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Abstract: We propose a polarization-filtering and polarization-maintaining negative curvature
fiber in which two nested resonant tubes are added to a standard negative curvature fiber with
one ring of tubes. The coupling between the glass modes in the nested resonant tubes and
the fundamental core modes is used to increase the birefringence and differential loss for the
fundamental core modes in the two polarizations. We show computationally that the birefringence
and the loss ratio between the modes in the two polarizations can reach 10> and 850, respectively.
Meanwhile, the low-loss mode has a loss that is lower than 0.02 dB/m. The relatively simple
design of this polarization-maintaining negative curvature fiber will be useful in hollow-core
fiber devices that are sensitive to polarization effects, such as fiber lasers, fiber interferometers,
and fiber sensors.
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1. Introduction

Polarization effects play an important role in many applications, such as optical communication
networks, fiber lasers, fiber gyroscopes, and interferometric devices [1-5]. In optical fibers,
fabrication imperfections and environmental perturbations, such as bending and twisting will
introduce a random birefringence and lead to an unpredictable output [3,6]. In fiber devices,
unwanted birefringence will lead to different behavior in the two polarization eigenmodes [3],
and mode competition between the two modes can lead to polarization instability [3]. To mitigate
this effect, one can use polarization-maintaining fibers, in which the unpredictable polarization
evolution is eliminated. These fibers have high birefringence, so that light propagates in only
one polarization [5, 7]. Polarization effects are also used to make fast saturable absorbers in
passively mode-locked fiber lasers [§—10]. When an intense optical pulse propagates in an optical
fiber, the polarization state in the high-intensity peak will be different from the low-intensity
wings, allowing the low-intensity wings to be attenuated by a polarization filter. Here, we
show computationally that fiber devices that both filter and maintain the polarization can be
implemented in negative curvature fibers, thereby enabling efficient and compact all-fiber devices.

Hollow-core photonic crystal fibers can transmit light with low loss of about 1 dB/km while
delivering high-power millijoule pulses with low nonlinearity [11-13]. A photonic bandgap
structure uses a periodic array of air holes in the cladding to confine light in the core [14].
In hollow-core bandgap fibers, birefringence can be induced by utilizing an asymmetric core
shape [15-18]. A new kind of hollow-core fiber called negative curvature fiber has drawn
much attention recently due to its attractive properties, including a low transmission loss, a
wide transmission bandwidth, and a simple structure [19-26]. Several polarization-maintaining
negative curvature fiber structures have already been proposed. A straightforward approach by
Vincetti and Setti [27] is to use a negative curvature fiber whose cladding is composed of an
elliptical arrangement of cladding tubes. The birefringence in this case is always low when the
wavelength is close to the center of the transmission windows [27]. Ding et al. [28] showed
that high birefringence can be achieved in negative curvature fibers by using tubes with slightly
different thicknesses in two transverse orthogonal directions. Mousavi et al. [29] proposed a
structure that uses resonant and antiresonant tubes in two orthogonal directions to induce high
birefringence. In this design, doubly-nested antiresonant tubes are required to confine the mode
and achieve a low leakage loss.

In this paper, we aim to design a relatively simple negative curvature fiber with a high
birefringence and a high differential loss between the fundamental core modes in the two
polarizations. We show two structures in the Fig. 1 to illustrate the main idea. Figure 1(a) shows
a negative curvature fiber with two larger tubes in the y-direction, which are used to increase the
birefringence and differential loss by coupling the fundamental core mode in one polarization to
the tube mode, as indicated by the red-highlighted profile. Our simulation results show that the
fundamental core modes in the x- and y-polarizations have similar effective indices even with an
asymmetric core profile, which is consistent with other published results [27,29,30]. The tube
modes in the x- and y-polarizations also have very similar effective indices. Coupling between
the tube modes and the core modes in the two polarizations occurs within the same parameter
range. Hence, this design leads to fibers with a small birefringence and a small differential loss
between the fundamental core modes in the two polarizations.

Our goal is to find a fiber structure where the coupling between the cladding modes and
the fundamental core modes in the two polarizations occurs within different parameter ranges.
Figure 1(b) shows a negative curvature fiber structure with two nested tubes in the y-direction
using a wall thickness close to the resonance condition. Negative curvature fibers with one nested
tube in each major tube have been fabricated [31-33]. With proper design, the effective indices
and mode profiles of the glass modes will be different for the x- and y-polarizations. The novelty
in our design is the use of the coupling between the glass modes in the nested resonant tubes and
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Nested
resonant tube

Major
antiresonant tube

Fig. 1. Schematic illustration of two negative curvature fibers with asymmetric geometries.
Red-highlighted regions indicate locations where the mode intensity is high. (a) Coupling
between the fundamental core mode and tube mode. (b) Coupling between the fundamental
core mode and glass mode.

the fundamental core mode to increase the birefringence and the differential loss between modes
in two polarizations. The physics and mechanism for the proposed fiber design are different from
those in previous works on polarization-maintaining negative curvature fibers [28,29]. As long as
all the major tubes are antiresonant, the loss for the other polarization is still low and comparable
to the loss of standard negative curvature fibers with one ring of antiresonant tubes.

