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Abstract: Splice losses between standard step-index fiber laoley

optical fibers were calculated for a range of fibgarameters and
wavelengths using finite-difference time-domain @liations. The optimal
holey fiber parameters for minimum splice loss weetermined. It was
found that the optimal parameters could also bdigted using analytical

approximations incorporating the effective indexdsio
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Holey optical fiber (HF) is an all-silica opticalbér with an array of longitudinal air
holes providing the guidance mechanismhey are an exciting innovation, as their
strong guidance and numerous degrees of freedatesign provides the potential for
realizing a range of novel fiber devices and appions not possible with standard step
index fibers (SIF). However, to be widely useful ’sifust be interfaced with minimal
loss to a range of other optical waveguides andcdsy Consequently it is important to
determine the splice losses between HF and otheeguédes, and if possible to optimize
the HF structure to minimize splice loss. Lossdquarticular SIF to HF splice has been
measured experimentally at 1.5 8Biowever no detailed investigation of splice loss
involving holey fibers has been conducted. Hereen report numerical calculations of
splice loss between standard step index fiber afichative index guiding HF with
hexagonal symmetry, ie. in which the absence obla forms a core, and a hexagonal
array of air holes, with diameter d and pifthforms a low effective-index cladding. We
show that low splice losses should be possible paopose an efficient design method to

minimize these losses.

Early analyses of HF properties used the equivadep index approximation, or
effective index model, or alternatively series expansion of the fieldingdlocalized
basis function.More recently published models utilize other efisaled methods such
as the finite element methddlhe latter approaches are restricted to modeHixiglly
uniform fibers, though splice losses may be deteechiby evaluating the overlap integral
of the calculated guided modes of the spliced §ideg. mode mismatch accounted for

the loss in the experiment referred to abdve)
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We used finite-difference time-domain (FDTimulations to calculate the transmitted
and reflected fields in axially nonuniform wavegesd A substantially modified and

significantly optimized version of publicly availebsoftwaré was used to perform the

FDTD simulations. A structure was defined contagngiort coaxial lengths of HF and a
common SIF (SMF-28) either side of a butt jointvizetn them (ie. the splice). A short
pulse input with optical carrier at the wavelengthinterest was directed towards the
splice from the SIF with LR field distribution, calculated analyticalfyThe energies in

the incident, transmitted and reflected waves waoaitored to determine the splice loss.
The cross sections at which the fields were moaidtowere kept at a large enough
distance from the splice to avoid corruption byndiag waves. Windowing techniques
were used to separate radiated and guided fielgponents (described in more detail in
following sections). The numerical results so atedi were quite general with respect to
direction of incidence, and polarization. Spliceddor incidence from the HF follows by
reciprocity. The polarization modelled had the Eldivector aligned with a pair of

opposite inner holes of the HF, however any linaaarization is a superposition of this

and its rotated degeneracies, and will thus exHikitsame splice loss.

Figure 1 shows the calculated incident and trariedhiintensity distributions across the
fiber for A=1.55um if splicing from SMF-28 SIF to HF with=1.8um and dA=0.188.

The wavelength and HF parameters match those usebei experiment referred to
earlier? whilst the use of SMF-28 provides a slightly largieut mode. A contour plot of

the transmitted intensity is shown in Fig. 2, andesponds well to other calculations of

the mode in this HE.Typically, we calculated the electromagnetic fielssing 32 bit
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arithmetic on an array of up to 150 by 150 pointsthe transverse directions,
representing up to a f@éh square cross section, and with more than 600tpainthe

longitudinal direction. Six field components weedaulated at each point.

Measurement of the splice loss from a transmitield distribution such as that in Fig. 1
requires separation of the guided energy from dldéated energy, as the vast majority of
losses from the splice are radiative rather th#iaatve. Due to the numerically intensive
nature of FDTD calculations, only short sectioms &@pproximately 30m) of fiber could
be modelled either side of the splice. It was appiathat this was sufficient distance for
most radiation to separate from the core, but frgant for radiation to escape the
computational window. Consequently we used a windgwechnique to separate the
guided energy around the HF core region from theosading radiated energy to
determine the loss. This approach could be expdotéutroduce some error in the loss
calculation, ie. by including some radiative enengythe window and excluding some
guided energy from the window. Nevertheless ouunltesndicate that this error is small
(ie. in the order of 10%), and that such errorsewest important for design optimisation.
For example, we calculated the splice loss in Eitp be 1.7dB, which compares well to
the 1.5dB measured experimentdllfurthermore, later results show clear trends in
splice loss with variation in fiber parameters, Bgreement with analytical

approximations based on effective index theory.

