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1. Introduction

Recently, holey fibers (HFs) have attracted a lot of
attention since the fibers can have properties that
cannot be realized by traditional fibers with a core-
cladding structure 1). Applying HF to practical use
requires the improvement of splice technique
between HFs and between HF and a conventional sin-
gle-mode fiber (C-SMF) in addition to the improve-
ment in designing, manufacturing and measurement
techniques for the HF 2) 3). However, there have been
a few reports on splice technique of HFs 2) 3), and the
improvement in splice technique has not been suffi-
cient. So, we have studied fusion splice technique for
a hole-assisted type holey fiber (HA-HF) and a pure
silica holey fiber (PS-HF).

A Fujikura fusion splicer FSM-40F was employed
in our study. FSM-40F has unique functions such as
sweep discharge and intermitting discharge for splic-
ing specialty fibers and/or dissimilar fibers 4). The
sweep discharge is a function to sweep a spliced fiber
during arc discharge. The intermitting discharge is
the function to switch the discharge on and off inter-
mittently. These two functions may contribute to low-
loss splicing for HFs. In this report, we describe
experimental results for splicing HFs employing
these functions of FSM-40F.

2. Arc-fusion splicing of HA-HF

HA-HF has air holes around a conventional raised-
index core and can realize properties of HF and those
of conventional fibers simultaneously. For example,
HA-HF can be designed to have low attenuation and

large anomalous dispersion 5). In addition, HA-HF has
effective refractive index difference between the core
and the cladding with air holes around the core and
can achieve low bending loss. As a result, HA-HF has
been investigated as an indoor fiber with low bending
loss for fiber-to-the-home (FTTH) 6). Low-loss splicing
between HA-HF and the standard single-mode fiber
(S-SMF) and connectorization of HA-HF are impor-
tant for applying HA-HF to the indoor fiber. We have
studied the fusion splicing and the connectorization
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Fig. 1.  Cross-sectional view of HA-HF.

Table 1. Sizes and characteristics of HA-HF at 1.55 µm.

Item Unit Value

Fiber diameter µm 125

Hole diameter µm
small 5.4

large 8.4

Hole pitch µm
small 14.3

large 19.5

Mode field diameter µm 8.7

Cut-off wavelength µm 1.24

Bending
r=5mm 0.06

1oss
r=7.5mm dB/turn <0.01

r=10mm <0.01



methods for a low bending loss HA-HF using a FSM-
40F arc-fusion splicer.

Single-layered air-hole structure 7) and double-lay-
ered air-hole structure 8) have been proposed as a
structure of a low bending loss HA-HF. In this study
HA-HF with a novel structure and a cut-off wave-
length similar to that of S-SMF 9) was employed. Table
1 shows the characteristics of the HA-HF used in this
study, and Fig.1 shows its cross-sectional view. The
HA-HF has an S-SMF-like raised-index core surround-
ed by two layers of air holes with only three holes for
each layer. The diameters of the holes on each layer

are different. This structure realizes single-mode
operation and bending loss reduction simultaneously
without decreasing its mode field diameter (MFD)
too much as compared with S-SMF. 

The MFD difference between the HA-HF and S-
SMF results in increasing the splicing loss. The MFD
of the S-SMF at 1,550 nm is about 10 µm. The MFD
of the HA-HF at 1,550 nm is 8.7 µm and is slightly
smaller than that of S-SMF. The MFD of the HA-HF
near a spliced point where the air holes are collapsed
is equal to that of the S-SMF even when the HA-HF
and S-SMF are spliced by the conventional discharge
method. This is because the diameter and the refrac-
tive index of the HA-HF are the same as those of the
S-SMF. However additional splicing loss is induced
because of the drastic change in MFD at the tapered-
hole region as shown in Fig.2.

In our experiment the tapers of air holes was
lengthened as shown in Fig.3 employing the sweep
discharge function installed in FSM-40F. As a result,
the change in MFD at the tapered-hole region was
relaxed and the additional splice loss could to be
reduced. Figure 4 shows the histogram of the splice
loss between the HA-HF and S-SMF by the sweep dis-
charge and the conventional discharge methods. The
average splice loss obtained by the sweep discharge
method is 0.05 dB at 1.55 µm and is lower than that
obtained by the conventional discharge method. 
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Fig. 2.  Longitudinal MFD change and side view of the splice
point between HA-HF and S-SMF by the conventional 

discharge method.
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Fig. 3.  Longitudinal MFD change and side view of the splice
point between HA-HF and S-SMF by the sweep discharge

method. Fig. 5.  The connectorized end of HA-HF.
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Fig. 4.  Histogram of splice loss for HA-HF and S-SMF by the
sweep discharge method and the conventional discharge

method.



As a connectorization technique of the HA-HF, it
has been proposed that the spliced point between the
HA-HF and S-SMF is inserted into and remains in a
single fiber connector ferrule 8). We have studied
another connectorization technique in which the
spliced point is inserted into a ferrule but does not
remain in the ferrule. Figure 5 shows the connector-
ized end of the HA-HF. The end, although it looks
like that of the S-SMF, is not that of the S-SMF but of
the HA-HF. The average connector splice loss
between the HA-HF connecters and a S-SMF master
connector is 0.17 dB. This value is not as low as that
for S-SMF connectors but low enough for practical
use.

