
DOI 10.1515/nanoph-2013-0030      Nanophotonics 2013; 2(5-6): 341–353© 2013 Science Wise Publishing & 

Review article

Kazuhide Nakajima*, Kotaro Saito, Yusuke Yamada, Kenji Kurokawa, Tomoya Shimizu, 
Chisato Fukai and Takashi Matsui

Holey fibers for low bend loss

Abstract: Bending-loss insensitive fiber (BIF) has proved 
an essential medium for constructing the current fiber 
to the home (FTTH) network. By contrast, the progress 
that has been made on holey fiber (HF) technologies pro-
vides us with novel possibilities including non-telecom 
applications. In this paper, we review recent progress on 
hole-assisted type BIF. A simple design consideration is 
overviewed. We then describe some of the properties of 
HAF including its mechanical reliability. Finally, we intro-
duce some applications of HAF including to high power 
transmission. We show that HAF with a low bending loss 
has the potential for use in various future optical tech-
nologies as well as in the optical communication network.
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1  Introduction
Fiber to the home (FTTH) has been widely deployed 
because of the growing demand for broadband services. 
And bending-loss insensitive fiber (BIF) has become a key 
technology in recent access networks. This is because a 
large bending loss in conventional single-mode fiber 
(SMF) [1] can restrict its ease of handling and/or its appli-
cable area. Thus, various kinds of BIF have been devel-
oped [2–5] to realize FTTH networks that are easy and 

economical to install and maintain. BIF has been stand-
ardized in the Telecommunication Standardization Sector 
of the International Telecommunication Union (ITU-T) as 
Recommendation G.657 [6], and the latest version consid-
ers a minimum bending radius of 5 mm.

Novel research on holey fibers (HFs) was undertaken 
in the 1970s–1980s. Kaiser reported a single-material fiber 
with an air cladding [7]. Okoshi proposed a side-tunnel 
fiber to obtain a polarization maintaining waveguide 
[8]. Research on HFs accelerated particularly after Birks 
reported on bandgap characteristics using a two-dimen-
sional periodic air hole structure [9]. HF enables us to 
realize novel transmission characteristics that cannot be 
obtained with a conventional SMF. The endlessly single-
mode (ESM) characteristic can be considered one of the 
most important properties of a photonic crystal fiber (PCF) 
[10, 11]. This is because an ESM-PCF with low loss directly 
opens up a novel single-mode transmission window. 
Tajima achieved the lowest loss of 0.18 dB/km [12]. With 
this as the background, various transmission experiments 
have been conducted to confirm the validity of ESM-PCF 
as an ultra wideband transmission medium [13–17]. The 
unique characteristics of HFs mainly derive from the large 
refractive index difference between silica glass and an air 
hole. This feature can be obtained simply by introducing 
several air holes into conventional SMF. Hole assisted 
fiber (HAF) enables us to realize unique dispersion char-
acteristics [18]. The use of several air holes can greatly 
improve the bending loss insensitivity [19]. Recent reports 
have also pointed out the applicability of a hole assisted 
structure as a high power light guide [20, 21].

In this paper, we review recent progress on HAF based 
BIF technologies. In section 2, we briefly explain the design 
considerations as regards HAF by using a rough approxima-
tion model. Section 3 describes the properties of fabricated 
HAF. Here, we consider not only the transmission character-
istics but also the mechanical reliability of the hole-assisted 
structure. In section 4, we describe a technique for splicing 
HAF taking various existing techniques into account. In 
section 5, we introduce some applications of HAF including 
its applicability to high power transmission. Finally, we con-
clude our review article with a brief summary.
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2  Design of HAF
Figure 1 shows a schematic cross sectional image of a HAF. 
HAF has a conventional doped core with a diameter 2a. We 
defined a relative index difference of the core as Δ. Basi-
cally, the core and cladding constitute a lightguide. N air 
holes with a diameter d are arranged in a circle around 
the core. In Figure 1 N = 10 is shown as an example, and 
we assume RIn and ROut to be inscribed and circumscribed 
radii, respectively. Here, an equivalent refractive index 
profile of HAF can be assumed with a trench structure [2], 
where the air hole region constitutes the low index ring as 
shown on right hand side of Figure 1.

