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Chapter 1

Introduction

1.1 Background of the Research

1.1.1 Exponential Growth of the Network Traffic, and the Capacity Limit of the Optical Fiber

The data traffic is exponentially increasing in the various network fields, as shown in Fig. 1.1 (see Ref. [1] for
the details). For example, the Internet traffic is growing by 20%—60% in a year, and this trend is estimated to
continue [1-3].

On the other hand, as shown in Fig. 1.2, the transmission capacity of optical fiber has also exponentially grown
in the past few decades [2, 3], owing to the emergences of various new technologies.

Recent single-core transmission systems have achieved capacities up to about 100 Tb/s per fiber by employing
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Fig. 1.1: Relative traffic increase normalized to 2010. (Reproduced from Ref. [1] (¢) 2012 IEEE.)
(IP: Internet Protocol, Euro-I1X: the European Internet Exchange Association,
HSSG: IEEE 802.3 Higher Speed Study Group Tutorial [4],
CAGR: Compounded Annual Growth Rate)
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Fig. 1.2: Growth of the transmission capacity of optical fiber.
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time-, wavelength-, polarization-division multiplexings, and multi-level modulations [5]. For further increasing
the fiber capacity, expansion of the optical bandwidth of transmission window and enhancement of the spectral
efficiency (SE) are required. However, the C+L band (see Fig. 1.3) has already been used up, which is the
transmission suitable band (1530-1625 nm) because of the low attenuation of silica glass and of the low noise
and high gain of erbium-doped fiber amplifier. Achieving low-noise long-haul transmission using other bands is

difficult due to the high attenuation of the fibers and the lack of good amplifiers.
400nm=54.5 THz
< RFA

A

0.4 200nm=23.5 THz ;

0.3

- N

0.2

Attenuation coefficient (dB/km)

1200 1300 1400 1500 1600 1700
A (nm)

Fig. 1.3: Transmission window of fused-silica fibers showing standard optical amplification bands (O, E, S, C, L,
and U/XL). (Reproduced from Ref. [2] (©) 2006 IEEE.)

Furthermore, even if the fundamental limits of low loss and low nonlinearity could be achieve in the hollow-
core fiber, the improvement of signal-to-noise ratio will result in only a slight increase of SE, as shown in Fig. 1.4.
Therefore, the transmission capacity of the single-core fiber is rapidly approaching its fundamental limit, and the

current trends of traffic growth will result in capacity crunch in the near future [3, 6].
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Fig. 1.4: Calculated limit of spectral efficiency. (Reproduced from Ref. [3] (©) 2012 IEEE.)

1.1.2 Studies on the Spatially-Multiplexed Transmission for Breaking Through the Capacity

Limit.

spatial-division multiplexing (SDM) is an attractive technology for further enlargement of the

In such a situation,

fiber capacity or spatial capacity—the capacity per cross-sectional area of the fiber [2,3,7].

Concepts of SDM optical fiber transmission are not so new [8—10]. Multi-core fiber (MCF) for high density

transmission was first proposed in the late 1970s [8,9]. This MCF was drawn from one preform including multiple

cores; therefore, its cladding was circular shaped and similar to recent MCFs (see Fig. 1.5a). However, since there

was a difficulty in aligning and splicing the multiple cores in circular MCFs, another type of MCEF, the so called
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bunch fiber, was proposed [11]. The bunch fiber is drawn from bunched multiple preforms and each preform
includes one respective core, and thus has non-circular cladding (see Figs. 1.5b and 1.5c, for examples). The bunch
fiber had been developed for use in subscriber lines [12—15]. However, the passive optical network (PON) [16]
was able to provide cost- and space-efficient networks for the subscriber lines, and the MCF became unnecessary

for the density improvement and have not been commercialized for SDM transmission.

b

@) O

(3—Core O

Cladding

Cladding

Fig. 1.5: Schematic cross-sections of (a) a normal MCF and (b,c) bunched MCFs.

In the late 2000s, the SDM technologies had rapidly come to attract attentions again [7], since the future capacity
crunch became a reality [2,3,6], as reviewed in Section 1.1.1. At the time of writing—the first half of 2013—, the

research on the optical fibers for the SDM ranges for various technologies, such as:

e Fiber types:
— The so-called uncoupled MCF [17], wherein each core is used as an individual waveguide.
— The so-called coupled MCF [18-20], wherein a set of multiple cores is used as one few-mode waveg-
uide.
— The so-called few-mode fiber (FMF) [21-24], wherein a core guides a few or several spatial modes
(different from the conventional multi-mode fiber that supports hundreds of spatial modes).
e Types of transmission systems regarding to the crosstalk between spatial channels:
— Low crosstalk is required, but the conventional high capacity transmitters and receivers can be uti-
lized [17-19,21].
— High crosstalk can be accepted, but signal processing using multiple-input-multiple-output (MIMO) is

required [20,22-24].
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e Types of multiplexed spatial modes:
— The linearly-polarized (LP) modes [17].
— The supermodes [18, 19].

— The orbital angular momentum (OAM) modes [25-27].

1.2 Overview

From mid 2009, we have conducted the research and development of uncoupled MCFs toward the practical real-
ization in the high-capacity long-haul transmission. This thesis describes our research on the uncoupled MCF for
SDM transmission. The uncoupled MCEF is just referred to as MCF in this thesis.

The rest of this thesis is organized as follows.

Chapter 2 describes the results of our feasibility study on the MCF. We studied on characteristics degradations
specific to the MCEF, in order to investigate whether or not the degradations can be suppressed. In the study, we
revealed that the inter-core XT of the MCF is heavily dependent not only on the fiber structure but also on the
fiber bend, from the theoretical and experimental investigations. It was also revealed that the XT is a stochastic
value. We also found that the losses of outer cores of a MCF can be degraded if the outer cores are too close to
the coating, because the powers guided in the cores can couple to the coating with high refractive index.

In Chapter 3, we propose a suppression method of the crosstalk of the homogeneous MCF, which utilizes the
fiber bend. We developed an approximation model and derived analytical expressions of the statistical charac-
teristics of the XT of the homogeneous MCEF, so that we can easily design homogeneous MCFs. The derived
expression for the statistical mean of the XT is quite simple, thus are widely used for estimating the XT of ho-
mogeneous MCFs at present. We also developed a XT measurement method with wavelength scanning to obtain
the statistical properties of the XT. Based on the results of Chapter 2 and these developments, we designed and
fabricated an ultra-low-XT MCEF, and demonstrated that the XT of the MCF can be suppressed enough for ultra-
long-haul (>10,000 km) transmissions.

In Chapter 4, we discuss how the XT behaves stochastically, reveal the behavior of the XT as a noise, and
consider and quantify the effect of the XT on Q-factor, since the target levels of the XT in earlier studies and the
previous chapters did not necessarily have the theoretical grounding, and the stochasticity of the XT has not been
taken into account.

Chapter 5 describes how we can enhance the signal-to-noise ratio (SNR) in each core of the MCF, and how
the XT can affect the SNR. We present a low-loss large-effective-area MCF whose XT is properly suppressed so

that the XT can be adequately lower than the amplified spontaneous emission noise and the nonlinear interference
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noise. In addition, we discuss how this result enhances the SNR in multi-core transmission systems.

In Chapter 6, since after a few years of the intensive research by various groups, including us, the characteristics
of the inter-core crosstalk (XT) of the multi-core fiber (MCF) have been well elucidated, we review the essence
of these studies on the XT, clarify ambiguous points of the studies, and derive a novel expression of the average
power-coupling coefficient, with which we can understand the behavior of the XT and interpret its physical mean-
ing easily. Based on the derived expression, we discuss how the longitudinal fluctuation of fiber structures and the
macrobend can affect the XT, and organize the previously-reported methods for XT suppression.

In Chapter 7, we studied how the XT is affected by the fiber splice, the tight macrobend, and the microbend—
these factors are possible to be induced in installed MCFs. For examples, actually-deployed MCF link can consist
of concatenated MCFs and have many splicing points, the MCF may be tightly bent at around splices and connec-
tions, and the microbend—that is, the microscopic fiber bend induced by external stresses— can be an issue when
the MCEF is cabled. So, XT degradations due to these factors must be suppressed, toward the practical realization
of the multi-core fiber (MCF).

Finally, Chapter 8 concludes this thesis.



Chapter 2

Feasibility Study on Multi-Core Fiber

2.1 Introduction to This Chapter

At the time when we started this study, Koshiba et al. had reported that the inter-core crosstalk (XT) of the MCF
can be suppressed less than —30 dB after 100 km propagation, even for the all-solid MCF—{it to mass-production
process— with 7-19 step-index cores and the cladding diameter of 125 pm, by inducing slight differences in
the effective indices between neighboring cores, from the theoretical consideration based on the coupled-mode
theory [17]. However, the all-solid MCF had not been well investigated by actual fabrication yet, though photonic-
crystal MCFs—difficult to fabricate in low loss and in large volume— had been started to be investigated [28,29].

Therefore, at first, we studied on the feasibility of the MCEF, that is, whether or not the all-solid MCF can be
fabricated without significant characteristics degradations. So, this chapter describes the characteristics degrada-
tions specific to the MCF. The basic study on the inter-core XT of the MCFs is described in Section 2.2, and the

loss degradation of outer cores near the coating is described in Section 2.3.

2.2 Basic Study on Inter-Core Crosstalk

Suppression of the XT is crucial to transmit signals individually through each core of the MCF.
In this section, theoretical background of earlier studies are briefly reviewed, inapplicability of the earlier study
to actual MCFs is experimentally demonstrated, and significant effect of fiber bend on the XT is theoretically and

experimentally revealed.

2.2.1 Theoretical Background of Earlier Studies

Until we started the study on the MCF, some research groups had investigated the crosstalk of the MCF and
reported that a slight difference in the effective refractive indices, or the propagation constants, between cores of
the MCF can effectively suppress the XT between the cores [15, 17,30]. All of these studies were based on the
simple coupled-mode theory, which holds in cases of short waveguide or of very ideal longitudinally-unperturbed

waveguide. This section briefly reviews the coupled-mode theory and the XT suppression method based on it.
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The coupled-mode equation for optical fiber(s) with parallel cores is expressed as [31]:

dE
Tz_j(B+K)E7 2.1
Z

where E = [E},E,,...,Ey]" is the vector of the electric fields E, of the each core modes, B = diag (B, Bs,. .-, By)
is N x N diagonal matrix which includes the propagation constants § = (271 /A )i, A is the wavelength in vacuum,
nes 1s the effective refractive index, and x is N x N matrix including the mode-coupling coefficients k,,, from

Core m to Core n, which is expressed as:

wE, // m e, -e,dxdy
Km = (2.2)
//z- e, xh,+e,xh,) dxdy

where @ is the angular frequency of the light in vacuum, &, the vacuum permittivity, # is the actual index profile,
n,, is the index profile of Core m in the absence of the other cores, e the normalized vector core mode of the
electric field, h the normalized vector core mode of the magnetic field, the superscript * indicates the complex
conjugate, and Z is the unit vector in the direction of z axis.

Since E can be expressed as

E =exp(—jB2)A, (2.3)
where A = [A,A,,... ,AN]T is the vector of the complex amplitudes A,, of E,,, Eq. 2.1 can be rewritten as

dA

2o — —Jew(jBz) kexp(—jP)A. 2.4

A component of Eq. 2.5 is the well-know form of the coupled-mode equation and represented as
1, Z JKn exp Bm)Z} Am' 2.5)

In the two core case—Core m and Core n—, when only Core m is excited (|4,, (0)| = 1), the power of Core n is

derived as

A|* = By sin® (gunz). (2.6)
>
Fo—— Km 27
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2
qnm—\/xfm+<ﬁ”;ﬁ’”> , 2.8)

where F is the maximum power transfer ratio. Figure 2.1 shows the relationship between the difference in the

effective indices between cores and the maximum power transfer ratio F at 1550 nm. Indeed, F is suppressed to
be less than 0.001 (—30dB) by only a slight difference of 0.001 in n. between cores, even when x = 10 [/m].
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Fig. 2.1: The relationship between the difference in the effective indices between cores and the maximum power
transfer ratio F" at 1550 nm.

2.2.2 Experimental Trial for Crosstalk Suppression:
Validation of the Earlier Theoretical Prediction

To confirm actual capability of the heterogeneous MCF structure to suppress the XT, we designed and fabricated
a heterogeneous MCF. The wavelength of 1550 nm and the core pitch of 30 um were assumed for the design.
The heterogeneous MCF had equal outer cores and a dissimilar center core, as shown in Fig. 2.2, so that the XT
between the center core and the outer cores was expected to be suppressed.

We designed the MCF cores based on the pure-silica-core technology; thus, the all cores were designed to have
the same core A, which was about 0.38%. Figure 2.3 shows the relationship between the core diameter and the
effective refractive index of the core, which was calculated using a full-vectorial finite-element imaginary-distance
beam propagation method (FE-ID-BPM) [32] from a refractive index profile of a preform of a single-core fiber
fabricated with the same fabrication process and the same design of the MCF core. Since Ref. [17] suggested that
the difference in the core A between neighboring cores more than £0.005% can suppress the XT at the core-to-
core distance larger than 30 um, we designed the center core and the outer cores to have the difference of more

than 0.01% in the effective indices, by changing the diameters of the cores. The core diameters were designed

10
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Fig. 2.2: Schematic cross-section of the designed heterogeneous MCF.
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Fig. 2.3: The relationship between the core diameter and the effective refractive index.

to be 8.9 um for the center core and 9.4 um for the outer cores, so that the A between the effective indices of the
center core and the outer core was designed to be about 0.012%.

Figure 2.4 shows the calculated longitudinal power evolutions of cores, which was calculated for the case where
only the center core of the designed MCEF is excited, by using the simple coupled-mode equation. The maximum
XT was calculated to be less than —40 dB; thus, the XT was considered to be suppressed very well based on the
earlier studies.

