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Abstract

We propose a novel passive band-pass filtering scheme to obtain a net gain in a band-co
system using a W-type fiber waveguide, slicing a shorter wavelength gain band out of a give
ulated emission cross-section. By controlling the location of the LP01 mode cut-off, fiber design
parameters are presented for obtaining a U-band gain from Tm ions and S-band from Er io
tolerance of the LP01 mode cut-off wavelength and the accompanying bending loss are theore
analyzed in terms of waveguide parameters.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The increasing demand for wider communication bandwidth has brought in exte
expansion of conventional communication bands into neighboring windows such as S
(1450–1530 nm) and U-band (1625–1675 nm), and amplifiers for the corresponding
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are essential for optical networks. The optical fiber amplifiers for S-band were ini
developed by gain shifted Tm-doped fluoride fibers using the up-conversion pum
schemes [1]. Recently S-band Er-doped fiber amplifiers (EDFAs) have been repor
suppressing the emission in C-band at longer wavelengths [2,3]. Silica glass host an
mercially available components make the S-band EDFA highly competitive yet sp
waveguide designs or filtering methods are required since the emission cross sec
C-band is several times greater than S-band in Er ions. Tm ions show the peak em
cross section near 1.8 µm in a direct three level transition in silica glass [4], and a we
tical gain around 1600–1700 nm covering U-band have been reported in silica base
fibers [5]. However the competing emission was not effectively suppressed in the
and a higher gain could be expected after filtering out the 1.8 µm band with a specia
design. Consequently, it is essential to implement versatile methods for suppressing
wavelengths above S- or U-band in order to achieve optical fiber gain blocks in the
of interest.

In contrast to conventional step index single mode fibers, W-type fibers have the
mental LP01 mode cut-off at a long wavelength to provide a short wavelength pass
characteristic as well as negative chromatic dispersion [6–11]. In particular, para
analysis on waveguide structure and bending loss studies have been established in
ica glass window around 1550 nm for the application of low loss, passive transm
fibers. We will extend the application of W-type fibers to active devices such as fibe
plifiers, where the unique feature of W-fiber, LP01 cut-off, is applied in a rare earth dope
fiber in order to effectively filter out the competing longer wavelength emission band
achieve a net gain in a shorter wavelength band. In this paper, we present detail
oretical analyses on W-type fiber designs to obtain S-band out of Er and U-band
Tm emission cross sections adopting unique short pass characteristics of W-type
Parametric studies on the impact of fiber structural deviation over the location of the01
mode cut-off wavelength and bending loss of a W-type fiber are theoretically ana
for the first time to the best knowledge of the authors. The sensitivity of the cut-off w
length and bending performances over the W-type fiber parameter variations will pr
practical information for design and fabrication of active fibers.

2. Waveguide design for U- and S-band amplifiers

The structure of W-type fiber is illustrated in the inset diagram at the upper le
Fig. 1. It is composed of three layered structure, high refractive index core, depresse
cladding, and silica cladding. The depressed index cladding is usually achieved by d
fluorine or boron in silica, while the core index is raised by germanium or aluminum
refractive indices of core, depressed cladding, and outer cladding are denoted asn+, n−,
andn0, respectively. The refractive index differences are expressed as�n+ = (n+ − n0)

and �n− = −(n− − n0). The core radius isa and the depressed cladding radius isb.
These are the key waveguide parameters of a W-type fiber and they will determine g
properties of the W-fiber.

