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Design and Optimization of a Single-Mode
Multi-Core Photonic Crystal Fiber With the Nanorod
Assisted Structure to Suppress the Crosstalk

Han Zhang, Guorui Wang, Jiwei Zhang, Fang Wang

Abstract—We propose and design a novel homogeneous
nanorod-assisted multi-core photonic crystal fiber (NA-PCF), and
it utilizes the flexibility of photonic crystal fiber (PCF) for air-hole
design, NA-PCF applied to multi-core fiber (MCF) communication
system. High refractive index nanorods are introduced in the center
of the seven cores which are further surrounded by a periodical
arrangement of air-holes. The air-holes and the nanorods work
together to greatly suppress the crosstalk (XT) between the cores.
By comprehensively balancing the influence of various parameters
on XT, single-mode cutoff wavelength (A..) and the effective mode
field area (A.g), simulation results show that the NA-PCF has a
A of about 70.26 pm?, XT of about —50.58 dB/km, relative core
multiplicity factor (RCMF) of 4.7 and A .. of 1530 nm. This designed
structure targets applications in large-capacity long-distance MCF
communication.

Index Terms—Photonic crystal fiber, multi-core fiber, space
division multiplexing, crosstalk.

1. INTRODUCTION

ITH the exponentially growing demand on communica-
W tion capacity of signal transmission systems, to further
increase the capacity of transmission media has become an
urgent need [1]. In recent years, through the use of time, wave-
length and polarization-division multiplexing technologies, the
transmission capacity of optical fibers has been significantly
improved [2]. However, single mode single core fiber (SSF),
as the most commonly used transmission media, is rapidly
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approaching its capacity limit due to the nonlinear Shannon
effect [3]-[4]. To address this challenge, space division mul-
tiplexing (SDM) technology based on MCF has become a new
focus [5]-[7], which is expected to overcome the physical limit
of fibers, and solve the imminent transmission capacity crisis.

Making full use of the spatial dimension, MCF introduces a
number of cores within a certain cladding diameter. To guar-
antee the large-capacity and long-distance transmission, MCF
is required to increase the core number as large as possible,
while keeping crosstalk (XT) as low as possible. XT, defined
as the influence of a signal transmitting within a core on the
signal transmitting in an adjacent core, can be characterized
by the signal power ratio. To suppress XT, the most direct
way is to increase the core distance, but within a limited fiber
diameter, increasing the core distance will naturally reduce the
core density. Therefore, XT suppression and a high density of
cores are mutually restricted [6]. In this regard, a variety of
solutions have been proposed to suppress XT in MCEF, including
the introduction of air-holes around the core, and the intro-
duction of a low-refractive-index trench formed by low-doping
materials around the core [8]—[11]. For these assisted structures,
the basic design purpose is to form low refractive index regions
between adjacent cores, enhancing the mode limitation to reduce
the mode field overlap. However, the enhancing of the mode
limitation often leads to a great increase in single mode cutoff
wavelength (.. ), which must be taken into consideration during
the MCF design in order to keep stable signal transmission in
the communication band.

In this paper, we demonstrate a novel nanorod-assisted multi-
core photonic crystal fiber (NA-PCF) for large-capacity and
long-distance transmission. Drawing on the design flexibility of
photonic crystal fiber (PCF) [12], air-holes are arranged periodi-
cally around seven cores of a regular hexagon distribution, which
effectively suppresses XT and limits the mode field between
cores. In addition, high refractive index nanorods are introduced
in the seven cores to further limit the mode field leakage without
increasing A... By comprehensively balancing the influence of
various parameters on XT, A.. and the average effective area
Acqr, a set of suitable fiber parameters is chosen in this work and
the corresponding NA-PCF features are investigated, confirming
that the core density is greatly increased while satisfactorily
suppressing XT and supporting single-mode transmission. The
proposed NA-PCF has great application prospects for long-
distance large-capacity communications.
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Fig. 1  Cross-section of the designed 7-core NA-PCF and refractive index

profile of each core.

II. THE PROFILE AND PRINCIPLE OF NA-PCF

A. Profile of NA-PCF

Fig. 1 shows the cross-section and refractive index profile of
the NA-PCF proposed in this paper. Seven cores are arranged in a
regular hexagon, surrounded by a periodical arrangement of air-
holes. The cladding is made of silica, and the refractive index ng
is 1.444. Both the fiber core and the nanorods are made of GeO»-
doped silica [13], and by changing the doping concentration,
the material refractive index is adjusted, which are respectively
indicated by n; and ns. The distance between the core and the air-
hole, as well as the distance between adjacent air-holes are both
indicated by A ; the distance between cores is Ay (Ao = /7 Ay);
a, a; and d correspond to the core radius, the nanorod radius
and the air-holes diameter; A; and A respectively indicate the
relative refractive index difference between core and cladding,
and that between nanorod and cladding; the fiber diameter is
D, and outer cladding thickness (OCT) refers to the distance
from the center of outer core to the edge of cladding [14].