The properties of HF (i.e., a fiber with an arbitrary 
two-dimensional structure) can be calculated by using the 
finite element method (FEM) [22, 23]. The characteristics 
of HAF can be easily estimated by considering the influ-
ence of the air holes on the electric field of the base light-
guide. In general terms, the electric field is greatly affected 
when RIn and/or the equivalent refractive index of the air 
hole region become small. Figure 2 shows the relative dif-
ference in the mode-field diameter (MFD) at 1550 nm as 
a function of the normalized inscribed circle radius RIn/a. 
The two solid lines show the calculated results. The blue 
line corresponds to a conventional SMF (i.e., without air 
holes). The open circles show measured results obtained 
for two HAFs. Here, N and d were 10 and 0.4 times 2a, 
respectively. It can be seen from Figure 2 that the MFD 
becomes small as RIn/a decreases. These results show that 
the confinement property of the original electric field can 
be managed by controlling the air hole arrangement.

We then introduced an air filling fraction S as Eq. 
(1) [24] to make it easy to understand the relationship 
between the air hole design condition and the transmis-
sion properties.
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Figure 1 Cross sectional image of HAF.

Figure 2 Influence of inscribed circle radius RIn on MFD.

Figure 3 Air filling fraction S dependence of (A) bending loss αb 
and (B) cut-off wavelength λcc.

Figure 3 shows the S-value dependence of HAF. (A) 
and (B) show the bending loss αb and cut-off wavelength 
λcc characteristics, respectively. αb was evaluated at 
1625 nm with a 5 mm bending radius. The filled symbol 
indicates the result for SMF. The open circles and squares 
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correspond to HAF with N = 6 and 10, respectively. Here, 
the RIn/a values were in the 1.2 to 3.5 range. The 2a and 
Δ values of all the fibers, including SMF, were about  
9 μm and 0.35%, respectively. The solid lines show the 
calculated results when RIn/a = 2 and N = 10. It is difficult 
to determine the λcc of HAF by considering the cladding 
index since the effective index value becomes lower 
than the silica level depending on the air holes. We then 
determined the λcc of HAF as the wavelength at which the 
confinement loss of the first higher order mode reaches 1 
dB/m [25]. Figure 3 confirms that the measured and calcu-
lated results reveal a similar tendency. With respect to the 
αb characteristic, Figure 3A shows that αb decreases expo-
nentially as the S value increases. Figure 3B also shows 
that λcc becomes longer as the S value increases. However, 
it should be noted that the λcc of HAF is greatly affected 
particularly when S exceeds 0.45. This is because the 
region surrounded with air holes supports another guided 
mode independent of the existence of a doped core.

Figure 4A and B show the Δ-value dependence of αb 
and λcc, respectively. The open squares show the measured 
results for HAFs with N = 10. All HAFs had a similar S-value 

Figure 4 Δ Dependence of (A) bending loss αb and (B) cut-off 
wavelength λcc.

of about 0.35. The solid lines show the calculated results 
for SMF (i.e., without air holes). In Figure 4A, the dashed 
line shows the calculted results for HAF (N = 10) for com-
parison, and it is almost parallel to the solid line. Thus, 
Figure 4A and B show that the Δ dependence of αb and λcc 
can be considered similar to that in a conventional SMF.

These results reveal that the αb and λcc characteristics 
of HAF can be approximated by considering the S- and Δ-
value dependence. As a result, we can derive the following 
two empirical relations [24].

	 ln(αb)≈ln(b1)+b2‧S+b3‧δΔ� (2)

	 λc ≈ c1+c2‧S+c3‧δΔ� (3)

Here, bi and ci (i = 1, 2, and 3) denote coefficients, and δΔ 
shows the relative difference in an arbtirary reference Δ 
value. These emprical relationships are sufficiently useful 
for roughly designing a HAF with the desired characteris-
tics since we can easily utilize the well known design used 
for conventional SMF as a basis.

3  Properties of HAF
In this section, we introduce example properties of HAF. 
The transmission properties of fabricated HAFs are 
described including the impact of bending loss Insensitiv-
ity on the transmission performance. We also investigate 
the mechanical reliability of a hole assisted structure.

3.1  Characteristics of fabricated HAFs

Table 1 summarizes example characteristics of HAFs. We 
fabricated two HAFs. Each HAF had different air hole 
design conditions in terms of their S, RIn, and N values, 

Table 1 Characteristics of fabricated HAFs.

