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ABSTRACT
We investigate theoretically the coupling opticgalving laser diode and elliptic core
step index monomode fiber via parabolic microlenghe fiber tip in absence of possible
transverse and angular misalignments. By emplo§@iagssian field distributions for both
the source and the fiber and also the derived AB@ixix for parabolic microlens, we
formulate analytical expressions for the conceroaapling efficiencies. Our formalism
is very simple in comparison to the other existimgthods involving cumbersome
numerical integrations. Elliptic core single-modwef has already emerged as a potential
candidate in polarisation conserving fiber opticns®, coherent fiber optical
communication etc.. The investigations have beetfiopaed for two different light
emitting wavelengths of 1.@mand 1.5umfor the said fibers. Therefore, such analysis
which as per our knowledge is the first theoreticakstigation, can also be treated as
simple and novel prescription for choosing suialpiarameters for the design of
parabolic microlens on the tip of elliptic coretindex fiber for optimum launch optics.
In addition, this analysis will be useful in caddértherent non-circularity that may arise
due to fabrication problem in circular core fiberdahereby generates interests among
the experimentalists for verification and futurgestigations on parabolic microlens.

Keywords: Parabolic Microlens, Elliptic core step index fib@ptical coupling.

1. Introduction

Recently, fabrication and design of microlenses tba fiber tip are of immense
importance as far as source to single mode fibBtH)Scoupling is concerned [1-14].
These microlenses may have hyperbolic [2,3], hemeidpal [2,3], upside down tapered
[5,6] surfaces to modulate the spot size of laseded (LD) light incident on them and
transmit it into the SMF. In this respect, a hymdidomicrolens on the tip of a step index
SMF has been shown to be most effective in comparis other types of conventional
microlenses [1-14]. The coupling optics involvingypkrbolic microlens [7,8],
hemispherical microlens [10], upside down tapedroténs (UDTML) [12,13] on the tip
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of the circular core step index single mode fil@EEISMF) in absence of transverse and
angular misalignments have been previously repdrésgd on respective transformation
ABCD matrix formalism. The application of the ABGIystem matrix formalism [15-18]
for prediction of the excitation efficiency for qoling of a LD to a SMF via hyperbolic
microlens [7,8],hemispherical microlens [10], UDTML [12,13] on th& of the
CCSISMF has simplified calculations, neverthelgssiding extremely accurate results.
Furthermore, calculations by this formalism arepenand executable with very little
computation as well. Such a study, therefore, shdekerve the immediate attention of
experimentalists.

But fabrication of hyperbolic microlens is limitdry involved technique while
the coupling efficiency of hemispherical microleswell as UDTML is impaired due to
limited aperture. Moreover, hemispherical microlensot favourably recommended for
practical implementation except for pedagogic agiptn.

Another recent candidate for such intrinsic miangiag scheme is parabolic
microlens (PML) on the fiber tip. This type of mitens is observed to have higher
coupling efficiency than similar lenses of hemigjted shape and other conventional
coupling schemes. The coupling optics involving Pbtithe tip of CCSISMF has been
recently reported based on very popular ABCD mdtiralism [19,20].

Moreover, elliptic core SMFs which can maintain fha@arisation state of the
propagating beam over long distances have a laigger of applications in areas like
coherent optical communication, fiber optics seasc. [21,22]. Sarkar et al. [23] have
already presented a scalar variational analysiscbas Gaussian approximation of the
fundamental mode of elliptic core SMF. Using tlismhialism, Sarkar et al. [24] have also
developed approximate analytical formulation to kvaut on lens excitation of the
fundamental mode in elliptic core SMFs via balldday LDs. It is relevant to mention in
this connection that analysis of the coupling oE to a hyperbolic microlens [9],
hemispherical microlens [11], UDTML [14] on the tf an ECSISMF has been reported
recently. However, regarding non-circular corernore specifically, elliptic core fibers,
there is a fair amount of literature involving theropagation as well as birefringence
characteristics, but no attempt has, so far, bestento study the efficiency of coupling
of a LD to a ECSISMF via a PML on the fiber tip. designing optimum launch optics
involving such microlenses, theoretical computatiésuch coupling efficiencies require
cumbersome and lengthy numerical integrations [3].