One of unique properties of W-type fibers is existence of the fundamental LP01 mode
cut-off [6,8]. As the wavelength increases, the effective index of the fundamental01
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Fig. 1. Structure of W-type fiber and schematics of slicing a desired band by W-type fiber along with fiber be
The waveguide parameters of W-type fiber are shown in the inset figure on the left hand side. Heren+, n−, n0, a,
andb are refractive index of core, depressed cladding, outer cladding, core radius, and depressed claddin
respectively. The refractive index differences are expressed as�n+ = (n+ − n0) and�n− = −(n− − n0). By
the LP01 mode cut-off atλc, the signal atλ > λc will be suppressed while the signal atλ < λc will be guided. In
addition, the location ofλ′

c can be effectively shifted toλc by bending the fiber.

mode decreases. At the cut-off wavelength,λc, it gets to the value of cladding index the
leaks out as a radiation mode as shown in the inset diagram at the upper right of
Therefore, the light whose wavelength is longer than the cut-off can be filtered ou
sively in a W-type fiber while the shorter wavelength signal experiences negligible
This short wavelength-pass filter characteristics will allow us to slice out an appro
shorter wavelength gain band out of a given emission cross-section of an active ion
ever, it is naturally expected that there would be structural deviation of W-type fiber
the initial designs during the fabrication process to result in a deviation of the cut-off w
length toλ′

c, as schematically shown in the horizontal axis of Fig. 1. In order to rem
this deviation, we propose to further bend the fiber in a certain radius of curvature
macro-bending losses of LP01 mode in W-type fibers are significant compared to conv
tional single step index profile fibers such that circumventing the high losses of W
fibers had been challenging when considering deploying the fibers [6,12]. The high
age loss in W-type fibers induced by macro-bending, however, can be taken advant
our purpose. The bend will affect the effective index structure as shown in the bott
Fig. 1 and will induce the loss atλ′

c and effectively shift the cut-off fromλ′
c to λc. Primary

mechanisms for effective spectrum slicing in a W-type fiber, therefore, would be loc
the LP01 mode cut-off by waveguide design and controlling the bend induced loss.

The emission cross-sections of Tm ions [13] in fluoride fibers and Er ions [14] in
fibers are shown in Fig. 2 along with schematic diagrams for the proposed mechan
obtain U- and S-band in W-type fibers. By allocating the LP01 mode cut-off at an appro
priate spectral position, we can filter the competing parts of the emission cross sec
the longer wavelength and slice out the desired portion in the shorter wavelength
U-band (1620–1670 nm) out of Tm ions and S-band (1460–1530 nm) out of Er ions
ing the short wavelength pass characteristics of W-type fibers.



S. Yoo et al. / Optical Fiber Technology 11 (2005) 332–345 335

F) and
nted the
at of

ce-
ng
with
calar
he

of
nts,

nium
doped

e glass

index
is
of
rs were

cribed
Fig. 2. Schematics for slicing U- and S-band out of the emission cross-sections of Tm-doped fiber (TD
Er-doped fiber (EDF), respectively. The emission cross sections are from Refs. [9,10]. Here we prese
W-type fibers where the LP01 mode cut-offs are located at the upper bound of U-band, 1670 nm, and th
S-band, 1530 nm. In this condition the signal at a shorter wavelength,λs, thanλc will be guided while the longer
wavelength signalλs will be cut-off to result in slicing out U- and S-band out of TDF and EDF, respectively.

In this paper the LP01 mode cut-off wavelength is calculated in the following pro
dure. Firstly, the effective index of the LP01 mode is obtained at a wavelength by solvi
vectorial Maxwell’s equations for the three-layered structure of W-type fiber along
boundary conditions at the interfaces. The electric field in W-type fiber is given in s
form as below [8], and the coefficients,Ai , and subsequently the effective index of t
mode can be computed by solving Maxwell’s equations

E(r) =



A0J0(ur/a) for r < a,

A1I0(w
−r/b) + A2K0(w

−r/b) for a < r < b,

A3K0(wr/b) for r > b,

(1)

whereJ0, I0, andK0 are Bessel functions of the first kind, modified Bessel function
the first kind, and the second kind, respectively. The normalized propagation constau,
w−, andw are defined asu = a{(k0n

+)2 − β2}1/2, w− = b{β2 − (k0n
−)2}1/2, andw =

b{β2 − (k0n0)
2}1/2, respectively. Here we assumed the core index is raised by germa

and the inner cladding index is depressed by fluorine. The material dispersion of the
layers was calculated using three term Sellmeir equations for binary germanosilicat
[15] and F-doped silica [16].