  HAF1   HAF2

Core diameter 2a (μm)   7.8   7.8
Relative index difference Δ (%)   0.31   0.31
Air-filling fraction S   0.49   0.41
Normalized inscribed circle radius RIn/a   2.1   2.8
Number of air holes N   6   10
MFD 2W at1310 nm (μm)   8.9   9.0
Cutoff wavelength λcc   1118   1126
Bending loss αb at 1625 nm, r = 5mm (dB/turn)    0.05   0.04
Zero-dispersion wavelength λ0 (nm)   1318   1321
Zero-dispersion slope s0 (ps/nm2‧km)   0.098   0.090
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although both HAFs had a similar core structure of  
2a = 7.8 μm and Δ = 0.31%. The MFD values of the two HAFs 
were comparable. The λcc values measured with a 22  m 
long sample were  < 1260 nm. These MFD and λcc values 
meet the specifications of conventional SMF [1]. The αb 
values of the two HAFs were  < 0.1 dB/turn at 1625 nm with 
a 5 mm bending radius.

Table 2 summarizes the BIF categories used in ITU-T 
Recommendation G.657 [6]. BIF is categorized into four 
types (A1, A2, B2, and B3) considering two viewpoints. 
The first viewpoint takes bending loss insensitivity into 
consideration. The allowable minimum bending radius 
Rmin of conventional SMF is limited to 30 mm, but BIF has 
three levels. Levels 1, 2 and 3 set the Rmin values at 10, 7.5, 
and 5 mm, respectively. The αb specification for level 3 
is  < 0.45 dB/turn at 1625 nm with Rmin = 5 mm. Thus, it can 
be confirmed that the two fabricated HAFs summarized in 
Table 1 satisfy the highest requirement for bending loss 
insensitivity.

The second viewpoint considers compliance with con-
ventional SMF [1]. Class A is fully compliant with conven-
tional SMF, but class B is not. Here, compliant means that 
there is no difference in the dispersion properties. In this 
case, the zero-dispersion wavelength λ0 and maximum 
zero-dispersion slope s0 of conventional SMF are speci-
fied at 1300–1324 nm and 0.092 ps/nm2‧km or less, respec-
tively. Figure 5 shows the calculated RIn/a dependence of 
λ0 and s0 in HAF with N = 10. The 2a, Δ and S values were set 
at 9 μm, 0.3%, and 0.4, respectively. Table 1 and Figure 5 
confirm that the dispersion properties of HAF can also be 
tailored by controlling the RIn/a value. Therefore, these 
results reveal that a BIF with the desired transmission 
properties can be realized easily by appropriately design-
ing the hole assisted structure.

Figure 5 Zero-dispersion wavelength λ0 and zero-dispersion slope 
s0 of HAF as a function of normalized inscribed circle radius RIn/a.

Table 2 Classification of BIF in ITU-T recommendation G.657 [6].

We then investigated the impact of bending loss insen-
sitivity on transmission performance. Here, we considered 
the multi-path interference (MPI) characteristic. MPI is an 
interference noise between two signals with different optical 
paths, and can be measured using the simple experimental 
set up shown in Figure 6 [25]. Moreover, MPI is known to 
be related to transmission performance [26]. Recently, ITU-T 
studied an MPI measurement technique in relation to the 
single-mode operability of BIF [27] since the bending loss 
insensitivity also affects the higher order mode.

We evaluated the MPI characteristics of the HAFs 
shown in Table 1. By using the experimental set up shown 
in Figure 6, MPI can be measured by observing the optical 
received power with a sufficient number of wavelengths 
and polarization states. Figure 7 shows the relative deg-
radation in MPI as a function of bending radius. The 
measurement wavelength was 1550 nm. The number of 
turns was fixed at 10 for each bending radius. The filled 
and open symbols show the results obtained with conven-
tional SMF and HAFs, respectively. Figure 7 shows that 
the MPI in SMF clearly degraded as the bending radius 
decreased. This is because the leaked light induced by a 
small bend interferes with the guided light. By contrast, 
the MPI values in the HAFs were almost insensitive to 
the bending radius. These results confirm that a BIF with 

Figure 6 Experimental set up for measuring multi-path interference 
(MPI).
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Figure 9 Relationship between radius and calculated equivalent 
strain.

Figure 10 Stress distribution in cross section.

sufficient bending loss insensitivity has a great impact on 
transmission performance in terms of MPI degradation.

3.2  Mechanical reliability

BIFs as HAFs can be bent with a smaller diameter than 
conventional fiber because of their low bending loss char-
acteristics. However, it is well-known that the mechanical 
reliability of optical fiber deteriorates when it is under 
excessive stress induced by bending. Therefore, when 
we wish to apply HAFs to telecommunication systems, it 
is important that we clarify their mechanical reliability. 
Here we describe the effect of the holes on the fatigue 
characteristics.