FDTD calculations of splice loss were performeddarange of HF parameters (Fig. 3)

and a range of wavelengths (Fig. 4). For comparidmse plots also show semi-analytic
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approximations of the splice loss, derived using éffective index modélfor HF in
which the effective normalized frequencyi\the effective index of the holey cladding,
and the core radius = 0.64\,° were substituted into standard analytical approtiona
for spot size (assumed Gaussian) and splice’IBbe. values of W were obtained using
piecewise approximations to published plofadjusted forp = 0.64\),°> so whilst the
splice losses calculated semi-analytically are empected to be accurate, it is
nevertheless evident they provided a useful bendhrima comparison with numerical

results, and parameter optimisation.

The plot of splice loss between SMF-28 and HF with = 0.35 atA=2.0um (Fig. 3a)
provides a good example. The FDTD simulations cdegbthe lowest splice losses (ie.
0.2 dB) for the same HF pitch as the effective id®odel, i.e. betwee = 8.0 to
10.Qum, where the mode field diameter is similar in bilers. For smaller pitch values
the HF mode is expected to be smaller than the r8tlde, and consequently the
calculated splice losses larger. Here the lossksilated by FDTD simulations were
larger than predicted by the effective index modehich may be attributed to the
difference in shape of the SIF and HF modes, atkdedimited accuracy of the analytical
approximation in this range. For pitch values lardgg@an 10.@m the HF mode diameter
is expected to be larger than in the SIF, and ggetdosses were expected as shown in
the analytic approximation, but were not observethe FDTD results. We believe the
latter discrepancy is a result of limitations ie tRDTD modelling when coupling a small
diameter mode to a larger mode; a larger propagalistance than was computationally

available, or a discontinuity such as a bend, weaslired to remove the radiating fields
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from the core region. Observations of the trangditintensity distributions from our

simulations support the latter conclusion.

Analyses of splice loss variation with HF hole s{#g. 3b) and wavelength (Fig. 4)
followed similar trends and expectations, withire timitations described above. The
FDTD model was also used to investigate splice thgs to axis offset in a SIF-to-HF

splice (ie. with optimal HF parameters for minimwm-axis loss). Again the FDTD

calculations followed expected trends, with thesésspredicted by the FDTD simulations
slightly larger than losses derived using analdproximations incorporating the

effective index model. Significantly, in all cas#® optimal HF parameters determined
by the FDTD calculations coincided with analyticapproximations based on the
effective index model. We therefore conclude that eéffective index model provides an
convenient tool to optimize HF parameters for mmmsplice loss to step index fibers,
but that numerical calculations, such as presehergin, are required to predict the

actual loss.

We believe this to be the first reported use oinde-difference time-domain model to
analyze holey optical fibers. The model was usedidtermine splice losses between
holey fiber and step index fiber for a range ofefitparameters; an important task in
integrating holey fiber with existing technologyulOFDTD calculations indicate that
optimal holey fiber designs can also be predictenhg established splice loss theory
incorporating the effective index model.

This work was supported by the Australian Rese@ahncil.
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Fig. 1. (a) Intensity incident at=1.55um from SMF-28 fiber and (b) transmitted in HF

with A=1.8um, d/A=0.188.
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Fig. 2. Contour plot of the relative intensity imetHF, as per Figl(b).
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Loss from Corning SMF-28 to HF splice
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Fig. 3. Splice loss a=1.55um for SMF-28 to HF with (a) &¥=0.35 at 2.am, and (b)

N=6.51m
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Fig. 4. Splice loss at=1.55um for SMF-28 to HF witi\=6.56um and dA=0.35.
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