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ABSTRACT
We investigate theoretically the coupling opticgalving a laser diode and a series of
circular core photonic crystal fibers with diffeteair filling ratio and hole-pitch via
upside down tapered microlens of two specific tdpegths on the tip of such fibers in
absence of possible transverse and angular misadigis. By employing Gaussian field
distributions for both the source and the fiber ats the already derived ABCD matrix
for upside down tapered microlens, we formulatdydical expressions for the concerned
coupling efficiencies for practically interestingd different light emitting wavelengths
of 1.3um and 1.5um, respectively. Further, it is observed that, fditdaper length of
70.0um of upside down tapered microlens, photonic cryftedr with air filling ratio of
0.35 and hole-pitch of 5,0mcomes out to be the most suitable one to coupkr dode
emitting light of wavelengtid = 1.3um. Moreover, the coupling efficiency can reach to

94.63% with simultaneous optimization of taper kangnd source position of specific
lensed fiber. Such analysis which as per our kndgdeis the first theoretical
investigation, will be extremely important in onggiinvestigations for the design of
optimum launch optics involving upside down tapeneicrolens on the tip of photonic
crystal fiber.

Keywords: ABCD matrix; Upside down tapered microlens; Ciezutore photonic crystal
fiber; Optical coupling

1. Introduction

Photonic crystal fibers (PCFs), also known as nsitumtured optical fibers, have

attracted a considerable amount of attention récdmtcause of their unique properties
that are not realized in conventional optical fR8EOFs) [1]. Consequently, an efficient
coupling between laser diodes (LDs) and single-nfdmrs (SMFs) is one of the most
basic, important technical aspects for constructiragtical fiber transmission networks
employing erbium-doped optical fiber amplifiers aibds always the hot investigative

field in recent years. The design and fabricatibdifierent integral microlenses on the
tip of the SMF is the most popular scheme to imprtve coupling efficiency. These
microlenses, whether conical or hemispherical, esshe advantage of being self-
centred. Due to ease of fabrication, hemisphengatolens on the tip of the SMF is very
popular. The coupling optics involving hemispheriaacrolens on the tip of COF like
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circular core graded index single mode fiber (COGF} have been recently studied [2].
On the other hand, because of high design flewibdf the PCFs compared to COFs,
important optical properties can be tailored in B(JB]. These properties include
endlessly single modeness, large mode area, higiemcal aperture, high birefringence,
high nonlinear coefficient, and tailorable largespdirsion [3, 4]. The coupling optics
involving hemispherical microlens on the tip of atilar core photonic crystal fiber
(CCPCF) [5] have produced relatively better restitan that of CCGISMF [2]. In
addition with hemispherical microlens, there areesal other types of microlenses like
hyperbolic, parabolic, elliptic, upside down tapkreicrolens which are popularly used
for modulating the spot size of LD light incidem them and transmit it into the COF
and PCF [2, 6-24]. Different methods have been ggegd for optimization of coupling
efficiency. For example, the variational formalishas been used in Ref. [25] to
determine the fiber parameters and characterisficsaded index fibers using Marcuse
spot sizes. However, the ABCD matrix technique besn widely used to analyze and
design microlenses of different conic sectionshantip of the SMF. These ABCD matrix
treatments are popular not only due to their siaitglibut also for their predictability of
such coupling efficiencies accurately with veryiditmathematical computations. It may
be relevant to mention in this connection that ¢bapling optics involving hyperbolic
microlens on the tip of the circular core step indiagle mode fiber (CCSISMF) [7, 8]
as well as on the tip of CCGISMF [20] have beeray reported based on previously
formulated respective ABCD matrix [7, 8]. Moreovehe coupling optics involving
hemispherical microlens on the tip of CCSISMF [8]veell as on the tip of CCGISMF
[2] have also been already reported based on coedetheoretical ABCD matrix
formalism [2, 9]. The coupling optics involving péolic microlens on the tip of
CCSISMF [15] as well as on the tip of CCGISMF [&&lve been recently reported based
on prescribed relevant ABCD matrix formalism [14].

