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Abstract: We report the characterization of a birefringent all-solidhybrid
microstructured fiber, in which the core-modes are guided byboth the
photonic bandgap (PBG) effect and total internal reflection(TIR). Due
to the twofold symmetry, modal birefringence of 1.5× 10−4 and group
birefringence of 2.1× 10−4 were measured at 1.31µm, which is in the
middle of the second bandgap. The band structure was calculated to be
different from conventional 2-D PBG fibers due to the 1-D arrangement
of high-index regions. The bend loss has a strong directional dependence
due to the coexistence of the two guiding mechanisms. The fiber has
two important properties pertinent to PBG fibers; spectral filtering, and
chromatic dispersion specific to PBG fibers. The number of high-index
regions, which trap pump power (by index guiding) when the fiber is
used in cladding-pumped fiber lasers, is greatly reduced so that this fiber
should enable efficient cladding pumping. This structure issuitable for
linearly-polarized, cladding-pumped fiber lasers utilizing the properties of
PBG fibers.
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1. Introduction

All-solid photonic bandgap (PBG) fibers [1–4] are one configuration of PBG fibers [5, 6] in
which a low-index glass core is surrounded by a microstructured cladding, which typically
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comprises isolated high-index glass regions embedded in a low-index glass background. The
core-modes are guided not by total internal reflection (TIR)but by coherent multiple scattering
from the microstructured cladding, and the guidance mechanism is explained by the PBG ef-
fect [7,8] or, more generally, by anti-resonant reflection [9,10]. A particularly interesting aspect
of all-solid PBG fibers is that their core can be doped with rare-earth ions to make fiber lasers.
Such fiber lasers then benefit from the properties of all-solid PBG fibers, such as spectral filter-
ing [11, 12], chromatic dispersion adjustable by design [1,2, 13], and the potential to achieve
large mode area [2,14,15].

Many applications of all-solid PBG fibers in fiber lasers require birefringence and the ca-
pacity for efficient cladding pumping. For example, when a high power fiber laser is used for
frequency doubling, linearly polarized output from a fiber laser is required, so that the laser cav-
ity preferably consists of cladding-pumped birefringent fibers and a polarizer [16]. To obtain
high cladding pumping efficiency in all-solid PBG fibers, it is necessary to minimize the amount
of pump power which is trapped (by index guiding) in the high-index regions, and hence not
absorbed by the rare-earth doped core. It has been reported that birefringence in an all-solid
PBG fiber can be realized by incorporating stress elements ina 2-D structure [17], however the
reported structure has many high-index regions and therefore may suffer low cladding pumping
efficiency.

With the aim of improving the cladding pumping efficiency of all-solid PBG fibers, we
have previously reported a cladding-pumped, ytterbium-doped, all-solid hybrid microstructured
fiber [18]. The fiber is based on a recently reported new form ofmicrostructured fiber, in which
the guidance mechanism is based on both the PBG effect and TIR[19]. The number of high-
index regions is reduced more than ten times (from 126 to 12) compared to comparable 2-D
structures, therefore high cladding pumping efficiency is expected. As a result of the twofold
rotational symmetry of the fiber, birefringence is also expected.

In this paper, we report the characterization of an all-solid hybrid microstructured fiber hav-
ing the same structure as previously reported [18] but having no ytterbium doping in the core.
We measured modal birefringence of 1.5× 10−4 and group birefringence of 2.1× 10−4 at
1.31µm, which are due to the twofold symmetry. The contribution ofstress and form birefrin-
gence to the modal birefringence is discussed. The measuredgroup birefringence showed large
wavelength dependency near the edges of the second bandgap.We calculated the band structure
of the 1-D arrangement of high-index regions and found it to differ noticeably from conven-
tional 2-D PBG fibers. The bend loss was measured to show a strong directional dependence
due to the coexistence of the two guiding mechanisms. The fiber has two important properties
of PBG fibers; spectral filtering, and chromatic dispersion specific to PBG fibers. This structure
is suitable for linearly-polarized, cladding-pumped fiberlasers utilizing the properties of PBG
fibers.