However, the simplicity and effectiveness of metloddomputation of coupling
optics of PML involving ABCD matrix formalism moties us to concentrate on the
present work, which involves the study of the cogloptics of a PML on the non-
circular core fiber in the framework of the ABCDrfimalism prescribed for a PML
[19,20]. The present analysis, reported for thet fime, contains significant new results
and will be extremely important in coherent opticammunications, fiber optic sensors
etc.. In addition, if due to constructional probldimere is non-circularity in circular core
fiber, such analysis will take care of the inherewin-circularity in the process of
designing optimum launch optics.
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In the first part of this paper, we theoreticallpvéstigate the coupling
efficiencies between a semiconductor LD emittigiptiof wavelengtih = 1.34m[3] and
three ECSISMFs [9] with elliptical configurationrcesponding to different aspect ratios
and spot sizes via PML of different focal parametar the tip of these fibers in absence
of possible transverse and angular mismatcheshdnsecond part, we carry out the
similar investigation for a LD emitting light of walengthA =1.5zm [3]. A comparison
between these two cases is performed. As statdibredhis analysis is based on
previously formulated simple ABCD matrix method foefraction by a parabolic
interface [19,20]. In fact, prediction of coupliegtics by ABCD matrix formalism has
produced excellent results as far as coupling oMid@PML of specific focal parameter
on the tip of CCSISMF [20] is concerned. Concerpaltulations are easily executable
with very little computations.

It may be relevant to mention in this connectiorattiin the case of a
semiconductor LD emitting a 18Bmwavelength of light, uncoated PMLs on the tip of a
circular core fiber produce coupling efficiency@#% [25]. On the other hand, an ideal
LD having a symmetrical modal output and a PML védthanti-reflection coating, has a
theoretical coupling efficiency of nearly 100% [20]herefore, the Fresnel backward
reflection will not affect the coupling when a cedtPML is on the tip of the ECSISMF

In Reference [20], it had been shown, for the fiiste, that prediction of the
coupling optics in the case of a PML on the CCSISiFas produced excellent results
if we employ simple ABCD matrix formalism. In oumjer, we use, simple ABCD
matrix formalism for refraction by a parabolic irfeece in order to predict theoretically
the coupling losses in the case of LD-to-ECSISMEitation via a PML on the fiber tip.
Further, we employ Gaussian field distributions bmth the source and the fiber. The
relevant calculations are executable with littlempaoitations. The results will be
extremely important in the study of optimum couglioptics involving non-circular core
fiber, or more specifically, ECSISMF.

2. Analysis

2.1. Formulation of microlens coupling scheme

The coupling scheme to be studied is shown in [Eigur Here,L is the distance in
between the PML end of the fiber and the lasercs[#0]. Elliptical intensity profiles of
the optical beams emitted from LD are approximditgd>aussian spot sizeg, andw;y
along two mutually perpendicular directions, oneppeadicular and the other parallel to
the junction planes. Again, in our analysis, we gsene usual approximations [1,7-
10,14] like no transmission loss, Gaussian distidns for both the source and the fiber
fields, perfect matching of the polarisation modetlee fiber field, and that on the
microlens surface, sufficient angular width of therolens for the interception of entire
power radiated by the source for typical valueshef microlens parameters employed.
Again, the separation distance between the nepoist of the PML and the LD is also
known as working distance.
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Figure 1. Geometry of laser diode to elliptic core singleda fiber coupling via
parabolic microlens on the fiber tip; andp, stand for refractive indices of incident and
microlens media respectively.

The field Y, representing the output of the LD at a distandeom the PML
surface is given by [23,24,26]

x> y? ik, X*+y°
W =exp-| — +25 ||exg ——. 1)
(i o]

Here,w,, andw,, represent the spot sizes of the light beams ednitom the LD along
two perpendicular directions X and ¥, is the wave number in the incident medium and
R; is the radius of curvature of the wavefronts frtm laser source. Our analysis is
restricted to single frequency laser emitting onlye spatial mode with a Gaussian
intensity profile.

It has been, already, reported [23,24] that the sGian approximations for
fundamental mode in an ECSISMF present sufficieatlgurate results with respect to
coupling losses [9,14]. The corresponding fundaalemiodal field in the elliptic-core
fiber is represented as [9,11,14,24]

ot
Wi, ny

162



Laser Diode to Elliptic-Core ... by ABCD Matrix Formalism

wherew;, andwy, are the respective elliptic-core fiber spot sirethe X and Y directions
and can be analysed with a variational method [@8fually, variational technique is one
of the conventional methods for prediction of mosialution for step and graded index
fibers for the fundamental mode (It is relevant to mention in this connection that
some detailed discussions on variational analy$igpropagation characteristics for
graded index fibers have been elucidated in Refee[27,28]..

