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Abstract: The polarization-dependent guiding properties of a hexagonal-
lattice photonic crystal fiber with a solid-core surrounded by four large air
holes are investigated. The appearance of a polarization dependent cutoff
frequency, together with several parameters as the birefringence, the modal
effective area, the group velocity dispersion and the polarization dependent
loss are analyzed. A collection of fibers with different structural parameters
were fabricated and characterized. An effective anti-guide structure from at
least 450 nm to 1750 nm, a polarizing fiber with a polarization dependent
loss of 16 dB/m at 1550 nm, and an endlessly singlemode polarization-
maintaining fiber with group birefringence of 2.1x10~ at 1550 nm are
reported. Experimental results are compared with accurate numerical
modeling of the fibers.
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1. Introduction

In the last years, microstructured optical fibers (MFs) have attracted much interest among
researchers. These fibers have shown remarkably new properties and can outperform
conventional fibers in some respects [1]. The guiding properties can be engineered by
adjusting the geometrical parameters of the microstructure. In particular, different approaches
to realize polarization-maintaining (PM) MFs have been experimentally reported [2-7]. PM-
MFs with modal birefringence of an order of magnitude higher than conventional fibers have
been experimentally demonstrated. One of the most successful PM-MFs was first reported by
Suzuki et al. [3]. It was a solid-core hexagonal-lattice MF, in which two opposite holes of the
first ring were enlarged. In this fiber, the birefringence arises from the effective index
difference between the two linear polarization modes. Several approaches of PM-MFs based
on stress-induced birefringence have also been reported [5].

Recently, it has been demonstrated that PM-MFs can be designed to exhibit single-mode
and single-polarization (SP) guidance, so that they allow the propagation of one polarization
mode while the orthogonal polarization mode is radiated. Applications of SP fibers include its
use in fiber sensor systems, telecommunications and fiber lasers. Several experimental
demonstrations of SP-MFs based on stress-induced birefringence have been reported. In one
design, two stress-applying parts were placed opposite to each other in the silica jacket [8]
while in a second approach, index-matched stress applying elements were included in the
photonic cladding [9]. Both fibers exhibit a certain bandwidth at the short-wavelength edge of
the transmission window where only one polarization propagates.

SP-MFs based on form-induced birefringence have also been reported. In particular, the
MF approach reported in [3] can be designed for SP operation, as it was demonstrated
experimentally by Kubota et al. [10]. A detailed theoretical analysis and some design rules for
such an SP-MF can be found in [11]. Saitoh et al. [12] proposed and theoretical analyzed an
SP-MF based on the same operation principle, but including four large air holes in the inner
ring instead of only two. Such a design involves similar fabrication efforts, but it has the
advantage that reduces the confinement loss of the slow mode in the SP wavelength band. In a
previous paper, we presented the fabrication and experimental characterization of a polarizing
MEF based on such a structure. An extinction ratio of 16 dB/m at 1550 nm was reported [13].

Here, the analysis of the guiding properties of such PM-MF is extended and some design
details are given. For a given wavelength, this type of PM-MF presents different polarization
guiding regimes as a function of the structural parameters. In particular, it can be designed to
be (1) a high birefringence PM-MF that guides the two polarization eigenstates of the
fundamental mode, (2) a SP-MF, in which only one polarization mode is guided, or (3) an
effective anti-guide MF that does not support any mode at all. In this paper, we complement
the experimental results on polarization dependent attenuation presented in [13] and we report
an anti-guide fiber from at least 450 nm and a high birefringence endlessly singlemode PM-
MF. All of them are based on the structure described above, i.e., the fiber with a photonic
crystal cladding and a solid core surrounded by four large air holes. Some experimental results
regarding a polarizing MF [13] are also included for completeness. Finally, experimental
results are compared with accurate numerical modeling of the fibers.

2. Operation principle

The inset of Fig.1 shows a diagram of the ideal geometry of the fiber that we discuss in this
section. Regarding the periodic structure of small air holes with diameter d and pitch A, the
four large air holes of diameter D together with the solid core can be described as a defect that
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breaks the regularity and gives rise, eventually, to the appearance of localized states, i.e.,
guided modes. This defect has a relatively complex structure that leads to some peculiar
polarization and wavelength dependent properties.