For obtaining more information on the dependence of the MCF characteristics on the MCF structures, we drew
three kinds of MCFs which has different cladding diameters from one preform as shown in Table 2.1. A cross-
section of MCF-A30 is shown in Fig. 2.5.

The setup for XT measurement is shown in Fig. 2.6. The light source was a laser diode whose wavelength is

11
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Fig. 2.4: Longitudinal power evolutions of cores of the designed MCF, which was calculated using the simple
coupled-mode equation.

Table. 2.1: Design properties of MCF-A.

MCF-A26 | MCF-A30 | MCF-A34
Core A [%] 0.38
Core pitch [um] 26 30 34
Center core 7.7 8.9 10.1
Diameter [um] | Outer cores 8.1 94 10.7
Cladding 108.3 125 141.7
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Fig. 2.5: A cross-section of the fabricated MCF-A30.
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1.55 pm and linewidth is less than 10 nm. The XT was obtained by measuring the output power of each core when
exciting one core. Here, the XT was defined as the ratio of output power of a certain core divided by sum of output
powers of all cores. We measured the XT of 2-m-long MCF-A26, MCF-A30, and MCF-A34; 3-km-long MCF-
A26; and 5-km-long MCF-A30 and MCF-A34. The bend radii Ry, of the 2-m-long MCFs were not controlled, but

no tight bend was applied to the MCFs. The kilometers-long MCFs were wound on 140-mm-radius bobbins.

F.U.T.
Light Power

source t T T T meter
SMF SMF
Aligned Aligned

Fig. 2.6: The crosstalk measurement setup.

Figure 2.7 shows the measurement results. Figures 2.7a and 2.7b show the results for the 2-m-long MCFs,
and Figs. 2.7c and 2.7d show the results for the MCFs longer than a kilometer—3 km of MCF-A26, and 5 km
of MCF-A30 and MCF-A34. Even in the cases of the 2-m-long MCFs, the XT was higher than the estimated
value. Furthermore, the XT of the kilometers-long MCFs were so high that the output powers were converged to
equilibrium; the only exception was the case where Core 5 was excited in MCF-A34—this is because the number
of surrounding core of Core 5 is fewer than that of Core 1.

The measurement results clearly demonstrated that the XT of actual MCFs are completely discrepant from the

prediction based on the earlier studies.

13
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Fig. 2.7: Crosstalk of MCF-A wound on 140-mm-radius bobbin, measured at A = 1550 nm.
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2.2.3 The Reason of the Discrepancy in the Crosstalk between the Prediction and the
Measurement Result: Effect of Fiber Bend

Since the discrepancy between the prediction and the measurement results was quite a large, we speculated that
the MCF might be heavily longitudinally-perturbed, and the fiber bend is the source of the perturbation. To discuss
the effect of the bend perturbation on the XT, we employed the equivalent index model [33]. A bent fiber with
a intrinsic refractive index profile n;,, can be described as the corresponding straight fiber with the equivalent

refractive-index profile ng,:

rcos9

neq (I’,@,Rb) %nint(rae) <1 + ) ) (FCOSG <<Rb)7 (29)

b

where (r, 0) is the local polar coordinate in the cross-section of the fiber, 8 = 0 in radial direction of the bend, and

Ry, is the bending radius of the MCF. Thus, the equivalent effective index n of Core n can be represented as

eff.eq,n

rcos 0

neff,eq,n (}’, 97Rb) ~ neff(r7 6) (1 + > ) (FCOS 0 < Rb) . (210)

b

Therefore, as shown in Fig. 2.8, the equivalent effective index of each core of the MCF can be varied by the bend

and twist.
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Fig. 2.8: Schematics of equivalent refractive index variation induced by bend and twist. The center of Core m is
taken as the origin of the local coordinate for simple description.
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The relative refractive index difference A, between the equivalent index and the intrinsic index can be obtained

as

an (V, eva) _niznt (}’, 9)
2n§q (r,0)

2
27‘0059 rcos @
Rh ( Rb )

Ac::q (r,0,R,) =

= (2.11)
2(]+r0059)2
Ry
rcos 0
N (rcos® < Ry), (2.12)
b

which is independent of n;,. Figure 2.9 shows the relationship between rcos8, Ry, and A, calculated from

eq’

Eq. 2.11. Ref. [17] reported that the XT can be suppressed when the core pitch is larger than 30 um and the

difference of core A between neighboring cores is more than +0.005%; however, A., exceeds 0.02% when r is

eq

larger than 30 um even at the large R, of 140 mm. Therefore, consideration on the bend perturbation is necessary

for estimating the XT of the MCF.
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Fig. 2.9: The relationship between rcos 8, Ry, and A.

Let Ry be the threshold bending radius whether or not the difference between the equivalent effective indices
of Core 1 and that of Core n can become zero, Ry is the maximum radius where the difference of equivalent

effective indices between Core 1 and Core n,

di,
ONeft oq = Mefi,1 — Mefip (1 + Fl cos 9n> ; (2.13)
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can have zero points; accordingly, Ry, can be obtained as

Neft.n
Ry=dyy7——,
Neff 1 — Meff n

(2.14)

where d;, represents the core pitch between Core 1 and Core n. Therefore, the XT is considered to degrade when

the MCF is bent at a radius smaller than Rp..

2.2.4 Experimental Trial for Crosstalk Suppression:
Avoidance of the Phase Matching Induced by Fiber Bend

Based on the above discussion, we designed a new MCF (MCF-B) that have a large difference in the core diame-
ters. MCF-B had the design that is basically the same with MCF-A but the diameter of the center core was thinned
compared to MCF-A. The core diameters were designed to be 8.1 um for the center core and to be 9.4 um for the
outer cores, so that the A between the effective indices of the center core and the outer cores was designed to be
about 0.035%, and the R was to be about 87 mm. Therefore, the XT of MCF-B was expected to be suppressed
when MCF-B was wound on a 140-mm-radius bobbin.

Similarly to the fabrication of MCF-A, we drew three kinds of MCFs which has different cladding diameters
from one preform; Table 2.2 shows the design properties of the MCF-B with three kinds of thickness. A cross-

section of MCF-B30 is shown in Fig. 2.10.

Table. 2.2: Design properties of MCF-B.

MCEF-B26 | MCF-B30 | MCF-B34
Core A [%] 0.38
Core pitch [um] 26 30 34
Center core 7.0 8.1 9.2
Diameter [um] | Outer cores 8.1 9.4 10.7
Cladding 108.3 125 141.7

The XT of MCF-B was measured in the same method described in Section 2.2.2. We measured the XT of
3.3-km-long MCF-B26, and 5-km-long MCF-B30 and MCF-B34. The MCFs were wound on 140-mm-radius
bobbins. Figure 2.11 shows the measurement results. Compared with the case of MCF-A, the XT was suppressed,
as we expected. When Core 1 was excited, the output powers did not converge to equilibrium even for the case of
MCF-B26 (shortest core pitch and highest XT), although the XT of the kilometers-long MCFs were so high that
the output powers converged to equilibrium in the case of MCF-A (Fig. 2.7¢c). In case of MCF-B34, the XT from

Core 1 to the outer cores were less than —25 dB even after 5-km propagation.

17
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Fig. 2.10: A cross-section of the fabricated MCF-B30.
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Fig. 2.11: Crosstalk of MCF-B wound on 140-mm-radius bobbin, measured at A = 1550 nm.

2.2.5 The Dependence of the Crosstalk on Fiber Bend Radius
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We investigated the dependences of the XT on Ry, with the cases of MCF-A30 and MCF-B30, in detail. Table 2.3

shows the comparison of the design properties between MCF-A30 and MCF-B30.

Table. 2.3: Comparison of the design properties of MCF-A30 and MCF-B30.

MCF-A30 | MCF-B30
Core A [%] 0.38
Core pitch [um] 30
Center core ‘ 8.1
Diameter [um] | Outer cores 9.4
Cladding 125
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Fig. 2.12: The crosstalk measurement setup.

The measurement setup is shown in Fig. 2.12, which is slightly different from Fig. 2.6. Two single mode fibers
(SMF) were aligned and bonded to the 2-m-long MCF with ultraviolet curable adhesive, to keep the bend radius
Ry, constant by winding the MCF on a mandrel from the end to end of the MCF. In this measurement, we dealt
with the XT from Core 1 to an outer core, and Core 5 was taken as a representative of outer cores. So, the XT was
defined to be the ratio of output power of Core 5 divided by that of Core 1 when Core 1 was excited. The radii of
the mandrels were 40, 55, 76, 85, and 140 mm. The MCF was also twisted in order to avoid bias of bending effect
due to a direction of core arrangement against a radial direction of the bend. The twist rate was four turns per two
meters in this measurement. The XT was measured ten times repeatedly and each of the ten measurements was
performed after the MCF was rewound, in order to average the measurement results, because we considered that
the XT is a stochastic parameter, as described and shown in the following Section 2.2.6 and Fig. 2.14. Since we
bonded the SMFs to the MCFs, the output power of Core 1 and that of Core 5 were not measured simultaneously,
which did not affect the results because the output power of Core 1 was not affected by the XT, due to the low XT
of the short MCF samples.

Relationships between the bending radius and the XT are shown in Fig. 2.13. Square plots represent average of
ten times measurements and error bars indicate maximum and minimum values of the measurements. The results

clearly demonstrated that the XT significantly depends on the bending radius and on the fiber structure.

2.2.6 Coupled-Mode Equation with Equivalent Index Model

In order to consider the measurement results quantitatively, we developed the simulation scheme based on the
coupled-mode theory combined with the equivalent index model. Since the equivalent propagation constants are

variable along propagation distance z, E can be expressed as

E =exp[—j$(2)]A, 2.15)

#(z) = /Ozﬁeq () d, (2.16)

19



CHAPTER 2. FEASIBILITY STUDY ON MULTI-CORE FIBER

-20
\\
. MCF-A30
S
=
[
3
5 -40 1
MCF-B30 :
/ |
,,,,,,,,,,,,,,,,,,,,,,,,,,,,, ,
-50 |
- 100 150

Bending radius A, [mm]

Fig. 2.13: Dependences of the measured crosstalk on fiber bend radius

where ¢ = diag(¢;,¢,...,9y) and B, = diag (Beq.1+Beq.2:- -+ Beqy) are the N x N diagonal matrices which
include the accumulated phases ¢, and the equivalent propagation constants foq = (27/4 )nesq of each core,

respectively. Therefore, Eq. 2.1 can be rewritten as

O = —jexplj#(2)] Kexp[- (2] @.17)

Thus, a component of Eq. 2.5 is represented as

O Y Kb 70,2~ 00D A @.19)

In the case of the fabricated MCFs, Eq. 2.16 can be expressed as

Bint,lz7 (n = l)a

$(2)

(2.19)

< d
/Oﬁint,n |:1+Rbcosen (Z/):| (/l'Z/7 (n:2,...,7),

where [, is the intrinsic propagation constant. For the experiments described in Section 2.2.5, 6,(z) can be

expressed as

T
911 (Z) = 27‘CftwistZ + (” - 2) g + eoffseta (I’l = 27 ce 77)7 (220)

where fiq 15 the twist rate [turns/unit length], and 6,4, the offset of the twist angle at z = 0.

Figure 2.14 shows an example of longitudinal variations of 67 ¢, and the coupled power, or |A,, 2. in the case
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Fig. 2.14: An example of longitudinal variations of simulated coupled power and the difference of the equivalent

effective indices Sneff.eq.

where MCF-A30 is bent at a radius of 76 mm and twisted at f;, of 2 turns/m. The evolution of the coupled
power was numerically calculated using Eqs. 2.18-2.20. Discrete-like dominant changes are observed eight times
at zero points of 5neffﬁeq (z)—that is, the phase-matching points— along the propagation distance. These dominant

changes look like random because phase differences between Core 1 and Core n,

6¢n1 (Z) = ¢n (Z) - ¢1 (Z>7 (221)

are different for every phase-matching point. The phase difference variation is deterministic in the simulation but
can be easily fluctuated in practice by slight fluctuations of parameters such as the bending radius, the propagation
constants, and the twist rate. Therefore, the XT variations at every phase-matching point are stochastic variations
practically. In order to take account of such randomness, we introduced random phase shifts into the simulation.
The random phase shifts are applied to all cores at every midpoint between the phase-matching points. In the case
of the measurements in this chapter, it means that ¢, (z) of all cores are fluctuated individually in a random manner
at every point where 6,(z) of any core is a multiple of 7.

In this theoretical scheme, distributions of the XT, or |A,|*/|A;|%, were obtained by Monte Carlo simulation.
Each distribution contains the XT values from Core 1 to Cores 2—7 over 100 instances. Comparisons between
the measured and the simulated XT are shown in Fig. 2.15. Averages and variations of the measured values are
plotted as points and error bars. Averages and maximums of the simulated XT are plotted as solid and dashed
lines respectively. Lines for minimum values are not plotted because the values can take zero. Lines of Ry, are

also plotted in Fig. 2.15. The values of R, of MCF-A30 and MCF-B30 were calculated to be 245 mm and 65 mm
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Fig. 2.15: Comparisons between the measured and simulated crosstalk of the fabricated MCFs.

respectively using the full-vectorial FE-ID-BPM [32], from refractive index profiles of the fabricated MCF-A30
and MCF-B30 measured with the refracted near field measurements. Ang stands for a relative index difference
of effective indices between Core 1 and Cores 2—7. From the measured refractive indices, the mode-coupling
coefficients were calculated as k;,, = 1.29 [/m], k,,; = 1.78 [/m], and &, = 2.23 [/m] for MCF-A30; and k;, =
0.36 [/m], k,,; = 1.43 [/m], and x,,,,, = 0.94 [/m] for MCF-B30, where Core n and Core m are the neighboring outer

cores”!. The measured and the simulated XT are observed to have a good agreement; therefore, the theoretical

*! The reciprocity (k,; = kj,,) of the mode-coupling coefficients are required for the power conservation, but the non-reciprocities in these
simulations did not induce significant effects on the results shown in Fig. 2.15, because the XT was low enough. The non-reciprocities
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scheme was validated.

