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Abstract: To realize large effective area (Aeff) multi-core fibers (MCFs),
the design to suppress the cross-talk and the influence of the cladding
diameter on the micro bending loss were investigated. As a result, the MCFs
with large Aeff over 100 um? and low micro bending loss were successfully
fabricated. The results indicate the importance of fiber design to realize
large Aeff MCFs including fiber diameters, which largely affect the micro
bending loss property. Additionally, MCF with large Aeff, low attenuation
loss and suppressed cross-talk was successfully realized by optimizing the
fiber design. The cross-talk properties could be estimated by the simulation
based on the coupling power theory taking the influences of the longitudinal
fluctuation of core diameter into account.
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1. Introduction

Multi-core fibers (MCFs) have a large potential to increase the transmission capacity
drastically by space division multiplexing (SDM). Though this concept had already been
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suggested 30 years ago [1], interests had been concentrated on other regions than the long
distance transmission, e.g. sensors, fiber lasers, et al. [2-4]. Recently, it has been pointed out
that the transmission capacity will be exhausted in the near future [5], and the new
technologies should be needed for the transmission fibers. Since then, MCFs for the long
distance transmission have rapidly been paid great attention as one of the attractive candidates
for that new transmission line and the developments of solid and holey types of MCFs have
recently been reported [6,7]. On the other hand, the ways to increase the capacity per one fiber
have also been intensely studied [8,9]. In these reports, not only the improved modulation
formats but also the enlarged effective area (Aeff) of transmission fibers was greatly
contributed to increase the transmission capacity. However, the reported MCFs have only
small Aeff compared to conventional single mode fiber (SMF). So, it is expected that the
MCFs with large Aeff must have a great impact on the future optical transmission systems.
For the design of the large Aeff MCFs, the interference between cores and the micro
bending loss are the most significant problems, which needs to be addressed. In this paper, we
studied the design to suppress the increase of the interference between cores in case of the
large Aeff fibers and found out that the Aeff can be enlarged without increasing the cross-talk
between cores by keeping the macro bending loss constantly. The influence of the cladding
diameter on the micro bending loss was investigated and the solid MCFs with large Aeff over
100 um? and low micro bending loss were actually fabricated by means of the adequate design
with the sufficient cladding thickness. The low cross-talk properties were successfully
realized by the design optimization and could be estimated by the simulation based on the
coupled power theory taking the longitudinal fluctuation of core diameter into account.

2. Micro bending losses of multi-core fibers with different cladding diameters
2.1 Design of multi-core fibers with large Aeff and low cross-talk

At first, we investigated the design strategy required for enlargement of Aeff of MCFs. As the
Aeff is increased, we need to pay much attention to the increase of interference between cores.
We thoroughly investigated the relation between Aeff at 1550 nm, macro bending loss at 20
mm diameter at 1550 nm and core pitch required for the 100 km transmission. The target
cross-talk was set to —30 dB at 1550 nm after 100 km transmission. As the result, we found
out that the core pitch can be maintained even when Aeff was enlarged, if we set the macro
bending loss conditions to be the same (Fig. 1). By using this concept, we can design the large
Aeff solid MCFs by shifting the cut-off wavelength (Ac) and keeping the macro bending loss
constant without increase of cross-talk between cores.

at ¢ 20 mm Ac=1.31pum 100 Core pitch
1E+03 [um]

1E+02

1E+01 -

SMF *Cut—off 75

1E+00 — shifted

Macro bending loss [dB/m]

1E-01
70 80 90 100 110 120 130
Aeff @ 1.55 um [um?]

Fig. 1. Relationship between Aeff, macro bending loss and core pitch required to realize 100
km transmission with low cross-talk.

On the other hand, a high core density packaging technique is proposed by Koshiba et al.
[6]. It was reported that the power-conversion efficiency can be decreased drastically by
combining some cores with slightly different refractive index in one fiber. However, the
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reported Aeff was same as or smaller than conventional SMF. This method can be applied for
the large Aeff MCFs in this study, so we investigated the effect of this technique on our large
Aeff design and obtained the relation between core diameter and maximum cross-talk as
shown in Fig. 2. The effective refractive index was changed just by changing the core
diameter a little keeping the core A ( = 0.31%) for a simplification of fabrication process. The
core pitch was set to 42 um, which corresponds to the pitch of 75 pm in the case of identical
cores. As a result, by changing the core diameter just by 0.2 pm, the cross-talk between
neighboring cores (different cores) can be decreased under —60 dB. We optimized the core
diameter to keep the cable cut-off wavelength (Acc) below 1530 nm and macro bending loss
below 5 dB/m even when the core diameters are changed to +/— 0.2 pm (Table 1). From these
calculations, it was confirmed that the solid MCFs with Aeff as 100 um? can be realized with
high core density.

Cross-talk [dB]

-04 -03 -02 -01 0 o01

02 03 04

Core diameter difference [um]

Fig. 2. Cross-talk between neighboring cores (@ 1550 nm).