2. Fiber structure

The cross section of the fiber is schematically shown in Fig. 1(a). In the silica cladding (shown
in light gray), the Ge-doped high-index regions (shown in white) with pure silica jackets (shown
in light gray) are positioned periodically in the x-direction with pitchΛ. The diameters of the
high-index regions and pure silica jackets aredhigh anddsi. The remainder of the cross section
comprises fluoride(F)-doped low-index uniform glass (shown in dark gray). The core is formed
by replacing one high-index region with pure silica and the core diameter isdcore. Figure 1(b)
shows the refractive index profiles along with the x- and y-axis of the fiber cross section. In the
x-direction, the core is surrounded by the high-index regions and the guidance mechanism is
based on the PBG effect. Along the y-axis, the core is surrounded by the low-index cladding
and the guidance mechanism is based on TIR. The outer pure silica cladding surrounding the

#101787 - $15.00 USD Received 19 Sep 2008; revised 27 Oct 2008; accepted 27 Oct 2008; published 29 Oct 2008

(C) 2008 OSA 10 November 2008 / Vol. 16,  No. 23 / OPTICS EXPRESS  18754



low-index cladding is far from the core and the leakage loss through the low-index cladding is
negligibly small.

The cross section of the fabricated hybrid microstructuredfiber is shown in Fig. 2. The stack
and draw method was used for fiber fabrication. First, a Ge-doped silica preform with pure silica
cladding and a uniformly F-doped silica preform were both drawn into rods. These rods were
then hexagonally stacked in a pure silica tube and drawn to a fiber. The pitch of the high-index
regions,Λ, is 8.0 µm. According to the measurement of the Ge-doped silica preform before
being drawn into rods,∆nhigh is about 2.8% anddhigh/Λ is ∼0.5. The relative refractive index
profile of the high-index regions is approximated by∆n(r) = ∆nhigh[1− (r/R)4.25], where r is
the distance from the center of the high-index region andR = dhigh/2. The relative refractive
index difference of the low-index cladding∆nlow is -0.35%. The fiber diameter is 148µm.

(a) Cross section
(b) Refractive index profile

Fig. 1. Schematic cross section and refractive index profile of all-solid hybrid microstruc-
tured fiber.

Fig. 2. Cross section of the hybrid microstructured fiber.

3. Fiber characterization

3.1. Transmission

First, we measured the transmission spectrum of the fiber with different bend radii. The
measurements were taken using a supercontinuum (SC) sourceand an optical spectrum ana-
lyzer (OSA). The fiber length was two meters and the input and output ends were fusion spliced
to a step index fiber (λcuto f f ∼ 0.95 µm) to measure core-modes. The fiber was coiled to three
different radii; 160, 50, and 25 mm. For these measurements,no attention was paid to the bend
direction of the fiber relative to the direction of the high-index regions. The transmission spec-
tra of the fiber for the three different radii are shown in Fig.3. The spectra are normalized with
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regard to the spectrum of the SC source. The second, third, and fourth bandgaps were observed
in the wavelength regions centered at 1400, 900, and 700 nm. Additional but weaker transmis-
sion windows were observed between these bandgaps. These weak transmission windows are
not observed in 2-D PBG fibers. They are sensitive to fiber bending, and almost disappear as
the coiling radius is reduced.
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Fig. 3. Transmission spectra of the hybrid microstructured fiber.

To analyze the origin of these weak transmission windows observed in Fig. 3, we calculated
the band structures of the hybrid microstructured fiber and aconventional 2-D PBG fiber having
the same high-index region. The plane wave expansion method[20] was used for the calcula-
tion. Material dispersion was neglected and the refractiveindex of pure silica was fixed to 1.45
for simplicity. To resemble the real structure, we assumed thatdcore anddsi were both 8.8µm
in our calculations and hence we assumed the core and circular microstructural elements are
overlapping by 0.8µm. Λ, dhigh, ∆n(r), and∆nlow are the same as in the previous section.

3rd gap

2nd gap
1st gap

F-doped silica

A

B

C

D

(a) Hybrid structure

3rd gap

2nd gap 1st gap

(b) 2-D structure

Fig. 4. Calculated band structure and fundamental core-mode of the hybrid and 2-D struc-
ture. The core-mode is shown only in the second bandgap for simplicity. 7×7 supercell is
used for the calculation.