So far, we dealt with MCFs twisted at 2 turns/m. In order to check the dependence of the XT distribution on
the twist rate, distributions of the XT of MCF-A30 at R, of 76 mm are shown in Fig. 2.16 in cases of several twist
rates. From the simulated distributions, it is observed that a difference of the twist rate does not induce a significant
difference on the XT distribution if the fiber is twisted at least 2 turns in total. From the measured distributions,
the XT distribution is also observed to be independent of the twist rate. A discrepancy between simulated and
measured distribution especially in the case of 1 turn per 2 meters is considered to be due to the lack of the number
of the discrete-like random couplings, which occur at every phase-matching point. XT independence on the twist
rate is also affirmed in several conditions other than the case of Fig. 2.16. Even in the case of a fiber which is not
intentionally twisted, the fiber may be twisted randomly and sufficiently in actual if the fiber is adequately long.

Therefore, this simulation may be applicable to the general case.
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Fig. 2.16: Comparison of the statistical distributions of the crosstalk, between the measurements and the simula-
tions.

2.2.7 Design and Fabrication of a Low-Crosstalk Heterogeneous MCF, Taking Account of the
Bend Effect

Based on the validated theoretical scheme, we designed and fabricated a heterogeneous MCF—MCF-C— where
all pairs of neighboring cores are dissimilar, as shown in Fig. 2.17. The XT of MCF-C were expected to be
suppressed between the all neighboring cores.

MCF-C was designed based on MCF-B. The diameter of the center core was 8.1 um, and that of Cores 2, 4, and

between k,; and k7, in this calculation was mainly due to the improper treatment of the measured refractive index profiles—especially
of the (measurement) fluctuations in the cladding. However, when the coupled cores are dissimilar, the reciprocity of k,; = kj,
cannot completely holds even if the measured index profiles are properly treated, because the coupled-mode expressions are just an
approximation of the exact solution of the Maxwell’s equations. A coping technique to this problem is reviewed in Section 6.2.
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Fig. 2.17: Schematic cross-section of the designed heterogeneous MCF.

6 was 9.4 um, which were the same with MCF-B. The only difference is the diameter of Cores 3, 5, and 7, which
was designed to be 7.0 um. A between the effective indices of the center core and “Cores 3, 5, and 7 was designed
to be more than 0.035%, and the Rpk was to be less than 87 mm. Therefore, the XT of MCF-C was expected to be
suppressed when MCF-C was wound on a 140-mm-radius bobbin, as with MCF-B.

We drew two kinds of MCFs which has different cladding diameters from one preform; Table 2.4 shows the
design properties of the MCF-C with two kinds of cladding diameters. A cross-section of MCF-C30 is shown in
Fig. 2.18. We can observe the differences of the diameters of three kinds of cores.

The XT of MCF-C was measured in the same method described in Section 2.2.2. Figure 2.19 shows the
measurement results. We measured the XT of 5-km-long MCF-C30 and MCF-C34. The MCFs were wound on
140-mm-radius bobbins. The XTs from the center core to the outer cores of MCF-C30 were higher than those of
MCF-B30, though the designs of MCF-B30 and MCF-C30 are the same except the diameters of Cores 3, 5, and
7. This is caused by unintended variations of core structures. In the case of MCF-B30, the refractive index of the
cladding was not flat and higher at around the outer cores—that is, the larger the core diameter was, the higher

the surrounding cladding index was. Accordingly, the difference in the effective indices between the cores of the

Table. 2.4: Design properties of MCF-C.

MCF-C30 | MCF-C34

Core A [%] 0.38
Core pitch [um] 30 34
Center core 8.1 9.2
. Cores 2,4, 6 9.4 10.7
Diameter [um]
Cores 3, 5,7 7.0 7.9
Cladding 125 141.7
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Fig. 2.18: A cross-section of the fabricated MCF-C30.
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Fig. 2.19: Crosstalk of MCF-C wound on 140-mm-radius bobbin, measured at A = 1550 nm.
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fabricated MCF-B30 was larger than that of the designed MCF-B30. On the other hand, in the case of MCF-C30,
there were no such index variation in the cladding. Because of this, actual R, of MCF-B became smaller than
that of MCF-C, and the XTs from the center core to the outer cores of MCF-C were higher than those of MCF-B,
at R, = 140 mm. However, the XT between the neighboring outer cores of MCF-C were successfully suppressed,
compared with MCF-B.

In the case of MCF-C34, values of the XT between the center core and outer cores after 5-km propagation were
about —20dB, and the values between the neighboring outer cores were around —45 dB. The latter values are
smaller than the former values because the differences of core diameters, or effective indices, between neighboring
cores were larger in the latter case.

Table 2.5 shows the measured optical properties of representative cores of MCF-C34. Sakaguchi et al. con-
ducted a transmission experiment using MCF-C34 by leveraging its low XT characteristics, and investigated sig-
nals that were simultaneously multiplexed in space and wavelength divisions for the first time, as reported in
Refs. [34].

Although the XT was suppressed in MCF-C34, the optical properties were very different between the neighbor-

ing cores for inducing large difference in the effective indices.

Table. 2.5: Measured optical properties of three representative cores of MCF-C34.

i Chromatic Dispersion
Attenuation | MFD | Auy | Aee . . PMD
dispersion slope
[dB/km] | [um] | [um?] | [nm] | [ps/(nm-km)] | [ps/(nm>-km)] | [ps/km'/?]
Core 1 0.212 10.1 | 804 | 1362 17.5 0.056 0.025
Core 4 0.199 106 | 91.4 | 1523 19.4 0.058 0.018
Core 5 0.194 99 | 759 | 1147 14.7 0.054 0.043

2.3 Loss Degradation in the Outermost Cores

During the basic study on the XT, we found the loss of the outer cores of the MCF can degrade in some cases. In
this section, we reveal the mechanism of this loss degradation.

After the fabrication of MCF-C, we designed and fabricated a new MCF (MCF-D45) with larger core pitch,
in order to suppress the XT further from MCF-C34. Table 2.6 shows the comparison of the design properties
between MCF-C34 and MCF-D45. The core pitch of MCF-D45 was enlarged to 45.3 ym from that of MCF-
C34. The core diameters of MCF-D45 were adjusted to keep “the A between the equivalent effective indices of
neighboring cores” more than 0.01%, even with the core pitch of 45.3 um and in the bent condition (R, = 140

mm).
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Table. 2.6: Comparison of design properties between MCF-C34 and MCF-D45.

MCF-C34 | MCF-D45

Core A [%] 0.38
Core pitch [um] 34 45.3
Center core 9.2 9.7
) Cores 2,4, 6 10.7 11.8
Diameter [um]
Cores 3, 5,7 7.9 8.2
Cladding 141.7
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Fig. 2.20: Measured transmission-loss spectra of MCF-C34 and MCF-D45. Note that the transmission loss was
measured using the cut-back method, and output powers from all cores were received with a MMF
whose core diameter was 105um.

However, we observed loss degradations in outer cores of MCF-D45. Figure 2.20 shows the transmission loss
spectra of MCF-C34 and MCF-D45, which were measured with cut-back method.”> The MCFs were wound
on 140-mm-radius bobbins. It was clearly observed that the loss values of Cores 4 and 5 of MCF-D45 rapidly
increased with the elongation of the wavelength.

The reason of the loss degradation can be explained as follows. Figure 2.21 shows a schematic illustration
of a refractive index profile, including a polymer coating layer, of a MCF. The refractive index of the coating
is generally much higher than that of silica glass, in order to suppress the propagations of the cladding modes.
Therefore, if the outer cores of the MCF is too close to the coating, the power guided in the outer core can be
coupled to the leaky modes of the coating, and thus the loss values of the outer cores can be degraded. Figure 2.22

shows comparisons of the measured loss degradations and the calculated loss values of the outer cores induced

2 Because we were not able to conduct on-site alignments during the cut-back measurements at the moment of this experiment, output
powers from all cores were received using a MMF whose core diameter was 105um. Therefore, the results were slightly affected by
the multi-path interference (MPI) due to the XT and the all-core receiving. For example, the fluctuations of the measured loss values
around A = 1600 nm in Fig. 2.20a may be explained by the effect of the MPL. However, the measured transmission loss values basically
represent the transmission loss values of excited cores, because the XTs in MCF-C34 and MCF-D45 were low.
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Fig. 2.21: Schematic illustration of a refractive index profile, including a polymer coating layer, of a MCF.
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Fig. 2.22: Comparisons of the measured loss degradations and the calculated leakage loss values of the outer
cores. Solid lines: the measured loss degradations of the outer cores. Dashed lines: the calculated
leakage losses due to the coupling to the coating.

by the leakage to the coating. Solid lines represent the measured loss degradations of the outer cores estimated
from the difference between the transmission loss values of the outer cores and those of the center core. Dashed
lines represent the leakage loss to the coating, which were calculated in the case of R, = 140 mm by using the
full-vectorial FE-ID-BPM [32]. The measured and calculated loss degradations were in good agreement. The
oscillations of the actual degraded loss of Cores 4 and 5 can be considered to be caused by the MPI between the
core modes and the so-called “whispering gallery modes [35-37].” Figure 2.23 shows the schematic illustration
of the propagation of a whispering gallery mode reflected by the interface between the secondary coating and air.
deouple 18 the distance from the core center to the radial position where the power guided in the core couples to the
leaky modes, which can be the position where the effective index of the core equals to the equivalent index of the
cladding in the case of bent fiber, or the position of the cladding—coating interface when the core is too close to
the coating. The light coupled to the leaky mode can be reflected by the interfaces between the different materials
and couples to the core mode again. Thus, the core mode and the whispering gallery modes forms Mach—Zehnder

interferometers, and the optical path length differences between them induce the interference pattern. On the
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Fig. 2.23: Optical paths of the core mode and a whispering gallery mode in a bent fiber.

other hand, there were no interference pattern in the calculated loss degradation in Fig. 2.22, because the perfectly
matched layer (PML) was implemented in the circumference of the primary coating and no leaked power was
reflected.

We also calculated the leakage loss of MCF-C34, which were less than 1/100 of those of MCF-D45. This also

agrees with the measurement results, as no significant loss difference was observed in MCF-C34.

2.4 Conclusion of This Chapter

We revealed the inter-core XT of the MCF is heavily dependent not only on the fiber structure but also on the fiber
bend, from the theoretical and experimental studies. It was also revealed that the XT is a stochastic value.

We also found that the loss values of outer cores of a MCF can be degraded if the outer cores are too close to
the coating, because the powers guided in the cores can couple to the coating with high refractive index.

Taking care about the bending effect on the XT and about the stochasticity of the XT is necessary for designing
a solid MCF. We need to design MCFs with considerations on the effect of the fiber bend on the XT, and on the
effect of “the distance between the outer cores and the cladding—coating interface” on the loss degradation, in

order to suppress the degradations specific to the MCF.
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Chapter 3

Ultra-Low-Crosstalk Multi-Core Fiber Utilizing
Fiber Bend

3.1 Introduction to This Chapter

Based on the effect of the fiber bend on the crosstalk (XT), which was revealed in Section 2.2, careful management
of the bend is necessary in heterogeneous MCFs that have only slight differences in the effective indices between
cores. Furthermore, very large differences in core structures are necessary for suppressing the XT when the MCF is
wound on a commonly used bobbin whose winding radius ranges from 70 to 150 mm. If the XT is not suppressed
for MCFs wound on bobbins, then the optical properties of each core of the MCFs may be affected by the XT, and
characteristics measurements may not be performed precisely. The MCFs may also be bent at such radii around
their connection and splice points. To prevent the XT degradation in such bent condition, large differences in the
core structures are needed, and accordingly, the optical properties of each core have to be largely different from
one another. However, the existence of some kinds of cores in the MCF can make the management of transmission
lines more complicated and difficult.

Therefore, we proposed to utilize the phase mismatch induced by the bend for suppressing the XT in homo-
geneous MCF in which the optical properties of each core of the MCF are the same. This chapter describes the
theoretical aspect of the XT suppression by utilizing the fiber bend, and its demonstration by the design and fabri-
cation of a homogeneous MCF. The method for precisely measuring the statistical properties of ultra-low XT was

also developed for the demonstration.

3.2 Crosstalk Suppression by Utilizing Fiber Bend

In the conventional simple coupled-mode theory, the effective indices of the identical cores are the same and
constant, as shown in Fig. 3.1a. However, the equivalent effective indices are affected by the bend also in the
homogeneous MCF, as with the heterogeneous MCF, as shown in Fig. 3.1b (see also Fig. 2.8). Therefore, the XT in

the homogeneous MCEF is also affected by the bend. In the case of the bent homogeneous MCF, the XT can change
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dominantly at every phase-matching point, as with the case of Fig. 2.14. We can consider that these discrete-like
dominant changes of the XT occur not only at the phase-matching point—where the equivalent effective index of
one core equals to that of another core— but also at phase-matching region—where the equivalent effective index
of one core nearly equals to that of another core. Therefore, we can speculate that the decreasing of R, enlarges
the bend-induced variation of equivalent index difference and shortens the total length of phase-matching regions

of MCEF, and thus that the bend can be utilized for the XT suppression of homogeneous MCFs.
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Fig. 3.1: The relationship between the bend radius Ry, the twist angle 6, and the (equivalent) effective indices in
the homogeneous MCF. Blue solid line: the index of the center core, red non-solid lines: the index of a
non-center core. All lines are overlapped in the case of the intrinsic effective indices.

3.3 Approximation Model for Longitudinal Crosstalk Evolution Based on the
Coupled-Mode Theory with Equivalent Index Model

Before we design a low-crosstalk homogeneous MCF, we discuss how the XT evolve stochastically and derive an
expression for statistical mean of the XT, for setting a target level of the XT and for estimating the XT of designed
MCFs, without the simulation described in Section 2.2.6.