B. XT of NA-PCF

For the proposed NA-PCEF, the mode field distribution of each
core is relatively independent, and only fundamental mode is
supported by the relative refractive index difference between the
core and the cladding. Assuming the power coupling coefficients
of the middle core and the outer 6 cores are the same, expressed
ash”, and the initial power of the middle core is P; (0), according
to weakly coupled fiber perturbation theory and power coupling
theory [15]-[16], when the optical signal is excited from the
middle core, the normalized power of the middle core and the
outer cores can be expressed as [17]:

Pi(z)  1+exp(=7h(7z) |
Pi(0) 7 M
Py(z) 1—exp (—7h(7)z)

P (0) 7 @

Px(z) (k = 2, 3, ...,7) represents the power of the kth core,
z represents the propagation length, and XT generated by the
excitation of the middle core to the outer cores is:

1—exp (—7h(7)z)
XTo(M () =
P () 1+ 6exp (—7h(Mz)
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TABLE I
INITIAL SETTING OF FIBER STRUCTURE PARAMETERS

Parameter a aila Ad A2 d A A2

4um 0.1 39.7um

Value 15um 8um 0.28% 2.5%

—=— nanorod assisted
—e— without nanorod

XT(dB)
&
Wi

-60
-65 |

0.1 0.2 0.3 0.4 0.5
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Fig. 2. XT dependence on Aj of the NA-PCF and MCF without nanorod
assistance.

The power coupling coefficient h(” is:

2
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Where 3, and (35 are the fundamental mode propagation con-
stants of two adjacent cores, and C;5 is the mutual coupling
coefficient. For the middle core, the six outer cores all have a
coupling effect on it, thus its XT is the largest. Therefore, this
paper only calculates the XT of the middle core, and the goal is
to control the value below —50 dB/km.

For the applications to long-distance high-capacity networks,
three factors need to be taken into consideration: supporting
single-mode transmission in the communication wavelength,
having a larger A.g, and suppressing XT. Because these three
factors restrict with each other, it is necessary to carefully design
the fiber parameters to achieve a balance [8]. This work aims to
control XT of the center core less than —50 dB/km, A ¢ bigger
than 70 umz, and A.. of each core less than 1550 nm. A set
of initial parameters are chosen through sufficient simulation
calculations, as shown in Table I. The theoretical optimization
is carried out at the wavelength of & = 1550 nm, and the fiber
length is set to be 1km.

C. Principle of Nanorod Assisted Structure

The introduction of the central high refractive index nanorod
is to further increase the limiting effect of the fiber core on the
mode field, the mode field is better restricted in the core and the
interference between adjacent cores is reduced. A comparison
of the XT suppression effect with and without the nanorod
assistance is carried out when A; varies within a range of
0.1%-0.5%, as indicated by the black and blue lines in Fig. 2. Itis
clear thatin the case of the same A1, the black line is significantly
lower than the blue one. Therefore, the introduction of nanorod
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Fig. 3. Cutoff limit of LP1; mode at 1530 nm, Ry, = 140 mm and BL limit
of LPg1 mode at A = 1625 nm, R}, = 30 mm as function of a and A1.

into the NA-PCF design produces a better effect on suppressing
XT.

The influence of the central nanorods on A.. is taken into
consideration during the fiber design. For a standard step-index
fiber with core radius a, core refractive index n, and cladding
refractive index n., Acc is defined as [18]-[19]:

Aee = 2ma(n?, —n?)V? )V (5)

It can be seen that a, n.,, n. are the direct factors that affect
Acc- V stands for normalized frequency. In this paper, n., and
ng respectively correspond to the equivalent refractive index
of the core and cladding, and A.. must be less than 1550 nm
to guarantee single-mode transmission at the communication
wavelength. However, it is difficult to accurately express the
values of n., and n.; in numerical form, thus the cutoff conditions
of LPy; and LPy; in the bending condition are used. The bending
loss (BL) limit can be calculated by [20]:

20 27

L= In(10) Timag(neff) (6)

where imag(n.g) means the imaginary parts of the neg. For
single-mode transmission, when BL of LPy; is smaller than
0.5 dB/100 turns at bending radius (Rp) = 30 mm, A = 1625 nm
according to ITU-T recommendations G.655, which can be
taken as LPy; mode being totally confined inside the core. Mean-
while, LP;; mode is regarded to be cutoff when BL of LP1; mode
islarger than 1 dB/mat Ry, =140 mm, A = 1530 nm according to
the deployment configuration in IEC 60793-1-44 document. For
the fiber with nanorod assistance and without nanorod structure,
the cutoff limit of LP11 at 1530 nm (R}, = 140 mm) and BL limit
of LPy; at 1625 nm (R}, = 30 mm) are respectively indicated
in Fig. 3 by the blue and red lines. We can see that the LP;;
mode curve does not change significantly, which proves that
the introduction of the nanorods does not increase A.. of the
NA-PCF. Meanwhile, the part enclosed by the same color line
is called single mode operation region (SMOR) [21]-[22], and
the core parameters chosen from this region can support single-
mode transmission. With the introduction of the nanorods, the
limiting effect on the mode field was enhanced, the BL limit of
LPy; mode moved down, leading to an increased SMOR area
and an enlarged parameter selection region.
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Fig. 4 (a) XT/Aesr dependence on aj/a; (b) XT/Aeg dependence on Ag.

III. SELECTION OF NA-PCF PARAMETERS
A. Choice on ai/a and A\,

The a;/a and A, of the nanorods should be chosen appropri-
ately to achieve the best effect on XT suppression. Fig. 4(a) and
(b) respectively indicate the influence of a;/a and A5 on XT and
A of the central core. We can see that with the increase of these
two values, XT and A.g both decreases. Therefore, to suppress
XT while enlarging A.g should be well balanced during the
parameter selection. To achieve the A.g target of >70 ,umz, ala;
is to be selected as large as possible. Therefore, if the target Aqg
is 70 zm?, we have selected the following parameter: a;/a = 0.1,
Ao =2.5%. As have stated in the former discussion, the NA-PCF
of as-set parameters can produce a better effect on suppressing
XT without increasing Acc.

B. Choice on Ay and d

The influence of the air-hole diameter d and air-hole pitch A
on XT and A.g is investigated for the NA-PCF design. Fig. 5(a)
shows the variation of XT with A; when d = 78 and 9 pm.
We can see that the XT suppression effect gradually worsens
with the increase of A1, but strengthens with the increase of d.
This is because when A is small, the air-holes are closer to
the core, which enhances the restraint effect on the surrounding
mode field, and the larger d, the stronger the restriction effect.
With the increase of Ay, the air-holes sparsely arranged around
the core, weakening the restraint effect. Fig. 5(b) shows the
variation of A.g with A; when d =78 and 9 zm. We can see that
with the increase of A, Acg firstly increases to the maximum,
and then gradually decreases. The reason accounting for this
phenomenon is that when d is fixed, with the increase of A
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Fig. 5. (a) XT dependence on A; when d = 7 pum, 8 um, 9 um; (b)Acg
dependence on A; whend =7 pum, 8 pm, 9 pm.

the air occupancy in the fiber is reduced, which weakens the
mode field confinement ability and contributes to the increase
of A.g. After exceeding the maximum value, the arrangement of
air-holes around the cores are relatively sparse, the mode field
in the core diverges, thus A.g decreases, leading finally to a
relatively flattened curve trend. Therefore, during the NA-PCF
design, A; should be minimized and d increased to suppress XT,
relieving the mutual restriction between low XT and high core
density. Meanwhile, the choice of A; and d should make A.g
approach the peak value as much as possible to obtain a larger
At Moreover, considering the actual fabrication, the distance
between the edge of adjacent air-holes should not be lower than
2 pm [23], for instance, when d is 9 um, A is at least 11 pm.