3.2.1  Strain of bent HAF

Figure 8 shows the geometry of a bent HAF. The dominant 
factor in the fracture is the tensile strain applied to the 
surface. Therefore, to estimate the fatigue characteristics 
of HAF, it is necessary to consider not only the strain of the 
cladding surface but also the inner surface of the holes.

Figure 7 Relative degradation in multi-path interference (MPI) as a 
function of bending radius.

A

A

A B

Cross section of HAF 
A-A cross section of (a)

Tensile strain

Compressive strain

Inner surface 
of holes

Cladding surface

Natural axis

Figure 8 Geometry of bent HAF.

Figure 9 shows the relationship between bending 
radius and calculated equivalent strain. Here, the equiv-
alent strain is calculated by integrating the strain of the 
surface [28]. The blue and red lines show the conventional 
fiber (without holes) and HAF (with holes). The green 
dashed line show the result when we calculated equiva-
lent strain on the only inner surfaces of the holes. As a 
result, the equivalent strain on the inner surfaces of the 
holes is small compared with that of the cladding surface. 
Also, the equivalent strain of the HAF and conventional 
fiber are almost the same. This is because the strain and 
the area to which it is applied on the inner surface of the 
hole are smaller than that of the cladding surface. In addi-
tion, we calculated the strain induced by bending.

Figure 10 is an example of calculated results by the 
FEM. We found that the strain intensified at the cladding 
surface and the holes did not affect the stress distribution 
in the cross section.

3.2.2  Characterization of mechanical reliability

There are several techniques for mechanically testing 
optical fiber. We have proposed a slotted bending fixture 
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for realizing uniform and tight bending conditions [29]. 
Figure 11 is a schematic of the slotted bending fixture used 
in our experiments. It is composed of a slotted plate and 
a shutter, and it can induce a uniform bending strain in a 
test fiber. By constructing several fixtures with different 
slot radii, we could vary the uniformly applied bending 
strain systematically.

We performed static fatigue tests on two kinds of 
HAFs and conventional fiber. Figure 12 shows the static 
fatigue characteristics of the fibers. Here, time to failure is 
measured the fracture time of 30–40 specimens at each of 
bending diameters each types of fibers. The solid lines are 
the power approximation curves to the median values. We 
found that the times to failure of HAFs and conventional 
SMFs differed slightly. As shown Figure 12, the measured 
time to failure of HAFs was 50% longer than that of con-
ventional SMF. The reason for this might be the relaxation 
of crack growth and/or cladding surface stress caused 
by the holes. However, the reason for the difference in 
the time to failure of HAFs has not yet been completely 
explained. We need further study on the mechanical reli-
ability of hole assisted structure including its dependence 
on sir hole arrangement.
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Figure 12 Static fatigue characteristics under smaller-bending 
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Figure 11 Schematic diagram of slotted bend fixture.

4  Splicing techniques
Various splicing techniques, including fusion, connector, 
and mechanical splicing, are used in optical networks. 
When we apply HAF to an optical network, it is important 
to clarify its splicing characteristics.

4.1  Fusion splicing

First we examined fusion splicing characteristics. In 
fusion splicing, an arc discharge collapses the air holes, 
thus the MFD difference between the hole region and 
the collapsed hole region at a fusion splice point can 
cause MFD mismatch loss [30]. To suppress the MFD mis-
match loss, we used HAF whose MFD was appropriately 
designed in terms of V, S, and RIn/a and also used the 
sweep discharge method [30]. Here, V corresponds to the 
normalized frequency of conventional SMF, and it can be 
derived by using the 2a and Δ values of the core. Table 3 
summarizes the fusion splice loss characteristics. Table 3 
shows that the average splice losses for HAF -HAF were 
0.04 dB at 1310 nm and 0.07 dB at 1550 nm. It also shows 
that the average splice losses for SMF-HAF were 0.06 dB 
at 1310 nm and 0.07 dB at 1550 nm. These results confirm 
that the HAF can be fusion spliced with a sufficiently low 
splice loss independent of the existence of air holes.

Figure 13A and B show the results of a temperature 
cycle test at 1310 and 1550 nm based on Telcordia GR-326. 
Figure 13 confirms that the fluctuation in the fusion splice 
losses was  < 0.01 dB at both 1310 and 1550 nm. Therefore, 
satisfactory fusion splice characteristics can be obtained 
for HAF including the temperature cycle characteristics.