Here, we consider the XT between two cores, for simplicity. To deal with the stochastic evolution of the XT,

we approximate the dominant XT changes shown in Fig. 2.14 by the following discrete changes:

An,N = An,Nfl - anm,N exXp [j(Prnd,nm,N] Am,Nfl

N
= An,O - .] Z Knm.k eXp [j¢rnd,nm.k] Am,kfl ) (3 1)
k=1

where A,, y represents the complex amplitude of Core n after the N-th phase-matching point, K, y the coupling

coefficient for the discrete changes caused by the mode coupling from Core m to Core n at the N-th phase-matching
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point, and @y,4 ., v the phase difference between Core m and Core n at the N-th phase-matching point. We assume
Ormd,nm,n @s a random number, because it significantly varies with slight variations in the bend radius, twist rate
of the fiber, among others. In case where only Core m is excited (4,,o = 1, A, o = 0) and the XT is adequately
low (|An’ N’ < 1), the approximation that A, y ~ A,, o = 1 holds, and the XT value X can be approximated to be

|An’N |2. Therefore, Eq. 3.1 can be approximated as

nN ~ _] Z nm.k €XP ](Prnd Jm, k] (3.2)

When ¢,,,q is uniformly distributed over 0-27 radians, R[K,,,, exp(jPrnq)] and 3[K,,,, exp(jPnq)] have a probability

distribution of the arcsine distribution:

flx)= —, (3.3)

and their variances become |K,,|* /2. R[A, ] and S[A, y] are the sums of R[K,,exp(jPmq] and
S[K,mexp( j(pmd)], respectively, for all phase-matching points from first to N-th point. If ¢4 have no cor-
relation between the phase-matching points and N is adequately large, from the central limit theorem, the
probability density function (PDF) of %R[A, y] and S[A,, y] converge to the normal distribution whose variance
Gzzdf is Y | K,y |2 /2. Based on that the PDF of / random numbers, whose PDFs are the standard normal distribution,

is the chi-square distribution with / degrees of freedom (df), the PDF of the XT X (= |A,, vF=RA, N +S A, e

X d X 1 X
f(X)= f2df< > - () ’ = exp <— ) ; (34
Grar ) |4X \ 2054 205 205

and its cumulative distribution function (CDF) is

X X
F(X) = Fy <2> =1—exp <—2> ; (3.5
Ooar Ooar

where fj4¢(x) is the chi-square distribution with / df, and Fj4(x) is the CDF corresponding to fj4¢(x).

be expressed as

The above discussion assumes single polarization, or no polarization mode coupling; however, generally, po-
larization modes randomly couple and are not preserved in actual fiber. Consequently, the coupled power can be
statistically distributed equally between the two polarization modes. Therefore, the variances Gfdf in R[A, y] and

S[A,, y] of the two polarization modes can be obtained as }. |K,,,, |?/4 Since X is the sum of the powers of R[A, N
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and 3[A,, y] of the two polarization modes, the PDF of X, or the XT distribution, can be expressed as

X d X X X
0= () [ () - )
O-A%df dX Gz%df 4cfdf 2Gz%df

and its cumulative distribution function (CDF) is

X X X
F(X) = F4df <2> == 1 - (1 + 2 > eXp <— 2 ) . (37)
Oyat 2044¢ 2044¢

Irrespective of whether the polarization modes are preserved or randomly couple, the ensemble average (mean)

Uy of X—i.e., the mean XT— can be obtained as

N
ty =205 = 4034 = Y [Kpm|*- (3.8)
k=1

Especially in case where the cores have identical structures and the MCF is bent at a constant radius and twisted

continuously at a constant rate @;; = 27 fiwis: [fadians/unit length], Eq. 3.8 can be rewritten as

Hx :N‘Knm‘z? (39)

and |K| can be analytically derived as follows (see Appendix 3.A):

2 2

K" R, 2w K" Ry, 1

K| = | K| = |K| =] 2— =15 v (K = Ky = K). (3.10)
e m ﬁint dnm Wyyist ﬁint dnm ftwist o "

Therefore, Eq. 3.8 can be obtained as

AR
L= K',% b

by = K, 25

L (3.11)
nm Bintdnm

m
s neffdnm

where L is the fiber length, and we assumed N = 2 f,i.L. In this case, the power-coupling coefficient H of the
homogeneous MCEF can be expressed as
> 2R, 2 ARy

H=x =K . 3.12)
" ﬁintdnm nm nneffdnm

The g-quantile of the distribution of X can be expressed as

, Uy
X, = GinFiat (q) = TXFIdf] (), (3.13)
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dB 2 ~1 K o
X% = 1010g,g o7 + 1010g g Fgf (q) = 10log, TX +10log o Figr (9), (3.14)

where F,gfl is the inverse function of Fj4. Based on Eq. 3.14, the shape of the XT distribution on the decibel
scale is independent of the mean XT py. For example, regarding the case of 4 df, the 0.9999-quantile of the XT
distribution can be obtained by adding ~7.69 dB to Ly on the decibel scale.

Because the mean XT is linearly proportional to variance, and because the variance of the sum of statistically
independent variables is the sum of the variances of the variables, the mean XT from multiple cores to a certain
core can be represented as a sum of the mean XT from each of the multiple cores to the certain core. Accordingly,
in a seven-core fiber whose cores are arranged in a hexagonal lattice, its center core is surrounded by six outer

cores so that the mean XT of the center core is the worst and can be expressed as

Ly we = 6HL = 6K2, L, (3.15)

where A denotes the core pitch or the pitch of the lattice. Since the Ly wc is proportional to the bend radius R,

and the fiber length L for the homogeneous MCEF, a XT coefficient, which is defined as

_ Hxwe H

XTcoeff = RBT o< Riby

(3.16)

can be employed as a performance factor of the XT of the homogeneous MCF.

It should be noted again that the equations in this section hold when the XT is adequately low.

3.4 Design of a Homogeneous Low-Crosstalk MCF

For the application for long-distance high-capacity networks, we designed a homogeneous seven-core fiber with

the following conditions:

I. Attenuation of each core should be less than that of the standard single-mode fiber (SSMF),
II. Mode field diameter (MFD) of each core should range from 9.5 to 10.5 um at A= 1550 nm,
III. Cable cutoff wavelength (A..) of each core should be less than 1530 nm,
IV. 0.9999-quantile of XT of the center core should be less than —30dB after 100-km propagation at A=
1625 nm and Ry,< 200 mm,

V. Loss degradations of the outermost cores should be less than 0.001 dB/km.
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The targets of the attenuation and MFD were determined so that the optical amplification noise and nonlinear
interference noise in each core can be less than those of the SSMF, because these noises are important limiting
factors for the transmission capacity in digital coherent transmissions [6]. The MFD target corresponds to an
effective area (A.¢) of ~80 pmz. A larger A5 decreases the nonlinearity, but weakens the confinement of power
in each core, which makes the XT suppression difficult. Therefore, as a first step, we employed A.¢ equivalent to
that of SSMF and did not employ A larger than 100 pmz. The target of A, was determined after ITU-T G.654
so that it is much longer than A, of SSMF. We elongated A, for improving the power confinement, because
ultra-high-capacity transmissions had been demonstrated using only C- and L-bands (C+L band, i.e., 1530-1625
nm) [38—40], due to the limited bandwidths of the amplifiers and the relatively high attenuation of the other bands.
The target of the XT was determined at A = 1625 nm, by considering the application for the C+L band. Because
longer wavelengths weaken the confinement, the XT increase in longer wavelength. The condition on Ry, was
determined so that low XT can be achieved when the MCF is wound on a bobbin. Of course, the loss degradation
of the outer cores should be suppressed.

Various approaches, such as MCF with hole-assisted structures [41], may be adopted for suppressing the XT
whilst keeping the other optical properties suitable for transmissions. In this study, we employed a trench-assisted
profile (see Fig. 3.2), which is simple to fabricate and can reduce the mode-coupling coefficients while achieving

the conditions on MFD and A_.. Table 3.1 lists the designed optical properties of each core at A = 1550 nm. A,

0.4

0 5 10 15 20
Radius [um]

Fig. 3.2: Designed refractive index profile of each MCF core.

Table. 3.1: Designed optical properties of each MCF core at A = 1550 nm.

Parameters Designed value
Ace 1496 nm
MFD 9.86 um
Aefr 79.6 p.mz
D hrom 23.3 ps/(nm - km)
Deyom Slope | 0.063 ps/(nm? - km)
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and MFD were designed to meet the target conditions and A g was ~80 pmz. Chromatic dispersion Do Was
moderately higher than that of conventional SMFs. The higher dispersion can induce larger phase mismatches
between wavelength channels so that the nonlinear effects can be more suppressed [6,42]. The dispersion slope
was 0.063 ps/(nrn2 -km). We set the core pitch A to 45 um, because the condition on the XT can be achieved at A
> 39.2 um for the designed core, as shown in Fig. 3.3.

The loss degradation of outer cores of MCFs was reported to be due to microbend loss [43,44], and/or due to
power coupling to the coating [45] induced by the high refractive index of the coating. However, as described
in Section 2.3, we considered that the latter factor is the cause of the loss degradation. The microbend loss
dependence on fiber diameter is induced by the change of fiber rigidity rather than that of cladding thickness [46—
49]. Figure 3.4 shows the relationships between the cladding diameter and the loss degradation at R, = 140 mm

and A = 1625 nm, which were simulated with the designed MCF structure in the case where the simulated outer
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Fig. 3.3: Relationship between the core pitch A and the crosstalk for the designed core.
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Fig. 3.4: Relationship between the cladding diameter and the loss degradation of the outer core for the designed
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core is positioned at the outermost side of the bend. To meet Condition V, the cladding diameter was designed to
be 150 um so that the loss degradation of Cores 2—7 can be less than 0.001 dB/km. The calculation results in this

section were obtained using a full-vector finite-element method [32].

3.5 Fabrication of the Designed MCF and Measurements of Optical Properties
of Each Core

Based on the design, we fabricated MCF (MCF-E) with pure-silica cores for reducing the attenuation of each core.
The cross-section of the MCF in Fig. 3.5 shows the seven trench-assisted cores and a marker for core identification.
The actual core pitch, cladding diameter, and coating diameter were 45 pm, 150 um, and 256 um, respectively.
The attenuation spectra are shown in Fig. 3.6. Very low loss (0.175-0.181 dB/km at A = 1550 nm, 0.192-0.202
dB/km over the C+L band) was observed for each core, and no distinctive degradations for the outer cores were

observed.
It was confirmed that each core was fabricated as we designed, from good agreement between the designed and

measured values of the optical properties shown in Table 3.2. Macrobend losses were observed to be very low due

to the trench-assisted structure and the long 4.

3.6 Evaluation of the Crosstalk Characteristics of the Fabricated MCF

As for the XT evaluation, at first, we measured the XT of MCF-E by using the measurement setup shown in

Fig. 2.6 with no averaging by rewinding, because the iterations of rewinding and measurement require a lot of

Marker

.0 @,
© ©#1 ©#3

)

Fig. 3.5: Cross-section of MCF-E.
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Fig. 3.6: Spectra of transmission losses of cores of MCF-E.

Table. 3.2: Measured optical properties of each core of MCF-E.

Attenuation | MFD | A A | Chromatic disp. Disp. slope Bend loss [dB/turn]
[dB/km] [um] | [um?] | [nm] | [ps/(nm-km)] | [ps/(nm”-km)] atR, =5 mm
A [nm] | 1550 | 1625 | 1550 | 1550 | N/A 1550 1550 1550 1625
Design | N/A | N/A | 986 | 79.6 | 1496 233 0.063 0.010 0.021
Corel | 0.176 | 0.196 | 9.83 | 80.2 | 1509 222 0.062 0.011 0.020
Core2 | 0.179 | 0.197 | 9.76 | 80.2 | 1500 222 0.062 0.010 0.020
Core3 | 0.181 | 0.202 | 9.88 | 81.3 | 1504 222 0.062 0.010 0.020
Core4 | 0.177 | 0.199 | 9.85 | 80.8 | 1498 222 0.062 0.011 0.021
Core5 | 0.175 | 0.192 | 9.74 | 79.0 | 1485 222 0.062 0.011 0.022
Core 6 | 0.179 | 0.200 | 9.80 | 79.9 | 1483 22.1 0.062 0.011 0.022
Core7 | 0.177 | 0.197 | 9.72 | 782 | 1498 222 0.062 0.010 0.019
Avg. | 0.178 | 0.197 | 9.79 | 79.9 | 1497 222 0.062 0.010 0.021
Max. | 0.181 | 0.197 | 9.88 | 81.3 | 1509 222 0.062 0.011 0.022
Min. | 0.175 | 0.197 | 9.72 | 782 | 1483 22.1 0.062 0.010 0.019

time for the long MCF. Measured values of the XT of MCF-E after 17.6-km propagation are shown in Fig. 3.7.
The XT was defined as the ratio of the output power of a certain core to sum of output power of all cores. The
MCF was wound on a bobbin whose winding radius was 140 mm, during the measurement. The average values
of the XT between neighboring cores were —60.7 dB at A = 1550 nm, and —59.9dB at A = 1625 nm.

However, each of those values was obtained from one measured value without any statistic treatments, as
mentioned above. Furthermore, they are largely discrepant from the mean XT (uy) calculated from the theoretical

approximation model described in Section 3.3, as shown in Fig. 3.8.
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Fig. 3.7: Measured crosstalk of MCF-E after 17.6-km propagation. Filled marks: XT between neighboring cores,
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3.6.1 Suppression of Measurement Floor for Low-Crosstalk Measurement

We speculated that the XT discrepancy can be caused by unexpected XT that occurred at a butt joint between
the MCF and a receiving single-core fiber. So, we investigated the unexpected XT at the butt joint by measuring
power coupled at the butt joint between two single-core single-mode fiber (SMF), because receiving the power
of unexcited core of the very-low-XT MCF can be regarded as receiving the power of a SMF with a large mis-
alignment of the core pitch of the MCF, as shown in Fig. 3.9, if the power coupling at the butt joint is dominant.