Now, PCF is actually a unique type of pure siliptiaal fiber [1, 26, 27] with an
array of air holes running along the entire lengththe fiber, reminiscent of a crystal
lattice, which gives to this type of fiber, its nanThe central air hole of the structure has
been omitted to form the core (Figure 1). Basedhenlight-guiding mechanism, PCFs
can be classified into two main categories. Thet fine, air-guided hollow core PCFs in
which light is guided by the photonic band-gap (BB®ect, a mechanism that does not
require a higher refractive index in the core tofte and guide light provided the
frequency of the light is in the bandgap of two-dimmional photonic crystal formed by
the periodic cladding. Different types of band d&pFs such as all solid, low loss air
core, have been also designed which find imposdgptications that include gas sensing,
CO; laser beam transmission, etc.[3].

On the other hand, the second one, index-guided sote PCFs for which the
lower effective refractive index of the surroundimgles forms the cladding and the light
is confined to the central solid core as in COFd gmided by the process of modified
total internal reflection (MTIR). The index-guidinfiber has a solid core region
surrounded by a solid silica cladding, with pergadiy arranged air holes, whose
effective refractive index depends on the ratiaiofo glass, also known as the air filling
ratio that comprises the structure. The presencéh@fholes in the cladding region
reduces the effective refractive index of the clagdregion, which will provide the
variation of refractive index necessary to suppatdl internal reflection at core cladding
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boundary. Therefore, the light is confined to tbédssilica core, which has a relatively
higher index than the effective cladding refraciivéex [3, 28, 29]. Moreover, PCFs can
transport light with very low loss in certain waeegth where COFs possess very large
loss [29].Thus, in view of a wide range of favourable chaedstics of PCFs, the study
of this special kind of optical fiber is immenselgcessitated.

The Gaussian approximation of the fundamental nudden-circular core fiber
like elliptic-core fiber has been detailed in R@&0] while the coupling optics involving
LD and microlens on the tip of such elliptic coieef have been detailed in Ref. [31].
However, the coupling efficiencies of hemisphericaicrolens as well as parabolic
microlens are impaired due to limited aperture a/ffébrication of hyperbolic microlens
is limited by involved techniqudRecently upside down tapered microlens (UDTML) on
the fiber tip, designed by tapering the fiber emioh ia large hemispherical shape, has also
emerged [18, 32, 33] side by side as a new novelilg scheme in coupling optics.
UDTML may be utilized to accumulate a huge amoutight from the LD [32]. A
detailed work on formation and power distributiorogerties of UDTML has been
already reported in Ref. [32] while the correspogdstructure of the UDTML fiber end
and the refractive index distribution has alreadgrbhighlighted in Ref. [33]. Thus, the
study of coupling optics involving UDTML on the tipf SMF is of huge importance.
Based on the prescribed transformation ABCD matfiDTML [18], the studies of the
coupling losses in case of LD to CCSISMF [19] adl ws on CCGISMF [22] coupling
via UDTML on the tip of such fibers have also bedready reported. It may be relevant
to mention in this connection that the Fresnel back reflection has been neglected to
investigate the coupling efficiencies using UDTMhi the tip of the CCSISMF [19] and
CCGISMF [22].

Now, there are enormous amount of research worksmigrolenses like
hyperbolic, hemispherical, parabolic, upside dowpeted microlenses on the tip of
different types of circular core COFs which havei@red the literature [2, 6-10, 14, 15,
17-22, 24, 32, 33] in the context of coupling optitlowever, as per as research and
developments related with microlensing couplingesabs on the tip of CCPCFs are
concerned, different research papers investigatingling of LD to solid core PCF via
hyperbolic [11], hemispherical [5], parabolic [23jfcrolenses have been reported very
recently using relevant ABCD matrix formalism. Hoxge, no such information is
available regarding a study of coupling optics imir@g LD and CCPCF via UDTML on
the tip of such fiber. Thus, our aim is to studg toupling losses in absence of possible
transverse and angular misalignments in the casa lob-to-CCPCF coupling via a
UDTML on the tip of such fiber.

