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Single-Polarization and Single-Mode Hybrid
Hollow-Core Anti-Resonant Fiber Design at 2 um

Herschel Herring ', Mohammad Al Mahfuz

Abstract—In this paper, to the best of our knowledge, a new
type of hollow-core anti-resonant fiber (HC-ARF) design using
hybrid silica/high-index material (HIM) cladding is presented
for single-polarization, high-birefringence, and endlessly single-
mode operation at 2 pm wavelength. We show that the inclu-
sion of a HIM layer in the cladding allows strong suppression
of x—polarization, while maintaining low propagation loss and
single-mode propagation for y—polarization. The optimized HC-
AREF design includes a combination of low propagation loss, high-
birefringence, and polarization-extinction ratio (PER) or loss ratio
of 0.02 dB/m, 1.2 x 10~%, and >550 respectively, while the loss
of the xz—polarization is >20 dB/m. The proposed fiber may
also be coiled to small bend radii while maintaining low bend-
loss of ~0.01-0.1 dB/m, and can potentially be used as polar-
ization filter based on the different gap separations and bend
conditions.

Index Terms—Hollow-core anti-resonant fiber, high-birefring-
ence, single-polarization, single-mode fiber.

1. INTRODUCTION

HE 2 pm wavelength is of particular interest in the field
T of optics and photonics due to its unique property of high
absorption in water. This characteristic allows for an enormous
range of optical fiber system applications such as biomarker
detection, environmental observation, and molecular spec-
troscopy [1], [2]. High light transmission, high-birefringence
and excellent polarization control [3] are much needed for
many optical devices such as fiber sensors [4], fiber lasers [5],
optical amplifiers [6], and fiber-based gyroscopes [7]. Although
several designs in the past have achieved high-birefringence
and single-polarization in solid-core [8] and photonic band
gap [9] fibers, hollow-core anti-resonant fibers (HC-ARFs)
have proven to be the foremost choice because of their unique
and exceptional optical guidance in air [10]. HC-ARFs guide
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light through inhibited-coupling between the core and cladding
modes (CMs) and anti-resonant effect [11]. This mechanism
provides wide transmission bandwidth [12], [13], [14], [15],
[16],[17],[18],[19], extremely low power overlap with cladding
tubes [20], low anomalous dispersion [21] and ultra-low
loss [22].

Achieving high-birefringence and single-polarization using
the HC-ARF structure is a relatively new concept, which was
first proposed in 2016 [23]. Recently, a few high-bireringence
and single-polarization HC-ARF designs have been proposed
in the near-IR regime mostly at 1550 nm or 1064 nm with
different cladding arrangements and number of layers in the
cladding structure [23], [24], [25], [26]. High-birefringence
and single-polarization were achieved either by using multiple
nested resonators [23], [26] or high-index materials (HIMs)
in the cladding [24]. A recent investigation has focused on
examining a nested HC-ARF design that exhibits complex-
ity and anisotropic properties. This study aims to achieve
low loss and single-polarization specifically at the wavelength
of 1550 nm, as highlighted in [27]. Most recently, a four-
fold [26] and six-fold [28] symmetry bi-thickness HC-ARF
were experimentally reported with outstanding optical per-
formances. For example, in [26], a phase birefringence of
2.35 x 107%and 9.1 x 1075 at 1550 and 1589 nm were achieved
respectively.

To the best of our knowledge, the exploration of single-
polarization and single-mode HC-ARF at a wavelength of 2 ym
has not been conducted. In this paper, we introduce a novel
nested HC-ARF having all circular tube design that incorporates
a hybrid cladding of silica and HIM. The proposed design
aims to achieve simultaneous benefits such as low propaga-
tion loss, single-polarization characteristics, high birefringence,
and endlessly single-mode operation at 2 pym wavelength for
applications such as fiber sensors, fiber lasers, and fiber-based
gyroscopes.

The article is structured as follows: Section II presents the
proposed fiber architecture. The selection of HIM material is
outlined in Section III. Section IV provides a detailed descrip-
tion of the numerical results and discussions, encompassing
comprehensive optimization procedures, single-mode opera-
tion, suppression of higher-order modes, and analysis of bend
losses. The future investigations on random fiber imperfections
is outlines in Section V. Section VI summarizes this article with
an emphasize on investigating single-polarization HC-ARF at
2 pm wavelength.