Figure 3.10 shows relationships between misalignment and normalized power coupled at a butt joint of two SMFs
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Fig. 3.9: Comparison between the coupling from a MCF to a receiving SMF and that from another SMF to the
receiving SMF. Receiving the power of an unexcited core of a very-low-XT MCF may be regarded
as receiving the power of a SMF with a large misalignment, if the power coupling at the butt joint is
dominant.
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Fig. 3.10: Normalized power coupled at a butt joint between two single-core SMFs at 1550 nm.

at A = 1550 nm. SSMF and TA-SMF denote standard SMF and trench-assisted SMF, respectively. Solid and
dashed lines represent measured and theoretical profiles, respectively. The latter were calculated by the overlap

integral between fundamental modes of the two SMFs by using the following equation:

2
’/ E E, dxdy

1P axay [[ £, axay

where C,, is the power coupling coefficient of a butt joint between Core m and Core n. The measured profiles

C,, = (3.17)

were observed to have power floors. The floor for SSMFs was about —60 dB, and that for TA-SMFs was less than
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Fig. 3.11: A schematic of the coupling through the cladding modes at a butt joint between two SMFs.

—90dB. We consider that the floor was caused by coupling from cladding modes to a core mode during propaga-
tion in the receiving SMF—Fig. 3.11 shows the schematics—, which can be the cause of the XT discrepancy and
can be suppressed by a trench layer. According to these results, we employed TA-SMFs, which have almost the

same core profile with cores of the MCF, as a launching fiber and a receiving fiber in the measurements.

3.6.2 Development of the Statistical Measurement Method for the Crosstalk

3.6.2.1 Possible Measurement Error due to the Wavelength Dependence of the Mean Crosstalk

Since the XT can be the stochastic parameter as described in Section 3.3, we need to evaluate the XT statistically.
In the measurement described in Chapter 2, we had rewound MCFs for perturbing their twist and bend, but this
method is unpractical to obtain an actual distribution with a large number of samples of XT values from a long
MCEF, which requires many times of rewinding and consumes a lot of time. However, the phase differences can
be varied not only by the variations of the bend and twist but also by the variations of propagation constants
that depend on the wavelength. Therefore, we developed the method for randomizing the phase differences by
utilizing wavelength dependences of the phase differences. By scanning the wavelength, the phase differences at
every phase-matching points can be randomized, and the statistical distribution of the XT can be obtained.
However, the wavelength dependences of k must be cared in this method, because they affect how the XT is
distributed, as shown in Eqs. 3.6, 3.8, and 3.11. So, we investigated the effect of the wavelength dependences
of x on the shape and mean of the XT distribution. Based on Fig. 3.8, we assumed that the mean XT iy can
be approximated to be exponentially—linearly in the decibel scale— proportional to the wavelength as shown in

Fig. 3.12; thus, the wavelength dependence of uy can be represented as

S, x 8%

ty o (SA) = tx (Ag+8A) = iy (A9) 10710, (3.18)
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Fig. 3.12: A schematic of the wavelength dependence of mean crosstalk.

where iy o (64) is py at Ag+ S84, and S,y is the slope of py against the wavelength in the decibel scale, re-
spectively. The mean value iy ,s of the XT distribution measured over the wavelength range from A — A4, to

Ao+ Agey can be represented as

_ L e (6h)dsa
Nx,meas—m/ ﬂx,o( )

7ldev
. In10
= Hx o () sinhc (mlix,dev) ) (3.19)
where Ly 4oy equals to S, x Agey, and
sinhz

, (z#0)
sinhc (z) = z (3.20)

1 (z=0).

Since Gfdf is linearly proportional to iy, the XT distribution at Ay + A4, in the case of 4 df can be represented as

X X

X,81) =
fO( ) ) S0k 2 ) M
(204df10 10 ) 2044¢10° 0

Accordingly, the XT distribution to be measured over the wavelength range from Ay — A4e, to A9 + A4, can be

42



CHAPTER 3. ULTRA-LOW-CROSSTALK MULTI-CORE FIBER UTILIZING FIBER BEND

obtained as (see Appendix 3.B):

1 lclev
2 (X) = X,86A0)d(6A
fmedb( ) 2 ey _lderO( ’ ) ( )
10 1 . X
= |+ —— |exp [ ———
H Jdev K Jdev
In10 2[.Lx7dev X ZGdeIOXT ZGdeIOXT
1 1 X
xS e [P T e | | (22
2054710710 204471010

The estimated measurement error—fly e,/ My in decibels— of uy for the variation width 2y 4., in the wave-
length scanning range, and the XT distributions estimated to be measured for several 2uy 4o, are shown in
Figs. 3.13 and 3.14, respectively. 2Ly 4., of a few decibels induces the measurement error less than 0.1 dB
and negligible change in the shape of the XT distribution. Therefore, we determined the wavelength scanning

range for MCF-E as 10 nm; 2y 4., was less than 1.4 dB based on Fig. 3.8.
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Fig. 3.13: The dependence of the expected measurement error of the mean crosstalk (iy on the Ly variation width
2Ly gev in the wavelength scanning range.
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3.6.2.2 Measured Spectrum and Statistical Distribution of the Crosstalk

We obtained XT distributions of MCF-E, whose length was 17.4 km and bend radius was 140 mm, at A = 1550
nm and A = 1625 nm by sweeping the laser wavelength in ranges of A +5 nm with 5 pm step. An averaging time
for each wavelength step was one millisecond. The typical linewidth of the laser was specified as 100 kHz. The
spectrum of the measured XT from Core 1 to Core 5 of the MCF around A = 1625 nm are shown in Fig. 3.15,
as an example. The XT was measured to be heavily dependent on the wavelength, so that the phase differences
were considered to be adequately randomized; there was no specific cycle length in the XT spectrum. The XT
distribution obtained from the same data of Fig. 3.15 is shown in Fig. 3.16. The measured XT distribution was

well fitted with a scaled chi-square distribution with 4 df expressed in Eq. 3.6.
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Fig. 3.15: The measured spectrum of the crosstalk from Core 1 to Core 5 of MCF-E.
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Fig. 3.16: The crosstalk distribution obtained from the data of Fig. 3.15.
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3.6.3 Measured Mean Crosstalk of the Fabricated MCF

The values of the mean crosstalk between the neighboring cores of MCF-E obtained by fitting the measured XT
distributions with Eq. 3.6 are plotted in Fig. 3.17. The average and maximum values of the measured mean XT
were —79.5dB and —77.6dB, respectively, at A = 1550 nm, and —69.8 dB and —67.7 dB, respectively, at A =
1625 nm. The values between non-neighboring cores were too low to measure. The mean XT to the center core,
which was coupled from six outer cores, was —72.3dB at A = 1550 nm and —62.1dB at A = 1625 nm from the
sums of the measured values. The measured values were in good agreement with the calculated ones. Variations
in the measured values are considered to be due to variations in core pitches and index profiles between the cores.

By using the wavelength scanning method, the XT of MCF-E was statistically confirmed to be extremely low.
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Fig. 3.17: Measured mean crosstalk of MCF-E after 17.4-km propagation at R, = 140 mm.

Bend radius dependences of the mean XT were also observed between combinations of Cores 1, 4, and 5.
Figure 3.18 shows the results at A = 1625 nm. The number of radii, where the mean XT was measured, was two.
When the origin of the coordinates are included, the mean XT was observed to be linearly proportional to the
bend radius, as predicted in Eq. 3.11. Slight difference of the mean XT of opposite directions in the each graph of
Figs. 3.18a-3.18c is considered to be caused by measurement error due to the extremely low XT.

From the results, the theoretical approximation model described in Section 3.3 was validated, and the XT of

MCF-E was confirmed to be extremely low.
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3.7 Estimation of the Crosstalk of the Fabricated MCF After Long-Distance
Propagation

Based on Eq. 3.16, the dependence of the mean XT of MCF-E on propagation length L [km] and bend radius R,
[mm] can be estimated. The XT coefficients XT,. for the XT to the center core were 2.41 X 107! '/(km - mm) at
A =1550 nm and 2.56 x 10710/(km -mm) at A = 1625 nm. The relationship between L, Ry, and the mean XT are
shown in Fig. 3.19. The mean XT after 10,000-km propagation at A = 1625 nm can be less than —30dB if Ry, is
less than ~39 cm. Such bend radii can be applied to MCFs by appropriate cabling, e.g., the fiber ribbon cable with

helical slots. The 0.9999-quantile of the XT distribution ( @y + 7.7 [dB]) after 100-km propagation was estimated
to be less than —30 dB.
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represent the estimated py from the measurement values and Eq. 3.16
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3.8 Conclusion of This Chapter

In this chapter, we reported the design and fabrication of an ultra-low-XT and low-loss MCF. To deal with a random
longitudinal evolution of the XT, we developed an approximation model, and derived analytical expressions of
the statistical distribution and mean of the XT. Considering a homogeneous MCF, the mean XT was linearly
proportional to the bend radius and fiber length. We designed a trench-assisted seven-core MCF based on the above
theoretical scheme. We fabricated the MCF with pure-silica cores, and achieved, to the best of our knowledge,
the lowest attenuation for the MCF, 0.175-0.181 dB/km at A = 1550 nm, and 0.192-0.202 dB/km over the C+L
band. We obtained the statistical distributions of the XT of the fabricated MCF, and the measurement results
were in good agreement with the developed model. The mean XT between the neighboring cores was found to
be less than —77.6dB at A = 1550 nm and less than —67.7 dB at A = 1625 nm when the MCF was wound on a
140-mm-radius bobbin. The mean XT from six outer cores to one center core was —72.3 dB at A = 1550 nm and
—62.1dB at A = 1625 nm calculated from sums of the measured values. From the measurement results and the
validated model, the mean XT from the six outer cores to the center core at A = 1625 nm even after the 10,000-km
propagation was estimated to be less than —30 dB in a practical applicable bend radius range of the MCF.

By leveraging MCF-E’s extremely low XT, very low transmission loss, and moderate A.g, some of the world-
first transmission experiments have been conducted by using MCF-E. Sakaguchi et al. conducted the transmission
experiment that achieved the transmission capacity more than 100 Tb/s per fiber for the first time, by using MCF-
E [50]. Awaji et al. conducted the transmission experiment where signals were multiplexed on Laguerre-Gaussian
modes—orbital angular momentum modes— and transmitted through the optical fiber for the first time, by using

MCF-E [25,51].

3.A Appendix: Derivation of Eq. 3.10

By assuming that A, =0 and A,, ) = 1, Eq. 3.2 can be rewritten as

An,l = — jKumeXp [j(Prnd,nm,J . (3.23)

Here, @png 1 does not affect the absolute value of A, ;; thus, we assume @y, 1 = 0. Accordingly, K, can be
expressed as

Ko = JAn 1 (3.24)

48



CHAPTER 3. ULTRA-LOW-CROSSTALK MULTI-CORE FIBER UTILIZING FIBER BEND

based on Eq. 3.2 A, | is the amplitude of Core n after the first phase-matching point and can be derived from

Egs. 2.18 and 2.19. Equation 2.18 for Core m and Core n can be rewritten as

)= / wexp {7 [0, () = 0 ()] } A () d2, (3.25)

where A(z) represents the amplitude evolution along the longitudinal axis z of the fiber. Here, we assume that
the fiber is twisted continuously at a constant rate My = 27 fiwis: [radians/unit length]; hence, Eq. 2.19 can be

rewritten as

ﬁint m<s
¢ (2) = (3.26)
¥ /
/ ﬁmt n < nn COs a)TWIS[Z ) dZ N
In this case, the first and second phase-matching points exist at z = %— and z = 3 % respectively. There-
fore, A, | can be expressed as A, <§ ﬁ) and Eq. 3.24 can be rewritten as
K A ( ! ) (3.27)
m = J 57 :
" " 2ftwist
By assuming the low XT case—A,,(z) ~ A,,(0) = 1—, Eq. 3.27 can be derived as follows:
Ko = | ™ exp {50, (2) 0 ()] } @2
“’zxs ﬁ n%nm
= K.nm‘/ o exXp [ (ﬁlnt n ﬁint,m) ] exXp |: L sin (wtwistzl) dzl
0 mtwnstRb
= K.nm/‘wtwm exp [ (ﬁmln ﬁim m Z‘] (Bmt” I’é’") eXp (jva)twislz/) dZ/
0 Oryistip
. ﬁint,ndnm “’tzm / /
- Dnm ZJV R exp [ (ﬁmt n ﬁint,m + thwist) < ] dZ ) (328)
v Owistlty / /0
by using the following equation (obtained by substituting ¢ = exp(j0) to Eq. (11.2) in Ref. [52]):
exp (jxsinf) = Z Jy (x)exp(jvO), (3.29)

V=—o0

where J,,(x) denotes the Bessel function of the first kind of order v, and v is an integer. Assuming that f;,, =

ﬁim,n = ﬁim,m» we obtain

j -1
Knm =K < Bmt nm > + J Z ( ) ( ﬁmt nm ) (330)
Oryist wtw1stRb Oryist V40 v wtw1stRb
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Eq. 3.30 can be rewritten as

2 . \4
/ R, 2 il -1)" -1 il
K, ~ K b T cos ( Binim _ ﬂ) + J } : (=1 cos ( Binim . VE o ﬂ) ’ (3.31)
ﬁint dnm Opyist wtwistRb 4 T V40 v wtwistRb 2 4

using the following equation (Egs. (11.137) and (11.138) in Ref. [52]):

Jy (x) >4/ %cos [x— (v+ ;) ﬂ , <8x >4y — 1) . (3.32)

Assuming that B, ~ 107, dyy ~ 4% 107, Oyise ~ 1, and Ry <~ 1, Eq. 3.32 holds for small v. Eq. 3.32 does not

hold for large v, but the Bessel function in the second term of the right-hand side of Eq. 3.30 is divided by v so
that Eq. 3.31 holds. The summation term in the imaginary part in the square brackets of Eq. 3.31 can be rewritten

as

Z %cos (x—vg — g) = Z % [cos (x— g) cos <vg> +sin (x— g) sin (Vgﬂ

v#£0 v#£0
) T (-1 -1
~sn(-5) L 5

v#£0

T

sin (va). (3.33)

The summation term of the cosine on the right-hand side of Eq. 3.33 is odd in the variable v and equals zero, and

the remaining terms on the right-hand side is even in the variable v. Thus, it can be rewritten as

v#0 v=1
—2Sln( —7) i —2 sin [(ZV/—I-I) E]
~ 2v' +1
v =0
— _msin (x— g) , (3.34)

by using the following equation (see p. 888 in Ref. [52]):

> sin(2v—|—1)x 71'/4, (0<X<TE),
L vt (333)

v=0 /4, (—w<x<0).
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By using Eqs. 3.33 and 3.34, Eq. 3.31 can be rewritten as

2
K° R, 2m -id, T e, T
K, ~ b |:COS<ﬁmt nm _> —jSin(Blm nm _>}
ﬁint dnm Opyyist wtwistRb 4 wtwistRb 4

2
[ > R, 2 d
~y | KB AT exp{_j<l3lm"m_”)]' (3.36)
ﬁint dnm Oryyist wtwistRb 4

Thus, |K,,,| can be derived as Eq. 3.10. As shown in Fig. 3.20, Eq. 3.10 was also validated by comparing the

values of |K,,,| obtained using Eq. 3.10 and those numerically calculated using Eqs. 3.25-3.27 for two identical
step-index cores for the combinations of core A (0.35, 0.4%), d,,,, (35, 40 um), Ry, (60, 120, 180, 240, 300 mm),
and fiyist (0.01, 0.1, 1, 10 turns/m).

