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Bending-Loss Insensitive Fiber with Hole-Assisted Structure
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SUMMARY
The characteristics of hole-assisted fiber (HAF) are investigated both numerically and experimentally in terms of its applicability as
a bending-loss insensitive fiber (BIF). We show that HAF with the desired
mode-field diameter (MFD), bending-loss and cutoﬀ wavelength characteristics can be roughly designed by taking a few specific structural parameters
into consideration. We also show that an optical cord composed of adequately designed HAF realizes satisfactory transmission performance with
respect to its multi-path interference (MPI) characteristics. These results
reveal that a hole-assisted type BIF will be beneficial for realizing easy and
economical installation and maintenance in future access networks.
key words: hole-assisted fiber, bending-loss, mode field diameter, cutoﬀ
wavelength, multi-path interference

1.

Introduction

Recently, fiber to the home (FTTH) has been deployed
widely because of the growing demand for broadband services. A bending-loss insensitive fiber (BIF) is expected to
be a key medium since it will be useful for realizing the
easy and economical installation and maintenance of FTTH
networks. Moreover, BIF for use in access networks has already been standardized as ITU-T Recommendation G.657,
and the latest version supports a minimum bending radius of
5 mm [1]. With this as the background, various BIFs have
been intensively researched and developed [2]–[5].
Hole-assisted fiber (HAF) is an attractive light guide
that can be realized simply by adding several air holes
around a conventional doped core. This hole-assisted structure provides various unique characteristics [6]. Recent reports also indicate the applicability of HAF as a high power
light guide [7], [8]. We can consider HAF as a candidate for
BIF, whose ultimately low bending-loss characteristics are
particularly attractive [9], [10]. However, the strong confinement eﬀect of air holes also aﬀects the higher order mode.
This makes it very important to clarify in detail the transmission characteristics of fiber with a hole-assisted structure.
In this paper, we discuss the characteristics of HAF in
relation to its use as a BIF. In Sect. 2, we investigate the
optimum design of a hole-assisted type BIF both numerically and experimentally. Here, we clarify that the modefield diameter (MFD), bending-loss and cutoﬀ wavelength
characteristics of HAF can be roughly designed taking a
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few specific structural parameters into consideration [11].
In Sect. 3, we discuss the transmission characteristics of
HAFs with diﬀerent cross-sectional parameters experimentally. The multi-path interference (MPI) characteristics of
HAF based optical cords are also investigated in this section. As a result, we show that properly designed HAF can
be used as BIF in future access networks.
2.

Design Considerations

Figure 1 shows a cross-sectional image of the HAF that we
discuss in this paper. We assumed a conventional germanium doped step index type core with diameter 2a and relative index diﬀerence Δ. Here, the cladding was composed of
pure silica glass. N air holes with diameter d were arranged
around the core. In Fig. 1, N = 10 is shown as an example.
The inscribed and circumscribed radii are described as RIn
and ROut , respectively.
In this paper, we defined the air filling fraction S as
the ratio of air holes in the region surrounded by inscribed
and circumscribed circles [11]. Thus, S can be described as
Eq. (1).
S ≡

N (d/2)2
R2Out − R2In

(1)

We then examined the structural parameter dependence of
the MFD, bending-loss and cutoﬀ wavelength in HAF.
2.1 MFD Characteristic
It is well known that the MFD in a conventional step index

Fig. 1

Cross sectional image of HAF.
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Fig. 2 Relative variation in MFD as a function of normalized inscribed
circle radius RIn /a calculated at 1310 nm.

fiber can be derived using Eq. (2) [12].


W ≈ a × 0.65 + 1.619 V −1.5 + 2.879 V −6

(2)