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see
https://creativecommons.org/licenses/by/4.0/
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Fig. 1. HC-ARF geometries: 6-tube (a) nested HC-ARF and (b) regu-
lar HC-ARF in which the nested tubes are not present in the outer tubes.
(c) Magnification of the outer tube indicating the wall thickness of silica/HIM
tubes, radius of outer/external/inner tube, r/r1/r2. Both fibers have a core
diameter of D, = 56 pum, ¢1/t2 = wall thickness of silica/HIM tubes, d =
nested tube diameter, D = outer tube diameter, and g = separation between the
outer tubes. (d) Normalized mode-field profiles of both polarizations for nested
and regular HC-ARF at 2 pym. The color bar shows the intensity distributions
in a linear scale. The mode-field profile (y—polarization) of nested HC-ARF is
more confined to the core compared to the regular HC-ARF.

II. FIBER GEOMETRY

The HC-ARF geometries investigated in this work are dis-
played in Fig. 1(a)-1(b). In Fig. 1(a), we present an architecture
of a nested non-touching all circular tube HC-ARF. The design
incorporates high-index material (HIM) tubes (depicted in cyan
color) inserted into two horizontally positioned silica tubes.
This arrangement aims to achieve low loss specifically for one
polarization state (y—polarization), while inducing high loss
for the other polarization state (x—polarization). The HC-ARF
has core diameter of D., tube diameter D, wall thickness of
silica/HIM tubes, t;/t2, nested tube ratio, d/D, and a gap
separation between the outer tubes, g. Fig. 1(b) shows a regular
HC-ARF design without nested tubes. In all our simulations,
we choose a relatively large core diameter of D, = 56 pym to
ensure low loss in the y—polarization. However, we optimize the
silica/HIM tube thickness (¢1/t2), and gap separation, g to en-
sure single-polarization, single-mode, and high-birefringence.
The outer diameter D is related to the core diameter D, wall
thickness ¢, and number to tubes /N, which can be written
as [29]:

D _ %sin(%) — 2 —t1(1 —sin())

2 1 —sin(%)

ey

In all of our simulations, we took into account a common
scenario found in fabricated fibers, where a small portion (rep-
resented as t1 /2) of the cladding tubes penetrates the outer silica
tube [30].

III. SELECTION OF HIM

Identifying a high-index material (HIM) with low loss that
exhibits both high birefringence and single-polarization at 2 ym
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Fig. 2. Calculated resonance wavelength, ,,, (a) as a function of HIM thick-

ness, to with different values of silica thickness, ¢1 for a fixed HIM refractive
index of ny = 2.80 and (b) as a function of HIM thickness, to with different
refractive index of HIM for a fixed silica wall thickness, ¢; = 500 nm. The
simulations are calculated for a fixed core diameter D. = 56 pm and gap
separation, g = 2 pum. The refractive indices of this work, Silicon (Si) [31],
and Germanimum (Ge) [32] are indicated by arrows in (b).

wavelength can be quite challenging. In this particular study,
we have chosen a HIM with a refractive index of 2.80 (Chalco-
genide). However, it is important to note that alternative HIMs,
such as Silicon (Si) [33], Germanium (Ge) [32], and compound
materials [34], could also be considered viable options, as long
as they are accompanied by suitable ¢/t values. The reso-
nance wavelength of y—polarization (corresponds to high loss)
depends on the refractive index of HIM and wall thickness of
t1 /t2, which can be approximated using [12], [35]:

Qteqy /ngq -1
g = — L —1.2,3,... )

m
where m is the resonance order, and teq = 11 + to.
The equivalent refractive index, neq is calculated using [34]:
Aq L As
n n 9
YA+ A, TP A+ A

Neq = 3
where nq and no are the refractive index of silica and HIM
respectively, and A; and A are the surface areas of two materials
given by:

Alzﬂ(TZ—rf);Agzﬂ(rf—Tg), (€]

where r is the radius of outer tubes, 1 and ry are the external
and internal tube radius of the HIM. The equivalent refractive
index, neq is a function of n; and ny and surface areas of two
materials. It can be seen from (2) that for a given refractive
index and wall thickness of HIM, the resonance wavelength for
x—polarization can be determined or vice versa. The calculated
resonance wavelength for z—polarization as a function of HIM
wall thickness, t5 for (a) different values of silica wall thickness,
t1 for a fixed value of HIM refractive index and (b) different
values of HIM refractive index with a fixed silica wall thickness,
t; is displayed in Fig. 2. The results displayed in Fig. 2 will
provide initial guidelines to estimate ¢, /to values for a fixed
HIM refractive index and ¢, values for a fixed ¢; and n; values.
Nevertheless, to obtain precise predictions for the ratios of ¢1 /¢,
finite-element (FE) modeling is necessary.
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FE-simulated results of birefringence: |n, — n, |, propagation loss in dB/m of  and z—polarizations, and PER or loss ratio of both polarizations. Top