The PML transformed laser field, on the fiber plane 2 as indicated in Figure 1

can be expressed by [23,24]

BNAENL BV
W2x W2y 2 RZX R2y

wherek; is the wave number in the microlens medium ang w., are, respectively,
microlens transformed spot sizes &y , R,, being the respective transformed radii of

curvature of the refracted wavefronts in the X &ndirections. It deserves mentioning in
this connection that the method of findiwg, w, R,, andR,, in terms of wi, w;yand

R; with the relevant ABCD matrix for PML on the fibegp [20] is once again reported
in Appendix for ready reference.

The source to fiber coupling efficiency via PML tre fiber tip is expressed in
terms of well known overlap integral by [7,8,24]

e axdy
[[jw,[ axeyf[|w, | cxay

Employing Eqgs. (2) and (3) in Eq. (4), the coupliefficiency is found as
[9,11,14,24]

(4)

B 4w2xw2waxwfy
o = 204 WA A 204 4% ©)
kow. KowW, W
2 2 \2 2 Wox Wix 2 2 )2 272y My
W + W +-£ == = Wo +wW +
( X 2X) 4R22X :| |:( 2y fY) 4R22y

This equation has been employed in the next sedtiomstimate the coupling
efficiency from the knowledge @b, Wy, , Wo, Wy, R, andRzy.

3. Results and discussions

3.1. Optogeometrical parametersunder consideration

Our formalism employs the ABCD matrix under thegudal approximation in order to
predict the optics involved in the coupling of a tDECSISMF via a PML. In order to
estimate coupling efficiencies in absence of anwgsfmle transverse and angular
misalignments for a PML of specific focal parametarthe tip of ECSISMF, we firstly
usea LD emitting light of wavelengthl = 1.3um with
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w, =1.081um,w;, =1.16%m [3] and then LD emitting light of wavelength

A =15um with w;, = 0.843m,w; = 0.857um [3]. The LD parameters used in this

investigation are mentioned in Table 1. For the ldbsitting light of abovementioned
first wavelength, we study the coupling efficierscfer three ECSISMFs having different
aspect ratios. In this context, we use [9,24] tlEESISMFs, numbered as #1, #2 and #3,
having same/ number, 1.4, but different core diametdgan x m) namely, 9.8x9.7,

8.0 x4.8, 6.9 x2.9, with typically low, intermediadnd high aspect ratios respectively
and thus differentws ,wy. In this study, fiber #1 havingv, = 8.32987um andws, =

8.35205um, fiber #2 having wi = 3.73584um andwy, = 4.504um and fiber #3 having
Wi =2.20734um andw, = 3.17883um are used [9]. Again the maximum depth of the

microlensd is taken as6 £m[7]. The refractive indexu(= ,u%{ ) of the material of the
1

microlens with respect to surrounding medium iseoagain taken as 1.55 [3,7]. We
employ only planar wave model [3,7f8} the incident ray for the purpose of evaluating
the coupling efficiency, since it has been shovat firediction of coupling optics on the
basis of spherical model differs slightly fromttloa the basis of planar wave model. Our
aim is to study the crucial role of aspect ratidha# elliptic core fiber in connectivity of
PML and ECSISMFs of various aspect ratios where@sgtio is the ratio of the length
of semi-major axis to the length of semi-minorsaixi elliptic core.

LD Wavelengthh | Spot sizew,, | Spot size Ay inpum K, inpn™
in um in pum Wiy in pm

#1 1.2 1.081 1.161 0.413¢ 7.491¢

#2 1t 0.84: 0.857 0.477¢ 6.492¢

Table 1. Laser diode parameters

For the values of focal parametep § 8.0 [20], 10.0, 12.0 [20], 14.0 and 16.0
pum [20], respectively, we calculate the coupling @éncy changing with the working
distance, and the results are shown in Table 2nMwe use a LD emitting light of

wavelengthA = 1.5um with w;, = 0.843¢m,w,, = 0.857m [3]. We compute again

relevant working distances with resulting maximuougling efficiencies for the above
same set used in the first part of this investigatind present in Table 3.