4.2  Connectorized optical cord

Second, we investigated the characteristics of HAF based 
optical cord with a conventional SC type connector. 

Table 3 Fusion splice loss characteristics.

  SMF-HAF   HAF-HAF

1310 nm    
  Average   0.06   0.04
  Maximum   0.10   0.07
  Minimum   0.03   0.02
1550 nm    
  Average   0.07   0.07
  Maximum   0.10   0.09
  Minimum   0.05   0.06

Sample number: 20.
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Figure 14 shows (A) a photograph of a HAF cord and 
(B) an image of a ferrule portion. The HAF cord was 5 m 
long. The HAF endface should generally be sealed when 
a conventional connector is used. This is because unex-
pected contamination of the air hole region may degrade 
the splice characteristics. Thus, we fusion spliced the 
HAF with conventional SMF in the attached SC connec-
tor, and adequately polished the other end of the SMF. 
We then examined the splice characteristics of the fab-
ricated HAF cord. Table 4 summarizes the insertion and 
return losses measured with ten HAF cords. Average 
insertion losses of 0.33  dB at 1310  nm and 0.36  dB at 
1550 nm were obtained. The average return losses were 
48.3  dB at 1310  nm and 51.6  dB at 1550 nm. Figure 15 
shows the results of a temperature cycle test. The inser-
tion loss fluctuation of the HAF cord was  < 0.1 dB at both 
1310 and 1550 nm. As a result, we confirmed that we 
could obtain satisfactory splicing characteristics with 
HAF cord.
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Figure 13 Temperature cycle test results at (A) 1310 nm and (B) 
1550 nm.

Figure 14 (A) Photograph of HAF cord with SC connectors,  
(B) Schematic image of mechanical splice point.

4.3  Mechanical splicing

Third, we examined the characteristics of mechanical 
splicing. Normally mechanical splicing uses a liquid 
refractive index matching material to reduce the Fresnel 
reflection induced by the air gap between fiber endfaces. 
When we splice HAF with a conventional mechanical 
splice, the splice loss increases, because liquid refractive 
index matching material penetrates the air holes. Figure 16 
shows a schematic image of a mechanical splice point. The 
refractive index of the matching material is greater than 
the refractive index of the cladding. So the refractive index 
matching material that penetrates the holes functions as 

Table 4 Insertion and return losses of HAF-based optical cord.

  Insertion loss   Return loss

1310 nm    
  Average   0.33   48.3
  Maximum   0.53   49.1
  Minimum   0.16   45.8
1550 nm    
  Average   0.36   51.6
  Maximum   0.43   53.2
  Minimum   0.27   49.6

Sample number: 10.
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a core, forming an asymmetrical parallel waveguide. As 
a result, some of the light in the core is transferred to the 
refractive index matching material in the air holes. There-
fore, we developed a solid type refractive index matching 
material and clarified the optimum mechanical splice 
conditions in terms of penetration length z, the relative 
index difference of the matching material Δh, and the tem-
perature dependence of the refractive index dn/dT [31, 32].

Tables 5 and 6 summarize the splice and return loss 
characteristics obtained when using solid optimized 
refractive index matching material. Here, a thickness of 
our matching material was well controlled at  < 200 μm. 
It can be considered that z value was also controlled to 
be  < 100 μm (a half of the thickness) since it has adequate 
hardness. Table 5 confirms that the average splice losses at 
(1310 nm, 1550 nm) of SMF-SMF, SMF-HAF, and HAF-HAF 
are (0.10 dB, 0.08 dB), (0.07 dB, 0.08 dB), and (0.06 dB, 
0.08 dB), respectively. Table 6 also shows that the average 
return losses at (1310 nm, 1550 nm) of SMF-SMF, SMF-HAF, 
and HAF-HAF were (57.0 dB, 58.8 dB), (57.0 dB, 58.2 dB), 
and (58.2 dB, 59.2 dB), respectively. Figure 17 shows the 

Figure 16 Schematic image of mechanical splice point.
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Figure 15 Temperature cycle test on HAF-based optical cord.

Table 5 Mechanical splice loss characteristics.

  SMF-SMF   SMF-HAF   HAF-HAF

1310 nm      
  Average   0.10   0.07   0.06
  Maximum   0.15   0.14   0.13
  Minimum   0.04   0.03   0.00
1550 nm      
  Average   0.08   0.08   0.08
  Maximum   0.15   0.14   0.14
  Minimum   0.04   0.04   0.01

Sample number: 20.