2. Geometry

Three mode types exist in negative curvature fibers: core modes, tube modes, and glass modes.
Core modes reside primarily in central air-core of the fiber, while tube modes reside primarily in
the air inside the cladding tubes. These modes are antiresonantly guided when the tube glass
thickness, #, satisfies the antiresonance condition t = (m — 0.5)2/[2(n? — n2)!/?], where m equals
any positive integer [24,25]. The glass modes are guided by glass, although they extend into the
air. Because the guidance mechanism for glass and tube modes is different, the variation of their
effective indices as the glass thickness changes is different. A slight change in the glass thickness
leads to a large change in the effective index of the glass modes, while only slightly affecting the
tube modes.

The geometry of the proposed polarization-maintaining negative curvature fiber is shown
in Fig. 1(b). The two nested resonant tubes in the y-direction are represented by blue rings.
The tube diameter, dype, the core diameter, Do, the wall thickness of the major tube, ¢,
and the minimum gap distance between the cladding tubes, g, are related by the expression:
Dcore = dupe + 2t + 2g for fibers with 6 major tubes [30,34-36]. We calculate the fiber modes
and propagation constants using Comsol Multiphysics, a commercial full-vector mode solver
based on the finite-element method. Anisotropic, perfectly matched layers (PMLs) are positioned
outside the cladding in order to reduce the size of the simulation window [37]. We simulate silica
glass with a refractive index of 1.444 at a wavelength of 1550 nm for polarization-maintaining
fibers [7,18,29]. The core diameter, Dcqre, is S0 um, which is around 30 times larger than the
transmission wavelength [21,22,36]. A major tube diameter of 30 um is used throughout this
paper, unless otherwise indicated. The wall thickness of the major tubes, ¢, is 1.12 um to satisfy
the antiresonance condition, ¢t = (m — 0.5)1/ [2(n% - n(z))l/ 2] where n; and ng are the refractive
indices of the glass and air, A is the light wavelength, and m is the order of antiresonance [13,38].
We use the second antiresonance transmission band for which m = 2 with a glass thickness of
1.12 um, corresponding to typical glass thicknesses that have been drawn in the past [32,39]. A
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higher-order antiresonance implies a thicker tube wall, especially for shorter wavelengths, which
makes fabrication easier. Geometries that use tube thicknesses corresponding to the first, second,
or third antiresonance have similar minimum losses in the transmission band [34, 35].

3. Loss in the two polarization modes

In standard negative curvature fibers with one ring of antiresonant tubes, the loss due to the
surface scattering is two orders of magnitude lower than the confinement loss [24,40] and is
not taken into account in this work. We study the mode loss in the two polarizations for the
geometry that is shown in Fig. 1(b). Coupling can be induced between the glass modes and the
fundamental core modes in each of the two polarizations by tuning the wall thickness of the nested
tubes. This new mechanism to induce high birefringence has not been used in previous designs
of polarization-maintaining fibers. Figure 2(a) shows the effective index of the fundamental
core modes in both the x- and y-polarizations as a function of the thickness of the nested tube,
thest- The ratio of the nested tube diameter to the major tube diameter, dhest/diupe, is 0.7. There
are several avoided crossings when the thickness of the nested tube increases from 1.50 ym
to 1.53 um near the resonance thickness, t = mAd/ [2(n% - né)l/ 2], where the resonance order
m = 2 is used. The corresponding losses are shown in Fig. 2(c). There are several high-loss
peaks in the x- and y-polarizations, corresponding to the avoided crossings in Fig. 2(a). The
avoided crossings or high-loss peaks of the modes in the x- and y-polarizations occur at different
nested tube thicknesses, #,et. The difference between the nested tube thicknesses of the x- and
y-polarizations at the first high-loss peaks is denoted by Ates in Fig. 2(c). We show similar plots
of the effective index and loss in Figs. 2(b) and 2(d), where the ratio of the nested tube diameter

dncst/drubc =07 dncst/dtubc =038
— x-polarization =--- y-polarization — x-polarization --- y-polarization
0 v 0
I \ \ \ \ ! \
Oy ! (b) ,
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Fig. 2. (a), (b) Effective index and (c), (d) loss of modes in the x- and y-polarizations as a
function of tpegt. (a), (¢) dnest/diype = 0.7. (b), (d) dpest/dupe = 0.8.



