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ABSTRACT We report on a novel weakly-coupled 6-LP-mode fiber that features a nanopore-assisted step-
index core with double-cladding profile. The purpose of this fiber design is to alleviate modes coupling and
bend sensitivity, thus simplifies the multiple-input multiple-output (MIMO) process and the environmental
requirements in which the fiber is used. Through numerical simulations, we show that the minimum effective
index difference (Angp) of larger than 1.8*1 0~3 among all LP-mode over C and L band can be achieved by a
simple nanopore with 170 nm radius in the center of the core. Furthermore, the dependences of both bending
loss and chromatic dispersion on fiber structures are investigated by the finite element method (FEM) to show
the good broadband performance. The proposed fiber targets applications in simpler MIMO space division

multiplexing (SDM) systems such as data center and short-reach large-capacity transmission.

INDEX TERMS Few-mode fibers, mode coupling, nanopore-assisted, bending loss, dispersion.

I. INTRODUCTION

As a promising way to overcome capacity limitations of opti-
cal systems based on single-mode fibers (SMFs), space divi-
sion multiplexing (SDM) transmission through multi-core
fibers (MCFs) and few-mode fibers (FMFs) has attracted
worldwide concern [1]-[5]. Compared with MCFs, FMF has
the advantage of boosting the transmission capacity via a
single enlarged core in the cladding. A variety of FMFs that
support several modes have been investigated, which have
different core parameters and structures [6]-[10].

Mode coupling is a major obstacle to the use of
FMFs in SDM systems. Most FMF transmission exper-
iments have been demonstrated using complex multiple-
input multiple-output (MIMO) techniques to mitigate the
random mode coupling, especially in long-haul transmis-
sions [10]-[12]. Although the applying of graded-index fibers
with minimal differential modal delay (DMD) is one of effec-
tive approaches, the 2M*2M equalizers are also necessary

The associate editor coordinating the review of this manuscript and
approving it for publication was San-Liang Lee.

VOLUME 8, 2020

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

to separate all M spatial channels (each channel has two
polarizations) for the higher-order LP modes. In contrast,
in data centers, where direct detection is common, it is
urgent to reduce the complexity of MIMO and decrease the
number of operations and its power consumption. Weakly
coupled fibers have the unique superiority. They reduce
the dependence on MIMO process via minimizing mode
coupling [13]-[15]. For a better understanding, each LP mode
in weakly coupled fibers can be detected separately using
simple 2*2 (non-degenerate LP modes) or 4*4 (two-time
degenerate LP modes) MIMO technology, regardless of the
number of modes. In this approach, signals can be transmitted
and received independently, which makes the number of
MIMO facilities decline dramatically.

Generally, simpler MIMO transmissions require that the
degeneracy between spatial modes should be lifted. The
effective index difference (An,r) between adjacent LP modes
should be larger than 1*1073 [13]. Some efforts have been
made to solve this problem. The high core-cladding index
difference design was found to expand mode spacing. Yet,
core-cladding index difference of more than 1.6% is needed
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tokeep Angy = 1* 1073 for a 6-LP-mode step-index fiber [1].
The special fiber structures, including ring-assisted cores, are
introduced to increase the Angy [6], [13], [16]-[18]. A latest
record that the An,y of higher than 1.49* 1073 is achieved by
a ring-core FMF with 6-LP-mode [13]. The fact is that the
excessive changes in the core structure will alter fiber prop-
erties, such as transmission loss and increase the fabricating
difficulty. Some elliptical cores are also designed to sepa-
rate degenerate modes [9], [19], [20]. However, breaking the
degeneracy usually brings an even smaller An,gr, which will
restrict the number of independent modes. Besides, weakly
coupled FMFs should be designed with other necessary prop-
erties. Random bending tends to occur in the actual fiber
use, so the bending loss of FMFs has become one of the
major concerns in its practical application [21]. The DMD
and chromatic dispersion in FMFs should also be noted to
keep stable signal transmission in the corresponding band.
Therefore, a weakly coupled FMF should be designed with
simple core structures and multiple spatial channels while
suppressing mode coupling and bending loss.