Table 6 Return loss characteristics of mechanical splice.

  SMF-SMF   SMF-HAF   HAF-HAF

1310 nm      
  Average   57.0   57.0   58.2
  Maximum  65.0   62.0   62.7
  Minimum   51.3   53.4   51.9
1550 nm      
  Average   58.8   58.2   59.2
  Maximum  65.0   65.0   65.0
  Minimum   51.3   52.6   53.9

Sample number: 20.

results of a temperature cycling test. The splice loss fluc-
tuation of the mechanical splice was  < 0.05 dB at both 1310 
and 1550 nm. As a result, we can splice HAF with satisfac-
tory splice characteristics that are comparable to those of 
SMF splices characteristics including temperature cycle 
characteristics.

5  Application of HAF
In this section, we introduce some example applications 
of HAF. We also investigate its applicability as a high 
power transmission medium.

5.1  Application in optical access network

As mentioned in the introduction, bending loss insenitive 
HAF (BI-HAF) is expected to be a key medium for solving 
the construction and/or handling problems of the FTTH 
network. Figure 18 shows an example of BI-HAF applica-
tions in an optical access network. First, NTT utilizes a 
BI-HAF on the customer’s premises. The optical wiring 
requirements of indoor optical cable differ depending on 
the premises. It may be difficult to obtain an optical wiring 
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route in some cases. However, BI-HAF enables network 
operators to provide optical broadband services in limited 
space. Moreover, BI-HAF makes it possible to install arbi-
trary optical in-house wiring, such as tied, returned, and 
notched wiring, without any special skill.
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Figure 17 Temperature cycle test results of mechanical splice (A) at 
1310 nm and (B) at 1550 nm.

In Central Office
•BI-HAF supports safe 
and reliable operation

On Customer’s Premises
•BI-HAF provides optical broadband service 

using limited space

•BI-HAF enables arbitrary optical wiring 
without any special skill

Figure 18 Schematic image of bending loss insensitive HAF  
(BI-HAF) applications in optical access network.

A central office can also be considered a BI-HAF appli-
cation area. As the FTTH network spreads, optical wiring 
in a central office soon becomes congested. This makes it 
difficult to conduct easy and safe operation and/or main-
tenance. Thus, BI-HAF has been utilized to improve the 
reliability of optical networks. The current applications 
basically requires a HAF with connectors. It is beneficial 
to seal the air holes from any contermination. However, 
the mechanical splice technique enables us to use a HAF 
without connector, although we need a certain care for 
storage. As a result, BI-HAF enables us to open up new 
possibilities for optical networks and to realize reliable 
and valuable optical networks.

5.2  Applicability to high power transmission

The optical power levels used in optical communication 
networks have been increasing with the development of 
long unrepeatered submarine systems, dense wavelength-
division-multiplexing (DWDM) systems, and distributed 
Raman amplification systems. Furthermore, the rapid 
growth in Internet traffic has led to a huge demand for 
transmission capacity. If we are to meet this exponential 
demand for capacity, we must greatly increase the optical 
transmission power. Thus, there is a growing concern 
about the impact of high optical power on fiber reliability. 
It has been reported that high optical power can lead to 
catastrophic damage as a result of the optical fiber fuse 
phenomenon [33, 34] and failures at bends [35].

A fiber fuse is an optical discharge propagating 
toward a light source that results in the catastrophic 
destruction of an optical fiber. Once initiated, the fiber 
fuse continues to propagate until the light source is shut 
down or the input power is reduced below the fuse-prop-
agation threshold power. The propagation threshold of a 
fiber fuse in conventional fiber is as low as 1.2–1.4 W [36]. 
Therefore, in the near future the fiber fuse phenomenon 
will pose a real danger to optical communication systems 
constructed with conventional single-mode fibers [37]. 
There have already been many experimental and theoreti-
cal reports on the fiber fuse phenomenon [20, 33, 34, 36, 
38–52]. In addition, several devices have been proposed 
with a view to avoiding the catastrophic damage caused 
by a fiber fuse, for example, a fiber fuse terminator using a 
tapered fiber [53] and a thermally-diffused expanded core 
(TEC) fiber [54] for an input power of not more than 2 W. 
A device has been reported that can rapidly detect a fiber 
fuse and terminate it by monitoring the light backreflected 
from it [55]. Recently, it was reported that the fuse propa-
gation threshold in HAF [20, 53] can be much higher than 
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that in conventional SMF in the optical communication 
band.

