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Hollow-core negative curvature fibers (HC-NCFs) have become one of the research hotspots in the field of optical fiber
because of their potential applications in the data and energy transmissions. In this work, a new kind of single-polarization
single-mode HC-NCF with nested U-type cladding elements is proposed. To achieve the single-polarization single-mode
transmission, we use two different silica tubes in thickness, which satisfy the resonance and anti-resonance conditions on
the U-type cladding elements and the cladding tubes, respectively. Besides, the elliptical elements are introduced to achieve
good single-mode performance. By studying the influences of the structure parameters on the propagation characteristics,
the optimized structure parameters are obtained. The simulation results show that when the wavelength is fixed at 1550 nm,
the single-polarization single-mode transmission is achieved, with the polarization extinction ratio of 25749 and minimum
high-order mode extinction ratio of 174. Furthermore, the confinement loss is only 0.0015 dB/m.

Keywords: hollow-core negative curvature fiber, single-polarization, single-mode, finite element method

PACS: 42.81.Gs, 42.68.Ay, 42.25.Bs, 42.81.—i

1. Introduction

Hollow-core negative curvature fiber (HC-NCF), whose
surface is perpendicular to the boundary of the core, is op-
posite to the radial unit vector in the cylindrical coordinate
system, and their transmission mechanism results from the
anti-resonance reflection.['-%! Unlike the hollow-core pho-
tonic bandgap fiber (HC-PBGF), there is no periodically ar-
ranged cladding structure in the HC-NCE.["-!1 In addition,
the HC-NCF has a broader bandwidth and lower transmis-
sion loss because of its large core diameter and special trans-

12-17] For an optical communication sys-

mission mechanism. !
tem, if the optical fiber has good single-polarization charac-
teristic, it can avoid the effects of the polarization mode dis-
persion and crosstalk between the polarization modes dur-
ing transmission.['82%) In recent years, some investigators did
their best to achieve the single-polarization characteristics of
the NC-HCFs.[21-25] Now, there are the two main methods
to design the single-polarization HC-NCFs. The first method
is to introduce the symmetrical refractive index distributions.
By filling or coating high refractive index materials in the
cladding tubes in one direction, the coupling strength between
the fundamental mode (FM) and silica modes (SMs) in the di-
rection will be enhanced, which leads to a high confinement
loss (CL).[2%27] The other method is to design a symmetri-
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cal geometric structure. By keeping the thickness of the silica
tubes in one direction to meet the resonance condition, while
the thickness of the silica tubes in the other direction meet the
anti-resonance condition. At this time, the coupling strength
between the FM and SM in one direction will be enhanced and
restrained in the other direction. [21:22-28]

In 2015, Mousavi and Richardson reported a nested anti-
resonance nodeless fiber (NANF) with four silica tubes, which
is the first single-polarization anti-resonant fiber. The po-
larization extinction ratio (PER) is approximately 1000 and
lowest-loss polarization is 0.075 dB/m.[*! In 2018, Wei et
al. demonstrated the polarization-maintaining NCFs with six
silica tubes. By introducing the resonant thickness on the
nested tubes in the y-polarization direction, the PER is 850,
and the lowest-loss polarization is 0.02 dB/m at wavelength
1550 nm.!?*! In 2018, Yan et al.’**! proposed a double-ring
HC-NCF with six tubes. By introducing resonant thickness
on the inner tubes in the x-polarization direction, the PER
is 17662, and the lowest-loss polarization is 0.04 dB/m at
wavelength 1550 nm. Besides, this proposed HC-NCF has a
good single-mode transmission performance with a high-order
mode extinction ratio (HOMER) of 393.141 In 2020, Yero-
latsitis et al. fabricated a single-mode birefringent NCF with

six silica tubes. By introducing different tubes in thickness in
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the x direction, the measured CL is 0.46 dB/m at wavelength
1550 nm with a birefringence of 2.5x 10731231 From the previ-
ous researches, the high-order mode suppression and low loss
characteristics can be significantly improved by introducing
the elliptical silica tubes in the cladding region in comparison
with the case of circular silica tubes.??-3"]

