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Abstract: We fabricated holey fibers with effective areal®0pm? and 150um?. Advantages of
using holey fibers are demonstrated by comparinggaobending loss properties with conventional
step-index LMA fibers.
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.1. I ntroduction

As the data traffic has been increased by usingelgagth division multiplexing( WDM) transmission, the
suppressions of nonlinear effects amdiber fuse have become critical issues, in paldr, in case of long-haul or
submarine transmission. These problems can bedblvemploying large mode ardaMA) optical fibers, though
the index profile needs to be optimized to achiesth LMA and low bending loss, simultaneously. B¥izing the
W-shape profile with optimized structure, purecsilicore fiber withA.; of 118 pm? was proposegil]. However,
further expansion oR. has been limited because it accompanies the n@ondibg loss increases dadlonger
cutoff wavelength than signal wavelengths. In ortterovercome these trade-offs between LMA, singleden
operation, and low microbending loss, we investddahe new possibilities of using holey fib¢kds). Up until
now, some studies on the microdeformation-induosdds of HFs have been repoi2@], however, these reports
focused on theoretical studies or non-telecom aafidins.

In this work, we fabricated holey fibers witls of about130 pm? and150 um? for long-haul transmissions. In
addition, we also fabricated a conventional sdligf with A of 115 pm?, which almost corresponds to the upper
limit of the conventional solid fiber in terms obW microbending loss. By experimentally investiggtithe
microbending loss properties of all fibers with safibber outer diameters for the fair comparison,fawend out that
the microbending losses of the conventional salidrfwith Ags of 115 pm? and HF withAg of 130 pm? or 150 pm?
are the same level. The results obtained indichte HFs are significantly less sensitive to micratirg
deformation loss than conventional solid fibers.

2. Design of LMA HFs

We consider the triangular-lattice HFs surroundegdive layers of air holes, where air hole pitchdisfined as\,
and air hole diameter is defined dsFig. 1 (a) shows the relationship of HFs between macrobenltiages at
bending diameter d0 mm (20 mmy) andA¢ at wavelength 01.55 um calculated by full-vectorial finite element
method(FEM). Each solid curve in the fid. (a) indicates different values dfA. It is obviously seen from the fi.
(a) that the macrobending loss2& mmg simply increases a&¢ increases. In addition, the macrobending logDat
mmp decreases significantly by increasing tfé, while maintaining the samAgs. However, we should pay
attention to the fact that the HFs no longer keeglassly single mod€éESM) property and has a possibility of
multi-mode guidance, when th&/A is larger than0.43 [4]. Next, we show the numerical relationship of
conventional solid step-index fibefSIF9 between macrobending losse2@mmg andAgk at 1.55 um in fig. 1 (b).
Here, the structural parameters, namely core dix2atand relative refractive index differenfe are adjusted to
keep the cutoff wavelength #4630 nm for any values ol In the same way as HFs shown in the figa), the
macrobending loss of the SIFs2& mmg shown in the figl (b) also increases by increasiAg;. Interestingly, the
result of the HF withd/A=0.43, which gives ESM properties, shows the almost stendency as that of the SIF
with cutoff wavelength 0fi530 nm. Based on these results, we fabricated the ki din=0.43 and A of about
130 pm?, as well as the SIF with the cutoff wavelengtiis80 nm andA«s of aboutl15 pm? Then, we compare the
microbending loss properties between the HF andthekeeping same fiber outer diameted 86 um. Moreover,
the HF with largerAs; of about150 pm? at 1.55 um by changing thal/A to 0.35 is also fabricated and the
microbending loss of the HF is measured and condpaith the SIF.
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3. Experimental results and verification

We fabricated the SIF by the VAD method, where ¢bee material is made of pure silica and the claglds the
fluorine-doped silica. On the other hand, the Hiesenfabricated by the stack-and-draw method. Tfibees have
the same fiber outer diameters1® um, which ensures a fair comparison of the microbenébsses. An inset of
fig. 2 shows the cross section of the fabricated HF bysthck-and-draw method. It is found that all & #ir holes
were kept circular. The structural parameters effdbricated HF were almost the same as thoseeadekign. The
air hole pitchA was10.8 um, d/A was0.426, and the fiber outer diameter wH86 um. It is noted that the structural
parameters of the solid fiber are almost sameetatiget values since the VAD technology is a neatumethod.