Here, we first report on the propagation characteris-
tics of a fiber fuse in HAF. We describe how fiber fuse prop-
agation depends on the HAF structure. Then, we report a 
compact fiber fuse terminator consisting of a short length 
of HAF. We confirmed the termination of a fiber fuse using 
a fiber fuse terminator with a 2.5 mm-long HAF when the 
input power was 21 W.

5.2.1  Propagation characteristics of fiber fuse in HAF

The propagation characteristics of the fiber fuse in HAF 
depend on the relationship between the diameter of an 
inscribed circle linking the air holes 2RIn and the diam-
eter of the melted area Dmelted [20, 51]. The melted area is 
caused by fiber fuse propagation and Dmelted is assumed to 
be almost the same as the size of the optical discharge. 
When 2RIn is much larger than Dmelted, the fiber fuse propa-
gates in the same way as in SMF. However, no fiber fuse 
propagates even at an input power of 18.0 W, when 2RIn is 
much smaller than Dmelted [51, 56].

Figure 19A shows a side view of a splice point between 
an SMF and HAF-A before and after fiber fuse propagation 
at a wavelength of 1480 nm. The coupled input power 
into HAF-A was 8.2 W. HAF-A had six air holes and the 
core diameter was 9.0 μm. The 2RIn and hole diameter d of 
HAF-A were 30.7 and 4.5 μm, respectively. Since Dmelted was 
21 μm at an input power of 8.2 W, 2RIn was much larger 
than Dmelted. As shown in Figure 19A, the fiber fuse propa-
gated in HAF-A. The interval between the voids caused by 
the fiber fuse propagation in HAF-A was 23.6 μm, which is 
almost the same as that in the SMF. The fuse propagation 
threshold in HAF-A was 1.3  W at 1480 nm, and was the 
same as that in a conventional SMF with the same MFD.

In contrast, the fiber fuse terminated near the splice 
point between SMF and HAF-B, as shown in Figure 19B. 
The input power coupled into HAF-B was 8.1  W at 
1480 nm. HAF-B had six air holes and the core diameter 
was 9.0 μm. The 2RIn and d values of HAF-B were 17.1 and 
4.6 μm, respectively. Since the Dmelted in SMF was 21 μm 
at an input power of 8.1 W, the 2RIn of HAF-B was smaller 
than Dmelted. We observed that the air holes in HAF-B were 
destroyed near the splice point by the fiber fuse, as shown 
in Figure  19B. No fiber fuse was observed in HAF-B even 
at an input power of 18.0 W (4.4 W at 1480 nm and 13.6 W 
at 1550 nm). The fiber fuse did not propagate in HAF-B 
when we directly heated it with an arc discharge. There-
fore, we can consider that the propagation threshold of a 
fiber fuse in HAF-B is above 18.0  W at around 1550 nm. 

HAF-A

Before

After

Before

After

SMF

HAF-BB

A

SMF

Splice point

Splice point

Fiber fuse

Fiber fuse

Figure 19 Side views of a splice point between (A) HAF-A and SMF 
and (B) HAF-B and SMF before and after fiber fuse propagation at an 
input power of about 8 W.

This threshold power is more than 10 times that in con-
ventional SMF.

Since the fuse threshold power in conventional SMF 
is proportional to the MFD [41], we consider that such a 
high threshold could not be obtained with a method that 
expands the MFD of conventional SMFs [53, 54].

The mechanism of fiber fuse termination in HAF can 
be explained as follows [57]. When Dmelted is larger than 2RIn 
as shown in Figure 20A, the optical discharge reaches the 
air holes. At the same time, a jet of high temperature fluid 
penetrates the air holes, because the optical discharge 
is a high temperature fluid under high pressure [34, 48]. 
That is, the high temperature fluid expands rapidly. This 
results in a reduction of the temperature and pressure of 
the optical discharge. Simultaneously, the fiber fuse ter-
minates. An example of the dynamics of fiber fuse termi-
nation will be provided in the next section. On the other 
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hand, the optical discharge does not reach the air holes 
when 2RIn is much larger than Dmelted, as shown in Figure 
20B. Therefore, no jet of high temperature fluid penetrates 
the air holes and the fiber fuse does not terminate.