In this paper, a novel nanopore-assisted 6-LP-mode fiber
with double-cladding profile has been demonstrated to
address the above issues. By the using of finite element
method (FEM), COMSOL Multiphysics is adopted to sim-
ulate the mode field distribution and then the data are inte-
grated to MATLAB for analyzing. Firstly, we introduce the
design principle of weakly-coupled FMF and the nanopore-
assisted core structure in section 2. It is revealed that, the min-
imum Anef of larger than 1.8*1073 over C and L band can
be achieved by a 170 nm-radius nanopore in the center of
step-index core. Then, in order to understand the broadband
performance of our designed fiber, the bending loss and
chromatic dispersion dependences on fiber parameters and
wavelengths are investigated in section 3. Finally, we clar-
ify the fabrication tolerance and fiber properties. Through
numerical simulations, we confirm that our proposed fiber
shows great potential in the short-range large capacity simpler
MIMO SDM systems.

Il. PRINCIPLE AND NANOPORE-ASSISTED CORE DESIGN
A. DESIGN PRINCIPLE OF WEAKLY COUPLED FIBER
According to the coupled mode theory and power coupling
theory, the mode coupling coefficient is inversely propor-
tional to the Angy [13], [22]. In the experiment of [23],
there is a threshold of Angy to describe the relationship
between An,g and the power coupling coefficient. When the
Angyr is smaller than the threshold value, the power coupling
coefficient decreases with increasing of An. Yet, it changes
insignificantly if Angy is larger than that value.

It is found that the existing of lateral pressure and envi-
ronmental fluctuation may lead to a larger threshold value
of Anef. Therefore, a fiber with large enough Angy is
expected to have better robustness to external fluctuation [6].
Researches show that to design a weakly-coupled FMF, suffi-
ciently large An.gy between LP modes is essentially required.
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The minimum An,g of larger than 1* 1073 is the usual thresh-
old for almost no modal-crosstalk [22]. Generally, the swept-
wavelength interferometry technology is adopted to evaluate
the inter-mode crosstalk. A former research indicate that
when Angy > 0.8*1073, the power coupling coefficient for
different modal vary from —29.8 dB/km to —22.7 dB/km in
a ring-core 4-LP mode fiber, which is low enough to achieve
weak coupling [6]. Thus, a FMF with the minimum Angy >
1*1073 can be considered as a weakly-coupled FMF.

Step-index core profiles have proven to be very well
adapted to weakly coupled fibers. Fig. 1 shows, for this
profile type, normalized propagation constant b as functions
of normalized frequency V, where n.4 is the effective index
of the LP mode, n,, is the index of core, n. is the index of
cladding, r is the core radius, A is the operating wavelength,
taken here as 1550 nm. V and b are defined as (1) and (2),
respectively [6]. The V number of 6.4 ensures robustness,
supporting 6-LP modes and cutting off the next higher order
modes. We can see that b of LP>; and LPy; is closest to each
other, which means the minimum An,y between them leads
to the strongest mode crosstalk.

b= (n2y — n?)/(n2, — ) M

V = 2mrn2, —n% /A ()
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FIGURE 1. Normalized propagation constant b, versus normalized
frequency V, for step-index core profiles.