Here, W represents the mode-field radius. V denotes the V
parameter, which is determined using the 2a and Δ values.
The MFD characteristics of HAF are also closely related to
the RIn value. In this study, we examine the relationship
between the V parameter and RIn in a hole-assisted structure.
Figure 2 shows the relative variation in MFD as a function of the normalized inscribed circle radius RIn /a calculated at 1310 nm. The normalized air hole diameter d/2a and
N were set at 0.5 and 10, respectively. We also defined the
MFD with and without air holes as 2W and 2Ww/o−h , respectively. The relative variation in the MFD was assumed to
be ≡ (2Ww/o−h − 2W)/2Ww/o−h . The solid, dashed and dashdotted lines show the results when we assumed 2Ww/o−h values of 7, 9 and 11 μm, respectively. Two set of curves represent diﬀerent V parameters of 1.5 and 2. It should be noted
that the V parameters were directly calculated using the 2a
and Δ values of the core by simply neglecting the air holes.
Figure 2 confirms that the MFD in HAF decreases greatly
as the RIn /a value decreases. Smaller MFD increases the
splice loss at a certain lateral oﬀset [12]. Excessive variation in MFD degrades the splice loss particularly when the
air holes are vanished by arc fusion. Figure 2 also reveals
that the relative variation in MFD is more sensitive to the
V value than 2Ww/o−h . We then derive the minimum RIn /a
value by assuming the allowable relative variation in MFD.
Figure 3 shows the calculated minimum RIn /a characteristic as a function of the V parameter. The relative variation in the MFD was set at −0.1, and 2Ww/o−h was 9 μm
at 1310 nm. A 9 μm MFD is a typical value of a conventional 1.3 μm zero-dispersion wavelength single-mode fiber
(SMF) [13]. A 0.1 relative variation also corresponds to the
MFD tolerance in the conventional SMF, and this enables to
reduce the MFD mismatch induced splice loss to less than
0.05 dB [12]. The solid and dashed lines show the results
when the d/2a values were 0.5 and 1.0, respectively. Both
results show the average allowable minimum RIn /a when we

Fig. 3 Allowable minimum RIn /a as a function of V value when the
relative variation in MFD was set at −0.1 at 1310 nm.

assumed N = 4, 6, 8 and 10 air holes. Figure 3 shows that
we can derive the minimum RIn /a value using the V parameter of the core although there is a slight dependence on d/2a.
These results reveal that the MFD in HAF can be roughly
controlled by knowing the allowable minimum RIn /a value,
which is determined using the V parameter of the core and
the desired relative variation in the MFD. For example, the
following approximate function can be considered.
(RIn /a)min ≈ m1 + m2 V + m3 V 2 + m4 V 3

(3)

Here, mi (i = 1, 2, 3 and 4) denotes the coeﬃcient, and we
obtained m1 ≈ 12.8, m2 ≈ −11.2, m3 ≈ 3.9 and m4 ≈ −0.5
when we employed the dashed line in Fig. 3.
2.2 Bending-Loss and Cutoﬀ Wavelength Characteristics
The bending-loss αb and cutoﬀ wavelength λc characteristics of HAF were investigated with regard to S and Δ dependence. Figures 4(a) and (b) show the S dependence of
αb and λc , respectively. αb was evaluated at 1625 nm and
a bending radius r of 5 mm. The filled circle shows the result obtained with a conventional SMF. The open symbols
show the results obtained with HAFs with diﬀerent S values. The RIn /a values were in the 1.2 to 3.5 range. The open
circles and squares show the HAFs where N = 6 and 10, respectively. It should be noted that all the samples including
the SMF had similar 2a and Δ values of 9 μm and 0.35%,
respectively. λc of all samples were measured by using the
transmitted power technique with multimode reference [14].
The solid line shows the calculated results when we assumed
a HAF where RIn /a = 2.0 and N = 10. We defined the λc of
HAF as the wavelength at which the confinement loss of the
first higher order mode reaches 1 dB/m [15].
Figure 4 confirms that the measured and calculated results reveal a similar tendency. It is also found from Fig. 4(a)
that the αb of the HAF improves exponentially as the S value
increases. As for the λc characteristics, Fig. 4(b) confirms
that λc tends to be longer in proportion to the S value, and it
is particularly strongly aﬀected when S exceeds 0.45. This
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Fig. 4 Air filling fraction S dependences of (a) bending loss αb and (b)
cutoﬀ wavelength λc .

is because the region surrounded with air holes supports another guided mode. The confinement loss of the corresponding mode to be less than 1 dB/m at 1550 nm when S exceeds
0.45. Moreover, the eﬀective index of this mode becomes
larger than that of the 1st higher order mode in the wavelength region of 1600 nm or longer. This results in the rapid
change in λc at a larger S value.
Figures 5(a) and (b) show the Δ dependence of αb and
λc , respectively. The open squares show the results obtained
with HAFs with diﬀerent Δ values. In this case, all the
HAFs with N = 10 had similar 2a and S values of 9 μm
and 0.35, respectively. The solid line shows the calculated
results when we assumed a conventional SMF without air
holes. The dashed line in Fig. 5(a) is shown for comparison,
and it is completely parallel to the solid line. Thus, Figs. 5(a)
and (b) confirm that the Δ dependence of αb and λc in HAF
can be considered similar to that in a conventional SMF.
Strictly speaking, the αb and λc characteristics of HAF
are also related to the individual RIn /a, d/2a and N values.
However, these results show that the αb or λc characteristic
of HAF can be roughly estimated taking into account the
exponential or linear dependence on the S and Δ values. As
a result, we can derive two empirical relations as follows.