A splice loss between two of the HA-HFs can also
be reduced by heating both sides of the two fibers by
the sweep discharge. Figures 6 and 7 show the side
views of the spliced point by the sweep discharge

method. Figure 8 shows the histogram of the splice
loss between two of the HA-HFs by the sweep dis-
charge and the conventional discharge methods. The
average splice loss obtained by the sweep discharge
method is 0.08 dB at 1.55 µm and is lower than that
obtained by the conventional discharge method. 

3. Arc-fusion splicing of PS-HF 

PS-HF is made of pure silica with air holes located
periodically in the cladding. PS-HF can achieve sin-
gle-mode operation over a remarkably wide wave-
length range by optimization of the diameter and the
pitch of the air holes 10). In addition, the zero-disper-
sion wavelength of PS-HF can be designed to be shift-
ed to an arbitrary wavelength in a broad wavelength
range. For example, the zero-dispersion wavelength
of PS-HF can be shifted to a longer wavelength, such
as 1,550 nm, as a conventional dispersion-shifted
fiber11) or can be shifted to a shorter wavelength that
a fiber with a conventional core-cladding structure
cannot achieve 12). Arc-fusion splice of PS-HF is more
difficult than that of HA-HF. This is because PS-HF
does not have a raised-index core, which can guide
light without holes in the case of HA-HF, so that the
waveguide structure disappears after the holes of PS-
HF are collapsed by arc discharge. We studied the
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Fig. 6.  Side view of the left side of the splice point between the
HA-HFs.
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Fig. 7.  Side view of the right side of the splice point between
the HA-HFs.
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Fig. 8.  Histogram of the splice loss between two HA-HFs by
splicing to both sides with the sweep discharge and 

the conventional discharge method.

Fig. 9.  Cross-sectional view of PS-HF.
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Fig. 10.  Side view of the splicing between PS-HF and S-SMF
by the conventional discharge method.

Table 2. Sizes and characteristics of PS-HF at 1.55µm .

Item Unit Value

Fiber diameter µm 125

Hole diameter µm 4.3

Hole pitch µm 7.5

MFD µm 8.6



fusion splicing method for low splice loss between
PS-HF and S-SMF with the FSM-40F fusion splicer.

Table 2 shows the characteristics of the PS-HF
used in this study and Fig.9 shows its cross-sectional
view. The PS-HF has triple-layered air holes located
periodically around the fiber centerline.

When the PS-HF and S-SMF is spliced by arc dis-
charge, air holes are collapsed and waveguide struc-
ture disappears near the spliced point as shown in
Fig.10. As a result, large splice loss is induced since
the refractive indexes of the core and the cladding
are equal and its waveguide structure disappears.
Maintaining the air holes by splicing under low tem-
perature and short-arc-time conditions can reduce the
splice loss. However the tensile strength at the
spliced point is very small since melting of the fiber

glass is not enough for fusing the fibers into one
fiber.

Figure 11 shows the relationship of the arc dis-
charge time and the splice loss between the PS-HF
and S-SMF. Splicing with short discharge time was
able to decrease the splice loss but splicing with too
short discharge time led to failure of fusing. The PS-
HF and S-SMF can be spliced and the splice loss is
small under the condition of a discharge time of 300
msec, but the spliced point was broken by proof test
with the fusion splice machine.

We attempted to employ the intermitting discharge
method after splicing with a discharge time of 300
msec in order to enhance the tensile strength. The air
holes of the spliced PS-HF were maintained as shown
in Fig.12. The splice loss and the tensile strength at
the spliced point were equal to that for the conven-
tional splicing condition between C-SMFs. Figure 13
shows the histogram of the splice loss between the
PS-HF and S-SMF employing the intermitting dis-
charge method. The average splice loss is 0.20 dB.

Figure 14 shows the Weibull plot of tensile
strength of the spliced points. The average failure
strength is 0.12 GPa, which is close to the value
obtained under the conventional splicing condition
between S-SMFs.

It has been reported that large Fresnel reflection
arises on a spliced point owing to the refractive index
difference of the cores of both fibers when PS-HF is
spliced with S-SMF 13). However, the return loss was
about 65 dB in our experiment for the spliced point as
shown in Fig.12. The return loss is equal to Rayleigh
backscattering level. It has been confirmed that the
return loss is suppressed sufficiently when the PS-HF
is spliced under the examined conditions. 

4. Conclusion

We have studied arc-fusion splice techniques for
HA-HF and PS-HF using a Fujikura fusion splicer
FSM-40F. The average splice loss between HA-HF
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Fig. 11.  Relationship of the arc discharge time to the splice loss
between PS-HF and S-SMF.
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Fig. 14.  Weibull plot of tensile strength of splicing points
between PS-HF and S-SMF.
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Fig. 12.  Side view of the splicing between PS-HF and S-SMF
by splicing with intermitting discharge after splicing with 

a discharge time 300 msec.
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and S-SMF was 0.05 dB at 1.55 µm by relaxing the
longitudinal holes’ tapers by the sweep discharge
method. The average splice loss between HA-HFs
was 0.08 dB at 1.55 µm by relaxing the longitudinal
holes’ tapers of both fibers. The average splice loss
between PS-HF and S-SMF was 0.20 dB at 1.55 µm
employing the intermitting discharge after splicing
with short discharge time. In addition, the average
tensile strength was 0.12 GPa and close to that of the
fiber spliced under the conventional splicing condi-
tion used for S-SMFs. We expect that the splicing
techniques examined in this study will contribute to
the practical use of holey fibers.
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