Figures 4(a) and (b) show the band structures of the hybrid and 2-D PBG fibers. In Fig. 4(a),
ne f f ∼ 1.445 corresponds to the refractive index of the F-doped low-index cladding and no
bandgap exists below this line. Shown as a solid line is the fundamental core-mode in the second
bandgap. The calculated transmission range is in reasonable agreement with the experiments,
the difference may be attributed to the changes in the refractive index profile and shape when
the preform was drawn to the fiber. When compared with the 2-D PBG structure [see Fig. 4(b)],
it is seen that the hybrid structure has an additional bandgap [region surrounded by the dotted

#101787 - $15.00 USD Received 19 Sep 2008; revised 27 Oct 2008; accepted 27 Oct 2008; published 29 Oct 2008

(C) 2008 OSA 10 November 2008 / Vol. 16,  No. 23 / OPTICS EXPRESS  18756



line in Fig. 4(a)] between the second and third bandgaps. Indeed, poorly confined core-modes
were found within the additional bandgap in our calculationand this explains the weak trans-
mission window observed around 1100 nm in Fig. 3. The formation of this additional bandgap
is explained by considering how bands are formed by high-index regions. Bands formed from
high-index regions are determined by (1) the modes of each high-index region and (2) how
high-index region modes couple and form a set of supermodes [8]. According to this model,
the set of supermodes between the second and third bandgaps is formed by the LP21 and LP02
modes of each high-index region. In the hybrid structure, high-index regions only exist in the
x-direction, limiting the formation of broadband supermodes, and an additional bandgap ap-
pears between the LP21 and LP02 modes of the high-index regions. Figures 5(a) and (b) show
two typical intensity profiles of the supermodes between thesecond and additional bandgaps;
Figs. 6(a) and (b) show the intensity profiles of the supermodes between the third and addi-
tional bandgaps. In the figures, the border of the pure silicajackets and the low-index F-doped
cladding is shown as solid lines. As the figures clearly show,the band of supermodes between
the second and additional bandgaps is formed by the LP02-based supermodes, and that between
the third and additional bandgaps is formed by the LP21-based supermodes. These additional
bandgaps may be eliminated by a modified design. In our calculations, as we increaseddhigh/Λ,
the high-index regions became more coupled and the additional bandgap disappeared.

It should be noted that the LP11 core-mode was found in the additional bandgap in our
calculation, therefore the fiber may be multi-moded in the shorter wavelength region of the
second bandgap. The results presented hereafter all relateto the fundamental mode because, in
the experiments, a launch fiber was spliced to the hybrid fiberto excite only the core-modes of
the fiber and the launch fiber is single-mode within the wavelength range of the measurements;
the fundamental core-mode of the hybrid fiber was therefore selectively excited.

(a) λ = 1.09 µm, ne f f =1.4476 [A in Fig. 4 (a)] (b) λ = 1.09 µm, ne f f =1.4464 [B in Fig. 4 (a)]

Fig. 5. Typical intensity profiles of the LP02-based supermodes between the second and
additional bandgaps of the hybrid structure.

(a) λ = 0.98 µm, ne f f =1.4473 [C in Fig. 4 (a)] (b) λ = 0.98 µm, ne f f =1.4466 [D in Fig. 4 (a)]

Fig. 6. Typical intensity profiles of the LP21-based supermodes between the third and ad-
ditional bandgaps of the hybrid structure.
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Figure 7 shows the loss spectrum of the fiber in the second bandgap. A minimum loss of
8 dB/km was measured at 1300 nm using a 66 m-length fiber, whichwas spooled on a 160 mm-
diameter bobbin. We believe that the measured loss is sufficiently low for most fiber laser
applications. The loss increase around 1240 and 1380 nm originates from OH ions, as no special
care was taken to reduce OH content in the fiber during fiber fabrication.
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Fig. 7. Loss spectrum of the hybrid microstructured fiber.