In this paper, we propose a single-polarization single-
mode HC-NCF with nested U-type cladding elements. The
influences of the structure parameters on the PER and CL are
investigated by the finite element method (FEM). In this de-
sign, to guarantee the low CL, we first introduce the eight
elliptical cladding silica tubes, whose thickness meet satisfy
the anti-resonance condition. Second, in order to achieve the
single-polarization characteristic, we add the two U-type sil-
ica elements in the y-polarization direction, whose thickness
meet the resonance condition. Thus, it satisfies not only the
asymmetry of the tube thickness in the two transverse orthog-
onal directions, but also the asymmetry of the tube shape.
The simulation results show that the proposed HC-NCF can
achieve single-polarization single-mode guidance with a PER
of 25749 and an HOMER of 174. Moreover, the x-polarization
fundamental mode loss of the HC-NCF is only 0.0015 dB/m,
and the HC-NCF shows a good bending-resistance.

2. Design of single-polarization single-mode
HC-NCF and performances

The cross-section of the proposed HC-NCF is shown in
Fig. 1. Compared with the traditional nested tube HC-NCFs,
such a U-type nested tube structure can avoid the high refrac-
tive index points caused by the connection between the outer
tube and nested tube. Therefore, the lower CL for the HC-
NCF can be achieved. As shown in Fig. 1, the major axial ra-
dius and minor axis radius for each of the two elliptical tubes
in the y direction are r and r,, respectively. The arc part of
the nested U-type silica tube is a semicircle, whose radius is
rs, and the distance between the bottom of the U-typed silica
tube and the top of the outer silica tube is 2r5. The other six
elliptical cladding silica tubes have the same major axis radius
r3 and minor axis radius r4. There are two kinds of tubes. The
thickness for each of the two U-type nested silica tubes (green
color) is t,, and the thickness of the remaining tubes is #1. The
inner core radius and outer core radius are denoted as R and
R;. And the relationship between R, and other parameters can
be described as

Ry =R|+2r3—2r,. €))

The transmission mechanism of the HC-NCFs results
from the anti-resonant reflecting optical waveguide (ARROW)
mode.['] When the fiber structure satisfies the resonance con-

dition, the thickness of the silica tubes can be obtained from
t= m)’/[z(nglass - ngir)l/z]' (2)

When the fiber structure satisfies the anti-resonance condi-
tion, the corresponding thickness of the silica tubes can be
expressed as

£ = (m—0.5)A/[2(n2es —n2) ), 3)

glass —

where the positive integer m is the resonance order, A (in unit
nm) is the operating wavelength, ngy,gs is the refractive index
of the silica, and n,;, is the refractive index of the air.

I PML
[/ Air

I SiO-
E SiO;

Fig. 1. Cross-section structure of designed single-polarization single-
mode HC-NCF with nested U-type cladding elements.
When the FM is coupled with the SM, the CL of the FM
will increase. The CL can be obtained from!*!

CL(dB/m) = 407 timag /[In(10)A], O]

where nim,, is the imaginary part of the effective refractive in-
dex of the guided mode.

The PER is defined as the loss ratio of the y-polarization
FM to the x-polarization FM, and expressed as

PER = loss,_po1/loss e pol» 5)

where the loss of the FM is defined as the ratio of the minimum
value of the loss of FM in y polarization to the minimum value
of the loss of FM in x polarization. In this work, when the PER
is higher than 100 or lower than 0.01, it can be regarded as the
single-polarization guidance.

The bending loss is a very important parameter in the
practical application. We use the conformal transformation
method to make the refractive index in the optical fiber equiv-

alent to21

n’(x,y) :n(xay)(l +x/Rbend)7 (6)

where n'(x,y) is the equivalent refractive index, n(x,y) is the
original refractive index, and Rypq is the bending radius. Here,
we assume that the bending direction is along the x axis.

In this work, the low loss and single-polarization charac-
teristics of the proposed HC-NCF can be achieved by adjust-

ing the structure parameters. For the outer rings of the two
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silica tubes in the y direction, the tube thickness is set to be
the anti-resonant thickness to ensure the low CL of the FM.
To introduce the single-polarization characteristic, the thick-
ness values of the two nested U-type tubes in the y direction
satisfy the resonance condition. According to Egs. (2) and
(3), for m =2, t; = 1.12 um is an anti-resonant thickness at
wavelength 1550 nm, and #, = 1.5 pum is a resonant thickness
at wavelength 1550 nm. Thus, the initial structure parame-
ters of the HC-NCF are set to be Ry = 16 um, r; = 15 um,
rp =13 um, r3 =19 um, ry, = 15 um, rs = 15 um, ¢, =
1.12 pm, and #, = 1.5 um. The FEM is adopted to simu-

late the proposed HC-NCF. In this simulation, the perfectly
matched layer (PML) is added to the outermost layer, the grid
size of the air area is set to be A /3, and other silica regions are
assumed to be 1 /6.