The introduction of the large air holes near the solid core is expected to cause two effects
on the guiding properties of the fiber. First, the microstructure becomes anisotropic and also
the solid core becomes elliptic. As a result, the two polarization eigenstates of the
fundamental mode will propagate with different phase velocity, hence, the fiber becomes
birefringent. Second, compared to a solid-core regular MF, the average refractive index of the
defect is decreased and this causes that the modal index of the fundamental mode also
decreases. More specifically, the modal indices of the two polarization eigenstates of the
fundamental mode are lower than the modal index of the fundamental mode of the
corresponding regular MF with solid core and no large air holes. Thus, for a constant value of
D/A, when the air filling fraction of the periodic structure decreases —i.e., the ratio d/A
decreases—, the cladding effective index —i.e., the envelope of the radiation modes— moves
upwards to higher values. It may happen that the dispersion curves of the polarization modes
intersect the cladding effective index forcing the cutoff of the modes. This behaviour can be
understood if we analyze the properties of the complex defect of the fiber as a function of
wavelength. For short wavelengths, the fields are tightly confined in the silica region of the
defect and so the modal index is higher than the effective index of the cladding. For long
wavelengths, however, the fields overlap the large holes and hence the modal index is lower.
Since D > d, the modal index of the modes can be lower than the cladding effective index.
Finally, because of the birefringence, the cutoff wavelength is different for each polarization
mode, so there is a wavelength band where the fiber guides only one polarization.
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Fig. 1. (a) Difference between the modal index and the cladding effective index, for the two
polarization eigenstates of the fundamental mode. D/A=0.8, d/4=0.39, A = 3.3 um. Inset
shows the microstructure of the fiber and the mode intensity pattern. The orientation of the
electric field is indicated. (b) Effective area of the two polarization modes vs. wavelength.
D/A=0.8, A=3.3 um. d/A=0.36 (solid line), d/A = 0.38 (dashed line), and d/A = 0.4 (dotted
line).

The calculations shown in this section (figures 1 and 2) were carried out using the MIT
Photonic-Bands package [14]. This package computes frequency eigenstates of Maxwell's
equations in periodic dielectric structures using preconditioned block-iterative eigensolvers in
a planewave basis [14]. The method assumes periodic boundary conditions. A supercell of
7x7 periods was used for the simulations.

Figure 1(a) shows the modal index of the two polarization eigenstates of the fundamental
mode for a given fiber. For clarity, the difference between the modal indices and the cladding
effective index is shown. The orientation of the electric field of each eigenstate is indicated.
The electric field of the fast mode is orientated along the short axis of the elliptic core, while it
is oriented along the long axes for the slow mode. It can be distinguished three guidance
regimes. At short wavelengths, the two eigenstates propagate in accordance with their own
phase velocity. The fiber birefringence increases with optical wavelength; in this example
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from 2.4x10"* at 1 um up to 6x10* at 1.4 um. For this particular example the birefringence
regime extends up to 1.45 um. At this wavelength, the modal index of the fast mode reaches
the cladding effective index and it is cutoff. Within a wavelength band, that in this case
extends up to 1.65 um, the fast mode is cutoff while the slow mode still propagates. Hence,
the fiber exhibits single-mode single-polarization (SP) guiding regime. Beyond 1.65 pm the
slow mode is also cutoff and the fiber does not support any guided mode at all, although an
MF with the same d/A and no large air holes would guide the fundamental mode. These
results demonstrate that simple qualitative models to explain guidance in MF with solid cores
in terms of total internal reflection have important limitations. In the case of the MF that we
consider here, one could conclude that the presence of the large air holes should reinforce the
total internal reflection of light confined in the solid core, while in fact the guidance is cutoff.