Research Article Vol. 26, No. 8 | 16 Apr 2018 | OPTICS EXPRESS 9533

Optics EXPRESS N \

[E—
[E—

o imanc (W2Ic

S

Fig. 3. (a) Normalized mode intensity in the x-polarization at fpest = 1.513 pm and
(b) normalized mode intensity in the y-polarization at thest = 1.519 um with dnest/dype =
0.8, corresponding to the blue and red circles in Figs. 2(b) and 2(d).

to the major tube diameter, dpest/dube, is 0.8. The difference between the nested tube thicknesses,
Atpest, in the fiber using dpest/dipe = 0.8 is larger than that in the fiber using dpegt/diupe = 0.7.

The mode fields in the coupling region are shown in Fig. 3, corresponding to the high-loss
peaks in the x- and y-polarizations, denoted by blue and red circles in Fig. 2(d). The wavelength
is 1550 nm. The color indicates the electric field intensity, normalized to its maximum. The
arrows indicate the direction of the transverse electric field and the lengths of the arrows are
proportional to the amplitude of the transverse electric field. For the mode in the x-polarization
shown in Fig. 3(a), the core mode couples with the glass mode, which has a maximum at one
point in both nested tubes. For the mode in the y-polarization shown in Fig. 3(b), the core mode
couples with the glass mode, which has a maximum at two points in both nested tubes.

4. Structure optimization

Figures 2 and 3 show coupling between the glass modes and the fundamental core modes. When
the coupling is strong, there is a high differential loss between the fundamental core modes in the
x- and y-polarizations. Due to uncertainty in the fiber drawing process, it is desirable to design a
fiber with the largest possible separation, At in order to increase the fabrication tolerance.
Here, we study the impact on the parameter Aty from the major tube diameter, dype, and the
ratio of the nested tube diameter to the major tube diameter, dpest/dpe. We show a contour plot
of the parameter Aty in Fig. 4. The wavelength is 1550 nm. Each value of Af,es on the contour
plot is obtained from the leakage loss curves of the modes in the x- and y-polarizations as a
function of nested tube thickness, fneq, that is shown in Fig. 2. Figure 4 shows that the parameter
Atyeq increases when the tube diameter, dyype, decreases or the ratio of the nested tube diameter to
major tube diameter, dnest/drube, increases. Hence, a fiber with a smaller major tube diameter and a
larger nested tube diameter yields a larger Afye. A stronger interaction between nested and major
tubes leads to a larger separation Af,.q because the mode intensity in the nested tubes reaches its
maximum at different locations for the two polarizations, as shown in Figs. 3(a) and 3(b). We use
a maximum dyeg/dipe 0f 0.8 since it may be difficult to fabricate a fiber with dpest/diube > 0.8.
A small gap between the nested and major tubes may collapse in the fiber drawing process.
Figure 5 shows the loss of the fundamental core modes in the x- and y-polarizations as a
function of dyes/dyyne When the glass mode and the fundamental core mode are resonantly coupled
in the y-polarization. The corresponding thickness of the nested tube, #,cg, is also plotted using a
green dotted curve. The diameter of the major tube, dype, is fixed at 30 um. Setting dyest/diube
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Fig. 5. Loss of modes in the x- and y-polarizations and the thickness of the nested tube, e,
when the glass mode and the core mode in the y-polarization are resonantly coupled. The
diameter of the major tube, dyype, is 30 pum.

= 0.8 in order to maximize Afpes, we find that fper = 1.519 um. This value corresponds to
the red circles in Figs. 2(b) and 2(d). When dpest/dube is between 0.7 and 0.8, the loss of the
x-polarization is below 0.02 dB/m. The loss ratio of the y-polarization to the x-polarization is
more than 500 within the parameter range that we show in Fig. 5.

We also carried out additional simulations to compare the results of fibers using six, eight,
and ten cladding tubes. For all these fibers, we set the core diameter, tube wall thickness, and
wavelength equal to 50 um, 1.12 um, and 1.55 um, respectively. The tube diameters are 30 um,
25 pum, and 15 pum in the fibers with six, eight, and ten cladding tubes, respectively. Different
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with six, eight, and ten cladding tubes. Inset in (b) shows a schematic illustration of the
maximum distance, z, between the major antiresonant tube and the nested resonant tube.

thicknesses of the nested tube are selected to give the maximum birefringence. Figure 6(b) shows
the birefringence as a function of the maximum distance, z, between the major antiresonant
tube and the nested resonant tube. The birefringence in these three fibers are on the same scale.
The birefringence increases when z decreases; when z is smaller, a stronger interaction between
nested and major tubes leads to a larger birefringence. Figure 6(c) shows the loss in both the x-
and y-polarizations. The loss of the x-polarization is between 107> dB/m and 10~' dB/m, which
is more than two orders of magnitude lower than the loss of the y-polarization.