Maximum depth of the microlensd) = 6 um; Refractive index of the material of the
microlens with respect to surrounding medium) (= 1.55

Fibe
r#

p=28.0um p=10.0um p=12.0um p=14.0pm P =16.0pum
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L(um) | mo L(um) | mo L(um) | mo L(nm) Mo L(nm) Mo

1 145 | 0.826| 18.0 | 0.951| 215 | 0.997| 25.0 | 0.9863| 28.4| 0.9428

6 7 0

2 133 | 0.931| 15.7 | 0.821| 175 | 0.712| 18.9 | 0.6224| 19.8| 0.5514
8 2 6

3 9.0 0.724| 8.6 0.634| 7.6 0.579| 6.4 0.5456 53 0.5244
9 8 3

Table 2: Results for optimum coupling efficiency for ellipticore step index fibers
excited with LD#1

Maximum depth of the microlensd)) = 6 um; Refractive index of the material of the
microlens with respect to surrounding medium) = 1.55

F| p=8.0um | p=10.0um | p=12.0pm p=14.0 p=16.0um
i pm
b
e
r
#
L Mo L Mo L Mo L Mo L Mo
(Lm) (kM) (Lm) (kM) (Lm)
1| 144 | 099 | 18.C | 0.9¢ | 21.£ | 0.87 | 24.£ | 0.7 | 28.1 | 0.667:
92 17 00 657
20 12¢< | 0.67 | 15.C | 0.5z | 16.£ | 04z | 1724 | 0.5 | 17.€ | 0.313¢
11 77 88 608
3| 8C | 048 | 7.C | 03¢ | 5€ | 035 | 44 | 02| 3.2 |0.326¢
50 89 49 366

Table 3: Results for optimum coupling efficiency for ellipticore step index fibers
excited with LD#2

3.2. Resultsfor coupling scheme without misalignment consider ation

From Table 2 and 3, it is clear that the focal peeter of the PML is a key parameter and
affects directly the coupling efficiency, which itigs that the coupling efficiency can be
improved through optimizing the focal parameterwNfsom Table 2 for a fit focal
parameter, it is observed that the coupling efficiecan reach close to 100% ( exactly
99.70% ) wherp =12.0um andL = 21.5um for fiber #1 withw,=8.32987um andws,

= 8.35205um when excited with a LD emitting the abovementibfiest wavelength.

It is again observed from Table 3 for a fit foparameter the coupling efficiency
can again reach close to 100% ( exactly 99.92%emph= 8.0umandL = 14.4um for
fiber #1 withwy,=8.32987um andw, = 8.35205um when excited with a LD emitting

the abovementioned second wavelength.
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It is seen from Table 2 and 3 that for LD emgtitight of wavelengths
A =13um and A = 1.5um, this promising aspect is also excellently supggmbfor fiber
#1 having wi, = 8.32987um andw, = 8.35205um where we have obtained maximum
coupling efficiency in both cases. However, the parison between these results of
coupling efficiencies for ECSISMF #1 withwy = 8.32987um and wy =
8.35205um excited with two wavelengths predicts that thiscsfiefiber is most suitable
in the context of the aforesaid coupling opticsoining ECSISMFs and this excitement
is uniquely excellent for a LD #2 emitting spegidight of wavelengthl = 1.5um. Also

it is revealed in our study that so far as the deinaf achieving the merit of longest
working distance to have maximum coupling efficienusing PML [20] on the tip of
ECSISMF is concerned, this merit is acquired byrdspective fiber #1.

It is easy to see that the core of fiber #1 depslijhtly from perfect circularity.
The maximum coupling efficiency for a circular-coBF havingw; of the order of
8.34096 um [9], which happens to be the meamafand w;, of fiber #1, is nearly 100%

( exact value 99.92 % at working distance 14uhfor focal parameter 8,0m at 1.5
H“m and exact value 99.71% at working distance 2In5 for focal parameter 12.0m
at 1.3 4m) and eventually we find that our estimations maxbtellently with the results
found for fiber #1 and hence the validity of oumfmlism is verified.

From the above analysis, it is evident that far thvo LDs emitting light of
wavelength A =13um with w;, =1.081um,w,, =1.161m andA = 1L.5umwith

w,, =0.843um,w,, =0.857um, fiber #1 shows best coupling in both cases.

However, the coupling efficiency is maximum forgHiber when excited with LD #2
emitting A = 1.54m with w;, = 0.843um,w,, = 0.857um . Therefore fiber #1 is also

most suitable for excitation by a LD #2 emittinght of wavelengthA = 1.5um with
w,, =0.843um,w;, = 0.857um from the point of view of excitation efficiencies.

Moreover, it may be relevant to mention in this mection that the wavelength at and
around 1.5umis the region where the erbium doped fiber anglifind Raman gain fiber
amplifier operate efficiently and elegantly.

It is seen that our LDs emitting light for wavedg of 1.3 umand 1.5umhave
comparable spot sizes with small non-circularity Xnand Y direction. Such non-
circularity appears to be compatible with the nonwdarity of fiber #1 chosen by us out
of three fibers and hence produce maximum cougffigiency in excitation of light. We
also see that coupling efficiency with same LD dases when aspect ratio of the elliptic
core fiber increases with the increase of corredimgnnon-circularity. Hence, one should
be alert to recommend and use of LDs with relevemmt-circular spot sizes compatible
with the non-circularity of elliptic core fibers aspplied.