Then the wavelength is scanned until the effective index matches the refractive
of the silica cladding, at which the LP01 mode cut-off,λc, is evaluated. The routine
repeated for variation of fiber structure parameters to find its impact on the locationλc.
When we varied one parameter in the analysis, all the rest of waveguide paramete
kept unchanged.

Macro bending loss also affects the output spectrum of a W-type fiber and is des
as below in LP01 mode [17,18].

α =
(

πv8

16aRbw3

)1/2

exp

(
−4

3

Rb

a

w3�

v2

)[ ∞∫
0

{1− f } 1

a2
F0r dr

]2/ ∞∫
0

F 2
0

1

a2
r dr

(2)
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with refractive index profile function,f ,

f =



0, 0< r < a,
n+−n−
n+−n0

, a < r < b,

1, r > b

(3)

and with refractive index parameter,�, is given by

� = 1

2

(
1− n2

0

n+2

)
, (4)

whereRb is bending radius, andF0 is the electric field magnitude, the solution of Eq. (1)
is expected that the macro-bending losses depend on fiber parameters from Eqs. (3)
which would distinguish the induced bending losses from the one layer step index
fiber.

Note that the bending loss does depend on wavelength as in Eq. (2) and it can c
rate our proposed spectrum slicing scheme in W-type fiber by inducing higher loss
longer wavelength. Therefore, firstly the LP01 mode cut-off wavelength is controlled b
main parameters mentioned previously, and then the parametrically determined fund
tal cut-off wavelength is further tuned by imposing macro-bending loss therein.

In order to analyze the effects of waveguide parameters and bending, we have de
W-type fibers by solving Eq. (1) to have the LP01 cut-off wavelengths,λc, at an appropri-
ate spectral position for U- and S-band applications. Note that we locatedλc at the upper
boundary of each band of interest such that W-type fiber for U-band, 1620–1670 nm
the cut-off at 1670 nm, while that for S-band, 1460–1530 nm, hadλc at 1530 nm in or-
der to suppress the longer wavelength emission bands. The parameters given in
were determined by following procedure. Firstly, we set�n− as 0.005, which can b
achieved by F doping in SiO2 glass layer in conventional fiber manufacturing proce
Then, the core radius,a, was decided as 2 µm so as to match the conventional high p
amplifier applications [19]. The cut-off wavelength is, then, determined by controllib

and/orn+. In W-type fibers, the ratio of refractive index contrast between depressed
cladding and core,�n−/�n+, and the ratio of depressed cladding radius to core ra
b/a, are known to characterize the performance [6,8,10]. Once the numerical aper
the W-fiber is kept as 0.17 as in high power amplifier applications [19], the�n−/�n+
is consequently assigned to be 0.05. We setb/a = 3 in order to provide flexible contro
of cut-off wavelength [8]. In these conditions, then+s are calculated with Eq. (1) to allo
cate the fundamental mode cut-off wavelengths at 1670 and 1530 nm for U- and S
respectively. The W-fiber with�n−/�n+ ∼ 0.05 along withb/a = 3 has been know

Table 1
Parameters of calculated W-type fibers for U- and S-band amplifiers

Application band a (µm) b (µm) rf (µm) n+ n− n0 λc in LP01 mode (nm)

U-band 2 6 62.5 1.4683 1.4520 1.4570 1670
S-band 2 6 62.5 1.4672 1.4520 1.4570 1530

a: Core radius,b: depressed cladding radius from the center,rf : fiber radius,n+: refractive index core,n−:
refractive index of depressed cladding,n0: refractive index of outer cladding,λc: cut-off wavelength evaluate
from the parameters shown in this table.
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to support relatively stable performance against the fundamental mode cut-off wave
variation [6]. The given parameters in Table 1 were chosen so as to satisfy the requi
for stable guiding performance as well as high power amplifier applications.