Table 1. Design Properties of Each Core

Core diameter Aeff Acc Bend loss
um um’ nm dB/m
10.2 100 1460 3.2
10.4 102 1490 2.3
10.6 104 1520 1.6

2.2 Examination of the influence of the cladding diameter on micro bending loss properties

Based on the simulation results described in section 2.1, the solid MCFs, which have high
productivities, were actually fabricated by means of stack & draw method. Because the outer
cores tend to be close to the cladding edge, the micro bending losses can be considered as one
issue of the MCFs. So, we investigated the influence of the cladding diameter on micro
bending loss properties. Two fibers with different cladding diameters (Fiber #1: 141 um, Fiber
#2: 215 um) were fabricated to compare their micro bending loss properties. The cross
sections of designed and fabricated fibers are shown in Figs. 3 and 4, respectively. The core
pitch was 40 um, which is almost same as the design, and the coating thickness were set to be
equal for each fiber to keep the same influence of coating. To recognize the core arrangement,
3 air holes were arranged as markers at the region where they would not influence the optical
properties.
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Fig. 3. Cross section of designed fiber with air holes as markers.

Fig. 4. Cross sections of fabricated fibers (a) Fiber #1: 141 pm, (b) Fiber #2: 215 um.

Optical properties of two fibers are shown in Table 2. Because there are 3 kinds of cores,
center core (core A) and other two neighboring cores (B, C) were measured. As shown in the
attenuation loss spectra (Fig. 5), loss increase in the longer wavelength region were observed
in case of fiber with small cladding diameter (Fiber #1), especially in outer cores (B, C). On
the other hand, in case of Fiber #2 with large cladding diameter, loss increases at longer
wavelength were successfully suppressed in each core. As the result, the effect of large

cladding diameter for the reduction of micro bending losses was clearly confirmed.

Table 2. Optical Properties of Fiber #1 and Fiber #2 (@ 1550 nm)

Fiber Core Loss Dispersion D. Slope Aeff Aee Bend loss *
No. dB/km ps/nm/km ps/nm?/km pm? nm dB/m
Fiber #1 A 0.254 19.0 0.062 110 1367 10.1
B 0.444 18.1 0.060 103 1337 16.7
C 0.398 18.6 0.060 106 1357 7.1
Fiber #2 A 0.205 19.1 0.062 101 1378 4.4
B 0.273 18.6 0.060 103 1367 72
C 0.270 18.4 0.061 99 1357 13.3

*Macro bending loss at 20 mm diameter.
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Fig. 5. Attenuation spectra of fabricated fibers (a) Fiber #1: 141 pm, (b) Fiber #2: 215 pm.

3. Improvement of cross-talk properties by optimization of core pitch
3.1 Design optimization of core pitch taking the core density into account

However the attenuation loss was drastically improved by means of sufficiently thick cladding
as reported in the section 2, it still needs to be investigated because there was a problem,
which is a higher cross-talk. As shown in Table 3, the cross-talks between core A and core B,
C after 2 km transmission were relatively large (about —20 dB) compared to the simulation
results (< —60 dB after 100 km). Additionally, the loss increase observed at the longer
wavelength region in case of core A of Fiber #1, which has sufficiently thick cladding, can
also be considered due to the higher cross-talk. It was assumed that this high cross-talk was
caused by the smaller core diameter difference and smaller core pitch than the designed
values. So, we optimized the design taking these factors into account, to improve the optical
properties of the large Aeff MCFs.

Table 3. Cross-Talk after 2 km Transmission

Core No. Fiber #1 Fiber #2
B -17dB -21dB
C —20dB —18dB

About the core diameter difference, we tried to solve the problem by setting some margins
at the design stage. On the other hand, optimum core pitch was reexamined from the point of
views of the cross-talk and a core density. The core density was evaluated by normalized core
numbers, which are defined as this expression,

normalized core numbers =

)
MCF

which means the effective core numbers of MCFs within an unit area, namely, the area of
conventional SMF with 250 um coating diameter (Fig. 6). The coating thickness of the MCFs
was set to be the same as the conventional SMF. In Fig. 7, the core pitch dependences of the
cross-talk and normalized core numbers are shown. Here, the cross-talk between the identical
cores was calculated, which is the most dominant factor of the cross-talk. As a result, it was
found that the cross-talk could be suppressed drastically by increasing the core pitch, while
the influences to the normalized core numbers were relatively small. So, an enlargement of
the core pitch could be regarded as an effective way to improve the cross-talk properties. This
time, we set the core pitch as 46 um because the cross-talk could be suppressed by 30 dB from
that of Fiber #2, which had the core pitch of 40 pm.
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Fig. 6. Definition of the normalized core numbers of MCFs.
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Fig. 7. Core pitch dependence of cross-talk after 100 km transmission and normalized core
numbers.