The obtained properties of the HFs and the SIFsanemarized in tablé, and fig.2 shows the attenuation loss
spectrum of the HFs and the SIF. As shown in théeth the HF withd/A of 0.426 has an ESM propertyg of
130 um?, and bending loss &0 dB/m at20 mmg. The experimental results showed good agreemeititstine
calculated ones though there are little discrepanici terms of bending loss between experimentscatudilations.
Even though the HFs considered here may suffer fft@bending loss increase at shorter wavelengtbss is no
significant loss increase by winding the HFs to 388 mmp bobbin within the measured wavelength range shown
in the fig. 2. Moreover, it should be possible to compensatedibpersion of the HFs by using the appropriately
designed DCF because the chromatic dispersioni®Hh is somewhat similar to that of SMFs. The cedve in
the fig. 2 corresponds to an attenuation spectrum of the Hifr diA=0.426 and the attenuation loss level5€23
dB/km at1.55 um. Even though this HF has a relatively high OHoapton loss, this absorption can be reduced by
careful optimizations of the fabrication process. tBe other hand, the SIF has the cutoff wavelepn§ttb08 nm,
A Of 114.2 um? at 1.55 um, and the bending loss @8.4 dB/m at 20 mmg, and the properties agreed with the
predicted values again. The attenuation loss lefviile SIF i90.176 dB/km at1.55 um, and the spectrum showed no
degradations as shown in the fiy.Fig. 3 shows the microbending loss comparison betweerHthevith d/A of
0.426 vs. the SIF. In order to obtain the microbendiogslspectrum, we measured the difference betwedondbes
obtained by spooling optical fibers into a bobbiithwa sandpapef#1000) and to the same bobbin without the
sandpaper maintaining the same winding tension.rétiesolid curve shown in the fi§.corresponds to the HF with
d/A of 0.426 and the blue curve to the SIF. As we can seemibeobending loss are kept to a similar level fothb
the HF and the SIF even though HF has lafggrnd larger macrobending loss28tmmg, while keeping the same
fiber outer diameters. It may indicate that the ldles in the cladding have some effects to preuhat
microdeformation around the core.

As a next step, we also studied about the propediea HF withd/A=0.342. This HF has largef¢ of 154.9
pum? and large bending loss 467.6 dB/m at 20 mmp as shown in the table. The HF has a same fiber outer
diameter as previous ones, nam#&g um. The macrobending loss becomes large becaussr lygwas obtained
by decreasing thd/A. The attenuation loss of the HF, whichsiown in the green curve in the fig. is 1.022
dB/km at1.55 um. In the fig.3, the microbending loss spectrum of the HF width=0.342 is shown as a green
curve. Although the HF witkd/A=0.342 has large macrobending loss of abbb® dB/m at20 mme, microbending
loss is still low enough, abo0t3 dB/km, which is comparable with that of the SIF witly of 115 um? As a result,
we confirmed that the microbending loss of the Hih s of 150 pm2 is still similar to that of the SIF withA.; of
115 um? and the HFs have the possibilities of keepingnierobending loss low in spite of very larggy, €.9.150
pm?, due to existence of their air holes.

4. Conclusions

We fabricated HFs with ESM a4 of about130 pm? or 150 pm? and compare the microbending loss of the HFs
with that of the conventional solid SIF having thetoff wavelength 0508 nm andA of 115 um? We found out
from the experimental results that the micronbegdiss can be suppressed by using HFs evAg; i6f the HFs is
very large, such ak30 um? or 150 pm?. Moreover, it should be added that HFs have mariterms of not only the
improvement of LMA and microbending loss trade-bffit also endlessly single mode operation.

The new experimentally-confirmed finding througlistetudy; HFs have a merit in terms of less sariitto
the microbending deformation loss, in addition e well-know merits of the HFs such as ESM, opemewa
possibility of HFs for long-haul telecom applicatso
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Fig. 1. Relationship between bending losg&mm bending diameter amby at1.55 um.
Tablel. Properties of fabricated lardgr HF and SIFX=1.55 um)
Fiber Type Ac Bending Loss Chromatic Dispersion Actt PMD
@20mmyp Dispersion Slope
[nm] [dB/m] [ps'nmvkm] [pgni/km] [um? [pdvkm]
HF (d/A=0.426) ESM 53.3 27.03 0.068 1315 0.164
HF (d/IA=0.342) ESM 157.6 26.02 0.067 154.9 0.582
SIF 1508 18.4 19.95 0.059 114.2 0.059
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Fig2. Attenuation loss spectrum of HFs and SIF. Fig.3. Wavelength dependence of microbending losses
(Inset: Cross section of fabricated HF) of HFs and SIF.
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