When 2RIn is almost the same as Dmelted, we observed a 
new propagation mode with a damage track whose period 
was approximately 30 times longer than that in conven-
tional SMF [52]. Furthermore, it has been found that the 
fiber fuse propagation in HAF depends not only on 2RIn 
but also on d [57].

5.2.2  Compact fiber fuse terminator consisting of HAF

Since the fuse threshold power in HAF can be more than 
10 times that in conventional SMF, we proposed a compact 
fiber fuse terminator consisting of a short length of HAF 
[58]. Figure 21 shows the structure of our fiber fuse termi-
nator, which consists of a 2.5 mm length of HAF spliced 
with conventional SMFs. The HAF, which had six air 
holes, had a core diameter of 9 μm. The 2RIn and d values 
of the HAF were 18.6 and 9.1 μm, respectively. The total 
splice loss between the HAF and SMF was 0.1 dB. There-
fore, our fiber fuse terminator is compact and has a simple 
structure with low loss.

Figure 22 shows the dynamics of the fiber fuse termi-
nation near the splice point between the HAF and SMF. The 
total input power into the HAF was 21 W. The input powers 
at 1480 and 1550 nm were 8 and 13 W, respectively. These 

Figure 20 Relationship between 2RIn and diameter of optical dis-
charge (Dmelted) in HAF.

Figure 21 Structure of fiber fuse terminator.

HAF SMF

Splice point

A

B

C

D

E

Figure 22 Dynamics of fiber fuse termination near the splice point 
between HAF and SMF. The input power was 21 W. The images were 
obtained at 20 μs intervals.

images were obtained at intervals of 20 μs by using a high-
speed camera operating at a speed of 105 fps. As shown 
in Figure 22 B–D, the front shape of the optical discharge 
changed at the splice point. Since the optical discharge is 
considered to be a high temperature fluid under high pres-
sure, its front shape shown in Figure 22C indicates the jet 
of the high temperature fluid into the air holes. In fact, 
the diameter of the optical discharge at an input power of 
21 W exceeds 23 μm [51], which is much larger than 2RIn in 
HAF. Therefore, the high temperature fluid reached the air 
holes and the jet penetrated the air holes. Then, the optical 
discharge terminated. The optical discharge penetrated  
65 μm into the HAF. Thus we found that we could terminate 
the fiber fuse propagation by using a fiber fuse terminator 
consisting of a HAF with a length of only 2.5 mm when the 
input power was 21 W. It should be noted that in addition 
to using a fiber fuse terminator, we also need a method 
for rapidly shutting down the light source when the fiber 
fuse is initiated. This is because it has been reported that 
at an input power of over 3 W the optical fiber is heated 
and burned by the scattered light from the bubble train at 
the fuse termination point [59].

Above, we reported that the fuse threshold power in 
HAF can be more than 10 times that in conventional SMF. 
And we achieved a compact and low-loss fiber fuse ter-
minator composed of a short length of HAF. Furthermore, 
HAF has a great advantage with a view to avoiding fail-
ures at bends under high power [35], because HAF is a 
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low-bending-loss optical fiber [19]. Therefore, we consider 
HAF to be an attractive optical fiber as a solution for the 
problems posed by the fiber fuse phenomenon and fail-
ures at bends with a high power input [56].

6  Conclusion
We reviewed progress on bending loss insensitive hole 
assisted fiber (BI-HAF) including related technologies. 
We explained a simple design for HAF that uses an air 
filling fraction. The transmission properties of BI-HAF 
were introduced, and the impact of bending loss insen-
sitivity was shown by considering the multi-path inter-
ference (MPI) characteristics. These results show that a 
BI-HAF with the desired properties can be obtained easily 
by controlling the design conditions of the air holes. The 
mechanical reliability of the hole assisted structure was 
also investigated experimentally. Our results showed that 
there was no noticeable degradation in the mechanical 

characteristics as a result of introducing air holes. We also 
described the applicability of various kinds of splicing 
techniques to BI-HAF. We clarified that BI-HAF can be con-
nected with satisfactory splicing characteristics by appro-
priately controlling such factors as the endface condition. 
Some example applications of BI-HAF in access net-
works were introduced. We showed that BI-HAF enables 
us to realize the easy and economical construction and/
or maintenance of FTTH networks. Finally, we explained 
the applicability of BI-HAF to high power transmission. 
We showed that HAF can also be used as a compact fiber 
fuse terminator. BI-HAF enables us to open up new possi-
bilities for optical networks and realize networks that are 
both reliable and valuable.
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