Thus, the method and results should find wide ieafbns in prediction of
optimal launch optics involving PML, which has et as a potential candidate.
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For a typical estimation of knowledge of excitatizwia PML with focal
parameter 8.@m excited with LD #2 emitting light of wavelength = 1.54m and PML
with focal parameter 12.qum excited with LD #1 emitting light of wavelength
A =13um, we present the variation of coupling efficierscieersus the working

distance for fiber #1 havingy = 8.32987um andw;, = 8.35205/mas shown in Figure
2. In this Figure, solid line ( demgtEFFO ) corresponds td = 1.3um

and focal parametegp = 12.0 um, dashed line ( ------------ denoting EFFODS ) to
A =15um and focal parametgr = 8.0 um. We see that although the values of the

maximum coupling efficiencies at each typical warkidistance corresponding to curves
are more or less the same, the tolerance is relgtibbetter observed when the
corresponding fiber is excited with LD #2 emittitight of wavelengthA = 1.5um, in

addition to achievement of longest working distance

4. Conclusion

Employing an ABCD matrix for refraction by a PML dhe tip of a ECSISMF, we
present a simple but accurate theoretical formalfem evaluation of the coupling
efficiency of a LD to a fiber via a PML with défent focal parameters in absence of
possible transverse and angular mismatches foe thypgical ECSISMFs. Analytical
expressions for the analysis are prescribed. Thudication of an ABCD matrix has
simplified the analysis so that the relevant catahs are executable easily. The analysis
will be extremely important and useful for the dgsbf optimum launch optics in order
to obtain maximum light coupling efficiency in pdkation-maintaining fiber optic
sensors and also in coherent fiber optic commubpitatystems. The analysis can also
take care of deviation from circularity in casecotular-core SMFs. The PML on the tip
of ECSISMF having spot sizes 8.3298m and 8.3520%um in the X and Y directions
respectively and lowest aspect ratio has been foorkte most suitable in this context.
However, the aspect ratio of the elliptic core filas well as the focal parameter of the
PML are simultaneously playing crucial roles fortioum coupling optics. Moreover,
LD emitting light of wavelengthh= 1.5 um is observed to be superior to that emitting
light of wavelengti= 1.3umfrom the standpoint of relevant coupling opticewéver,
the excellent agreement of our results for ECSISNEomparison with the available
theoretical results for CCSISMF certifies the cotmess of our simple formalism which
is executable with little computations. This methlody will benefit the system
engineers and packagers working in the field ofnoyin launch optics involving PML
on the fiber tip.
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Figure 2. Variation of coupling efficiency versus workingstince in Micrometer for
specific fiber # 1, excited with LD emitting wavalgthsA = 1.3umandA = 1.5um

Solid line ( denoting EFFO ) corregigoto A = 1.3 um and focal

parameteip = 12.0um, dashed line ( ------------ denoting EFFODS ) A& 1.5pumand

focal parametep = 8.0um.

Appendix:

The relation between input and output parametgrs){) of the light beam is given by
Ag +B

g, = 4 (A1)
Cq+D

where

1 _ 1 iA, (A2)

qZLZ RZLZ mfZ#LZ
with symbols having their usual meanings as alrefebgribed.
The ray matriXM for the PML on the fiber tip is given by [20]
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“[co)

A3
v o[1d 11 10 1 L A3
“loy) | =2 = 0 1
U
where
A=1+9@-4) (Ada)
Hp
=L+ d-MLd d (A4b)
Hp H
c=17# (Adc)
Hp
D:1+M (A4d)
7R

wherep is the focal parameter of the parabola, ands the working distance which is
also the distance of the LD from the PML.

Again, the refractive index of the material of ttmicrolens with respect to the
incident medium is represented by(= %). The transformed beam spot sizes and
1

radii of curvature in the X and Y directions areifid by using Eqgs. (Ad4a-A4d) in Egs.
(A1) and (A2) and can be expressed as

Aizvvlley + (/1582)
' \lex 1y
W22><,2y = ’ (A5)
4(AD - BGC)
Aicl\l\éx 1y + (/ﬁBD)
1 _ (Alex;)j (AB)
R2x,2y Alzwlzx,ly + :
X1y
where
A A B D
== A1=22 A=A+— andC,=C+—. (A7)
th A R R
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In plane wavefront model, the radius of curvaty of the wavefront from the
laser facet>x. This leads té\;=A andC,=C.
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