For the initial waveguide parameters in Table 1, we investigated the effects of bend
W-fibers by estimating the bend induced loss at the upper and lower boundary of the
of interests, 1620 and 1670 nm for U-band fiber and at 1460 and 1530 nm for S-ban
change of bending loss was theoretically predicted for variations in fiber parameters

3. The LP01 mode cut-off wavelength versus variations in fiber parameters

3.1. Impact of core parameters on cut-off wavelength

For the given fiber structures of U- and S-band fibers in Table 1, firstly the cor
dius,a, and core refractive index,n+, is varied by�a and�n+, respectively and then th
impacts of the relative variation�a/a and�n+/n+ over the LP01 mode cut-off wave-
length,λc, are analyzed and the results are shown in Fig. 3. Considering the state
fabrication, the curves ofλc are plotted in the region of−5 < �a/a < 5%, corresponding
to ±0.1 µm variation ina in Fig. 3a and in the region of−0.034< �n+/n+ < 0.034%,
±0.0005 variation inn+, in Fig. 3b. In both U- and S-band fibers,λc significantly shifts to

(a)

(b)

Fig. 3. Dependence of the LP01 mode cutoff wavelengths,λc, on the variation of (a) core radius,�a/a, and
(b) core refractive index,�n+/n+, in U- and S-band. Here for the negative�a/a and�n+/n+, λc decreases
and its relative magnitude is plotted. Theλc is 1670 and 1530 nm in U- and S-band, respectively, when�a/a

and�n+/n+ = 0. The initial fiber parameters are given in Table 1.
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a longer wavelength with increasing core parameters and shifts to a shorter wavelen
decreasing core parameters in a linear manner.

For 5% increment of�a/a, the λc increases as high as 1780 nm from 1670 nm
U-band. Theλc decreases to 1560 nm for−5% of �a/a. The curves were linearly fitte
to find the slope of theλc variation. In U-band, the slope,(|�λc|/λc)/(�a/a), in the case
of �a/a < 0 is around−1.35 and the curve in the case of�a/a > 0 shows a similar slop
about 1.32.

The magnitude of the shift ofλc is reduced in the case of S-band. The±5% variation in
�a/a gives rise to change ofλc in the range 1440–1630 nm. The slopes of the curve
S-band are−1.2 when�a/a < 0 and 1.30 when�a/a > 0.

For the variation ofn+, in U-band, theλc increases as high as 1730 nm from 1670
for 0.034% increment of�n+/n+ and it decreases to 1610 nm for−0.034% of�n+/n+.
The curves were also linearly fitted to find the slope of theλc variation. The slopes
(|�λc|/λc)/(�n+/n+), in the region of�n+/n+ < 0 are around−100 and−110 in
U- and S-band, respectively, and the curves in the case of�n+/n+ > 0 have very sim-
ilar slopes about 108 and 110 in U- and S-band, respectively.

As shown in Fig. 3,λc is very sensitive to the variation ofa as well asn+. Using the
linear fits, the variations inλc corresponding to increase in the core radius by 0.1 µm
estimated as 120 and 106 nm for U- and S-band, respectively. It was also found t
inaccuracy by 0.0005 inn+ will induce λc shift around 60 nm in both of U- and S-ban
Even in the state of art fabrication, 0.1 µm inaccuracy of core radius could be com
encountered but the corresponding cut-off wavelength shift around 100 nm would
practical problem to precisely locateλc at a desired spectral position.

In order to circumvent this fabrication limitation, we propose that a W-type fiber s
ture and macro-bending be simultaneously employed. In this proposed technique, a
fiber with a larger core and/or highern+ within an allowed range is fabricated and the s
nal at a longer wavelength than the targetλc is furthermore suppressed by bending lo
see Fig. 1. Note that bending loss grows exponentially with increasing wavelength
small bending radius [20] and W-fiber under the macrobending will further suppres
long wavelength signals while maintaining high transparency in the desired shorter
length bands. Note that the given parameters were carefully determined to stabil
performance against LP01 cut-off wavelength. Therefore, the resultedλc shift can be easily
expected in practice.