C. Choice on a and

The influence of the core radius a and A; on XT suppression
effect and A.g is investigated. Fig. 6(a) shows the variation of
XT with a, which changes by only 4 dB as a increases from
3.5 pmto 5.5 pm. As a result, a has a limited effect on XT, so
the main concern is its influence on A.g. Fig. 6(b) illustrates the
Acgr of LPp; mode as a function of a and Ay, where the region
enclosed by the upper and lower white lines is the SMOR area
and where the black lines represent the contour lines of A.g in
the NA-PCF cores. We can see that A.g grows as a increases
and A decreases. However, the value of A directly influences
the XT suppression effect, and the larger A, we can get lower
XT, as presented in Fig. 2. Therefore, in order to meet the design
targets, a larger Ay should be selected in the SMOR area while
the A.g contour line is bigger than 70 pm?.
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D. Choice on OCT

For communication MCF, BL of the outer core is an important
indicator, which is closely affected by OCT [14]. Moreover,
because the refractive index of the coating material is larger
than that of the cladding, if OCT is too thin, the coating with
high refractive index will induce an additional loss of the outer
cores. Therefore, the OCT value is vital in NA-PCF design
process, which should ensure BL of LPy; at A = 1625 nm
and Rb = 140 mm smaller than 0.001 dB/km [14]. Fig. 7
demonstrates the BL of LPy; and LP;; mode, respectively
indicated by the black and blue line. As mentioned before, to
support single-mode transmission, BL of LP;; should be more
than 1 dB/m as shown by the yellow lines in Fig. 7. It can be
seen that when OCT is thinner than 31 pm, the BL requirement
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TABLE II
SUITABLE NA-PCF PARAMETERS

Parameter a aila A4 A2 d A A2 OCT
Value 3.94um 0.1 15.4uym 40.7um 7.1um 0.39% 2.5% 31um
A (um?) 25
146.6 20l nanorod-assiated
135.4 _ —— without nanorod
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Fig. 8. Acq of LPg; mode as a function of a and Aj.

can no longer be satisfied. Therefore, to meet the design target,
OCT should be set as >31 pm to achieve the stable single-mode
transmission.

IV. DETERMINATION OF FIBER PARAMETERS AND
FIBER PERFORMANCE

A. Suitable NA-PCF Parameters

Through the above analysis, parameters should be carefully
chosen to balance the three factors (XT, A.g and A..) for
long-distance high-capacity communication. Parameters can be
balanced according to requirements to achieve the performance
indicators. In this paper, a set of appropriate parameters that meet
the requirements are listed for reference. Firstly, the parameters
of the nanorod and the air-holes around core were determined,
after sufficient simulations, a; is selected to be 400 nm, A52.5%,
A115.4 pm, d 7.1 pm and OCT 31 pm. Based on it, the Acg
contour map is obtained, as shown by Fig. 8. Here A is selected
as 0.39% and a 3.94 um, as indicated by the red dot. The
fiber parameters selected in this paper for analysis are listed
in Table 2.

B. Analysis on RCMF

The core density in MCF is characterized by the core multi-
plexing factor (CMF), which can be expressed as follows [14]:

_ NcoreAeff

CMF /
m(Dat/2)

(7
where N, is the number of cores in the fiber. For the purpose
of comparison with SSF, the relative core multiplexing factor
(RCMF) is introduced, which refers to the ratio of the CMF
of MCEF to the standard SSF (A.g = 80 ,um2@1550 nm; the
cladding diameter 125 pm). The RCMF expression is [14]:

NcoreAeff/ 80
2

RCMF = .
m(Du/2)% 7(125/2)

®)

.15 1 L 1 L L
1250 1300 1350 1400 1450 1500 1550 1600 1650
wavelength (nm)

Fig. 9. The dispersion curve of LPy; mode as a function of wavelength.

TABLE III
THE OPTICAL PROPERTIES OF NA-PCF AT LL = 1KM, A = 1550 NM

Parameter Unit Fiber properties
XT dB -50.58
At um? 70.26
Acc nm 1530
RCMF - 4.7
Dispersion ps/(nm*km) 14.06

The larger the value of RCMEF, the better the space utilization rate
of the optical fiber. Under the parameters of Table II, the RCMF
of the designed NA-PCF is calculated to be 4.7, which indicates
a greatly increased core density compared with the optical
fibers reported previously [6],[24]. It proves that the proposed
NA-PCF has bright application prospects for large-capacity
communications.