3.2. Bend loss

The fiber should have two bend loss mechanisms, relating to each of the guidance mechanisms.
To confirm this, we measured the directional dependency of bend loss of this fiber. The exper-
imental setup is shown in Fig. 8. A half-turn bend was appliedto a 1 m-length fiber using a
mandrel (Radius = 12.5 mm) and the bend loss was measured as a function of the bend angle
θ . The results are shown in Fig. 9. Whenθ = 0◦, almost no bend loss was observed, because
the dominant mechanism of bend loss is that of fibers guided byTIR and TIR is still main-
tained. On the other hand, whenθ = 90◦, significant bend loss appeared at both short and long
wavelength edges of the transmission range, because the dominant mechanism of bend loss is
now that of all-solid PBG fibers and the bend changed the band structure of the fiber [21]. This
property may practically be beneficial to reduce bend loss ofall-solid PBG fibers, if the fiber
(or its coating) has a non-circular shape which forces the fiber to be bent in theθ = 0◦ direction.

Fig. 8. Setup for angle dependency measurement of bend loss.

We next qualitatively compare the bend loss of the hybrid fiber with a comparable 2-D PBG
fiber by comparing the band structures. By comparing Fig. 4(a) and (b), it is seen that the hybrid
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Fig. 9. Measurements of angle dependency of bend loss.

structure has deeper bandgaps, i.e., has large bandgaps in the direction of the effective index.
The deeper bandgaps are realized by reduced mode coupling between the high-index regions
and give the fiber reduced bend loss [22]. To understand the bend loss sensitivity, we consider
two cases,θ = 0◦ and 90◦. Whenθ = 0◦, the origin of the bend loss is similar to fibers guided
by TIR, thus the refractive index difference between the core-modes to the low-index cladding
[shown in Fig. 4(a) as∆ne f f ] is a good measure of bend loss sensitivity. Whenθ = 90◦, the
origin of the bend loss is similar to PBG fibers, thus the refractive index differences between
the core-modes to the nearest supermodes (shown in Fig. 4 as∆n+

e f f and ∆n−e f f ) is a good
measure of bend loss sensitivity [22]. In both cases, these differences are larger for the hybrid
microstructured fiber compared to the 2-D PBG fiber. This suggests that this hybrid fiber should
show reduced bend sensitivity compared to the 2-D PBG fiber regardless of the bend angleθ .

3.3. Birefringence

The hybrid microstructured fiber has only twofold symmetry,so that the fiber has both form
birefringence [23] and stress birefringence [17]. The stress birefringence of the hybrid mi-
crostructured fiber arises from the one-dimensionally arranged highly Ge-doped regions, which
have a higher thermal expansion coefficient compared to puresilica.

Modal birefringence is generally the most important parameter for a polarization maintaining
fiber (PMF) since it is a direct measure of the ability to maintain linear polarization. When both
stress and form birefringence contribute to the birefringence, the total modal birefringence (Bm)
is the sum of the modal birefringence due to stress birefringence (Bms) and form birefringence
(Bm f ), i.e.,

Bm(λ ) = Bms(λ )+Bm f (λ ). (1)

TheBm of the fiber was measured by a cut-back method [24]. Linearly polarized light (po-
larized at 45◦ relative to the x-axis of the fiber) was launched into the coreof the fiber. A
single-mode launch fiber was spliced to the input end of the fiber to excite the fundamental
core-mode. We used a short launch fiber (less than 5cm) and kept it straight so that the change
of the polarization state in the launch fiber is minimized. A rotatable polarizer was positioned
at the output of the fiber, and the degree of linear polarization (DOLP) at the output was deter-
mined by finding the angles where the maximum and minimum output are obtained. DOLP is
defined by

DOLP =
Imax − Imin

Imax + Imin
(2)
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whereImax andImin in Eq. (2) are the maximum and minimum output power through the po-
larizer. The fiber length was initially 1 m and was shortened by 500 µm or 1 mm in each
polarization measurement, and the DOLP was measured as a function of the removed fiber
length. For this measurement, we used a laser diode operating at 1.31µm, which is nearly at
the center of the second bandgap. Figure 10 shows the measured DOLP as a function of the
removed fiber length. A DOLP oscillation with a period of∼4.5 mm is observed, which indi-
cates the beatlength is 9 mm. The beatlength corresponds to modal birefringence of 1.5×10−4

at 1.31µm. The measured modal birefringence is comparable to that ofconventional PMFs so
this fiber can be used as a PMF.
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Fig. 10. Measured DOLP as a function of removed fiber length.