In the first part of this paper, we theoreticallgvéstigate the coupling
efficiencies between a semiconductor LD emittirghtiof wavelength. = 1.3 zm [10]
and a series of typical CCPCFs with different diinfy ratio d/ /A and lattice constant
or hole-pitch\ [5, 11, 23] via UDTML of two different taper lergt [19] on the tip of
these fibers in absence of possible transverseaagdlar misalignments. In the second
part, we carry out the similar investigation foLR emitting light of wavelengtih =1.5
#m [10]. A comparison between these two cases isopedd. As already stated, this
analysis is based on previously derived simple ABG&¥rix for refraction by a UDTML
[18]. In fact, predictions of coupling optics by &B matrix method have produced
excellent results as far as coupling of LD via UDTKF specific taper length on the tip
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of CCSISMF [19], and CCGISMF [22] are concernedn€ned calculations need very
little computations.

Further, we employ Gaussian field distributionstfoth the LD and the CCPCF.
The present analysis, reported for the first tiroentains significant new results in
connection with the appropriate design of fiberrgetry, i.e., core size, air hole pitch,
the air hole size and the distribution of air hplasa suitable wavelength emitted from
the LD as well as that for the prediction of thétahle optogeometry of the UDTML.
The results should be extremely important for tkgeeimentalists, system designers and
packagers who can, accordingly, mould and shapdabiged UDTML at the CCPCF to
achieve optimum coupling optics involving CCPCFwhich air hole size, pitch, and
distribution are additional degrees of freedom caragd to COFs.

2. Analysis

2.1. Preview of UDTML structure and spot sizes of CCPCF

In this analysis, we consider the structure ofWliRerML fiber end drawn from a SMF of
core radiusa’ as shown in Figure 1. Here, the radius of cureRs and heightl' of the

spherical end are related to the radius of aperuité by [18, 33]

h? +d’*
= 1
Ro oh )
where the radially symmetric axis OZ is actuallg fiber axis and andz represent the
respective radial and axial coordinates, in theettagh region. The tapered surface

equation is given by [18, 33]

—_qll1_Z
r—d(l Lj (2

whereL is the length of the cone including the taperegiom

Now, in our present study, we consider an allail@CPCF having a triangular
lattice of uniform structure for the air-hole ankhgs matrix elongated along the total
length of the propagation direction of the fibes,shown in Figure 1. The air-holes, each
of diameterd, are distributed symmetrically around a centriitaidefect, which is
actually an omitted air-hole, acting as the cor¢hef said CCPCF. The infinite air-hole
matrix with lattice-constant or hole-pitct\ and air filling ratio d//A has been

considered to act as the cladding of the CCPCFeeSime effective cladding indem.g,,

is lesser than that of the core-indey,, the fiber can guide light by PBG mechanism for

shorter wavelengths and by the mechanism of MTIRhasase of a conventional step
index fiber (CSF) for longer wavelengths [5, 11, 23].

Now, the fundamental modal field in a CCPCF is agpnated as a Gaussian
function [5, 11, 16, 23]

W, =ex;{—x *;y} 3)
Weff

wherew,, corresponds to the spot size of the CCPCF.

The upper and lower limits of the propagation cantt [ of the guided modes
through the core of the CCPCF satisfy [4, 5, 11,2R
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kr]CO >,B>,B|:5M (4)
where k=2n/1 being the wave number associated with the opgratavelengtht, N, is

the refractive index of silica as the core mateiad S;,, is the propagation constant of

the fundamental space-filling mode (FSM), whiclthis fundamental mode in the infinite
photonic crystal cladding without any defect orecor

The effective cladding index or the index corragfing to the FSM is [4, 5, 11,
12, 23]

Nesm = K (5)

The procedure for obtaining the value bfg,, for given parameters of the

CCPCF at operating wavelength of light has beemildet in Appendix A for ready
reference [5, 11, 12, 23]. Here all the coeffickeate determined by applying the least
square fitting method for the operating wavelengthss 1.3um and A =1.5um,
presented in Tables 1 and 2, respectively. Thesdfidents have been utilized for
determining the values afi.g,, of the CCPCF for various values of hole-pitch &mel

air filling ratio at any particular wavelength ottérest [5, 11, 23].

A=13um
i=0 i=1 i=2
A 1.430434 0.003803 -0.000214
B, 0.069387 -0.012541 0.000650
C -0.375746 0.107635 -0.008799

Table 1. Values of all coefficients required for the formtida of effective cladding
index N, at A =1.3um.