Fig. 5 Relative index diﬀerence Δ dependences of (a) bending-loss αb
and (b) cutoﬀ wavelength λc .

ln (αb ) ≈ ln (b1 ) + b2 · S + b3 · δΔ
λc ≈ c1 + c2 · S + c3 · δΔ

(4)
(5)

Here, bi and ci (i = 1, 2 and 3) show the coeﬃcients, and δΔ
is defined as the diﬀerence in relation to an arbitrary reference value. In this study, we can empirically derive the b2
value of our HAF as −18 by applying the least mean square
method to the results shown in Fig. 4(a). As for c2 , we can
also obtain 337 (for S ≤ 0.45) or 8543 (for S > 0.45) using
Fig. 4(b).
2.3 HAF with Desired Characteristics
Taking the previous discussion into account, we can easily
derive the optimum design conditions for HAF with desired
characteristics. For example, we assumed the following requirements for our HAF. 2Ww/o−h and λc values were determined by taking into account the typical characteristics of a
conventional SMF [13].
i) 2Ww/o−h must be 9 μm or more and the relative variation
in the MFD should be more than −0.1 at 1310 nm,
ii) αb should be less than 0.5 dB/turn at 1625 nm and r =
5 mm,
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iii) λc should be 1260 nm or shorter.
Figure 6 shows the calculated relationship between the
S and Δ values when we set 2a at 8 μm. The solid line
shows the αb condition obtained with Eq. (4), and we can
expect an αb of less than 0.5 dB/turn at 1625 nm and at r =
5 mm in the region to the right of the solid line. The dashed
line shows the λc requirement derived with Eq. (5), and a λc
of shorter than 1260 nm can be obtained to the left of the
dashed line. Therefore, we can design HAF with the desired αb and λc characteristics by setting the S and Δ values
in the region surrounded by the solid and dashed lines. In
Fig. 6, we can also derive the corresponding V and Δ values as 2.3 and 0.35%, respectively, if we substitute the 2a
of 8 μm and the 2Ww/o−h requirement of 9 μm into Eq. (2).
We then directly determined the minimum and maximum S
values as 0.26 and 0.40, respectively. Thus, we can obtain
the optimum design conditions by considering the arbitrary
core diameter.
Figure 7 shows the optimum design conditions for
HAF that satisfies the 2Ww/o−h , αb and λc requirements. The
left and right figures show the 2a conditions as a function
of the S and Δ values, respectively. Figure 7 reveals that
HAF with the desired characteristics can be expected by designing the S , 2a and Δ values in the 0.25–0.53, 6.0–8.2 μm
and 0.323–0.370% ranges, respectively. As an example, we
designed the 2a and Δ values at 7.8 μm and 0.34%, respectively. The corresponding V value becomes 2.24. Then, the

Fig. 6 Calculated relationship between air filling fraction S and relative
index diﬀerence Δ when we set 2a at 8 μm.

Fig. 7 Optimum design conditions for HAF with desired MFD, bendingloss and cutoﬀ wavelength characteristics.

allowable minimum RIn /a can also be derived as 1.7 by using Eq. (3). Thus, HAF with the desired characteristics can
be obtained by controlling the inscribed circle radius and the
air hole diameter so that the RIn /a and S values are more than
1.7 and in the 0.26–0.50 range, respectively. As a result, we
clarified that HAF with the desired MFD, bending-loss and
cutoﬀ wavelength can be roughly designed using the specific
structural parameters of V, S and Δ.
3.