C. Analysis on Chromatic Dispersion

Chromatic dispersion is a major factor causing optical pulse
broadening in the transmission fibers. It is necessary to evaluate
the effect of NA-PCF on fiber dispersion. Dispersion is made up
of material dispersion and waveguide dispersion [25]. Material
dispersion refers to the wavelength dependence of the refractive
index of the material caused by the interaction between the
optical mode and the material, it depends on the properties of the
material itself. During the design process, the influence of the
fiber structure on waveguide dispersion is an important factor in
determining total dispersion. Fig. 9 shows the dispersion curve of
the LPy; mode for both the designed NA-PCF and the structure
without the nanorod assistance as a function of wavelength. It
canbe seen that the dispersion of NA-PCF is slightly smaller than
that of non-assisted structure, whose value at 1550 nm is 14.06
ps/(nmxkm). Table III summarizes the optical performance of
the designed NA-PCF.
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V. MANUFACTURING OF NA-PCF

For the manufacturing of hole-assisted MCFs, the most com-
monly used method is the stack-and-draw method [26]-[28],
which can be applied to make the designed NA-PCF. For ex-
ample, Xia et al. have successfully used the stack-and-draw
method to produce hole-assisted MCF with a length of more than
Ikm in 2012 [10]. Fig. 10 is a schematic diagram of preparing
NA-PCF by stack-and-draw method, where the high refractive
index nanorods and GeOs-doped cores can be made by vapor
deposition. The core is surrounded by capillary glass tubes,
and by controlling the inner diameter and the wall thickness
of the capillary glass tubes, A; and d of the NA-PCF can
be controlled accordingly. Another way to make NA-PCF is
rod-in-tube method [29], where the core is produced by vapor
deposition but the air-holes are made by drilling. The diameter
of the air-hole is controlled by the diameter of the drilled hole.

VI. CONCLUSION

We propose a novel NA-PCF for large-capacity and long-
distance transmission. Taking full advantage of the flexibility
of PCF design, air-holes are arranged periodically around seven
cores of a regular hexagon distribution. High refractive index
nanorods are introduced to further suppress XT and increase
the SMOR area without increasing A... A set of parameters
that meet the requirements are provided as a reference. By
comprehensively balancing the influence of various parameters,
a set of parameters that meet the requirements are provided as
a reference. The resultant NA-PCF has a XT of —50.58 dB/km
and A.g of 70.26 ym?. In addition, the main optical features are
investigated, where RCMF is 4.7, A is 1530 nm and chromatic
dispersion is 14.06 ps/(nmxkm). Stack-and-draw technique and
rod-in-tube are acceptable as the fabrication methods of our
design. The designed NA-PCF is expected to be applied to
long-distance large-capacity transmission.

REFERENCES

[1] J. Cho, X. Chen, and S. Chandrasekhar, “Trans-Atlantic field trial using
high spectral efficiency probabilistically shaped 64-QAM and single-
carrier real-time 250-Gb/s 16-QAM,” J. Lightw. Technol., vol. 36, no. 1,
pp. 103-113, Jan. 2018.

[2] D. J. Richardson, J. M. Fini, and L. E. Nelson, “Space-division mul-
tiplexing in optical fibres,” Nature Photo, vol. 7, no. 5, pp. 354-362,
2013.

[3] A.Mecozziand R.-J. Essiambre, “Nonlinear shannon limit in pseudolinear
coherent systems,” J. Lightw. Technol., vol. 20, no. 12, pp. 2011-2024,
Jun. 2012.

[4]
(5]

(6]

(71

(8]

[91

[10]

[11]

[12]
[13]

[14]

[15]
[16]

[17]

[18]
[19]
[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

IEEE PHOTONICS JOURNAL, VOL. 13, NO. 4, AUGUST 2021

A. D. Ellis, J. Zhao, and D. Cotter, “Approaching the non-linear shannon
limit,” J. Lightw. Technol., vol. 28, no. 4, pp. 423-433, Feb. 2010.

J. Sakaguchi et al., “305 Tb/s space division multiplexed transmission
using homogeneous 19-core fiber,” J. Lightw., Technol., vol. 31, no. 4,
pp. 554-562, Feb. 2013.

A. Sano et al., “409-Tb/s+409-Tb/s crosstalk suppressed bidirectional
MCEF transmission over 450 km using propagation-direction interleaving,”
Opt. Exp., vol. 21, no. 14, pp. 16777-16783, 2013.

B.J. Puttnam et al., “2.15 Pb/s transmission using a 22 core homogeneous
single-mode multi-core fiber and wideband optical comb,” in Proc. IEEE
Eur. Conf. Opt. Commun., 2015, pp. PDP 3.1.

X. Q. Xie, J. J. Tu, and X. Zhou, “Design and optimization of 32-core
rod/trench assisted square-lattice structured single-mode multi-core fiber,”
Opt. Exp., vol. 25, no. 5, pp. 5119-5132, 2017.

T. Sakamoto, K. Saitoh, and N., Hanzawa, “Crosstalk suppressed hole-
assisted 6-core fiber with cladding diameter of 125 pm,” in Proc. IEEE,
Eur. Conf. Opt. Commun., 2013, pp. Mo.3.A.3.