Figure 1(b) shows theoretical calculations of the effective area of the two polarization
eigenstates of the fundamental mode for different fibers. The cutoff of the modes is clearly
acknowledged by a sharp increase of the effective area. For a fixed value of D/A, the SP
wavelength band shifts to longer wavelengths and it becomes wider as the air-filling fraction
of the microstructured cladding is increased. A similar trend was found when d/A was fixed
and the diameter of the large holes was decreased.
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Fig. 2. Map of guided modes as a function of the structural parameters at a fix normalized
frequency A/ =2. The dashed line indicates the cutoff of the first high-order mode. The
diagonal line corresponds to a regular MF.

Figure 2 is a map of the guidance regimes as a function of the geometric parameters, at a
fix normalized frequency A/4 =2. The mode effective area has been used to determine the
cutoff of the different modes, as it is detailed in [15]. The diagonal line represents fibers with
D = d, i.e., microstructured fibers with regular hexagonal lattice of air holes in which the two
polarization eigenstates are degenerated because of the symmetry of the microstructure. The
area below the diagonal line correspond to fibers with the four holes smaller than the rest of
holes (D < d). These are birefringent fibers [2] but with no polarizing or cutoff properties and
they are not the scope of this paper.

The dashed line indicates the cutoff of the first higher-order mode at this normalized
frequency. Thus, fibers whose structural parameters are at the right side of this line (region iv)
are multimode. It is worth to note that below the diagonal line, the first high-order mode
cutoff happens at a nearly constant value d/A = 0.53, no matter the value of D/A. However,
above the diagonal line, the increase of D/A causes the cutoff to occur at larger values of d/A,
and so the single-mode feature of the fiber is preserved for larger air-filling fractions of the
microstructured cladding. The increase of the large air-holes, while the rest of parameters are
kept constant, causes the decrease of the modal index of all the guided modes. Hence, the first
higher-order mode is cutoff at a shorter wavelength, i.e., a longer normalized frequency. Thus,
a higher value of d/A is required for the mode to be cutoff at A/4 = 2. Another consequence is
that the well-known upper limit of d/A for endlessly singlemode operation in regular
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triangular microstructured fibers, i.e., d/A = 0.43 [16], is not applicable for the fiber reported
here. In fact, it is no longer a constant value but it does depend on D/A and endlessly
singlemode regime can be found in MFs with d/A above that value.

Above the diagonal line, several regions of interest are indicated. The region labeled as
(iii) corresponds to fibers that guide the two polarization eigenstates of the fundamental mode.
With the exception of the points on the diagonal, in these fibers the propagation factor of the
two polarization modes is different, so they are birefringent fibers. For a fixed value of d/A,
the birefringence increases as the diameter of the big holes becomes larger. At the opposite
side, the region (i) describes fibers that do not guide any mode at all at the wavelength of
calculation. It is worth to note that microstructured fibers with d/A values located in this
region (i), but with all the holes of the same size (D = d) would be guiding fibers. Finally,
between both regions, there is a particularly interesting region (ii) which fulfils the conditions
for the propagation of, strictly, only one polarization mode. The fast polarization mode is
cutoff and only the slow mode is guided. Hence, fibers whose geometric parameters belong to
this region are purely single-mode and single-polarization at the normalized frequency of the
calculations.

In the experimental realization of this kind of fibers, where the number of rings is finite,
confinement loss plays an important role. Near its cutoff wavelength, a mode shows high
losses due to weak fields’ confinement. As a result, significant polarizing effects can be
observed in these fibers for wavelengths shorter that the cutoff wavelength of the fast-axis
polarization mode, although, this mode is not strictly cutoff.

3. Fabrication of the fibers

The fibers were fabricated by the stack-and-draw technique. Silica capillaries of 1.5 mm outer
diameter and 0.375 mm wall thickness were stacked together to form a hexagonal lattice with
5 rings of air-holes. The central capillary was replaced by a solid silica rod, and four
capillaries of the first ring were replaced by capillaries with the same outer diameter but a
thinner wall-thickness of 0.115 mm. The stack was jacketed and pulled down to obtain the
preforms. In a second step, the preforms were pulled down to optical fiber of about 100 pm
diameter. During the fiber drawing, different fibers were fabricated by changing slightly the
drawing conditions, i.e., the furnace temperature and the gas overpressure within the holes.
Figure 3(a) shows an SEM image of one of the fibers fabricated. The inflation of the holes
during the fabrication process distorted slightly the structure in the vicinity of the core, so that
the distance between two adjacent large holes, as well as D, are a bit larger than the pitch A
(measured in the outer rings).