We also ran additional simulations for different structures to compare their performance
to the performance of our fiber design, shown in Fig. 1(b). Fibers with different tube wall
thickness corresponding to the first and the second antiresonance bands have a similar loss ratio
and birefringence. Fibers in which antiresonant tubes are added in the four major tubes in the
x-direction show a lower minimum loss in x-polarization and a similar birefringence. Fibers that
are modified by removing the nested resonant tubes in the y-direction and adding four nested
resonant tubes in the x-direction have a low loss ratio between the two polarization modes. We
include figures and corresponding descriptions in the appendix that describe additional designs
and fabrication tolerance.
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Fig. 7. (a) Effective index, (b) loss, (c) birefringence, and loss ratio as a function of
wavelength.

5. Performance comparison of polarization-maintaining negative curvature
fibers

In this section, we study the performance of the fiber as a function of wavelength. The ratio of
the nested tube diameter to the major tube diameter, dnest/diube, is 0.8, and the thickness of the
nested tube, fneg, is 1.519 um, based on Fig. 2. Figures 7(a) and 7(b) show the effective index
and the leakage loss of the modes in the x- and y-polarizations as a function of wavelength.
There is a high-loss peak in the y-polarization at the wavelength of 1550 nm between the two
high-loss peaks in the x-polarization. The loss of the mode in the x-polarization is less than
0.02 dB/m when the wavelength is 1550 nm. Figure 7(c) shows the birefringence and loss ratio
of the mode in the y-polarization to the mode in the x-polarization, which can reach 107> and
850, respectively, at a wavelength of 1550 nm. This fiber has a bandwidth of 1.5 nm for a loss
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Table 1. Performance comparison between simulation results from different fiber designs

Ref. [27] Ref. [28] Ref [29] This paper
Loss 0.04 dB/m 0.34 dB/m 0.04 dB/m 0.02 dB/m
Loss ratio ~2 ~10 1% 10° 850
# of tubes 8(1) +0(1/2) | 0(1) + 12(1/2) | 12(1) + 0(l/2) | 8(1) + 0(1/2)
Max. # of layers | 1 3 3 2
Core shape Ellipse Circle Circle Circle
Birefringence <7x107 | 1x107* 1.5x 1074 1.3x 107

ratio higher than 100 and a bandwidth of 4.7 nm for a loss ratio higher than 10, which can be
used for polarization-filtering in a fiber laser [41,42]. The narrow bandwidth will automatically
select the specific wavelength in a fiber laser loop.

In Table 1, we show a performance comparison between the results in this paper and other
simulations of polarization-maintaining negative curvature fibers, including loss, the loss ratio
between the two polarization modes, the number of cladding tubes, the maximum number of
layers in the azimuthal direction, the core shape, and birefringence. In some cases, half tubes are
used in the geometry [28]. We write the number of tubes in the format of p(1) + ¢g(1/2), where p
represents number of full tubes and g represents number of half tubes. The maximum number of
antiresonant or resonant layers in any azimuthal direction is specified since a simple structure with
fewer layers is easier to fabricate. Currently, nested negative curvature fibers, which have been
fabricated, only have at most two glass layers in any azimuthal direction [31-33]. The fiber core
shape is also compared because a circular core shape is easier to draw due to surface tension in
the fiber drawing process. The fiber design that we propose in this paper only has two glass layers
in any azimuthal direction and has a circular core shape. The proposed design has a relatively low
leakage loss and a high loss ratio between the two polarization modes. Although the birefringence
in our proposed structure is lower than in other fiber designs in Table 1, these other designs
require either three glass layers in any azimuthal direction or a non-circular core shape. The
feasibility of fabricating these more complex structures has not yet been demonstrated [31-33].

A commonly used approach to obtain fast saturable gain in passively mode-locked lasers is
to combine nonlinear polarization rotation with a polarization filter [8—10]. In this approach,
the nonlinear polarization rotation and the polarization filtering using a polarizer are usually
implemented separately [8—10]. Our fiber design makes it possible to combine the nonlinear
polarization rotation and polarization filtering in one device by splicing a standard fiber with
our proposed fiber design, and thus enable lower-loss and more efficient fiber laser designs. The
fusion splice between tapered negative curvature fibers and step-index fibers has been reported to
have a total insertion loss of less than 0.5 dB [43].