A=15um
i=0 =1 i=2
A 1.43278: 0.002171 -0.000031
B 0.06346:i -0.00789I 0.00014
C -0.41541: 0.11425 -0.00912

Table 2: Values of all coefficients required for the formtida of effective cladding
index N, atA =15um.

The effective cladding index,, can be utilized for finding the effectivé-

parameter of the CCPCF, treating the CCPCF likeS&,Gvith its cladding and core
indices same as those of infinite photonic crystalcture and silica, respectively. Now
the effectiveV value of the CCPCF is given by [5, 11-13, 23]
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2n
Verr = 1 aef'f[ Ngo = nism] He (6)
where a,, is the effective core radius which is assumed/ 513, 23, 28] to be\/+/3

and/ is the operating wavelength.
Then using Marcuse formula [16], the modal spoe siz,,, half of the mode

field diameter (MFD) can be written as [5, 11, 23]

W,
o — 065+ 1.63/129+ 2.8679 Ko
aeff Veff eff

The spot size of the CCPCIy,, is obtained by using Eq. (7), whevg, being

the effectiveV-parameter, calculated from Eq. (6). The methodumh calculation has
been detailed in Appendix A [5, 11, 12, 23].

2.2. Formulation of microlens coupling scheme

The coupling scheme to be studied has been presamtBigure 1. Here,u' is the
distance of separation between the LD and the UDevil of the fiber. Again, in our
analysis we use some usual approximations [2, Bt9,15, 19-23] like Gaussian field
distributions for both the source and the fiberfgs matching of the polarisation mode
of the fiber field and that on the microlens sugfacno transmission loss, sufficient
angular width of the microlens to intercept theirenpower radiated by the source for
typical values of the microlens parameters employedwever, for the purpose of
estimation of coupling optics using such LD andiaas kind of microlenses [2, 5, 7-9,
11, 15, 19-23], we simply use Gaussian beam wihethiptical waist spot sizes since the
LDs we usually employ have dimensions of the paradind perpendicular junctions
fairly comparable [19].

The field W, representing the output of the LD at a distamé®m the UDTML
surface is taken as [19, 22, 30]

coxd | Y | exd Tk XY
%—exr{ {lex+W12yJ]ex 2 R } (8)

Here,wy andw,, represent the spot sizes due to elliptical intgnmiofiles of the optical
beams emitted from LD along two mutually perpenldicudirections X and Y, one
perpendicular and the other parallel to the jumcptanesk; is the wave number in the
incident medium andR; is the radius of curvature of the wavefronts frtbra LD. Our
analysis is applicable to single frequency laseitteng only one spatial mode with a
Gaussian intensity profile.
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Upside Down Tapsred Lens |
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Figure 1: Geometry of LD to CCPCF coupling via UDTML on thiger tip; x; andu,
stand for refractive indices of incident and miersd media respectively.

The UDTML transformed laser fielH, on the fiber plane 2 ( plane for which z
=z ) as indicated in Figure 1 can be expressed a2p1,B0]

x| X4 Y | lexg e[ X, Y0
Wv—exp{ (W22X+W§J]ex;{ 2(R2x+R2yJ] 9)

wherewy, W, are respectively microlens transformed spot saetRk,, , R,, being the

respective transformed radii of curvature of thracted wavefronts in the X and Y
directions andk, being the wave number in the microlens medium. Tethod of
finding W, Way, R, andR2y in terms ofw,,, Wiy andR; with the relevant ABCD matrix
for UDTML [18, 19, 22] on the fiber tip is once agaresented in the Appendix B for
ready reference.

The source to fiber coupling efficiency via UDTMnN the fiber tip is expressed
in terms of well known overlap integral as mentidtelow [2, 5, 7-9, 11, 15, 19-23, 31]

i U'J'lvvwﬁdxd)r
W, axeyf[|w, | axay

Thereforer),, the coupling efficiency in absence of misaligniéor CCPCF is
given by [5, 11, 23]

(10)
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Mo = (11)

4

2
4W2 X W2 y Weff
2.0/
k2 W2 y Weff

k2W4 W4 }/2
(e +w J oo 2 (g, g, o
4R,
However, Eg. (11) can be obtained by employing Ejsand (9) in Eq. (10).