To alleviate mode coupling, it is necessary to analyze the
modes power distribution in step-index core. Figure 2 shows
the normalized power distribution of 6 supporting modes
along the normalized radial distance when V = 6.4. In theory,
the ngr of a LP mode can be manipulated by varying the
refractive index of the corresponding core region in where the
LP modes’ most power distribute [13]. From Fig. 2, the field
profiles of LPg; mode and LPg; mode have a maximum
intensity at the center of core, while LP; mode has its
peak intensity in the middle area of the core. For a better
understanding, any change of one’s n.s will have less of an
effect on the other’s. Therefore, adjusting the ne of a certain
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FIGURE 2. Normalized power distribution along the normalized radial
distance when V = 6.4.

mode (or changing the position of its maximum power area)
based on the step-index core profile is a simple and effective
method for designing weakly-coupled FMFs. A large num-
ber of achievements have been obtained through this design
theory. For instance, a modified ring-core design based on
step-index core reduces the nqy of LP, through the low index
region in the center of core [16] and another ring-assisted
FMF design based on step-index core increase the ngy of
LP»; by inserting a high index ring [6]. In our consideration,
the strategies of abandoning any mode or introducing addi-
tional ring structures are not adopted, since either of them
will sacrifice mode amount or significantly change the core
index profile and increase the manufacturing difficulty.

B. NANOPORE-ASSISTED CORE DESIGN

According to the design theory mentioned above, we demon-
strate the design of an air hole with a nanometer width,
which called nanopore, placed in the center of step-index
core to modify overall mode spacing, since the nanopore
has the lowest index so that it can sufficiently decrease
the ner of LPp; and leaves no significant impact on other
modes. The nanopore extends through the entire fiber lengths.
Here, we set up a two-dimensional model through COMSOL
Multiphysics to analyze the mode properties in FMFs. The
frequency domain physics field under the wave optics module
is selected. Figure 3 shows the index profile of the nanopore
core design, where ri, d, W are core radius, radius of
nanopore and the width of 1% cladding, respectively. The
influence of double-cladding structure will be discussed in
section 3. The index contrast of core and cladding is defined
as Ay = (n2, — n%)/(2n2).

First, we need to select appropriate core parameters as
the basic model. Considering 6 LP-mode transmission and
the large space between the n.y of the highest order mode
and cladding index, iy = 7.5 um and Ay = 1.0% are
set as the core parameters in terms of Eq. (2). In order to
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FIGURE 3. The index profile of nanopore-assisted double-cladding FMF
design.

ensure the rigor and reliability of the calculation results, some
preset parameters need to be arranged. To model the air hole
with nano-scale sizes, the extremely-refined free-triangular
divided meshes is used to improve the spatial resolution of the
model. In addition, the amount of supporting modes as well
as the operating wavelength are also should be considered in
the modeling. To reveal the impact of the nanopore, the modal
properties relative to nanopore parameters are calculated.
Fig. 4 shows variation of the n.y with d/ry at the wavelength
A = 1550 nm. The n.y of LPy; and LPg; becomes small by
the influence of nanopore, and it is reduced noticeably as
d/ry grows large. Compared with LPy;’s, the nqy of LPg
exhibits a more pronounced curvature. When d/r; is larger
than 0.03, the ngy of LPg; is approaching to that of LP3;
sharply. In order to keep Angy among all the modes large,
the ratio of d/r| should range from 0.01 to 0.03.
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FIGURE 4. Variation of the n g with d/r; at the wavelength A = 1550 nm.

Fig. 5 shows the Angy of nanopore-assisted core as a
function of d/ry. In the shadowed area, An.; among all the
modes are larger than 1.85*1073 with d/r| ranging from
0.022 to 0.024, that is, d = 165 nm to d = 180 nm, as the
design tolerance. We choose the point of d/r; = 0.023,
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FIGURE 5. The Angg of nanopore-assisted core as a function of d/r;.

that is, d = 170 nm, as the nanopore radius. The mode field
distributions of LP modes in the nanopore-assisted core are
shown in Fig. 6. It can be found that the nanopore is located
at the most power area of LPy; and LPgy, which means the
properties of other modes are hardly affected by this structure.
Fig. 7 shows the normalized power distribution of nanopore-
assisted core along the normalized radial distance. We find
that the power of LP modes (except for LPy; and LP() in the
nanopore-assisted core is almost unchanged in comparison
to the normal step-index core. The most power area of LPg;

I_[P31S LDP12§

FIGURE 6. The mode field distributions of the LP modes in

nanopore-assisted core profile.
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FIGURE 7. Normalized power distribution of nanopore-assisted core
along the normalized radial distance.

and LPg, shift to the right with the existing of the nanopore.
The results imply that the nanopore makes LPy; faces more
power loss than LPg;, which is consistent with the change
happened to their ngy values in Fig. 4. The power change of
some modes caused by nanopore is similar to the negative
impact of ring-core or elliptical core structures. But the role
that nanocore plays in suppressing mode coupling is what we
should pay more attention to.