C. Xia, R. Amezcua-Correa, and N. Bai, “Hole-Assisted few-mode multi-
core fiber for high-density space-division multiplexing,” Photon. Technol.
Lett., vol. 24, no. 21, pp. 1914-1917, 2012.

K. Takenaga, Y. Arakawa, and S. Tanigawa, “Reduction of crosstalk by
trench-assisted multi-core fiber,” in Proc. Optical Fiber Commun. Conf.
Expo. Nat. Fiber Optic Engi. Conf., 2011, pp. OWJ4.

P., Russell, “Photonic crystal fibers,” Science, vol. 299, no. 5605,
pp. 358-362, 2003.

J. W. Fleming, “Material and mode dispersion in GeO2-B203-SiCq
Glasses,” J. Amer. Ceram. Soc., vol. 59, no. 11-12, pp. 503-507, 1976.
K. Takenaga et al., “A large effective area multi-core fiber with an op-
timized cladding thickness,” Opt. Exp., vol. 19, no. 26, pp. B543-B550,
2011.

J. R. Taylor, Theory of Dielectric Optical Waveguides. Cambridge, MA,
USA: Academic, 1974.

D. Marcuse, “Derivation of coupled power equations,” Bell Syst. Tech. J.,
vol. 51, no. 1, pp. 229-237, Jan. 1972.

K. Takenaga, Y. Arakawa, and S. Tanigawa, “An investigation on crosstalk
in multi-core fibers by introducing random fluctuation along longitudinal
direction,” Ice Trans. Commun., vol. 94, no. 2, pp. 409416, 2011.

T. A. Birks, J. C. Knight, and P. S. J. Russell, “Endlessly single-mode
photonic crystal fiber,” Opt. Lett., vol. 22, no. 13, pp. 267-274, 1997.

K. Saitoh and M. Koshiba, “Empirical relations for simple design of
photonic crystal fibers,” Opt. Exp., vol. 13, no. 1, 2005.

X. Zheng et al., “Bending losses of trench-assisted few-mode optical
fibers,” Appl. Opt., vol. 55, no. 10, pp. 2639-2648, 2016.

J. Tu, K. Saitoh, M. Koshiba, K. Takenaga, and S. Matsuo, “Design and
analysis of large-effective-area heterogeneous trench-assisted multi-core
fiber,” Opt. Exp., vol. 20, no. 14, pp. 15157-15170, 2012.

J. Tu, K. Long, and K. Saitoh, “An efficient core selection method for
heterogeneous trench-assisted multi-core fiber,” Photon. Technol. Lett.,
vol. 28, no. 7, pp. 810-813, 2016.

T. Watanabe and Y. Kokubun, “Ultra-large number of transmission chan-
nels in space division multiplexing using few-mode multi-core fiber with
optimized air-hole-assisted double-cladding structure,” Opt. Exp., vol. 22,
no. 7, 2014, Art. no. 8309.

S. Matsuo, Y. Sasaki, and T. Akamatsu, “12-core fiber with one ring
structure for extremely large capacity transmission,” Opt. Exp., vol. 20,
no. 27, Art. no. 28398, 2012.

S.Haxhaand H. Ademgil, “Novel design of photonic crystal fibres with low
confinement losses, nearly zero ultra-flatted chromatic dispersion, negative
chromatic dispersion and improved effective mode area,” Opt. Commun.,
vol. 281, no. 2, pp. 278-286, 2008.

R. G. H. Van Uden, R. A. Correa, and E. A. Lopez, “Ultra-high-density
spatial division multiplexing with a few-mode multicore fibre,” Nature
Photon, vol. 8, no. 11, pp. 865-870, 2014.

A. Ziolowicz et al., “Hole-assisted multicore optical fiber for next gen-
eration telecom transmission systems,” Appl. Phys. Lett., vol. 105, no. 8,
2014, Art. no. 081106.

I. Ishida, “Possibility of stack and draw process as fabrication technology
for multi-core fiber,” in Proc. IEEE. Opt. Fiber Commun. Conf. Expo. Nat.
Fiber Optic Engineers Conf., 2013, pp. OTu2G.1.

T. Hayashi, T. Taru, O. Shimakawa, T. Sasaki, and E. Sasaoka, “Design
and fabrication of ultra-low crosstalk and low-loss multi-core fiber,” Opt.
Exp., vol. 19, no. 17, pp. 16576-16592, 2011.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