3. Results and discussions

3.1. Optogeometrical parameter s under consideration

Our formalism employs the relevant ABCD matrix untfee paraxial approximation in
order to predict the relevant coupling optics imitod a LD and CCPCF via UDTML on
the tip of the fiber. For the estimation of coupliefficiencies in absence of any possible
transverse and angular misalignments for a UDTMEkp#cific taper length on the tip of
CCPCF, we firstly usea LD emitting light of wavelengthA =13um with

Wy, =1.081pm,w;, =1.161um [10] and then LD emitting light of wavelength

A =15um with w, =0.843um,w,, =0.857um [10]. The LD parameters used in

this investigation are mentioned in Table 3. Fer it emitting light of abovementioned
first wavelength, we study the coupling efficierscifor a series of typical CCPCFs
having different air filling ratiod/A and hole-pitchA [5, 11, 23] as mentioned in Tables

4 and 5. Following [5, 11, 23], we choose three typicalued of d/A, in the single
moded region, (d/A < 045 ) corresponding to two arbitran value (A = 4.5, 5.0
pum), as 0.35, 0.40, 0.45. Different calculated fispot sizeswey for these threed/A

values corresponding to eaghvalue (A = 4.5, 5.0um) are then utilized [5, 11, 12, 23]
and shown in Tables 4 and 5 where we also prebenteievant source positions with
corresponding maximum coupling efficiencies fb= 1.3um.

LD Wavelength. in | Spot sizew;, | Spot size Ay in ko inpn™
pm inum Wiy in pm

#1 1.2 1.081 1.161 0.413¢ 7.491¢

#2 1.t 0.84: 0.851 0.477¢ 6.492¢

Table 3: Laser diode parameters

Again as earlier, following [2, 5, 7-9, 11, 15, 28}, the maximum depth of the
microlensh is taken as6.04m while the refractive indey(= ﬂ%{ ) of the material of
1

the microlens with respect to surrounding mediurarise again taken as 1.55. The core
and cladding refractive indices are chosen as add 1.45 respectively. The core
diameter is taken asaz= 4.0 um. An UDTML to be drawn from those typical fibers is
chosen with 2’ = 6.0 zm with UDTML length z as 23.3um and 26.6m
corresponding td being 70.0um and80.0 um, respectively. The radius of curvatuRe

of the spherical end of the UDTML is taken as 900 [19]. Further, as explained in
earlier cases, since estimation of coupling efficieon the basis of planar wave model
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differs insignificantly from that on the basis gfherical wave model [2, 5, 7-9, 11, 15,
19-23], we consider planar wave model for the irfpesm from the laser facet for the
sake of simplicity.

Then we use a LD emitting light of wavelengthl =15um with
Wy, = 0.843um,w;, = 0.857um [10]. We compute again relevant source positions

with resulting maximum coupling efficiencies foetabove same set used in the first part
of this investigation and present in Table 5.

3.2. Resultsfor coupling scheme without misalignment consider ation

From Tables 4 and 5, it is clear that the coupkfficiency can be improved through
optimizing the working distance of the UDTML or dather words the source position is a
key parameter that affects directly the couplificigincy.

d/A N W, L =70.0un L =80.0pum
u m u m
Cam) | um) (um) | Mo (um) | Mo

- 45 3.957274| 4, 0.8933 19 0.9291

5.0 | 4.433909 47 0.9463 2.2 0.9729
0.4C

4.5 3.553313 35 0.8344 1.4 0.8734

5.0 3.985642| 4o 0.8970 1.9 0.9323
04| 45 3.236339 2.6 0.7812 0.8 0.8183

5.0 3.627302| 3.6 0.8460 1.5 0.8848

Table 4: Results for optimum coupling efficiency for a serad CCPCFs with different
air filling ratio d / A and hole-pitch\ via UDTML with different taper lengthis, at
operating wavelength =1.3um. (uindicates source positiony, indicates fiber spot

size andr, indicates coupling coefficient without misalignment
d’ =3.0um, a=2.0um, R= 90.0um, h= 6.0um x = 1.55