To analyze the origin of the modal birefringence, we also calculated theBm f using the ABC-
FDM method [25]. The calculatedBm f , however, was of the order of 10−6 in the middle of
the bandgap and the difference between this value and the measurement is more than an order
of magnitude. We believe that the measured mode birefringence is primarily related to theBms

arising from the high-index regions at this wavelength.
We measured the group birefringence by the fixed analyzer method and the Jones matrix

eigenanalysis (JME). For the fixed analyser method, broadband light from a SC source was
launched into the fiber through a polarizer and the output from the fiber was detected by an
OSA after another polarizer. We used a 2 m-length fiber. Two single-mode fibers with negli-
gible birefringence were spliced to both ends of the hybrid microstructured fiber to selectively
measure the fundamental core-mode. Figure 11(a) shows the measured spectrum. The meas-
ured spectrum was not normalized and the dip around 1400 nm isdue to the output spectrum of
the SC source. Figure 11(a) shows the measured power as a function of the wavelength; the os-
cillation is due to the birefringence of the fiber. This oscillation is clearly shown in the detailed
spectra in Figs. 11(b) and (c). The group birefringenceBg(λ ) is given by

Bg(λ ) =
λ 2

L∆λ
(3)

whereL is the length of the fiber,λ is the wavelength, and∆λ is the wavelength difference
between two peaks of the oscillation [26]. Interestingly, the period of the oscillation becomes
very large around 1160 nm and 1540 nm. This implies that the group birefringence becomes
zero and changes sign around these two wavelengths. Taking this into account, we calculated
the group birefringence using Eq. (3). The result is shown inFig. 11(d) as a blue curve. The
group birefringence changes sign quite smoothly at these two wavelengths, supporting the as-
sumption that the group birefringence becomes zero. The twored curves shown in Fig. 11(d)
are the measured group birefringence by the JME using a 2 m-length fiber. The wavelength
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range was limited by the availability of tunable light sources. The sign of the measured group
birefringence was changed accordingly, based on our assumption that the group birefringence
becomes zero and changes sign around 1540 nm. These two results are in good agreement. It
should be noted that the sign of the group birefringence is not determined by these experimental
methods, thus the sign is arbitrary in Fig. 11(d).
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(c) Spectrum around 1375 nm
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Fig. 11. Measurements of the group birefringence.

The difference between the measured modal and group birefringence in the middle of the
bandgap is relatively large. In addition, the measured group birefringence changes sign near
the edges of the bandgap. These results are quite different from conventional PMFs such as
PANDA or Bow-Tie fibers, in which the difference between the two birefringence values is very
small [27], and the group birefringence has the same sign within the entire operating wavelength
range. To analyze these two unusual results, consider the definition of group birefringence (Bg)
which is given by,

Bg(λ ) = Bm(λ )−λ
dBm

dλ
. (4)

Equation (4) shows thatBm andBg can differ significantly whendBm/dλ is large, i.e., when
Bm is highly wavelength dependent. The measured difference betweenBm andBg is therefore
attributed to the relatively large wavelength dependence of Bm in the middle of the bandgap.
The large wavelength dependency ofBm could be both due to stress and form birefringence. By
substituting Eq. (1) into Eq. (4), we obtain

Bg(λ ) = Bgs(λ )+Bg f (λ ) (5)

where

Bgs(λ ) = Bms(λ )−λ
dBms

dλ
(6)
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Bg f (λ ) = Bm f (λ )−λ
dBm f

dλ
. (7)