Figures 2(a) and 2(b) show the calculated mode field dis-
tributions of the y-polarization silica mode (SM;) at wave-
length 1540 nm and x-polarization silica mode (SM») at wave-
length 1554 nm, respectively. Figures 2(c) and 2(d) show
the mode field distributions of the y-polarization fundamental
mode (FM) at wavelength 1552 nm and x-polarization funda-
mental mode (FM>) at wavelength 1556 nm, respectively.
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Fig. 2. (a)—(d) Mode field distributions of SM; at wavelength 1540 nm, SM; at wavelength 1554 nm, FM, at wavelength 1552 nm, and FM, at wavelength
1556 nm. (e) Effective refractive index curves of x-polarization and y-polarization FMs and two SMs. (f) CL curves of x-polarization FM and y-polarization

FM, and the corresponding PER.

Figure 2(e) shows that the SM; is coupled with the FM;
at wavelength 1538 nm, whereas the SM> is coupled with the
FM, at wavelength 1546 nm. Figure 2(e) shows the plots
of the real part of the effective refractive index of the x-
polarization FM, y-polarization FM and two SMs versus wave-
length. At wavelength 1538 nm, the effective refractive in-
dex curves of the FM; and SM; intersect, and the FM; is
coupled with the SM at this time. At wavelength 1546 nm,
the effective refractive index curves of the FM, and SM; in-
tersect, and the FM, is coupled with the SMj at this time.
Figure 2(f) shows the CL curves of the x-polarization and y-
polarization FMs and their corresponding PER. As seen from
Fig. 2(e), when the FM; is coupled with the SM; at wave-
length 1538 nm, the CL of the FM; increases, but the CL of
the FM, changes slightly. When the FM, is coupled with the
SM, at wavelength 1546 nm, the CL of the FM; increases,
while the CL of the FM changes slightly. When A = 1550 nm,
the PER is 102, and the CL is 0.017 dB/m. In the following,
we will discuss how to improve the PER and reduce the CL
around 1550 nm.

3. Influences of fiber structure parameters on
propagation characteristics

To obtain the higher PER and lower CL, the influences
of the fiber structure parameters need discussing. From the

analysis in Section 2, it is known that #; has the greatest influ-
ence on the CL and #, has the greatest influence on the PER.
Thus, we first fix #; at a determined value and study the in-
fluence of , on the PER. Figure 3(a) shows the plots of PER
calculated versus tp, with ¢ fixed separately at 1.116, 1.118,
and 1.12 pm. It can be seen from Fig. 3(a) that with the in-
crease of 1,, the PER peak wavelengths are shifted, but the
PER peak can be obtained by adjusting the value of #; and #,
reasonably. Therefore, a pair of #; and #, can be chosen to
obtain a better single-polarization characteristic. We choose
t; = 1.116 um and 7, = 1.51 pum to obtain the highest PER
according to Fig. 3(a). Figure 3(b) shows the CL of the x-
polarization and y-polarization FMs and corresponding PER
when 71 is fixed at 1.116 wm at wavelength 1550 nm. It is
found that when #, = 1.51 um, the CL of the x-polarization FM
is the lowest and the CL of the y-polarization FM is the high-
est . As t, changes, the CL of the x-polarization FM experi-
ences a small change, but the CL of the y-polarization FM has
a great change. The main reason is that when #, changes, the
coupling wavelength and coupling degree of the y-polarization
FM and SM; will change, which will result in the change of
the wavelength corresponding to the high loss point in the y-
polarization direction and PER.