3.2. Impact of depressed inner cladding parameters on cut-off wavelength

Shifts inλc for the relative inner cladding radius variation,�b/b, and refractive index
�n−/n−, are calculated for U- and S-band and the results are shown in Fig. 4. Initiall
variations ofb andn− are ranged in 5.9 < b < 6.1 µm corresponding to−1.7 < �b/b <

1.7%, and 1.4515< n− < 1.4525, corresponding to−0.034< �n−/n− < 0.034%, re-
spectively, considering fiber fabrication errors. In Fig. 4a the depressed cladding radb,
expands up to 12 µm (100%) from 5.4 µm (−10%) to investigate the behavior ofλc for
�b/b.

Compared with the behavior ofλc with respect to the variation in the core radius, Fig.
shows very different nature. The cut-off wavelength,λc, monotonically decreases step-w
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Fig. 4. Dependence of the LP01 mode cutoff wavelengths,λc, on the variation of (a) depressed cladding radi
�b/b, and (b) refractive index,�n−/n−, in U- and S-band. Here for the negative�n−/n−, λc decreases an
its relative magnitude is plotted. Theλc is 1670 and 1530 nm in U- and S-band, respectively, when�b/b and
�n−/n− = 0. The initial fiber parameters are given in Table 1.

for increasing�b/b until �b/b reaches 50%. When the inner cladding is expanded m
than 50% of the initial value,�b/b > 50%,λcs do not change any more and they stay
1620 and 1500 nm for U- and S-band, respectively. It is noteworthy that the amounλc
shift is much less significant compared to that in the case of core radius depende
both of U- and S-band,λc shift is considerably reduced to be about 5 nm for the chang
b by 0.1 µm in the range of−1.7%< �b/b < 1.7%, which is only a fraction compared
theλc shift by�a/a.

The shifts inλc for the relative variation of the refractive index of inner claddi
�n−/n−, are also shown in Fig. 4b. Theλc shifts to longer wavelength with increasin
�n−/n− and shows steeper increase for�n−/n− > 0. The slopes of the curves wit
linear fitting produce 40 and 50 nm shift inλc for 0.0005 deviation ofn− in the region
of −0.034< �n−/n− < 0% and 0< �n−/n− < 0.034%, respectively, in U-band. I
S-band, the linearly fitted slopes give rise toλc shift in 30 and 50 nm for 0.0005 variatio
in n− in the region of−0.034< �n−/n− < 0% and 0< �n−/n− < 0.034%, respec
tively.

The λc shift depending on the parameters of depressed inner cladding is signifi
reduced in particular on the depressed cladding radius compared to the case of co
meters. Nonetheless, the variation of the refractive index of depressed cladding is fo
cause considerable shift inλc. Therefore, the bending loss should be considered to sup
any expected longer wavelength guidance in W-fibers induced by the variation ofn−.
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4. Macrobending for the longer wavelength signal suppression and its dependence
on the variation of parameters

The macro bending in the proposed W-fibers is plotted against the core diamete
ation,�a/a, for the various bending radii,R, in Fig. 5. The bending loss grows as�a/a

andR decrease. Moreover, the bending loss at the longer wavelength, 1670 nm for U
and 1530 nm for S-band, is greater than at the shorter wavelength, 1620 nm for U
and 1460 nm for S-band, by orders of magnitude. Due to this differential bending lo
can keep the bending loss in the bands of interests negligible while effectively indu
large bending loss to suppress the wavelengths beyond the band.