panel: nested HC-ARF, and bottom panel: regular HC-ARF. The HC-ARF has core diameter, D, = 56 pm, normalized tube ratio, d/D = 0.5, and 1 /t2 =
564/559 nm. The simulations were performed at 2 pm. To depict the 2D surface plots, gap separation, g, and HIM wall thickness, o were scanned with 30 and 40

data points respectively and between the data points are interpolated.

IV. NUMERICAL RESULTS AND DISCUSSION

The simulations were performed using fully-vectorial FE
modeling. A perfectly-matched layer (PML) boundary was
placed outside the fiber domain to accurately calculate the
confinement loss. The mesh size and PML boundary conditions
were chosen similar to [12], [25], [36]. The propagation loss was
calculated by considering confinement loss, effective material
loss [36], and surface scattering loss (SSL) [12], [37].

A. Optimization of Gap Separation and HIM Wall Thickness

We started our investigations towards achieving high-
birefringence, single-mode, and single-polarization by optimiz-
ing the gap separation, g and the HIM wall thickness, ¢, for a
fixed core diameter, D, = 56 pum, silica wall thickness, t; =
560 nm, and normalized nested tube ratio, d/D = 0.5. The
desired properties of low loss, single-polarization, and high-
birefringence are highly dependent on these two parameters.
In particular, the effect of g is critical to examine since it heavily
influences how the fundamental-mode (FM) of one polarization
is guided in the core while that of the other polarization spreads
to the cladding. Fig. 1(d) shows the mode-field profiles of both
nested and regular HC-ARFs in which it can be seen that the light
of y—polarization is almost entirely guided in the core, while the
light of x—polarization spreads more towards the HIM cladding.
Itis also clear that there is enhanced performance with the nested
HC-ARF compared to regular HC-ARF as more of the light is
well guided in the core and weakly leaks towards the cladding.

The FE-simulated results for nested and regular HC-ARF are
shown in Fig. 3. From the 2D surface plots, we can see that there
is low loss for y—polarization, high loss for x—polarization,
high-birefringence, and high loss ratio around the region where
g ="2 pmand ts = 559 nm. The graphical patterns for the nested
and regular HC-AREF are similar in regards to birefrigence and
the loss of both polarizations, however, the nested structure dis-
plays a much higher loss ratio. Numerically, the nested structure
also shows significantly lower loss of the y—polarization with

a minimum FM loss of ~0.0011 dB/m comparing to that of the
regular structure at ~0.05 dB/m. It is also evident that the ideal
range is more highly impacted by the value of the HIM wall
thickness, since there is a visible boundary near to = 559 nm
where the birefringence drops greatly from >1.23 x 107 to
<0.27 x 10~%. For both nested and regular HC-ARFs, the max-
imum possible loss of x—polarization, birefringence, and loss
ratio as well as the minimum loss of the y—polarization do
not all occur at the same values of g and ¢5. For example,
the nested structure’s best values are 290 dB/m, >1.23 x 1074,
>1.7 x 10°, and ~1 dB/km respectively, and all occurring for
different values of ¢ and ¢5. The optimum region where high-
birefringence of >1.0 x 10~ is achieved while maintaining an
FM loss of the y—polarization of <0.05 dB/m s highly sensitive,
and occurs where g = 2 ym and 559 nm < ¢ < 559.5 nm.
A polarization-extinction ratio (PER) or loss ratio of >550 is
shown in this region as well. Values near this {5 range were
chosen for analysis in further sections with the anticipation that
high-birefringence, low loss, and single-mode operation could
be enhanced with additional parameter tuning.