107!

102

1073

10

10°

10°®

107

Analytically derived |K,,,| [/m]

108

-9

10° 108 107 10% 10° 10* 102 102 10
Numerically calculated |K,,| [/m]

Fig. 3.20: Comparison between values of |K,,,| obtained by using the analytically derived Eq. 3.10 and those
numerically calculated using Egs. 3.25-3.27.
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3.B Appendix: Derivation of Eq. 3.22

Based on Eq. 3.21 and the first line of Eq. 3.22, fieq.s(X) can be derived as

1 [P X X
fmeas (X) = / ) SCXPp | =<5 ax d((s}’)
2)Lde\’ ~Adey 2 M 2 “uX7
(264df10 10 ) 2G4df10 10
X
2024510 1 Fdev/T0
1 10
- texp(—t) dt
28, xAgey IN10 X J (=)
202,10°HX Fee/10
1 10 1 X X
Hxgey 1N 2634410 10 26710710
by substituting
X
= S (3.38)
26‘%df10 10
and using the incomplete gamma function:
I (a,x) :/ 1 Vexp (—1) dr. (3.39)
X

When a is an integer 7, the incomplete gamma function can be rewritten as (see p. 527 in Ref. [52]):

n—1 xk

I'(n,x)=(n—1)!exp(—x —.
(.2) = (= Dtexp (=) £

(3.40)

By using Eq. 3.40, Eq. 3.37 can be rewritten as the last line of Eq. 3.22.
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Chapter 4

Effect of Inter-Core Crosstalk on
Transmission Quality

4.1 Introduction to This Chapter

In Chapter 3, the target level of the crosstalk (XT) suppression was set such that the 0.9999-quantile of the statis-
tical distribution should be less than —30 dB, after the earlier studies [17, 18] which set the target as the XT less
than —30 dB. However, this target level did not necessarily have the theoretical grounding. Therefore, we studied
on the behavior of the XT as a noise, and its effect on the transmission quality, or Q-factor. The investigation of
the effect of the XT on the transmission quality is already underway [53, 54]; however, the stochasticity of the XT
has not been taken into account.

In this chapter, we discuss how the XT behaves stochastically, reveal the behavior of the XT as a noise, and

consider and quantify the effect of the XT on Q-factor.

4.2 Stochastic Behavior of the Crosstalk

Due to the various longitudinally-varying perturbations, the XT of the MCF is a stochastic parameter, as described
in Sections 2.2.6, 3.3, and 3.6.2.2. In this section, the stochastic behavior of the XT are further described, to
understand how the XT behaves as a noise. For explanation simplicity, we deal with the case where the bend-
induced perturbation is dominant, as with Sections 2.2.6, 3.3, and 3.6.2.2.

As described in Sections 3.3 and 3.6.2.2, the XT evolution on the in-phase—quadrature (I-Q) plane depends
on the phase difference between cores, and is a kind of the random walks because the phase difference can be
randomized by the changes of various parameters such as the fiber bend and twist.

The probability density function (PDF) of the XT on the I-Q plane converges to the Gaussian distribution from
the central limit theorem, if the MCF is adequately long, or adequately many phase matchings occur along the
MCE. Since the PDF of / random numbers, whose PDFs are the standard normal distribution, is the chi-square

distribution with / degrees of freedom (df), the PDF of the XT in power—that is, the sum of the in-phase (I) and
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the quadrature (Q) components of two polarization modes— converges to the chi-square distribution with 4 df.

The XT X vary with wavelength. Figure 4.1 shows the XT spectra for 200-GHz (~1.76-nm) span of MCF-E,
which were plotted from 10-nm-span spectra measured for evaluating the mean XT in Chapter 3. The XT values
showed significant fluctuations only within tens of gigahertz. This is because the longitudinal profile of the phase
difference between the cores varies with wavelength.

The XT vary not only with wavelength but also with time. Figure 4.2a shows the time variation of X at the
wavelength of 1625 nm and its measurement interval was 15 minutes. In order to induce the large variation of
the phase difference, we changed the ambient temperature during the measurement as shown in Fig. 4.2b. Time
variation of X is considered to be caused by the slight variations of the refractive index profile, which can be
caused by the variations of temperature, (residual) external stress, and so on. Random variation of X value can
also be seen in Fig. 4.2a.

Figure 4.3 shows the probability distributions of X, to be precise, X normalized with tty /4. Blue diamonds
represent the probability distribution of X varied with wavelength, obtained by using the data plotted in Fig. 4.3
(XT from Core 1 to Core 5) as the population (its sample number was 353). Red squares represent the probability
distribution of X varied with time, obtained by using the data plotted in Fig. 4.2a as the population (its sample
number was 130). Since both the probability density distributions obtained from the wavelength variation and
the time variation are in good agreement with the chi-square distribution with 4 df, X can be considered to be
normally distributed on the I-Q planes of two polarization modes. For organizing the stochasticity of the XT, the
variation, averages, and probability distribution of X are illustrated schematically in Fig. 4.4. Though we measured
the X variation under the large perturbation in the long time span as shown in Fig. 4.2, we also measured the X
spectrum variation in short time span to know the XT behavior under stable environment as shown in Fig. 4.5.
The X spectrogram was measured for 1-nm span, in long time after winding the MCF on the bobbin. Under the
stable environment, it can be seen that the XT X of the MCF varies very gradually, because the time variation of
temperature and residual external stress changes very gradually.

So far, we discussed the case where the bend perturbation is dominant. However, even if the bend perturbation
is small, the phase correlations between the cores exponentially decay in longitudinal direction with a correlation
length of only several centimeters [55]; accordingly, the phase differences between the cores are uncorrelated
between the adequately separated different longitudinal points. Therefore, if the MCF length is adequately long,
the PDF of the XT in the MCF can be considered to converge to the normal distribution on the I-Q plane, also
in cases where the bend perturbation is small. Based on these discussions, we can understand that X varies with

wavelength and time, and its PSD on the I-Q plane is the chi-square distribution.
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4.1: The crosstalk spectrum of MCF-E (L = 17.4 km) for 200-GHz (~1.76-nm) span around 1625 nm. The

measurement step: 5 pm (~0.6 GHz).
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Fig. 4.2: (a) Measured time variation of the crosstalk of MCF-E, under (b) the change of the ambient temperature.
The measurement interval: 15 min.
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Fig. 4.5: Time variation of the crosstalk spectrum of MCF-E. (measurement interval: ~11 sec.)

4.3 Effect of the Crosstalk on Q-Factor

Based on the stochastic behavior of the XT described in Section 4.2, the behavior of the XT as a noise can be
considered to depend on the bandwidth of a signal light. From the short-period variation of the XT spectrum
shown in Fig. 4.1, XT may behave as Gaussian-distributed noise on the I-Q plane in cases where the bandwidth
of the signal light is adequately broad, because the instantaneous frequency of the signal light may rapidly vary
with time, due to the modulation or the phase noise of the signal light. When the bandwidth becomes narrower,
the XT distribution on the I-Q plane can become more distorted from the Gaussian distribution. Moreover, if
the bandwidth is adequately narrow, the XT may behave as an effectively static coupling, since the variation of

X is very gradual compared to the ordinary symbol rate in the order of picoseconds to nanoseconds, based on
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the time variation of the XT spectrum shown in Fig. 4.5. However, this static coupling may gradually vary with
time, and its PSD obeys the chi-square distribution in the power—that is, the normal distribution in the complex
amplitude—, as shown in Figs. 4.3—4.4. In the following, we discuss the effect of XT on the transmission quality,
or Q-factor, in the simple cases of the adequately broad and adequately narrow bandwidth of the signal light, as

the first step.

4.3.1 Case of Adequately Broad Bandwidth of the Signal Light

In the case of adequately broad bandwidth, the XT can be approximated as the virtual additive white Gaussian
noise (AWGN) on the I-Q plane, like amplified spontaneous emission (ASE) noise [56] and nonlinear interference
noise [57]; thus, we can discuss very simply the relationship between the mean XT (uy) and Q-factor. Q-factor is
defined as [58]:

0= M, (4.1

o)+ 0,

by using the average positions p; and standard deviations o; of the nearest neighboring constellation points on a

constellation diagram. The decibel value of the Q-factor can be expressed as

Qup = 20l0g;y @ = 10log;y 0”. (4.2)

Therefore, hereinafter, we will discuss the Qz—factor instead of the Q-factor. If we assume 0, = 0] = 0, and

let S = |1, — W, | the nearest distance between the constellation symbols, the Qz—factor can be expressed as

2 2
0 = (|I~11—H2|) _ 52 . 43
4

0 + 02 Onoise

Thus, the Q2-fact0r without the XT noise can be expressed as

2
5 S
QWioXT = "> 4.4
40y /0xT

where Oy oxT 1S Opoise Without the XT. When we consider the total mean XT fy o, from other cores, where the

mean XT is defined as the average power of the XT light divided by that of the signal power P, the variance

gnal>
0'§T of the XT light on the I-Q planes can be expressed as
Hx rotal
O-)Z(T = Psignal X:)ta : 4.5)
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Since “the variance of the sum of statistically independent variables” equals to “the sum of the variances of the
statistically independent variables,” the noise variance including the XT can be considered to be the sum of GVZV/OXT

and G)z(T. Therefore, the Q2-fact0r affected by the XT can be obtained from Eqgs. 4.3—4.5 as

2 —1

2 N 1 Fiignal

QW/XT = > B = ( 2 + sﬁ;a :uX,total> ) (46)
4 (GW/OXT + GXT) QW/OXT

and XT-induced Qz—penalty can be expressed as

P,

2 -1
QwioXT 2 Pignal 2 signal

“2/ ° =1+ Qw/oXTl'LX Jtotal blggn < = - QW/XT"LX Jtotal blgzn - ) (47)
OW/xT S S

where Pjgpq1 / §? is the value determined by the modulation format. Values of Py / 5% for typical ideal modulation

formats are shown in Table 4.1 (see Fig. 4.6 for their constellations). The values were calculated by assuming

Table. 4.1: Values of P/ S? for the typical modulation format.

Modulation format Piional/ s
PDM-QSPK 1
PDM-8PSK 212212 — 1)
PDM-16QAM 5
PDM-32QAM 10
PDM-64QAM 21
PDM-128QAM 41
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Fig. 4.6: Constellation diagrams for (a) QPSK, (b) 8PSK, (c) 16QAM, (d) 32QAM, (e) 64QAM, and (f) 128QAM,
considered in this chapter.
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Fig. 4.7: Crosstalk-induced Qz-penalty at Q%V/XT =9.8dB.

Table. 4.2: Maximum iy ,,; acceptable for suppressing the XT-induced Qz-penalty no more than 1 dB when
02t =9.8 dB.

Modulation format | Ly o [dB]
PDM-QPSK —16.7
PDM-8PSK -22.0

PDM-16QAM —23.7
PDM-32QAM —26.7
PDM-64QAM -29.9
PDM-128QAM —-32.8

that the signals are equally distributed on each constellation point.

Figure 4.7 shows the XT-induced Qz-penalty at Q\ZV,XT = 9.8 dB (bit-error rate BER = 1 X 1073), which was
calculated using Eq. 4.7, and Table 4.2 shows maximum [y, acceptable for suppressing the XT-induced
Qz—penalty of no more than 1 dB when Q%v/XT = 9.8 dB. The Q2—penalty does not change if Q%V/OXT.UX,total or
QZW/XTIJ'X,total is unchanged; therefore, for example for the case of Q‘zx,/XT = 8.5dB (—1.3dB from 9.8 dB), the

relationships shown in Fig. 4.7 are offset in Ly (o Of +1.3 dB, and iy (o, values in Table 4.2 are added +1.3dB.