In Fig. 5a, when�a/a is 5%, the bending losses at 1620 and 1670 nm withR = 18 mm
are 10−3 and 60 dB/m, respectively. Assuming that the fiber length of 10 m is wound
a post ofR = 18 mm, signal beyond 1670 nm will be effectively suppressed by ben
loss over 600 dB while keeping a high transparency of 0.1 dB at 1620 nm. Now if�a/a

is smaller than 1.5%, the bending radius of 18 mm is too tight to result in high loss a
1620 and 1670 nm and a larger bending radius is necessary. For�a/a = 1.5%,R = 23 mm
is preferred to support U-band transparency. Figure 5b depicts the bending loss of
S-band fiber with the bending radii of 15 and 20 mm. Assuming S-band fiber of 10 m
and�a/a of 5%, the bending radius of 15 mm will induce a loss below 0.1 dB at 1460

(a)

(b)

Fig. 5. Bending loss of W-type (a) U-band fiber at the boundary of the band, 1620 and 1670 nm and (b)
fiber at the boundary of the band, 1460 and 1530 nm. Under the lower horizontal line at 10−2 dB/m, the trans-
parency in each band is maintained while longer wavelength than each band is suppressed above
horizontal line at 20 dB/m with 10 m long W-type fibers.
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Fig. 6. Bending loss vs wavelength in U-band W-fiber.λ′
c is deviated cut-off wavelength induced by 5% variati

in �a/a. The horizontal lines in (a) and (b) indicate the effective cut-off condition and the complete suppr
above U-band with 10 m fiber length, respectively.

while more than 200 dB loss at wavelength over 1530 nm. When the variation�a/a is
smaller than 1.7%, the S-band failed to be transparent forR = 15 mm and a bendin
radius larger than 20 mm is required. Note that the fiber length of 10 m is arbitrary bu
representing actual fiber length in rare earth-doped fiber amplifiers. Two horizontal
lines are added on Fig. 5, which correspond to the bending losses of 10−2 and 20 dB/m.
These will serve as a guide line for 10−1 dB loss for the band of interest and 200 dB lo
for signal beyond the band [2].

In Fig. 5, we have confirmed that bending the W-fibers will provide ability to contro
cut-off wavelength. In order to further analyze the shift ofλc in spectral domain, we ca
culated the bending loss as a function of wavelength for various bending radii as in F
and 7. Here we will examine specific cases such that we have�a/a = 5%, which will
shift the cut-off wavelength toλ′

c. By applying bending to this fiber of 10 m long, we w
induce wavelength dependent bending loss to result in effectiveλc shift toward the shorte
wavelength as illustrated in Fig. 1. As the cut-off wavelength is conventionally determ
at the point where the maximum transmitted power drops by 2 dB [21], we drew 0.2 d/m
horizontal line in Figs. 6a and 7a, to determine the effective cut-offs for different ben
radii. In Figs. 6b and 7b with a larger vertical scale, we also drew 20 dB/m horizontal
line, to estimate the long wavelength from which fiber bending will induce loss more
200 dB.
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Fig. 7. Bending loss vs wavelength in S-band.λ′
c is the deviated cut-off wavelength induced by 5% variation

�a/a. The horizontal lines in (a) and (b) indicate the effective cut-off condition and the complete suppr
above S-band with 10 m fiber length, respectively.

For U-band,�a/a = 5% result inλ′
c = 1780 nm. Figure 6a illustrates that the effect

cut-off wavelength does depend on bending radii. The effective cut-off wavelength m
to 1705, 1660, and 1620 nm forR = 23,22, and 18 mm, respectively. However, the cut-
shift alone is not enough to suppress the competing emission at the longer wavelen
we need to confirm more than 200 dB loss beyond the band of interests as recomm
in Ref. [2]. In Fig. 6b, losses over 200 dB are achieved in 10 m long W-fibers above
1695, and 1660 nm forR = 18,20, and 18 mm, respectively. These results clearly s
that the bending loss provides an effective post-fiber fabrication technique to contr
LP01 mode cut-off wavelength of W-fiber as well as to suppress the longer wavel
above the band of interests, compensating the deviation ofλc by �a/a of 5%.