Now from the results obtained in Table 4, it iseed that for a taper length
of 80.0pum the maximum coupling efficiency can reach to 9792 (i.e. coupling loss
0.1193 dB) when the source positian= 2.2 um for the CCPCF with air filling ratio
d/A = 035 and hole-pitch\ = 50um having spot size of 4.43390um, in case of
excitation by a LD emitting light of abovementiorfadt wavelength. On the other hand,
it is observed that for a taper lengttof 70.0um the maximum coupling efficiency can
reach to 94.63 % (i.e. coupling loss 0.2397 dB) mtie source position = 4.7 umfor
the same CCPCF with air filling ratid/A = 035 and hole-pitch/A = 504m having
Spot sizenes of 4.43390um
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d/A N W, L =70.0un L =80.0pum
u m u m
) |y WM (hm) |
- 45 4.058139 3.9 0.6149 17 0.6640
5.0 4.490145 4.4 0.6842 2.1 0.7370
0.4¢
4.5 3.625593 3.0 0.5437 1.1 0.5855
5.0 4.026105 3.9 0.6096 1.7 0.6584
0.4 | 45 3.292278 2.0 0.4906 0.4 0.5234
5.0 3.660019 3.1 0.5494 1.2 0.5919

Table5: Results for optimum coupling efficiency for a serad CCPCFs with different
air filling ratio d /A and hole-pitch\ via UDTML with different taper lengthis, at
operating wavelength = 1.5um. (uindicates source positiony,, indicates fiber spot

size andj, indicates coupling coefficient without misalignment
d = 3.0um, a=2.0pum, R=90.0um, h=6.0pum x = 1.55
Moreover, from Table 5, it is once again obsenret for the taper length of
80.0 um the maximum coupling efficiency can reach to ©3% (i.e. coupling loss
1.3253 dB) whem = 2.1umfor the CCPCF withd/A = 035 and A = 50um having

spot sizewei of 4.490145/m, for excitation by a LD emitting light of aboventEmed

second wavelength. However, in case of taper lehgibf 70.0 um the maximum
coupling efficiency can reach to 68.42% (i.e. cougploss 1.6482 dB) whem= 4.4pm

for the CCPCF withd/A = 035 and A = 50um having spot siz&v of 4.490145um,
for excitation by a LD emitting light of abovemearied second wavelength.

It is seen from these Tables that for excitation iys emitting light of
wavelengths A = 1.3um and A = 1.5um, respectively, that the maximum coupling
efficiency is achieved for the CCPCF withi A = 035 and A = 50um with a UDTML

of taper lengtiL = 80.0umon its tip for excitation by LDs emitting lighf the above
mentioned two wavelengths. Moreover, the separadistances between the nearest
point of the UDTML of a particular taper length atié LD have a very little difference
comparatively in case of excitation by LDs emittlight of two wavelengths of practical

interest. It is also observed that for a particwalue of the air filling ratid/A, the

coupling efficiency increases with increase in huiteh A for excitation by a LD
emitting a particular wavelength of light. On théner hand, it is prominent that for a
particular value of the hole-pitcA\, the coupling efficiency decreases with increase i
air filling ratio d/A for excitation by a LD emitting a particular waveggh of light.
However, the comparison between these results ulicg efficiencies for the CCPCF
with d/A =035 and A =50um excited with two wavelengths predicts that the

specific fiber withd/A = 035 and A = 50um are most suitable in the context of the
aforesaid coupling optics involving CCPCFs and #xsitement is uniquely excellent for
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a LD emitting specially light of wavelength= 1.3um. Though the coupling efficiency

for CCPCF with d/A =035 and A =50umexcited with LD emitting light of
wavelengtd = 1.3umare 94.63% and 97.29% respectively using UDTML wdper
length 70.Qumand 80.Qum, but the source position for the first case isnTwhile that
for the second case is Jun So far as the demand of achieving the merieagonable
working distance to have maximum coupling efficieran the tip of CCPCFs are
concerned, this merit is acquired by CCPCF withP\ = 035 and A = 50um using

UDTML with taper length 70.0um However, the assembly of a LD in the close
proximity of the UDTML within 4.7um is challenging to achieve in practice. But with
the advent of new progress in nanotechnology, we @gtimistic that the future
technologist will involve any breakthrough to realiour result and test it experimentally.
Moreover, these values &k for light of wavelengthsd =1.3um and A =1.5um,
respectively, correspond to Iowregion which is very well known for evanescent wav
coupling in optical fiber directional coupler.