Figure 4(a) shows that the PER and CL of the proposed
HC-NCF vary with wavelength in a range from 1545 nm to
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1555 nm for three different values of #;. When #; increases
from 1.116 um to 1.12 wm, a red-shift happens to the PER
peak wavelength, and the PER peak value decreases. The rea-
son is that with the increase of ¢, the coupling wavelengths
of the y-polarization FM and SM; will trigger off a red-shift,
and the coupling degree will decrease. However, the CL has
little change when #; changes. Figure 4(b) shows that the PER
and CL vary with wavelength in a range from 1545 nm to
1555 nm for three different values of ;. When ¢, increases
from 1.51 pm to 1.514 um, a red-shift happens to the PER
peak wavelength , and the PER peak value increases. The rea-
son is that with the increase of #,, the coupling wavelength of
the y-polarization FM and SM; will set up the red-shifts and
the coupling degrees will increase. However, when f, changes,
the CL has little change.

10° —

- t;=1.116 pym (a)
10%F— — ¢, =1.118 ym
t1=1.12 ym AR

103}
102
10!
100
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Fig. 3. (a) Plots of PER versus t,, with t; fixed separately at 1.116, 1.118,
and 1.12 pm at wavelength 1550 nm. (b) Plots of CL of the x-polarization
and y-polarization FMs and corresponding PER versus t,, with #; fixed at
1.116 um at wavelength 1550 nm.

Figures 5(a)-5(f) show the calculated PERs and CLs of
the proposed HC-NCF when ry, r, r3, r4, 15, and R are

1.504

changed, respectively. From Fig. 5(a), when r; increases from
14.5 pm to 15.5 pum, these PER peak wavelengths give rise
to red-shifts, and are located at 1549, 1551, and 1552 nm, re-
spectively, corresponding to the PER values of 1561, 16772,
and 1310. From Fig. 5(b), when r, increases from 12.5 pm
to 13.5 um, the PER peak wavelengths cause red-shifts, and
are located at 1549, 1551, and 1552 nm, respectively, with the

PER values being 526, 16772, and 533. Figure 5(c) shows
that when r3 increases from 17.5 pm to 18.5 um, the PER
peak wavelengths present red-shifts, and are located at 1550,
1551, and 1551 nm, respectively, with the PER values being
5267, 16772, and 21287. Figure 5(d) indicates that when r4 in-
creases from 18.5 to 19.5 um, the PER peak wavelengths have
small shifts and are located at 1551 nm, with the PER values
being 11287, 16772, and 29735. From Fig. 5(e) it follows that
when rs5 increases from 14.5 um to 15.5 um, the PER peak
wavelengths have blue shifts, and are located at 1552, 1551,
and 1548 nm, respectively, with the PER values being 317,
16772, and 497. From Fig. 5(f) it follows that when R; in-
creases from 15.5 um to 16.5 um, the PER peak wavelengths
set up red-shifts, and are located around 1551 nm, with the
PER values being 5036, 16772, and 27007. The main reason
can be that as rq, 1, 13, 14, s or Ry change, the coupling wave-
length and coupling degree of the y-polarization FM and SM;
will change, which will result in the change of the wavelength
corresponding to the high loss point in the y-polarization di-
rection and PER. However, from Figs. 5(a)-5(f), the CL has
little change whenry, r, r3, r4, r5 or Ry change. In summary,
it can be concluded that when #; and t, are fixed, the other
structure parameters of the proposed HC-NCF have different
effects on the PER.
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Fig. 4. Curves of PER and CL, (a) with #; being 1.116, 1.118, and 1.12 um.
and #, being 1.51 pm, and (b) with #, being 1.51, 1.512, and 1.514 pm and
t; beingl.116 pum separately.
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Fig. 5. Curves of PER and CL (a), with r| being 14.5, 15, and 15.5 pm; (b) with r, being 12.5, 13, and 13.5 pum; (c) with r3 being 17.5, 18,
and 18.5 um; (d) with r4 being 18.5, 19, and 19.5 um; (e) with r5 being 14.5, 15, and 15.5 pm; and (f) with R; being 15.5, 16, and 16.5 pum,
separately.
4. Transmission performances of proposed HC-  den change. In Fig. 6(c), at wavelengths 1522 nm, 1529 nm,
NCF and 1550 nm, the effective refractive index curve of the y-