Fig. 3. (a) SEM image of fiber 3. (b)-(c) Output far-field pattern at 633 nm of fiber 1 and fiber
3, respectively, under similar illumination conditions. Fiber length 10 cm and 2 m, respectively.

4. Experimental results and discussion

In this section, we present the experimental characterization of three fibers that were chosen to
illustrate the different guiding regimes described in the previous section. Table 1 summarizes
their structural parameters. In this series of fibers, the ratio D/A is practically constant while
the ratio d/A varies from 0.30 to 0.48.
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In order to model accurately the properties of the fabricated fibers, taking into account the
real geometry of the microstructure, we followed the method described in [17]. This technique
allows fast and accurate analysis of realistic microstructured fibers by combining an iterative
Fourier method and the implementation of an edge-detection algorithm. This approach
permits dealing with arbitrary spatial refractive-index distributions. The spatial refractive-
index distribution used for the simulations of the fabricated fibers (results are shown in figures
4 and 5) were obtained from SEM images of the fibers’ cross sections. The five rings of holes
with their real shape were taken into account. Outside the holes region the MF was enclosed
in a jacket of silica surrounded by air.

Table 1. Structural parameters of the fiber: pitch of the regular lattice (A), diameter of the holes of the regular lattice
(d), diameter of the large holes (D), and core diameter (long/short side).

Core Size (1m)

A (pm) bra @A long/short :;es
Fiber 1 3.53 1.06 0.30 5.13/2.54
Fiber 2 3.62 1.06 0.36 6.67 /4.06
Fiber 3 3.13 1.01 0.48 5.94/3.84

The guidance properties of the three fibers were experimentally investigated. A first
inspection was done by launching red light into the fibers and looking at the fibers’ output
intensity pattern. In the case of fiber 1 no light was propagated in the core after a section of
few cm regardless of the input polarization orientation. Most of the light power launched into
the core spread out into the cladding after few milimeters. Figure 3 (b) shows the far-field
intensity pattern for a 10 cm long section of fiber. Index matching oil was used to strip out the
light propagating in the cladding. This image must be compared with Fig. 3 (c), which shows
the far-field intensity pattern from fiber 3 under similar illumination conditions and a longer
section of fiber of 2 meters (notice that the camera was saturated, in this case). Hence, it can
be concluded that fiber 1 did not guide at 633 nm. Theoretical calculations carried out for this
fiber predicted no guidance from at least 400 nm.

The near-field intensity pattern of fibers 2 and 3 had elliptical shape with the same
orientation than the fiber core. At 633 nm, no evidence of higher order modes was observed
for these two fibers, even when short pieces of less than 10 cm long were used. To check the
singlemode propagation at shorter wavelengths, we attempted the cutoff wavelength
measurement for higher order modes by the bend-reference technique using a halogen lamp
and an OSA. However, no mode cutoff was observed from at least 450 nm.
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Fig. 4. (a) Calculated group index of the two polarization guided modes of fiber 2 (dashed line)
and fiber 3 (solid line). The vertical dotted line indicates the theoretical cutoff of the fast mode
of fiber 2. (b) Group birefringence vs. wavelength. Lines are the theoretical results for fiber 2
(dashed line), and fiber 3 (solid line). Dots are experimental data.
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The polarization guiding properties of fibers 2 and 3 were investigated. Light provided by
a broadband unpolarized light source was launched into the fibers through a linear polarizer,
which allowed rotating the polarization orientation of the input signal. In the case of fiber 2,
light transmission changes were observed at wavelengths longer than 1.2 um as the input
polarization was rotated. Between 1.2 pm and 1.45 pum the polarization dependent loss (PDL)
per unit length was moderate, for example at 1.3 pm the PDL was 2.5 dB/m. However, the
PDL increased sharply for wavelengths above 1.45 um. In particular, at 1550 nm a PDL of
16 dB/m was measured, while the transmission loss of the slow mode was 0.9 dB/m. More
details of the experimental characterization of this fiber can be found in [13]. Theoretical
modeling of this fiber yields the cutoff wavelength of the fast mode around 1.65 pm (see Fig.
4(a)). This is not in disagreement with the experimental results since confinement loss must be
also taken into consideration. Actually, the polarizing properties at wavelengths shorter than
cutoff are due to the large confinement loss that affects the fast polarization mode even at
wavelengths well below cutoff. This behaviour was predicted theoretically for single-
polarization MFs based on similar structures [11].