Experiments and Discussion

3.1 Properties of HAF
We then fabricated HAFs with diﬀerent structural parameters taking the previous discussion into consideration. Table 1 summarizes the characteristics of three HAFs. HAF1
and 2 had similar 2a and Δ values of 7.8 μm and 0.31%, respectively. The 2a and Δ values of HAF3 were set at slightly
larger values than the other HAFs. The N values of HAF1
and 2 were 6 and 10, respectively. The (S , RIn /a) values of
HAF1 and 2 were designed to be (0.49, 2.1) and (0.41, 2.8),
respectively, so that the requirements i) to iii) described in
Sect. 2.3 were satisfied simultaneously. By contrast, the S
value of HAF3 with 6 air holes was set at 0.60 for comparison, but RIn /a was designed to be 2.0 to maintain the
relative variation in MFD at more than −0.1. Table 1 confirms that HAF1 and 2 meet the MFD, αb and λc requirements. It is also seen that with HAF3 an extremely low αb
of less than 0.01 dB/turn was achieved with a satisfactory
mode-field characteristic, although λc becomes longer than
1600 nm. These results well support the expected properties
as described in the previous section.
It is also noted from Table 1 that the zero-dispersion
slope S 0 of the fabricated HAFs tends to be large compared
with that of conventional SMF. Moreover, a slight shortening in the zero-dispersion wavelength λ0 can be seen in
HAF3. Figure 8 shows the calculated λ0 (left side axis) and
S 0 (right side axis) as a function of RIn /a. The 2a, Δ, S and
N values were set at 9.0 μm, 0.3%, 0.4 and 10, respectively,
as examples. Two dashed lines with an arrow indicate the λ0
and S 0 values without the air holes. Figure 8 confirms that
λ0 becomes shorter as RIn /a decreases. Moreover, a 30%
Table 1

Characteristics of fabricated HAFs.
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Fig. 10

Fig. 8 Calculated zero-dispersion wavelength λ0 and zero-dispersion
slope S 0 as a function of normalized inscribed circle radius RIn /a.

Fig. 9

Table 2

Schematic image of HAF based optical cord.

Insertion and return losses of HAF based optical cords.

enlargement in the S 0 can be found when RIn /a is reduced
to 2.0. These results reveal that the chromatic dispersion
characteristics of HAF are also sensitive to the RIn /a value.
3.2 Applicability of HAF
A relatively short HAF based optical cord will be an attractive application when we consider HAF as a candidate for
BIF. The endface of HAF should generally be appropriately
sealed to prevent any air hole contamination. We therefore
prepared a 5 m long optical cord using HAF1–3. Figure 9
shows a schematic image of the fabricated HAF cord. A
conventional SMF was fusion spliced to both ends of the
HAF to protect the air holes. A conventional SC connector
was attached, and the other end of the SMF was adequately
polished.
Table 2 summarizes the insertion and return losses of
the HAF based optical cords measured at 1550 nm. In this

Experimental setup for measuring MPI.

experiment, we used a conventional SMF with an MFD
of 8.6 μm at 1310 nm and a cutoﬀ wavelength of less than
1260 nm. There were 10 samples. Table 2 confirms that
satisfactory low insertion losses were achieved independent
of the HAF characteristics since the MFD values of all the
HAFs were comparable to that of the SMF. We also found
that all the HAF based optical cords had good return loss
characteristics. These results show that endface termination
with fusion spliced SMF is beneficial for realizing a HAF
based bending-loss insensitive optical cord.
Superior light confinement achieved using the holeassisted structure also aﬀects the higher order mode. Moreover, HAF3 has a longer cutoﬀ wavelength characteristic.
It can be considered that the modal noise in HAF may degrade the transmission characteristics. We then examined
the multi-path interference (MPI) characteristics [16], [17]
of our HAF. Figure 10 shows the experimental setup we used
for measuring the MPI [17]. We used an external cavity type
wavelength tunable laser diode (WTLD) as a light source.
The cw light from the WTLD was guided into a test sample via a polarization controller (PC) and a 2 m long master
cord, which consisted of conventional SMF. The light transmitted through another master cord was detected with an optical power meter (PWM). Then, the MPI of the test sample
was evaluated using the peak-to-peak value of the received
power.
Figure 11 shows the MPI characteristics of the HAF
based optical cords. The upper and lower parts of the figure show the results measured at 1310 and 1550 nm, respectively. The filled circles and bars show the average and
maximum/minimum levels for 10 samples. Here, the reference MPI was evaluated by replacing HAF based optical
cord with 5 m long SMF cord. Figure 11 confirms that the
MPI of the HAF based optical cords was comparable to the
reference level independent of wavelength and type of HAF.
Moreover, it should be noted that we can expect negligible influence on both analog and digital transmission performance if we ensure an MPI of less than −50 dB [18].
Figure 12 shows the relative degradation in MPI as a
function of the bending radius r. The measurement wavelength was 1550 nm and the number of bends was set at 10.
The filled circles show the results obtained with the conventional SMF. The open circles, triangles and diamonds show
the results obtained with HAF1, 2 and 3, respectively. Figure 12 shows that the MPI in the SMF was degraded as the r
value decreased. This is because the leaked light induced by
a small bend interferes with the guided light. Reference [18]
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optical wiring in terms of MPI characteristics. These results
showed that a hole-assisted type BIF will be beneficial for
realizing easy and economical installation and maintenance
in future access networks.
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