For a typical estimation of knowledge of excitatioa UDTML with tapered
length of 70.0um and 80.0um excited with LD #1 emitting light of wavelength
A =1.3um, respectively we present the variation of couplefficiencies versus the

source position for fibers correspondingdp/A = 035 and A = 50m and respective
West Of 4.433909um as shown in Figure 2. Figure 3 represents the samigtion in case
of excitation by LD # 2 emitting light of waveletgd = 1.5u4m. In these Figures, solid
line ( denoting EFF1 ) correspondd.te 70.0um dashed line ( -------- denoting
EFF2) toL = 80.0um We see that although the values of the typicakimg distances
relevant with the maximum coupling efficiencies responding to curves are not so
much appreciable for excitation by a LD emittingaaticular wavelength, the tolerance
and also the optimum coupling efficiency, are ety better observed when the
corresponding most suitable CCPCF is excited with#l emitting light of wavelength
A =13um.

EFF1
— — EFF2

Coupling Efficiency ( x100 %)
o
o

o 20 40 60 80

Source Position u in pm

Figure2: Variation of coupling efficiencies versus the smuposition for CCPCF having
d/A = 035 and A = 50um and respective spot sizg; of 4.43390umvia UDTML
with taper length of 70.0m and 80.Qum, respectivelyexcited with LD # 1 emitting light
of wavelengthA = 1.3um. Solid line (____ denoting EFF1 ) corresponds+0.0pum
dashed line ( -------- denoting EFF2 )lts 80.0um
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— — EFF2

Coupling Efficiency{x100%)

80

Source Position in um

Figure 3: Variation of coupling efficiencies versus the smuposition for CCPCF having
d/A = 035 and A = 50um and respective spot sing; of 4.490145.mvia UDTML
with taper length of 70.0m and 80.Qum, respectivelyexcited with LD # 2 emitting light
of wavelengthA = 1.5um. Solid line (___ denoting EFF1 ) correspondks t070.0
um dashed line ( ------- denoting EFF2 )lte 80.0um

4. Conclusion

Employing ABCD matrix for refraction by a UDTML dfvo different taper lengths on
the tip of a series of typical CCPCFs with differair filling ratio d /A and hole-pitch
N\, we present, for the first time, to the best of konowledge, a simple but realistic
method for evaluation of coupling efficiency for Ll CCPCF coupling in absence of
possible transverse and angular mismatches. Thé mesimum coupling with
optimization of appropriate source position is agbd for a CCPCF with air filling ratio
of 0.35 and hole-pitch of 5.0m when excited with LD emitting light of wavelength
A =21.3um using UDTML with taper length = 70.0um The optimized values of the
taper lengthL= 70.0 um of the UDTML are playing a crucial role in bothsea. In
comparison with the other deeply involved rigorausthods like Finite Difference
Method and Finite Element Method, the applicatioih novel ABCD matrix has
simplified the analysis as the concerned calcuiatioeed very little mathematical
calculations. Moreover, the method predicts acddtair filling ratio and hole-pitch of
the CCPCF from the point of view of fabrication®TML of allowable practical taper
length. The technique developed should be usefilildrsystem designing and packaging
of suitable UDTML in coupling optics.

Appendix A:

The usual normalized parametarand v for the infinite cladding region of the chosen
CCPCF are given by [5, 11, 12, 23, 27]

2 1/2
i= M[@O_%l (1)

and
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v=KA(rE-1)" (A2)
with
W2+ W= \2 (A3)

In order to obtain the effective cladding indax;,, , a basic air-hole at the centre

of a hexagonal unit cell is approximated to a eiial a regular photonic crystal [4, 5, 11,
12, 23]. Then from relevant boundary conditions tfoe fields and their derivatives in
terms of appropriate special functions, correspomndd a fixed value ofv, obtained
from Eqg. (A2) for fixed A and A -values, the concernedvalues are computed for
different d/ A values at a particularfrom the following equation, taking., = 1.45 [5,

11, 23, 27]

w, (3w (b9 ¥( 8 )= I ah Y B
rul, (W) (b9 Y( 2 9- A A} Y H9=0

1/2
where a, =i, b:[\/é]

(A4)