In the case of the fiber 3, the light transmission was practically independent on the input
polarization orientation, at least within our experimental measurement wavelength range from
450 to 1750 nm. The transmission losses of both polarization modes were moderate, about
0.65 dB/m at 1550 nm, and the PDL value was negligible. This agrees with the theoretical
modeling results, which indicate that the two polarization modes are guided up to at least 2
pm (see Fig. 4). Therefore, fiber 3 is single-mode and polarization-maintaining from 450 to
1750 nm.

The group birefringence B, of fibers 2 and 3 was measured around 1.3 um using the
modal interferometer method [18]. Since this measurement technique requires short pieces of
fiber (few tens of cm), the birefringence of fiber 2 could also be measured at this wavelength.
B, of fiber3 was also measured around 1550 nm using the frequency-domain
modulated-carrier method [18] (tpycally, several meters of fiber are required). Figure 4(b)
shows the experimental measurements of B, for both fibers, along with the results obtained
from the theoretical modeling. The agreement between theory and experimental results is
quite good. We would like to remark the large B, of fiber 3. For example, at 1550 nm,
B, = 2.1x107, which is, to our knowledge, one of the largest B, reported for an endlessly
singlemode MF.
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Fig. 5. Group velocity dispersion (D) vs. wavelength. Lines are the theoretical results for the
slow mode of fiber 2 (dashed line), and for both polarization modes of fiber 3 (solid line). Dots
are experimental data. Inset shows the measurement of group delay vs. wavelength for the two
polarization modes of fiber 3 (fiber length 9.5 m).

The frequency-domain modulated-carrier method provides the group delay vs.
wavelength of a light beam propagating along a given fiber length. Therefore, the group
velocity dispersion D of the guided modes can also be obtained from this technique since:
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where 7 is the group delay, A is the wavelength and L is the length of fiber used for the
measurement. Inset of Fig. 5 shows the group delay as a function of wavelength for the two
polarization modes of fiber 3. At 1.55 um, the dispersion of the slow and fast mode was
82.9 ps/mm-km and 95.9 ps/nm-km, respectively. Experimental and theoretical results are
compared in Fig. 5. The theoretical calculations indicate that the zero dispersion wavelength
of the two polarization modes (not plotted in Fig. 5) are around 890 and 910 nm, respectively.
The dispersion of the slow mode of fiber 2 was also measured and the result is included in
Fig. 5.

D 1)

5. Conclusions

The waveguiding properties of a hexagonal-lattice photonic crystal fiber with a solid-core
surrounded by four large air holes were investigated. We provide a design map to obtain
different polarization guiding regimes as a function of the structural parameters. Within a
given wavelength range, the fiber can be designed either to be an anti-guide, or a single-mode
single-polarization fiber, or a highly birefringent fiber. Some important limitations of simple
models broadly used for solid core photonic crystal fibers, based on total internal reflection
guidance, have been pointed up and discussed. Our experimental work illustrates these
guiding regimes. Here, we have reported a collection of fibers, including a fiber that is an anti-
guide from at least 450 nm to 1750 nm, a polarizing fiber with a polarization dependent loss
of 16 dB/m at 1550 nm and an endlessly singlemode polarization-maintaining fiber with
group birefringence of 2.1x107 at 1550 nm. Experimental results were compared with
accurate numerical modeling that takes into account the real structural parameters of the
fibers, showing good agreement.
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