The n.; and Angy of step-index core and nanopore-
assisted core dependence on wavelength are calculated in
Fig. 8. Fig. 8 (a) and (b) show the n.z and Aner of step-index
core without nanopore corresponding to wavelength. The
minimum Angy of lower than 1*10~3 between LP,; and
LPg, implies that the mode coupling may not be controlled
into a desired value [22]. Furthermore, the n.; and Angy
of nanopore-assisted core profile dependence on wavelength
are presented in Fig. 8 (c¢) and (d). The designing core
profile makes the An,; of any neighbor mode of larger
than 1.8*10~3 over the entire C+L band. Thus, if all the
mode-groups are simultaneously used for dual-polarization
SDM transmission, a relatively simple 2*2 and 4*4 MIMO is
needed to recover the signals.

Ill. CHARACTERIZATION OF NANOPORE-ASSISTED FMF
WITH DOUBLE-CLADDING STRUCTURE

A. FIBER PROPERTIES

The introduction of nanopore may change the fiber sensi-
tivity on bending. To control this trend, a large piece of
1t cladding and a small piece of 2" cladding with lower
core-cladding index contrast are applied. The purpose of
double-cladding design is to suppress the bending loss of
guiding modes and increase the leakage loss of the unwanted
higher-order mode in a limited cladding diameter. We evalu-
ate the broadband characteristics of our proposed fiber over
C and L band. Fig. 9 shows the schematic cross section of
nanopore-assisted FMF with double-cladding structure.
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FIGURE 9. (a) Schematic cross section of nanopore-assisted double-
cladding profile FMF and (b) detail of magnified core structure.

The 6-LP modes should be guaranteed to operate over
C and L band. In reference to ITU-T recommendations G.
654, the bending loss should be lower than 0.5 dB/100 turns
(R, = 30 mm) for the highest-order mode (LPj;) at
1625 nm [24]. Furthermore, the bending loss of unwanted
mode (LP4p) at 1530 nm (R, = 140 mm) should be larger
than 1 dB/m [24], [25]. In our modeling, a bent fiber is
transformed into a straight fiber with equivalent refractive
index method. Here, the perfect matching layer (PML) is
necessary for calculating the characteristics of the bend fiber.
Also, the bending radius and direction should be considered.
The left bending direction along the x-axis is chosen in our
simulation. The bending loss can be expressed by [21]:

20 2 . 3
= Tn(10) % 80t ©
where imag(n.) means the imaginary part of the ngy.

The bending loss dependence on double-cladding param-
eters are calculated in Fig. 10. The solid and dashed lines
correspond to the bending loss of LPj, after 100 turns at
1625 nm (R, = 30 mm) and the bending loss of LP4; after
I-m transmission at 1530 nm (R, = 140 mm), respectively.
From Fig. 10 (a), W > 18.2 um is needed to satisfy the
demand of BL < 0.5 dB/100 turns of LP;;, while it should
be smaller than 38 um to keep bending loss of unwanted
mode larger than 1 dB/m. In Fig. 10 (b), the A, of larger
than 0.86% no longer meets the bending loss condition.
Thus, the parameters of cladding can be determined, and the
W =30 um and A, = 0.8% is acceptable.