B. Optimization of silica/HIM Wall Thickness (t1/t2)

In this section, we optimized the wall thicknesses of sil-
ica/HIM, while fixing our gap separation, g = 2 um as found
in the previous section. Here, we maintained the fixed core
diameter and normalized nested tube ratio of D. = 56 pm and
d/D = 0.5, respectively. From the results of the 2D contour
plots seen in Fig. 4, we can see that the wall thicknesses are
crucial to achieving low loss, high-birefringence, and single-
polarization. As mentioned previously, we chose the value of
g = 2 pm with the anticipation that further parameter tuning
could lead to enhanced birefringence. From the simulated results
of the silica/HIM sweep, high-birefringence of >1.20 x 10~*
was achieved in the region where ¢t; = 564 nm and t5 = 559 nm.
At these values, the FM loss of the y—polarization can be made
as low as 0.02 dB/m while the loss of the z—polarization is
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Fig. 4. FE-simulated results of birefringence: [n, — n, |, propagation loss of y and z—polarizations, and loss ratio of both polarizations as a function of HIM

thickness, ¢2 with different values of silica thickness, ¢1. The HC-ARF has core diameter, D, = 56 pm, normalized tube ratio, d/D = 0.5, and gap separation,
g = 2 pm. The simulations were performed at 2 pm. Silica wall thickness, ¢1, and HIM wall thickness, t2 were scanned with 25 and 30 data points respectively

and between the data points are interpolated.

>20 dB/m. The loss ratio is in the range of 578-970 here as well.
Again, the birefringence is highly sensitive to changes in the wall
thickness of HIM and a sharp drop can be seen once it exceeds
559 nm. These results demonstrate that by sufficient tuning of the
silica thickness ¢1, we are able to enhance the properties of low
loss, high-birefringence, and single-polarization. By doing so,
we were able to increase high-birefringence from >1.0 x 10~*
to >1.2 x 107 and loss ratio from >400 to >550 while re-
ducing the FM loss of the y—polarization from <0.05 dB/m to
<0.03 dB/m.

C. Single-Mode Operation and Higher-Order Mode
Suppression

Following the examination of the low loss, high-
birefringence, and single-polarization, the effectively single-
mode operation and the suppression of the higher-order modes
(HOMs) is demonstrated by optimization of the gap separation,
g, and the nested tube ratio, d/D. The FE- simulated results for
this are shown in Fig. 5, where we can easily see that there is a
large region where the loss of the FM is very low (<0.02 dB/m)
while the loss of the HOMs is high (>20 dB/m). It is also
important to note that FM loss is more heavily influenced by
changes in g compared to changes in d/D. However, d/D has
a significant impact on the loss of the HOMs. The region of
highest loss of the HOMs becomes narrow for the range 1 ym <
g < 2.5 um, where the value of d/ D must be precise in order to
obtain effectively single-mode operation. The coupling between
the core-guided HOMs and CMs is shown in Fig. 5(c)—(d).
The effective mode index of the FM-like mode (red dotted
line) remains unchanged as a function of d/D, avoiding any
phase matching with CMs. This mechanism confirms low loss
guidance. However, the effective index of HOMs strongly couple
with CMs and tube modes at various values of d/D (also see
Fig. 5(d), ensuring high loss for HOMs, thus confirming effective
single-mode operation.

D. Core Diameter Optimization

Next, we investigated the effect of changing the core di-
ameter D. on the FM loss of both polarizations for a fixed
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Fig. 5. FE-simulated propagation loss of y—polarization for (a) LFy;-mode
and (b) HOMs for varying values of d/D and gap separation, g. Results were
scanned with 50 and 30 data points respectively and between the data points
are interpolated. Effect of changing normalized nested tube ratio, d/D on
(c) Effective mode index with a core diameter, D, = 56 pum, t1/t2 =
564/559 nm, and gap separation, g = 2 pm. The normalized tube ratio, d/D
were scanned from 0.3 to 0.8 by simulating 50 modes at 2 pm. (d) The electric
field intensities of the first four core-guided modes and CMs are shown for d/ D
~ 0.42 and g = 2 pm on a linear color scale.

g = 2 pm, silica wall thickness, t1/to = 564/559 nm, and
normalized nested tube ratio, d/D = 0.5. The results of the
core diameter analysis in Fig. 6(a) revealed that the loss of
the y—polarization remains low and relatively unchanged for
all values while the loss of the x—polarization is significantly
higher yet decreasing with the core diameter. For our previous
analyses, we fixed the core diameter D, = 56 pm, however, we
saw that the FM of the z—polarization can be made more lossy
for lower core diameter values around 50-52 pm. There is strong
high-birefringence in this region of >1.48 x 10~*, however, the
loss of the y—polarization increases to >0.1 dB/m at D, = 50
pm specifically, as shown in Fig. 6(b). Since high-birefringence
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Fig. 6. FE-simulated (a) propagation loss of both polarization for L Fy;-mode

and (b) birefringence for different values of core diameters. The HC-ARF has
silica/HIM wall thickness, t1/t2 = 564/559 nm, gap separation, d/D = 0.5,
and g = 2 pm. The simulations were performed at 2 pm.

of >1.3 x 10~% is achieved for any value of D, an optimum
region can be determined simply by where the loss of the
y—polarization is the lowest. This occurs in the range of 55.6 ym
< D, < 56.8 um, where the FM loss of the y—polarization
remains <0.2 dB/m. Thus we have shown that by changing the
core diameter D., we can achieve even better performance in
regards to low loss, high-birefringence, and single-polarization.