In Eqs. (5)-(7),Bgs andBg f stand for group birefringence due to stress and form birefringence,
respectively. It has been reported thatBg f of a PBG fiber can be an order of magnitude larger
than theBm f [28], becauseBm f is highly wavelength dependent and the second term on the
right-hand side of Eq. (7) becomes large. In our calculationusing the ABC-FDM method, in
the middle of the bandgap, the second term on the right-hand side of Eq. (7) was smaller than
10−5, however, the value was sensitive to parameters of the calculation and can exceed 10−5 by
small changes in the parameters; the second term on the right-hand side of Eq. (7) may partially
explain the difference between the measuredBm andBg. In addition, in our hybrid fiber, the
Bms can be highly wavelength dependent and the second term on theright-hand side of Eq. (6)
may contribute to the difference between the measuredBm andBg, since stress birefringence
is the convolution of the modal field and stress field [29] and the modal field should be more
wavelength dependent than conventional fibers guided by TIRonly, given that the guidance
mechanism in the x-direction is based on coherent multiple scattering.

With regard to the change in sign ofBg near the edges of the bandgap, Ref. [28] shows
that the wavelength dependence ofBm f becomes even larger near the edges of a bandgap.
Our calculation using the ABC-FDM method also showed a similar trend. The wavelength
dependence ofBgs should also become larger near the edges of a photonic bandgap, as the
modal field becomes more wavelength dependent as the core-mode becomes leaky near the
edges of a bandgap. The change in sign ofBg near the edges of the bandgap therefore may be
explained by an even larger effect from the second term on theright-hand side of Eqs. (6) and
(7).

3.4. Chromatic dispersion

The chromatic dispersion of the fiber was measured by an interferometric method [30] and the
modulation phase-shift (MPS) method. We used a 27 cm-lengthfiber for the interferometric
method. Two polarizers, which were aligned to the x-axis of the fiber, were used in the two arms
of the interferometer. The measured relative group delay and chromatic dispersion are shown
in Figs. 12(a) and (b). We aligned the polarizers to the y-axis and measured the chromatic
dispersion, the difference was within the measurement accuracy. The measured result is shown
in Fig. 12(b) as a red curve. The red curve was obtained by fitting the relative group delay to
a 4th order polynomial. The fiber is highly dispersive and we were unable to fit the whole data
using a single polynomial, therefore the data was divided into three sections and fitted using
three different polynomials. Dots were obtained by differentiating the relative group delay. The
two green curves in Fig. 12(b) are the measured chromatic dispersion by the MPS method
using a 95 m-length fiber. The wavelength range was limited bythe availability of tunable light
sources and the input polarization was not aligned to the polarization axes of the fiber. These
two results are in good agreement. Figure 12(b) shows that the chromatic dispersion is negative
at the shorter edge of the bandgap, becomes zero in the bandgap, and is positive at the longer
edge of the bandgap. This is a typical chromatic dispersion property of PBG fibers.
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(b) Chromatic dispersion

Fig. 12. Chromatic dispersion of the fiber.

4. Conclusions

We have reported a birefringent all-solid hybrid microstructured fiber. The twofold symmetry
induces modal and group birefringence, which were measuredto be 1.5×10−4 and 2.1×10−4

at 1.31µm. We suggest that stress birefringence is the dominant factor to the modal birefrin-
gence in the middle of the second bandgap, and the group birefringence may be affected by
the large wavelength dependence of the modal birefringence. The band structure of the fiber
was calculated to be different from conventional 2-D PBG fibers due to the 1-D arrangement
of high-index regions, and the weak transmission windows characteristically measured in this
hybrid fiber were explained by the difference of the band structure. Bend loss measurement
(Radius = 12.5 mm) showed, that when the fiber is bent in theθ = 0◦ direction, the bend loss
is negligibly small because the band structure is unchangedand TIR is maintained, while when
the fiber is bent in theθ = 90◦ direction, the bend loss is significant because the band structure
is altered by the bend. The number of high-index regions being greatly reduced compared with
conventional 2-D PBG fibers, cladding pumping is expected tobe much more efficient in this
hybrid fiber, whilst maintaining two important properties of PBG fibers; spectral filtering, and
chromatic dispersion specific to PBG fibers. This structure should thus be a promising can-
didate for realizing linearly-polarized, cladding-pumped fiber lasers utilizing the properties of
PBG fibers.
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