Specifically, the influence of fiber structure on chromatic
dispersion should be noted. Chromatic dispersion of the
transmission fibers is a major factor causing optical pulse
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FIGURE 10. The bending loss dependence on (a) W and (b) A,.

broadening [26]. The dispersion is composed of two compo-
nents: material dispersion D,, and waveguide dispersion D,,,,
which can be written as Eq. (4), where c is the velocity of
light in a vacuum, ny; is dependent on A in dispersive media,
Re(n,) is the real part of the n.4, respectively.

D =D,+D,
82
D, — _0mm
A2
b _(* 3”Re (negr) @
v c A2

Material dispersion refers to the wavelength dependence
of the refractive index of material caused by the interaction
between the optical modes and the state of material. The
refractive indices of SiO, and GeO;-SiO; at different wave-
lengths can be found in Refs. [26]. Waveguide dispersion
depends among others on the fiber structure. The degree of
effect of nanopore and double cladding on waveguide disper-
sion is an important part in determining the total dispersion.
For example, we calculate the dispersion of LPy; mode in
the proposed fiber dependence on wavelength in Fig. 11.
As one can see, the slope of the dispersion curve of LPy; mode
changes insignificantly with the added nanopore and double
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TABLE 1. The optimal fiber parameters with fabrication tolerance.

Symbol Fiber parameters
n 7.5 ym
Ay >1.0%
A, <0.8%
d <225nm
w 30+£10 um
Ny 1.444
CD 125um

cladding structure. Definitely, we also calculate the disper-
sion of other higher-order modes along the wavelength. The
simulation results indicate that the dispersion of higher-order
modes follows the same trend as the fundamental mode.
They are not varying too much on the entire C and L band
in comparison to the dispersion values of the fiber without
the nanopore and double-cladding structure. The chromatic
dispersion values of these LP modes in our proposed fiber
are summarized in Table 2.

Furthermore, the relationship between the A, and double-
cladding parameters in nanopore-assisted core FMF is sim-
ulated in Fig. 12 (a) and (b), respectively. The Aoy of the
propagation modes are approximately constant even if W and
A, change, and they are larger than 110 um?. The DMD
characteristics is important for the reduction of complexity
and power consumption of MIMO processing. For example,
the DMD between LP(; and LP;; can be defined as value that
subtracted the group delay of LPy; from that of LPy; [16].
Figure 13 shows DMD of the proposed fiber dependence on
wavelength. We find that the DMD increases slightly from
short wavelength to the long wavelength. The broadband
characteristics of the proposed fiber can reach the require-
ments of working in the C and L band.
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TABLE 2. The optimal fiber performance of nanopore-assisted core
double-cladding FMF.

Fiber properties

1.4573 (LPyy), 1.4552 (LPyy),
1.4520 (LP,)), 1.4501 (LPy,)
1.4482 (LP5;), 1.4464 (LPy,)
>1.8%107
0.23 dB/100turns

Nepp at 1550 nm

A ngpr at C+L band

Bending loss of LP;,
mode at 1625 nm (R, =
30 mm)

Dispersion of LP modes
at 1550 nm

20.1 (LPy;), 22.9 (LPyy)

24.7 (LP3;), 20.3 (LPp)

25.0 (LP3;), 26.2 (LPy)
129.65 um? (LPy,), 158.07 um? (LPy;)
166.40 um? (LPyy), 111.77 um? (LPy,)
169.46 um? (LP3), 147.89 um? (LP,,)

-- ps/m (LPy), 10.7 ps/m (LPy;)

21.5 ps/m (LPy), 13.2 ps/m (LPy,)
30.3 ps/m (LP3), 21.6 ps/m (LPy,)

[ps/(nm-km)]

Aggy at 1550 nm

DMD at 1550 nm

B. FABRICATION TOLERANCE ANALYSIS

It is very necessary to analyze the feasibility and man-
ufacturing tolerance of the nanopore-assisted FMF with
double-cladding structure in the actual fabricating process.
The nano-level air holes are usually used in the development
of micro-structured sensors [27], [28], probes [29] and the
design of photonic crystal fibers [26], [30]-[32]. To the best
of our knowledge, it is the first time that the nanopore has
been applied to the FMFs in the transmission field.