E. Bend Loss Analysis

Lastly, we examined the bend loss of nested HC-ARF for a
range of bend radii Iy of 5 — 10 cm for different g = {2, 3,
4} um, fixed core diameter D, = 56 um, t1 /to = 564/559 nm,
and normalized nested tube ratio, d/D = 0.65. We utilize the
standard conformal transformation to alter the refractive index
of a comparable straight fiber in order to determine the bend loss
of the fibers [38], [39]: ny = n(x, y)e®¥)/ o where Ry, is the
bend radius, z is the bend direction, n(x, y) is the refractive index
profile of the straight fiber and ny is the equivalent refractive
index after bending. The bend loss of x—direction is much higher
than y—direction and has strong light coupling to the tube modes
as expected due to the missing nested tubes in the x—directions.
The strong coupling between the core modes and tubes modes
occur at different bend radii and the coupling shifts for different
g values. This phenomenon is interesting because it indicates
that the fiber can be used as a polarization filter at those gap
separations and bend conditions as displayed in Fig. 7.

V. FUTURE INVESTIGATIONS

This study focuses exclusively on an ideal HC-ARF structure,
where key parameters such as tube gap separations (g) and wall
thicknesses of silica/HIM (¢, /t2) remain constant. Additionally,
the cladding tubes are assumed to have a circular shape, as
depicted in Fig. 8(a). However, in practice, random structural
perturbations, including fluctuations in tube wall thicknesses,
tube gap separations, anisotropic nested and outer tubes which
commonly occur during fiber fabrication (see Fig. 8(b)), were
not taken into account. These variations may have the poten-
tial to influence the overall loss, polarization properties, and
single-mode propagation performance. Hence, it is inevitable to
encounter these effects and we will investigate these effects on
the overall performance of the proposed HC-ARF in future.
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Fig. 7. Calculated bend loss of both polarizations versus bend radius from

5cmto 10 cm in steps of 0.1 cm for different gap separations for  and y—bend
directions. The HC-ARF has core diameter, D, = 56 pm, silica/HIM wall
thickness, ¢1 /t2 = 564/559 nm, gap separation, d/D = 0.65, and g = 2 um
(red), 3 um (green), and 4 pm (blue). The simulations were performed at 2 pim.
The high loss peaks can be used for polarization filters. Inset: the electric field
intensities on a linear color scale are shown for different bend radii.

realistic

Fig.8. (a)ldeal circular cladding tube HC-ARF architecture with constant tube
gap separations, g and wall thickness of silica/HIM, ¢1 /t2. (b) Realistic HC-ARF
design with random wall thicknesses, tube gap separations, and anisotropic tube
shapes. The tube offset angles are denoted by avq, aa, . . ., .

VI. CONCLUSION

In conclusion, we present a HC-ARF architecture that has
been developed and validated to have single-polarization, high-
birefringence, and single-mode operation characteristics at the
2 pm wavelength. Through extensive fiber parameter optimiza-
tions based on regular and nested hybrid silica/HIM HC-ARF
structures, we demonstrated that the nested geometry has better
performance compared to regular HC-ARF. We also found a
favorable range of the gap separation and HIM wall thickness.
From there, we were able to tune the silica thickness to obtain en-
hanced low loss, high-birefringence, and polarization-extinction
ratio of 0.02 dB/m, 1.2x10~%, and >550, respectively. Fur-
thermore, effectively single-mode operation was achieved by
suitably choosing the nested tube ratio, d/ D. We found that the
loss of the HOMs could be made as high as 20 dB/m while the
loss of the FM was <0.02 dB/m for a large range of g and d/D
values. Finally, we investigated the effect of changing the bend
radius in both x and y—directions. We found that FM bend loss
for x—direction was much higher than the y—direction due to
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the strong light coupling to the tube modes. The strong coupling
between the core-guided modes and CMs lead to an interesting
phenomenon through which the proposed fiber can be used as
polarization filter. The exceptional polarization, low propagation
loss, and single-mode properties presented in this work will pave
the way toward practical applications at the highly appealing 2
pm wavelength.
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