3.2 Confirmation of the optimized design by fiber fabrication

The cross section of the fabricated fiber (Fiber #3) and the optical properties of the 3 cores
with different core diameter (A, B, C) are shown in Fig. 8 and Table 4, respectively. The core
A indicates the center core and core B, C indicate the outer cores, again. The cladding
diameter of Fiber #3 was 217 pm. By the cut-off wavelength measurement results, the core
diameter differences were estimated to be almost the same as the design. Other optical
properties, such as dispersion and Aeff, were also agreed with the predicted values. The
attenuation loss spectra of each core are shown in Fig. 9. The loss values at each core were
improved from the previous results (Fiber #2) because the coating thickness was also
optimized to be the same as the conventional SMF (62.5 um), which was thicker than the
previous examination (37.5 um). The loss spectrum of the single core fiber with the same core
and the same cladding and coating thickness as the outer cores is shown together. The losses
of outer cores are slightly higher than that of the center core, but the results are almost same as
those of the single core fiber. So, it is supposed that the cladding and coating thickness
required for the MCFs can be estimated by the loss properties of the single core fiber.

Fig. 8. Cross sections of Fiber #3.
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Table 4. Optical Properties of Fiber #3 (@ 1550 nm)

Fiber Core Loss Dispersion D. Slope Aeff Acc Bend loss *
No. dB/km ps/nm/km ps/nm?/km pm? nm dB/m
Fiber #3 A 0.213 19.6 0.062 110 1491 3.0
B 0.237 194 0.062 107 1470 39
Cc 0.237 19.0 0.061 99 1408 8.1

*Macro bending loss at 20 mm diameter.
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Fig. 9. Attenuation loss spectra of fabricated fibers (a) Fiber #2 (re-cited for comparison), (b)
Fiber #3 and single core fiber with the same core diameter, cladding thickness and coating
thickness with outer cores.

The measurement results of the cross-talk are shown in Fig. 10. The cross-talk was —38 dB
after 3.5 km transmission, and it was improved drastically from the previous result (—20 dB
after 2 km). From the measurement results of the fiber length dependence of the cross-talk, the
cross-talk after 100 km transmission can be estimated as —33 dB. So, it can be said that the

MCF, which can satisfy the cross-talk property required for the long distance transmission,
was successfully realized by optimizing the fiber designs.

-20
® Fiber #3 B
= %0 AFiber#3C
=1 a
~ -40
S /
é -50 z x &
[ ]

© 60

70 L ! ! ! !

1 10 100 1,000 10,000 100,000

Fiber length [m]
Fig. 10. Fiber length dependence of cross-talk.

3.3 Estimation of the cross-talk properties by means of coupled power theory

Though modeling of the cross-talk properties were based on the coupled mode theory in this
work, new method for the simulation of cross-talk by applying the coupled power theory has
recently been suggested [10]. It was described that more practical cross-talk characteristics
can be explained by using the coupled power theory instead of the coupled mode theory,
which calculate the interference between cores in case of the ideal situation with the constant
core diameter in the fiber length. On the other hand, it is known that the longitudinal
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characteristics of fibers can be estimated by means of the bi-directional optical time-domain
reflectometer (OTDR) method [11]. This time, we investigated the longitudinal distribution of
core diameter of the fabricated MCFs by using bi-directional OTDR method, and applied the
obtained results to the estimation of cross-talk properties based on the coupled power theory.
The results of the longitudinal distribution of mode field diameter (MFD) in case of Fiber #3
are shown in Fig. 11. The noises in the first and last part of figures are caused by the influence
of the fresnel reflection at the each side of the fiber. We estimated the longitudinal
fluctuations of the core diameters from these MFD distributions and applied them to the
calculation of the cross-talk properties based on the coupled power theory in order to
reproduce more practical situation than the former case [10] which supposed that the core
diameters were changed constantly. The obtained results are shown in Fig. 12. The bending
diameter of fiber was set to 280 mm and the twist rotated in every 20 m was considered. As a
result, it was confirmed that cross-talk properties are successfully calculated by the
combination of the bi-directional OTDR method and coupled power theory.

115
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[a)
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Fig. 11. Longitudinal fluctuation of MFD @ 1550 nm (Fiber #3).
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Fig. 12. Fiber length dependence of cross-talk based on the coupled power theory taking the
longitudinal fluctuation of core diameters into account (a) Fiber #1, (b) Fiber #2, (c) Fiber #3.
4. Conclusion

To realize large Aeff multi-core fibers, the design strategy to suppress the cross-talk between
cores and the micro bending loss were investigated. The MCFs with the large Aeff over 100
um? and low micro bending loss were successfully fabricated and the obtained results indicate
the importance of fiber design to realize large Aeff MCFs including fiber diameters, which
largely affect the micro bending loss property. The low cross-talk after long distance
transmission was realized by the design optimization and those properties were successfully
explained by using the coupled power theory taking the longitudinal fluctuation of core
diameter into account.
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