For S-band,�a/a = 5% result inλ′
c = 1630 nm. In Fig. 7a, the effective cut-off wav

length moves to 1530, and down to 1430 nm forR = 20 and 15 mm, respectively. Figure
shows the condition of further suppression of the wavelengths above S-band with di
bending radius. Over 200 dB losses are induced in the longer wavelengths above
by bending W-fibers with 17< R < 20 mm. Similar to Fig. 6, we found that fiber bendi
will provide an effective method to overcome waveguide parameter variations and
quent changes in cut-off wavelength and suppress the competing emission in the
wavelengths.

Figure 8 shows the dependences of bending losses on�n+/n+. Note that the curve
were not plotted in the region where the LP01 mode cut-off condition is met by the variatio
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Fig. 8. Bending losses of W-type (a) U-band fiber and (b) S-band as a function of the relative core re
index variation,�n+/n+. Under the lower dotted horizontal line at 10−2 dB/m, the transparency in each ba
is maintained while the longer wavelength signal is suppressed above the upper dotted horizontal line at 2/m
for 10 m long W-type fibers.

�n+, because it is not meaningful to calculate the bending loss for leaky modes b
the cut-off condition. In Fig. 8, it is shown thatR between 20 and 25 mm significant
suppresses the longer wavelength as indicated by the upper dotted horizontal line
taining high transparency in U- and S-band, bounded by the lower horizontal line, for
long W-type fibers. Therefore, the cut-off shift induced by the fabrication inaccuracy
0.0005 in refractive index of the core,�n+/n+ = 0.034%, can be recovered by windin
10 m long fibers on a post of bending radius 20< R < 25 mm for both U- and S-ban
W-fibers.

Figure 9 shows the dependences of bending losses on�n−/n−. Similarly to Fig. 8,
the curves were not plotted in the region where the LP01 mode cut-off condition is met b
the variation�n−. It is found the variation of�n−/n− induces less significant chang
in the bending loss compared with the variation induced by�n+/n+. The bending losse
at the shorter boundaries, 1620 nm for U-band and 1460 nm for S-band were almo
unchanged regardless of the variation of�n−/n− . At the longer boundaries, 1670 nm f
U- band and 1530 nm for S-band, the bend-induced losses in a relatively wide rang
obtained for different bending radii. It is found that the fabrication error inn− by 0.0005
can be compensated by bending the fiber with 20< R < 25 mm.

In Figs. 5, 8, and 9, it was found that the dependences of bending losses on cor
meters are more significant than on depressed cladding parameters. Moreover, w
that the normal deviations inn+ andn− occurred in conventional fabrication process, c
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Fig. 9. Bending losses of W-type (a) U-band fiber and (b) S-band as a function of the relative depressed
refractive index variation,�n−/n−. Under the lower dotted horizontal line at 10−2 dB/m, the transparency i
each band is maintained while the longer wavelength signal is suppressed above the dotted upper horiz
at 20 dB/m for 10 m long W-type fibers.

be effectively compensated bending the fiber in a radius range of 20< R < 25 mm. On
the while, the deviation ina requires a tighter bending radius such as 18< R < 23 mm in
U-band and 15< R < 20 mm in S-band.

5. Conclusion

The fundamental mode cut-off behavior in W-type fibers was theoretically investi
in terms of parameters along with bending loss for the purpose of modifying emission
section and subsequently slicing U-band out of thulium and S-band from erbium. S
the LP01 mode cut-off wavelength as well as macro-bending loss was found to depend
heavily on the core parameters than the inner-cladding parameters. Bending the W-
an appropriate range of radius was found to provide an effective measure to comp
the cut-off wavelength shift induced by fabrication inaccuracy and furthermore en
the longer wavelength signal suppression inducing wavelength dependent bending
particular, the fabrication error by 0.1 µm in the core radius and 0.0005 in the refr
index of core, usually met in conventional fiber manufacturing process, were fou
be effectively compensated by bending the fiber with the radius near 20 mm. The
strongly suggest that a gain band in the shorter wavelength can be sliced out fro
given emission cross-section of a rare earth ion in fibers using W-type design alon
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an appropriately deigned bending loss mechanism. This proposed technique can be
in novel design of active rare earth doped fiber devices.
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