2 2
Using Eq. (A4), Russell has provided a polynomitaid u, only for d /A= 0.4
and n., = 1.444. Further, for altl / A values of practical interest in the endlessly singl

mode region of a CCPCF, wheet/ A is less than 0.45, one should have a more general

equation for wide applications [12].
The values ofng, are determined by replacing/k in Eq. (A1) with N,

and this will lead to a modified simpler formulatiof ng,, as [5, 11, 12, 23]
Negy = A+ B(Ej + C(EJZ (A5)
FSM A A

where A, B and C are the three different optimization parameteepemdent on both

the relative hole-diameter or hole-sidd /A and the hole-pitch\ .

Since optical communication window corresponds witlwo operating
wavelengths of 1.3um and 1.5um this study finds the coefficients for these two
wavelengths of practical interest for different gibte hole-sizes and hole-pitches of the
CCPCF. Such modification in such a fitting is adegeous in the sense that it will help
for reducing the computation time since only nioefticients are required in calculation
instead of twenty seven coefficients [5, 11, 13, 23

Now, for each value ofA with the variations ofd//A the ng,, values
corresponding to respectiue¢ values obtained from Eqg. (A4) are determined. Aol
least square fitting ofig,, in terms ofd /A to Eq. (A5) for a particulai\, the values
of A, B and C can be then estimated. The various value?ofB and C are then
simulated for different\ in the endlessly single mode region of the CCR€ES§ulting in

the empirical relations ofA, B and C in Eq. (A5), in terms of/A, as given in the
following [5, 11, 12, 23]
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A=A+ AN+ AN (A6)
B =B, +BA + B, (A7)
C=C,+CA+C,N (A8)

where A, B andC, (i =0,1and 2) are the optimization parameters fér, Band C,
respectively. ComputingA, Band C from Egs. (A6-A8), one can find,, directly

foranyd/A and A value at any particulad using Eq. (A5) in the endlessly single
mode region of the CCPCFs.

Appendix B:
Considering the distance of the LD from the UDTML endg parameters of the
Gaussian beams at the input laser facet and thpitonticrolens fiber interface can be
related by the ABCD matrix as follows:

The input and output parameters; @) of the light beam is related by [19, 22]

Ag + Au+B
Q; = 2q7AuT 2 (B1)
Cq+Cu+D
where
1 _ 1 i4, (82)

G, R, 7k,
The ray matriM for the UDTML on the fiber tip is given by [18, 122]

M= AB B3
lco (B3)
where
@-mn(2)
A=r,(2) - —L 1 (B4a)
UR,
g= 1@ (B4b)
U
__-pdn@ , dn@ &40
UR, dz dz
D= 1dn(® (B4d)
M dz

The refractive index of the material of the micrewith respect to the incident

medium is represented ky(= % ).
1

The z dependence of the above matrix elements can béciglypéxpressed by
substituting [18, 19, 22]

r(2) = —5(1—5] sink(2) (B5a)
a L
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dg(zz) - 12 m{cosk(z)+%sink(z)} (B5b)

)

7 1/2 l

rZ(Z):(l_I] {cosk(z)—gsink(z)} (B5¢)
dré(zz) = A?Lm sink(2) (B5d)

(1—2) a

L

where
k(z) = aln(l— f) (B6a)
and a = (A2L% -1/4)" (B6b)

L being the tapered length or length of the condudicg tapered region and, is a
constant given by

1 1/2
A, :?[zm ”—J (B7)

clad

For a UDTML having apertured

L{d' -a
ZL = Jd/—) (BB)
In order to obtainv,,, , the matrix is evaluated far= z,.
The transformed beam spot sizes and radii of curgah the X and Y directions

are found by using Eqgs. (B4a-B4d) in Egs. (B1) @) and are given by
/‘2 2
Alzwlzx,ly + 1Bl

WS, 0y = Gl (B9)
M(AD, - BC))
1 AGb * (Ang\?l/fily)
R o };‘vafl (810)
where -
A= j[—j (B11)
A=A+ (B12a)
B, = Au+B (B12b)
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D

=C+2 (B12c)

=Cu+D. (B12d)
In plane wavefront model, the radius of curvattyef the wavefront from the

laser facet> . This leads t&\;=A andC,=C.
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