6. Conclusion

In this paper, we propose a polarization-filtering and polarization-maintaining negative curvature
fiber that includes two nested resonant tubes. The coupling between the glass modes in the
nested resonant tubes and the fundamental core modes is used to increase the birefringence and
the differential loss between the fundamental core modes in the two polarizations, while one
polarization mode still has low loss. The low-loss mode has a leakage loss that is less than of
0.02 dB/m, and the loss ratio between the fundamental core modes in the two polarizations can
reach 850. The physics and mechanism for the proposed fiber design are different from those



Research Article Vol. 26, No. 8 | 16 Apr 2018 | OPTICS EXPRESS 9538

Optics EXPRESS

in previous works on polarization-maintaining negative curvature fibers. The proposed design
contains at most two glass layers, which has been demonstrated to be feasible to fabricate. This
relatively simple design of polarization-filtering and polarization-maintaining low-loss negative
curvature fibers will be useful in systems that require a polarization filter that can be integrated
with other optical fibers.

Appendix A: Other designs

In this section, we study the birefringence and loss in negative curvature fibers with different
designs. The figures and corresponding descriptions are provided here to support the claims in
the main text.

Figure 8(a) shows schematic illustrations of fibers with and without additional nested an-
tiresonant tubes inside the four major tubes 1, 2, 4, and 5. The red dashed curve in Fig. 8(b)
shows the birefringence in the fiber with additional nested antiresonant tubes, while the blue
solid curve shows the birefringence in the fiber without additional nested antiresonant tubes.
The solid and dashed curves in Fig. 8(c) show the loss when the light is polarized in the x- and
y-directions, respectively. The red and blue curves show the loss with and without the additional
nested tubes, respectively. The minimum loss for light in the x-polarization can be decreased by a
factor of 1.5 by using nested antiresonant elements. However, there is no change in the maximum
birefringence.

We also investigated fiber structures in which we removed the two nested resonant tubes in
the major tubes 3 and 6 and added four nested resonant tubes in the major tubes 1, 2, 4, and 5.
Figures 9(a) and 9(b) show the birefringence and loss in both the x- and y-polarizations. The
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Fig. 8. (a) Schematic illustration of fibers with and without additional nested antiresonant
tubes in major tubes 1, 2, 4, and 5. (b) Birefringence and (c) loss in fibers with and without
additional nested antiresonant tubes.
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Fig. 9. (a) Birefringence and (b) loss in fibers with four nested resonant tubes, as shown in
the inset. (c) Birefringence and (d) loss in the fibers with tube thicknesses corresponding to
the first and the second antiresonance.

maximum birefringence is about 107, which is the same as for the original configuration of
Fig. 1. The core modes in both the x- and y-polarizations always couple to the same glass mode
within the same parameter range, so that the losses in both the x- and y-polarizations are similar,
and the loss ratio of the mode in the y-polarization to the mode in the x-polarization is always
low.

We also compared fibers with two different tube wall thicknesses that correspond to the first
and the second antiresonance. Figures 9(c) and 9(d) show that fibers using the tube wall thickness
of the first or the second antiresonance have a similar birefringence and loss ratio.

Appendix B: Fabrication tolerances

In this section, we study the influence of fabrication tolerances on the performance of the fiber.
We ran simulations on fibers with —10% and +10% changes of the thickness of the four major
tubes 1, 2, 4, and 5. We show the birefringence and loss in Fig. 10. The variation of the tube wall
thickness leads to a shift of the birefringence and transmission band. There is almost no change
in either the birefringence or the loss.

We also ran simulations of fibers with an angular deviation of 5°of the four major tubes 1, 2, 4,
and 5. The red and blue curves in Fig. 11(a) show the birefringence in the fiber with and without
the 5°angular deviation, respectively. The solid and dashed curves in Fig. 11(b) show the loss for
x- and y-polarized light, respectively. There is almost no change in either the birefringence or the
loss.

The fiber proposed in the main text of this manuscript is tolerant of variations of the tube
wall thickness and angular deviations of the cladding tubes. This robustness will facilitate its
fabrication.
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Fig. 10. (a) Birefringence and (b) loss in fibers with different tube thicknesses for the four
major tubes 1, 2, 4, and 5. (c) Schematic illustration of fibers with different glass thickness,
t’, for the major tubes without nested tubes. The original thickness for major tubes, z, is
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Fig. 11. (a) Birefringence and (b) loss in the fibers with and without a 5°angular deviation of
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