4.3.2 Case of Adequately Narrow Bandwidth of the Signal Light

In the case of adequately narrow bandwidth, the XT may behave as the static coupling, as we discussed in Sec-
tion 4.2. Accordingly, in this case, the relationships between X and the Qz-factor can be equivalent to those
investigated in Ref. [S3]—in Ref. [53], the effect of the XT on the signal-to-noise ratio was investigated numer-
ically by assuming the XT as a static coupling, and experimentally by realizing the XT as an effectively static

coupling using optical couplers and variable optical attenuators. Reference [53] reported that XT-induced penalty
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at the BER of 1 x 10~° is less than 1 dB, when the XT—corresponding to X in this thesis— is less than —18 dB
for QPSK, —24 dB for 16QAM, —32dB for 64QAM. These X values are similar to the Ly (o, values shown in
Table 4.2; however, these X values are the acceptable X values and not the acceptable Ly () Values. As discussed
in Section 4.2, the X values can change temporally in the obedience to the distribution of Eq. 3.4 or 3.6, even in
cases where X can be regarded as effectively static; therefore, we have to consider the relationship between the
XT and the Qz-penalty, based on g-quantile X, of X, where 1 — ¢ is the probability that X will exceed X,,. Since X
may change very gradually with time, it can take a long time for Q2-fact0r to recover, once the Qz—factor has fallen
below the threshold value of the error correction. Therefore, it can be preferable to take an adequately low “1 —g”
value. As derived in Section 3.3, X, can be expressed as Eqgs. 3.13 and 3.14. Equation 3.14 can be rewritten as

(a)

Ffl
X = i+ AX,, AX, = 10log;o (4.8)

As shown in Eq. 4.8, X, can be obtained by adding an appropriate value AX, to the mean XT piy. Table 4.3 shows
the values of AX, for several values of g and 1 — g, and Fig. 4.8 shows the relationships between AX, and 1 —g,
in cases where the polarization modes randomly couple (4 df) and of no polarization mode coupling (2 df). Note
that the case of 4 df can be applied for most of the general MCFs which do not maintain polarization modes. From
Table 4.3, AX,, can range from ~7 dB to ~11 dB at the range of adequately low 1 — g from 107 t0 10717

From this section, it was confirmed that “the mean XT fy ., that induces 1-dB penalty at the BER of 1 x 107
for the adequately broad bandwidth” is similar to “the XT X that induces 1-dB penalty at the BER of 1 x 10~ for
the adequately narrow bandwidth.” Furthermore, some additional margin may be required for cases of adequately
narrow bandwidth, compared to cases of adequately broad bandwidth, based on the fact that a small 1 — g of 1071

to 1073 requires a relatively large AX,, of ~7 dB to ~11 dB.

Table. 4.3: Difference AX, between the g-quantile X, and the mean py of the XT X.

| | AX,[dB] | AX, [dB]

1 T @an | @

0.999 1073 6.6 8.4
0.9999 1074 7.7 9.6
0.99999 1072 8.5 10.6
0.999999 10°¢ 9.2 11.4
0.9999999 | 107/ 9.8 12.1
0.99999999 | 1078 10.3 12.7
0.999999999 | 10~° 10.8 13.2
0.9999999999 | 10~ '° 11.2 13.6
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Fig. 4.8: Relationships between AX, = X, — Ly and 1 — g, or the probability that X exceeds X,,.

4.4 Conclusion of This Chapter

We discussed how the XT of the MCF behaves stochastically, revealed the behavior of the XT as a noise, and
investigated the effect of the XT on Q-factor. When the bandwidth of the signal light is adequately broad, XT may
behave as a virtual AWGN on the I-Q plane, like ASE and nonlinear noises.

If we assume the signal is equally distributed on every constellation point, the XT-induced Qz-penalty at the Q2
of 9.8 dB—the BER of 1 x 10 °— can be less than 1 dB, when the aggregate mean XT from the other cores is
less than —16.7 dB for PDM-QPSK, —23.7 dB for PDM-16QAM, and —29.9 dB for PDM-64QAM.

When the bandwidth of the signal light is adequately narrow, XT X can behave as an effectively static coupling,
compared to the symbol rate, but can change very gradually with time. So, the margin for the gradual temporal
change has to be considered for setting the target level of the XT for the system with adequately narrow bandwidth
signal light.

It should be investigated in detail in the future, whether the XT distributions on the I-Q planes are Gaussian
enough or somewhat distorted in actual transmission conditions, and further studies are necessary to reveal the
dependence of “relationship the signal light bandwidth and crosstalk behavior” on “the MCF length and structure.”
However, it can be speculated that the more couplings occur, the more rapidly X changes with wavelength. Based
on the X spectra shown in Fig. 4.1—where X was coupled only from one core for only 17 km—, X that are coupled
from many cores for long distance—e.g., hundreds or thousands of kilometers— has the possibility to vary much
more rapidly with wavelength than X shown in Fig. 4.1. Thus, X may be considered as the virtual AWGN in cases

of high-capacity long-haul transmissions where modulation symbol rates are in the order of tens of gigahertz or
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more. On the other hand, the adequately narrow bandwidth should be less than a gigahertz, even in the case of
Fig. 4.1. So, a possible example where virtual static couplings can occur is the orthogonal frequency division
modulation (OFDM) with narrow-bandwidth subcarriers. In such case, X and Qz-factor of the each subcarrier are
possible to be very different from those of other subcarriers.

Based on this study, progress of understanding on results of transmission experiments using the MCF is ex-

pected.
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Chapter 5

Enhancement of Signal-to-Noise Ratio of
Multi-Core Fiber

5.1 Introduction to This Chapter

Recent transmission systems, using digital coherent detection and digital signal processing, can mitigate the linear
distortions such as the chromatic dispersion and the polarization mode dispersion. Therefore, the suppressions
of the amplified spontaneous emission (ASE) noise and the nonlinear interference (NLI) noise are very important
for the high-capacity long-haul transmission over the single-core single-mode fiber (SMF), and the recent high-
capacity single-mode transmission experiments have been conducted by using SMFs whose transmission loss was
lowered for suppressing the ASE noise and effective area (A.¢) was enlarged for suppressing the NLI noise [5,59].

Though the crosstalk (XT) of MCF-E was adequately suppressed, suppressions of other noises are also very
important for the high-capacity long-haul transmission. However, the transmission loss was higher than the con-
ventional pure-silica-core SMF whose transmission loss is < 0.17 dB/km, though the loss of MCF-E was lower
than standard SMF and the lowest among the reported MCFs. The A, of MCF-E was approximately equal to
and not enlarged from that of standard SMF. The MCFs reported by other groups also had not realized low loss
and large A simultaneously superior to the standard SMF [60—64]. Furthermore, the effect of the XT on the
signal-to-noise ratio (SNR) had not been investigated well; therefore, it had been unclear whether or not enlarging
of A is effective to improving the SNR of the MCF.

In this chapter, we report the design and fabrication of a seven-core MCF that achieves low loss and large A
simultaneously. The transmission loss of the fabricated MCF was observed to be 0.163-0.172 dB/km (average:
0.168 dB/km), which is the lowest among the reported MCFs at the time of writing, to the best of our knowledge.

In addition, we discuss how this result enhances the SNR in multi-core transmission systems.*l

*1 To be precise, we discuss an optical SNR (OSNR) with the noise bandwidth equivalent to the signal bandwidth. This OSNR is different
from the SNR because the OSNR does not include the effect of the back-to-back penalty, which is induced by the noise in transceivers,
modulation imbalance, and so on. However, it can be confusing to call the OSNR with the noise bandwidth equivalent to the signal
bandwidth just as the OSNR, since the OSNR is quite widely used as the OSNR with the noise bandwidth of 0.1 nm. Therefore, the
OSNR with the noise bandwidth equivalent to the signal bandwidth is referred to as the SNR in this thesis.
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5.2 Fiber Design

We designed an uncoupled seven-core MCF that has identical and hexagonally-arranged pure-silica cores. A
trench-assisted core design was employed to confine the power strongly into the core for achieving both large A.¢
and low XT. Figure 5.1 shows the designed relative refractive index difference (A) profile of the core. The core
was designed to have A.g of ~130 umz, cable cutoff wavelength (A,.) of 1460 nm, and the Rayleigh scattering
coefficient lower than that of the MCF in Chapter 3. As for the design of the XT, based on Eq. 3.11, A of the MCF
was designed to be 52 um so that py from six outer cores to the center core (center-core [y (= 6HL)) can be less
than —30 dB after 80-km propagation at 1625 nm when the MCF are wound on a 140-mm-radius bobbin. The
cladding diameter was designed to be 187.5 um so that excess loss of the outer cores (loss induced by coupling to

coating modes) can be lower than 0.001 dB/km at 1625 nm.
0.4

o
o

0 5 10 15 20
Radius [um]

Fig. 5.1: A design profile of relative refractive index difference A. A refractive index of the cladding was taken as
the reference of the relative refractive index difference A.

We should pay attention to the XT of uncoupled MCF also for lowering loss. The power coupling from Core n

to other cores can be understood as power loss of Core n due to the XT:

aXT,n ~ Z Hmnv (51)
m#n

where the ok, is the power loss coefficient [/unit length], and the H,,, is the power coupling coefficient [/unit
length] from Core n to Core m. In the homogeneous seven-core fiber, the power loss coefficient due to the XT in
the center core can be approximated to be 6H (the sum of the power-coupling coefficients to six outer cores). Thus,
the XT-induced power loss coefficient ot gp in the unit of [dB/unit length] of the center core can be represented

as

10
OXT 4B = mw{ ; (5.2)

whose relationship is shown in Fig. 5.2. To suppress oxtgp lower than 0.001 dB/km, 6H should be less than
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2.30 x 10~ /km (corresponding to the center-core [y less than —17.3 dB at L = 80 km), so that the XT target was

appropriate in terms of loss.

-
m
L

-
m
N

1E-3

1E-4

Excess loss of the center core
induced by crosstalk [dB/km]

1E-5
1E-5 1E-4 1E-3 1E-2
Sum (6H) of power-coupling coefficients
from the center core to 6 outer cores [/km]

Fig. 5.2: A relationship between the aggregate power-coupling coefficient from the center core to six outer cores
and the excess loss in the center core induced by the crosstalk.

5.3 Fabrication

We fabricated a pure-silica-core homogeneous seven-core fiber (MCF-F) based on the design. Figure 5.3 shows
a cross-section of the MCF-F. The core pitch was 51 um. The cladding diameter was 188 um. The coating
diameter was 334 um. The fiber length was 6.99 km. Figure 5.4 and Table 5.1 show transmission loss spectra and
optical properties of MCF-F. The transmission losses of the individual cores were observed to be very low values
of 0.163-0.172 dB/km (average: 0.168 dB/km), thanks to the low-loss design and pure-silica core technology.
A s of the cores were slightly smaller than the design target but all of the A gs exceeded 120 pmz. The A s were
1460+ 10 nm and successfully fabricated as designed. The chromatic dispersions (D pon) Were 21.7 ps/(nm - km).
The bend losses were also well suppressed.

Figure 5.5 shows the iy s between adjacent two cores of MCF-F, which were measured as wavelength averages
of the XTs by using the wavelength scanning technique described in Section 3.6.2. Values of averages, maximums,
and minimums of the pys between the adjacent two cores, and of total uys to the center core are shown in
Table 5.2. The measured MCF was 6.99 km long and wound on a 140-mm-radius bobbin. The center-core Lys
for L = 80 km are also shown in Table 5.2, which were calculated based on the linear accumulation of the XT. The
center-core [ys can be less than —30 dB for L shorter than 1.4 x 10° km at 1550 nm, 8.7 x 10% km at 1565 nm,

and 2.0 x 10> km at 1625 nm.
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Fig. 5.3: A cross-section of MCF-F.
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Fig. 5.4: Transmission loss spectra of the individual cores of MCF-F.
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Table. 5.1: Measured optical properties of MCF-F

Transmission Acc Acr | MFD D hrom D prom slope Bend loss [dB/turn]
loss [dB/km] [nm] [pmz] [um] | [ps/(nm-km)] [ps/(nm2 -km)] at Ry = 10 mm
A [nm] | 1550 | 1625 1550 1550 1625
Design 1460 | 1293 | 125 22.5 0.064
Core 1 | 0.170 | 0.194 | 1458 | 121.3 | 12.2 21.7 0.062 0.08 0.21
Core2 | 0.170 | 0.191 | 1458 | 123.5 | 12.2 21.7 0.063 0.08 0.20
Core 3 | 0.164 | 0.183 | 1468 | 1259 | 12.3 21.7 0.063 0.11 0.26
Core4 | 0.163 | 0.183 | 1459 | 1243 | 12.2 21.7 0.063 0.11 0.26
Core5 | 0.168 | 0.186 | 1470 | 1269 | 12.4 21.7 0.063 0.11 0.27
Core 6 | 0.169 | 0.188 | 1457 | 1224 | 12.1 21.7 0.063 0.10 0.27
Core 7 | 0.172 | 0.191 | 1466 | 124.1 | 12.2 21.7 0.063 0.12 0.30
Avg. | 0.168 | 0.188 | 1462 | 124.1 | 12.2 21.7 0.063 0.10 0.26
Max. | 0.172 | 0.194 | 1470 | 1269 | 12.4 21.7 0.063 0.12 0.30
Min. | 0.163 | 0.183 | 1457 | 121.3 | 12.1 21.7 0.062 0.08 0.20
-45
_ # of
Q ~A=1625nm - || input
= 50 i v i|| core
© | |
s (B 2 w ¥ 88 X
S 55 m2
S
< A = 1550 nm - || 43
L0} : . i o4
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L I 3 2208 oo
A A6
-65 ! ! o7
1 2 3 4 5 6 7

# of output core

Fig. 5.5: Measured mean crosstalk between neighboring cores of MCF-F.

Table. 5.2: Measured mean crosstalk of MCF-F for L = 6.99 km and R = 140 mm.

