction of diffractive surfaces generates a lot of interesting questions 

regarding their diffraction efficiency and their fabrication. Furthermore, these questions 

are not easy to answer, especially since we are dealing with microlenses which may have 
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quite steep radii of curvature. It is certainly simpler to consider the use of aspheric 

surfaces to balance spherical aberration rather than the use of diffractive surfaces. 

In short, the introduction of diffractive surfaces is not appropriate for all types of 

lens couplers. Because of their high dispersion, diffractive surfaces are not suitable means 

of introducing a fair amount of anamorphicity. Aspheric surfaces do a comparable job in 

terms of aberration correction and are definitely easier to model and fabricate. The 

utilization of diffractive surfaces should be restricted to particular problems for which 

color correction is an issue. Finally, we mention their potential use for the athermalization 

of temperature-sensitive systems. 

In this chapter, we pointed out the advantages and disadvantages of diverse types 

of lens couplers. We started with a very simple design and progressed towards more 

complex systems in order to achieve better coupling performance. We do not pretend to 

have made an extensive study, but we believe that this chapter illustrates the flexibility of 

our model in predicting the coupling efficiency of different types of designs. This chapter 

also demonstrates the optimization capabilities of our model as well as its tolerancing 

possibilities (cf., Section 5.5). Further work might entail studying other designs such as 

GRIN rod lenses, plastic hybrid aspheric singlets and recently-introduced commercial toric 

lenses. 
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CHAPTER 6. 

CONCLUSIONS. 

This dissertation presents a simple yet flexible way to evaluate the laser-to

fiber/waveguide coupling efficiency of systems containing optical elements. More 

specifically, we adapt the problem so that it can be handed via widely available lens design 

software. Chapter 2 demonstrates that the coupling efficiency of a system is related to a 

so-called apodized scaled ratio, provided there is a correct first order design. Since most 

lens design software packages include a Gaussian beam analysis capability implemented 

via ABCD matrices, we suggest the use of this feature to perform and to verity the initial 

paraxial design. 

Chapter 2 also develops the theory behind, and explores the limitations of, a 

powerful technique which utilizes lens design software to compute coupling efficiencies. 

This technique accounts for a system's aberrations and predicts the coupling efficiency of 

any type of system that such lens design software can handle. These systems may include 

aspheric, anamorphic, GRIN and diffractive components. 
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While Chapter 2 concentrates on the introduction of our analytical tool, Chapter 3 

focuses on the adaptation of the analytical model such that it exploits the most powerful 

features of lens design software. These features include system optimization and 

tolerancing capabilities. This adaptation is done by using lens design software to study the 

effect of small design modifications on the system's coupling efficiency and, more 

precisely, on the apodized scaled ratio. It is demonstrated that fiber or waveguide defocus 

and tilt can be respectively modeled by a defocus and tilt of the image plane. More 

interestingly, it is shown that fiber or waveguide lateral tolerances correspond to an 

apodized point spread function. From this basis, we explain the conditions under which an 

apodized Strehl ratio becomes an adequate figure of merit to optimize the coupling 

efficiency and to establish the tolerances of a system. Finally, the influence of a change of 

magnification on system coupling efficiency is examined. 

Following these two theoretical chapters, Chapter 4 validates our model by 

comparing our theoretical predictions with experimental data taken from a referenced 

paper (Sumida, 1984). Even for coupling lenses which contain a fair amount of 

aberration, we obtained a good correlation between theoretical and experimental data and 

successfully predicted the experimental tolerance curves presented in the paper. Chapter 5 

emphasizes the flexibility of our model by using it to study a variety of lens coupling 



114 

designs. Without going through an exhaustive list of coupling solutions, we point out 

advantages and disadvantages of simple and more complex designs. 

In short, this dissertation develops, studies, validates and uses a practical 

engineering technique which enables the analysis, optimization and tolerancing of lens 

coupling systems. This simple technique is based on the use of widely available lens 

design software and shows great flexibility. It requires the evaluation of an apodized 

scaled ratio which, for centered systems, corresponds to the well-established Strehl ratio 

of an apodized pupil. Once again, we emphasize that the pupil apodization differs from 

the sole laser apodization and comes from a combination of the laser and fiber or 

waveguide parameters. 

Since evaluation of the Strehl ratio is not the quickest subroutine in most lens 

design software programs, one could suggest applying Marechal criteria and use the rms 

wavefront variance as a figure of merit. Effectively, it can be shown that the Strehl ratio 

(SR) is related to the wavefront variance (anna2
) provided the wavefront aberration is small 

enough that the Strehl ratio is higher than 80%. Mathematically, it becomes: 

(6.1) 
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where k is the light wave number. This identity assumes a uniform illumination of the 

pupil. In attempting to apply a similar criteria to apodized pupils, we realize that pupil 

apodization severely restricts the conditions under which the apodized Strehl ratio relates 

to the apodized wavefront variance. Depending on the apodization factor, we have seen 

typical coupling examples for which the apodized Strehl ratio needs to be as high as 95% 

in order to apply Marechal's approximation. The bottom line is that optimization of the 

wavefront variance does not maximize the coupling efficiency of a system. Most 

importantly, it also indicates that the amount of defocus required to minimize the 

wavefront variance does not locate the fiber or waveguide facet at the best coupling 

distance. 

Future research involved in the area of lens coupling might focus on an easier 

implementation of optimization and tolerancing routines. For instance, there is at least 

one well-known commercial lens design software which does not include pupil 

apodization in its MTF optimization routine. This limits our ability to create a merit 

function which maximizes the apodized Strehl ratio by sampling the MTF curve at 

different frequencies. As mentioned in Chapter 3, we are not aware of any lens design 

software which provides tables of system tolerances using the Strehl ratio as a criteria. 

This feature would certainly become a useful tool to help establish system tolerances based 

on coupling efficiencies. 
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In terms of theoretical improvements, we note that the model presented in Chapter 

2 did not address the issues of lens transmissivity and polarization effects. We can 

eliminate the first issue, arguing that coupling lenses usually come with quality 

antireflection coatings. However, it is difficult to completely disregard polarization 

effects since lens coupling systems require quite high numerical apertures. We do not 

believe that polarization effects were critical throughout this dissertation, but we would 

certainly need to consider them in order to study the coupling of laser light into 

polarization preserving fibers. 

In summary, this dissertation presents a simple theoretical model which can help 

study the very complex problem of laser-to-fiber/waveguide coupling. Making use of this 

model, we investigated some lens coupling solutions. However, we firmly believe that 

most of the design and tolerance work is still to come. 
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