As demonstrated above, the nanopore-assisted FMF with
double-cladding structure features low mode coupling, low
bending loss and large mode field area. However, it also
has certain downsides. The obvious shortcoming is that the
proposed fiber is not an all-solid structure, which means it has
greater requirements on fabricating accuracy and difficulty
than traditional fibers. Since the fiber structure is a simple
combination of nanopore-assisted core and double-cladding,
the main issues that are very likely to occur in the production
are concentrated on the fabrication of the nanopore. One of
them is the occlusion of the nanopore, and the other is the
excessive nanopore diameter.

The problem of air holes occlusion sometimes appears in
the fiber design of hole-assisted structure. The occlusion of
air holes will affect the fiber performance to a certain extent.
However, in our proposed fiber, the nanopore occlusion
will only partially affect the modes coupling characteristics.
Nonetheless, due to the pre-design of the high core-cladding
contrast, the all-solid FMF caused by nanopore occlusion will
make a limited effect on Angy and it is acceptable, as shown
in Fig. 8 (a) and (b).

On the other hand, an excessive nanopore diameter will
also affect the fiber performance. As shown in Fig. 5,
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as d/ry continues to increase, the minimum An.s between
LP modes will reduce. When d/r; = 0.03, the lowest Angy
will become 1.6*1073, which will sacrifice the weak coupling
performance to some extent. Therefore, the tolerance of the
d/r1 should be less than 0.03, that is, d < 225 nm. If we
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aimed at the best weak coupling performance, d should be
set between 160 nm and 180 nm.

Choosing an appropriate fabricating method helps reduce
the failure probability that may occur during the produc-
tion. The stack-and-draw, which is a unique technology that
can be used to fabricate micro-structured optical fiber via
multiple glass rods and capillaries. This method is rela-
tively mature and is widely used in making hole-assisted
MCFs [33], photonic crystal fibers [30], [31] and segmented
cladding fibers [34]. Figure 14 shows the schematic diagram
of a stacked nanopore-assisted double-cladding structure
FMF preform, where the GeO;-doped preform is used to
form the core, the glass rod can become the cladding and
the glass capillary can shape the nanopore structure. After
the above discussion, we believe that the design scheme
of the nanopore-assisted double-cladding structure FMF is
feasible, and the tolerance can meet the demand of the target
broadband characteristics of the proposed fiber.

. GeOx-doped preform

. O Glass rod

O Glass capillary

FIGURE 14. The schematic diagram of a stacked nanopore-assisted
double-cladding structure FMF preform.

Finally, we summarize the optimal fiber parameters with
fabrication tolerance and performance of our proposed fiber
in Table 1 and Table 2, respectively. Simpler MIMO process
will be adopted due to the ultra-high An.y of larger than
1.8*1073 with nanopore-assisted core profile. The broadband
characteristics have been optimized to maintain stable opera-
tion over the entire C and L band.

IV. CONCLUSION

We have proposed a nanopore-assisted core double-cladding
profile 6-LP-mode fiber with ultra-high An.y and optimized
bending loss. By introducing a 170 nm-radius nanopore
through the fiber length, the minimum An.s between any
two LP modes of larger than 1.8*107> over C and L band
can be achieved. The mode coupling and the complexity of
MIMO process can be greatly reduced via this simple core
structure. The broadband performances, including bending
loss, dispersion and mode field area dependences on fiber
parameters and structures are investigated. Through numer-
ical simulations, we show that the nanopore has limited
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contribution to the changing of dispersion and the mode
field area. Moreover, the bending loss are efficiently reduced
by the double-cladding structure. The fabrication method
and tolerance of the proposed fiber are illustrated. With the
viewpoints of these properties, we believe that our designed
fiber can be applied into simpler MIMO SDM systems in
scenarios such as data center and computer rooms.
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