Based on the above analyses, the final structural parame- polarization FM has a sudden change, and the CL of the y-

ters of the HC-NCF are determined as follows: Ry = 16 um,
rp =15 um, r, = 13.2 pym, r3 = 19 um, r4 = 15.3 pm,
rs =15 um, t; = 1.115 pm, and #, = 1.507 um. Figure 6(a)

polarization FM will increase sharply. In contrast, the CL of
the x-polarization FM changes slightly. And at 1556 nm, when
the effective refractive index curve of the x-polarization FM

shows the variations of real parts of the effective refractive ~ Nas a sudden change, the CL of the x-polarization FM will in-

indices of the x-polarization and y-polarization FMs and two ~ crease sharply, but the CL of the y-polarization FM changes
SMs with wavelength. It can be seen from Fig. 6(a) that at ~ slightly. In Fig. 6(d), there will be extreme values of the
wavelengths 1522, 1529, and 1550 nm, the effective refractive =~ PER respectively near the wavelengths 1522 nm, 1529 nm,
index curves of the y-polarization FM and SM intersect, and 1550 nm, and 1556 nm, and there exist two single-polarization
the effective refractive index curve of the y-polarization FM  regions in the wavelength range from 1521 nm to 1522 nm and
has a sudden change. At 1556 nm, the effective refractive in-  from 1548 nm to 1551 nm.

dex curves of the x-polarization FM and SM; intersect, and Besides, at 1550 nm, the PER is 25749, and the CL of the
the effective index curve of the x-polarization FM has a sud-  FM is 0.00152 dB/m.
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Fig. 6. (a) Wavelength-dependent effective refractive indices of x-polarization (x-pol) and y-polarization (y-pol) FMs and two SMs; (b) electric
field distributions of x-polarization FM, x-polarization SM at wavelength 1556 nm and y-polarization FM, y-polarization SM at wavelength
1550 nm; (c) wavelength-dependent loss of x-polarization and y-polarization FMs; and (d) wavelength-dependent PER.

In this work, the HOMER is defined as the minimum loss
ratio of the loss of the higher-order modes to the fundamen-
tal loss. At 1550 nm, the HOMER is 174, so the proposed
HC-NCF can be regarded as the single-mode guidance.

5. Bending loss characteristic of proposed HC-
NCF

Figure 7(a) shows the bending loss of the FM; and the
FM,, which are represented, respectively, by the red curve
and the dark curve at wavelength 1550 nm. The extreme for
Rbending = 5 cm is caused by the phase-matching between the
core mode and cladding mode after bending for the two funda-
mental modes. Figures 7(b)-7(d) show the mode field distri-
bution of the x-polarization FM calculated with Ryending = 2, 5,
and 8 cm. It can be found from Figs. 7(b)-7(d) that when the
HC-NCF is bent along the x polarization with different values
of Rpending, the mode field energy can be well confined in the
core region of the HC-NCF.

Table 1 shows the comparison between the results of the
PER, CL, and HOMER of the proposed HC-NCF and the re-

sults of other researches. It can be seen from Table 1 that the
proposed HC-NCF has the highest PER and the lowest CL.
Thus, it has good single-polarization single-mode transmis-

sion characteristic.
° 1
q 0
(C° M)° 1
io

Fig. 7. (a) Curves of calculated bending loss at wavelength 1550 nm, and
(b) mode-field distribution of x-polarization FM separately with Rpending =
2cm, (¢) 5 cm, and (d) 8 cm.

(a) 10?
~ 10} -
£

o 100
o

~ 10!

— z polarization
- ..y polarization

—
O 10-2

-3
1012345678910

Bend radius (cm)

Table 1. Comparison of results between proposed HC-NCF and other researches.

Ref. Structures PER CL (dB/m) HOMER
[26] four-tube HC-NCF 1000 0.04 N/A
[28] hollow core nested ant-resonant nodeless fibers (HC-NANF) 850 0.02 N/A
[21] double-ring HC-NCF 17662 0.04 393
[22] six-tube HC-NCF N/A 0.46 N/A
This work U-type cladding elements HC-NCF 25749 0.0015 174
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6. Conclusions

In this work, we proposed a novel single-polarization
single-mode HC-NCF that includes two nested U-typed silica
tubes. When the fundamental mode and the nested U-typed
silica tube mode in the same polarization direction are cou-
pled with each other, the CL of the fundamental mode in the
polarization direction will increase, and the PER will increase
at the same time. The simulation results show that for the pro-
posed HC-NCF, the CL is only 0.0015 dB/m, the PER can
reach 25749, and the HOMER is 174. The proposed HC-NCF
has a good single-polarization single-mode transmission char-
acteristic. It is believed that such an HC-NCF will be very
useful in transferring the data and energy.
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