A Uy [dB] between Total uy [dB] Total uy [dB]
adjacent cores to the center core to the center core
[nm] Avg. Min. Max. estimated for L = 80 km
1550 | —61.3 | —62.8 | —59.2 —53.1 —42.5
1565 | —59.2 | —60.6 | —56.9 —51.0 —40.4
1625 | —52.5 | —=53.2 | —50.8 —44.5 —34.0
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5.4 Discussion on Signal-to-Noise Ratio Affected by Inter-Core Crosstalk

5.4.1 Effects of Fiber Parameters, System Parameters, and Crosstalk on SNR

To realize high-capacity and long-distance transmission, SNRs in MCF cores is an important factor as with single-
core fibers. However, a proper suppression level of XT, where lowering loss and/or enlarging A can be effective,
has not been investigated yet. So, in this section, we will discuss the effects of system parameters and fiber
parameters including the XT on SNRs in uncoupled MCF systems, and investigate how the SNR can be improved
in the MCF systems. When assuming an ideal filtering (a noise bandwidth is equivalent to a signal bandwidth)
and Nyquist limit of WDM, SNR of dispersion-uncompensated single-core (SC) transmission link with discrete

optical amplifiers can be expressed as [42]:

Pr. .
SNRgc = ek : (5.3)
PASE |Bnoise :Rsymbol + PNLI |Bnoise :Rsymbol
Prsg = NspanF (eaLSpﬂn - 1) hVBnoisev (54)
3

Pair = anciPrx chs (5.5)

2 2

2\ 3 In (” B> LeffBWDM)

anLr = 3 NspanyzLeff 3 Bgises (5.6)

T |ﬁ2 ‘ Rsymbol

where the symbols are explained in Table 5.3.
Based on the characteristics of XT in MCF discussed in Chapter 4, XT in MCFs may be regarded as a virtual
additive white Gaussian noise by assuming adequately broad bandwidth of signal light. Thus, SNR in a certain core

in dispersion-uncompensated multi-core (MC) transmission link with uncoupled MCF can be simply expressed as

SNRu o — Pry en — Pxr
MC —
P 2 P
ASEanoise:Rsymbol + NLI|Bn0ise:Rsymbol + XT
P Tx,ch
~ P | ¥ P’ | +P ) (PTx,ch > PXT) ) (57)
ASE Bnuise:Rsymbol NLI Bnoise:Rsymbol XT

where Pxr is the power of the XT from or to the certain core. In Eq. 5.7, P, ., equivalent between all cores and
losses equivalent between all cores are assumed. “—Pxt” in the numerator represents the XT from the certain core
to other cores, and “+Pxt” in the denominator represents the XT from other cores to the certain core. However,
“—Pxr” is negligible in the case of low XT (Pry ., > Pxr). Depending on system capability, Pxr may have some
different definitions. If skew between cores is small and thus pulse broadening due to multi-path interference

(MPI) can be mitigated by digital signal processing, Pyt can simply be the power of light that is input to all cores
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Table. 5.3: The symbols in Eqgs. 5.3-5.6.

Symbols | Definitions

Pry ch The average power of transmitted light per channel.

Pasg The average power of the ASE noise within the bandwidth B, ;..

Parr The average power of the nonlinear interference (NLI) within the bandwidth B, ;..

B oise The OSNR noise bandwidth.

Nypan The number of spans.

Lypan The span length.

F The noise figure of optical amplifier.

o The power loss coefficient [/(unit length)].

h The Planck’s constant.

v The center frequency of WDM comb.

Y The nonlinear coefficient. ¥ = 27n, /(AA.), where n, is the nonlinear refractive index.

Lo The effective length. Leg = [1—exp (—0lLgy,,) | /.

B> The second derivative [(unit time)2/(unit length)] of B with respect to @, which is related to the
chromatic dispersion D ,,om as B, = Z% = —?Lu}g‘%.

Ny, The number of WDM channels.

Rymbol The symbol rate.

Bwpm The WDM bandwidth. Bwpy = NepRgympol 10 this chapter, because the Nyquist WDM is as-
sumed.

except the certain core and output from the certain core. If the skew is very large and thus the MPI cannot be
mitigated, Py can be the power of light that is input to all cores, coupled between cores, and output from the
certain core. But in either case, if the XT is adequately low (i.e., tty <~ 0.01), Pxy can be related to Pry . by Uy
as

Pyt = Uy Pry p- (5.8)

In the following discussion, we discuss the case of a core (the worst core) to which total py from other cores is
highest. When the XT is adequately low and XT between non-adjacent cores is negligible, the total ty (Ly wc) to

the worst core can be approximated as

uX,WC ~ HWCNspaanpanv (5.9

HWCancH> (5.10)

where Hy is the aggregate power-coupling coefficient to the worst core, and N, is the maximal number of the
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neighboring cores. Equations 5.3, 5.7-5.10 yield

-1 1
SNRyc = SNRgc + Uy we

~ SNRgé + HWCNspaanpan' (51 1)

Then SNR penalty due to XT can be expressed as

SNRg

SRy~ 1+ SNRschywe: (5.12)

Figures of merit of fibers can be evaluated by comparing maximal SNRs achievable in the same system using the

different fibers. In both of the SC and MC cases, SNRs are maximized at

1
P 3
Prec = ( 2:55) . (5.13)

Therefore, the maximal SNR (SNRg ,,x) achievable in a SC system can be derived as

- 5 ~1
SNRgc max = 3(PA25E)3aéILI]
B B oise =Rsymbol
2 2 -1
(eaLspanfl)»* (’}/Lspan)§ ) ) 1 ) L R
~ T {ln (717 |ﬂ2‘LeffBWDM)] l() Nspan(Fhv)3]
(182 Lopan) ? d
[ alL, % 2 B
~ () (IYLEH)} Coen, (5.14)
(1Bs) Lexr)* Nspan

where Cgygiem/ Ngpan includes the second and third bracket terms in the second line. When assuming moderately
high |B,| and adequately broad Bwpyi, Ceysiem/Nspan €an be cancelled out by taking a ratio of SNRgc a8 in the
same system between different fibers. Accordingly, a figure of merit of a single-core fiber can be expressed only

by the bracket term in the last line. Especially in case that , SNRgc 4«8 in [dB] can be approximately obtained as

~ 1 Csystem
SNRSC,max,dB ~ 3 [IOIOgIO (‘ﬁ2|) - 2010g10 (yLeff) - 2O‘dBLspan] + 1010g10 N . (5.15)

3 span

Based on Egs. 5.14 and 5.15, a difference (ASNRg¢) between SNRg .x g between different fibers can be ex-

pressed only with the fiber parameters and Lp,,. From Egs. 5.11 and 5.14, the maximal SNR (SNRy;c nax) in @
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MC system can be expressed as

—1
—1

SNRyc max & (SNRSC,max =+ lix,wc)

- - _1

2
I 3 2
(6‘05 span __ 1) (yLeff) 3 Nspan
= 1 C + lx we
(‘B2| Leff ) 3 system
: L 3 2 . -1
al, 3 2
(e e l) (YLeff) ’ 1 1
~ 1 C + HycLgpan N (5.16)
(1B2| Legr) 3 system span

Based on Eq. 5.16, a difference (ASNRy;c) of SNRy;¢ nax in [dB] between different fibers cannot be expressed

only with the fiber parameters and Lgp,,. Only Ny, can be cancelled out in ASNRy,c and other system parameters

(Cyystem) cannot be cancelled out. However, in both SC and MC cases, we can obtain ASNR independent of N,y

and SNR penalty due to XT independent of Ny,
SNRSC,max

— 2= ~ 14+ SNR .
SNRyC s SC,maxMx,wC

SNRSC,max Nopan=1
~ 1+ N HWCN spaanpan

span

~ 1+ ( SNRscmasy, 1 ) (HwcLopan) (5.17)

5.4.2 Comparison of SNRs Between SSMF, Reported MCFs, and the Fabricated MCFs

Based on the above consideration, we can evaluate the effects of the fiber parameters (including the XT) on
SNR. Figure 5.6 shows how the SNRg .« and the worst-core iy after one span affect SNR penalty due to XT

and ASNRyc in cases of Lg,,, = 80 km and L,,, = 100 km. In Fig. 5.6, the SNRgc 1,xS and the Liys of the

span Span

various reported MCFs and the fabricated MCFs—their characteristics are listed in Table 5.4— are plotted as red
diamonds, and the SNRgc ,,x 0f SSMF are plotted as dashed lines. The SNRgc 1,.x$ Were calculated using Eq. 5.14
in case of Bypy = 10 THz and Fyg =4 dB. The SNR penalty due to XT was calculated using Egs. 5.14 and 5.17,
and shown as blue dot-dashed isolines. As shown in the graphs, SNRgc 1,xs—that is, SNR without XT— of many
of the reported MCFs were calculated to be improved from that of the SSMF. However, SNR in uncoupled MCFs
can be degraded by XT as is shown in the blue dot-dashed lines. In order to preserve the ASNRy,c unaffected by
Based

XT, uy per Lg,,, of the MCF have to be suppressed adequately lower than ASE and NLI noises per L,

span span*

on the SNRgc max and the SNR penalty, or on Eq. 5.16, ASNRy¢ from the SSMF can be obtained and are plotted
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as solid curves. The XT of the fabricated MCF was well suppressed, and ASNRyc of the MCF can be achieved
to be 2.4 dB for Lg,, = 80 km and 2.9 dB for L,,, = 100 km compared to the SSMF, which are the highest in
reported MCFs, to the best of our knowledge. The SNR penalties due to XT were calculated to be 0.4 dB for Ly,
=80 km and 0.2 dB for Lg,,, = 100 km.

SNR penalty
dueto XT> 0.1 dB 1dB 5dB 10dB
c 33 ) T T T
S +3dB ® i i i
» \ MCF-F ~ \ \
g% 2 4B\ ! I
o ik \ I
e . MCF-E \ ! !
53158 S +1dB : LI
o \ \ i )
S 30 | ASNFL. 0 B W
: — mc 0 i \ \ SSMF
G 29 | \ \ \ |
el -1dB-1 v Sle
Z ! 1 W\
(D 28 L L L L L
-70 -60 -50 -40 -30 -20
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(@) Lgpan = 80 km.
SNR penalty
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g 304 % 1 T
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Fig. 5.6: Dependences of SNR penalty due to XT and of relative SNR of MCFs compared to SSMF (ASNRyc),
on the SNR without XT (SNRgc) and the worst-core Ly after one span. Dot-dashed lines: isolines of
SNR penalty due to XT, solid curves: isolines of ASNRy¢, dashed lines: SNRgc ,0x 0f SSME.
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Table. 5.4: Characteristics of SSMF, reported MCFs, and the fabricated MCFs at 1550 nm.

Notations Ref. Transmission Aefg D hrom Ux L N Worst-core iy [dB]
in Fig. 5.6. loss [dB/km] | [um~] | [ps/(nm-km)] [dB] [km] ne after 80 km after 100 km
SSMF 0.19 80 16.7 0
MCF-E | Chapter 3 0.178 80" 222 -79.5% 174 | 6 —65.7° —64.7°
i [60] 0.20 102 N/A® ~ —53.5 ~08 | 6 ~ =257 ~ =247
ii [61] 0.198 112.4 N/A® —56 1.905 | 6 -32 -31
iii [62] 0.242 116 N/A® —40 3962 | 2 —24 —23
iv [63] 0.214* 133.4°% 20.6" —53.5t0 —43.5 5.0 2 | —38.4t0—28.4 | —37.5t0 —=27.5
v [64] 0.195 110 0.7 —65 75 6 -56.9 —56.0
MCE-F This chapter 0.168" 124.1* 21.7% -61.3° 6.99 6 —42.5° —41.5°

* Average of all cores.

® Calculated directly from the center-core [Ly.

¢ 21 ps/(nm - km)was assumed in the calculation.
: n, was assumed to be 2.2 x 107 m?/W for PSCF and 2.34 x 102 m*/W for Ge-doped fiber in the calculation.

A 91d HIODILTNN 4O OILLVY ASION-OL-TVNDIS 4O INHIWHONVHNHA 'S ¥dI1dVHD
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The appropriate suppression level of the XT may also depend on the system parameters. Figure 5.7 shows the
relationships between the worst-core [y after one span and the SNR penalty due to XT in an MCF with SSMF
core (ASNRg =0 dB), for combinations of system parameters of Fyg =3, 4,5, 6 dB and Bypy =35, 10 THz, in the
case of L

= 80 km, which is more severe than L,,, = 100 km. In these traces, the case of Fyg =3 dB and Bypy

span span

= 5 THz is the most severe for the SNR penalty suppression, since the ASE and NLI noises are the lowest. In the
most severe case, the worst-core Ly should be less than —46.8 dB after one 80-km span for suppressing the SNR
penalty less than 0.1 dB, —39.6 dB for 0.5-dB penalty, and —36.3 dB for 1-dB penalty. Based on Eq. 5.17, the SNR
penalty can be constant if an increase in an SNRgc 1.« is cancelled by a decrease in XT. Accordingly, horizontal
offsets of the curves in Fig. 5.7 are equivalent to the difference in the SNRg¢ . between the cases, which can be
induced by the SNR improvement from the system parameters or fiber parameters. For example, in the case of

MCEF-F, since the SNRgc ax for Lgp,, = 80 km was increased by 2.8 dB from the SSMF (ASNRg¢ = 2.8 dB), we

span

need to suppress the worst-core iy 2.8 dB further from the above values.

3.5 I I
— — F=3dB, Bypy= 5THz
B 3 [|—F=3dB, Bypy=10THz
— —-F=4dB, Bypy= 5THz
X 25 | ---F=40dB, Bypy = 10 THz
2 " F=50dB, Bypy= 5THz
8 2 | F=5dB, Bypy=10THz
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c
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o 77
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0
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Hxwc [dB] after one 80 km span

Fig. 5.7: Relationships between the worst-core Uy after one span and the SNR penalty due to XT for several

combinations of system parameters in case of Lgy,, = 80 km.

5.5 Conclusion of This Chapter

We designed and fabricated an MCF that simultaneously achieves transmission losses of 0.17 dB/km or lower,
effective areas larger than 120 pmz, and a total mean crosstalk to the center core equivalent to —42.5 dB after 80
km, at 1550 nm. We investigated SNR under the existence of inter-core crosstalk in uncoupled MCF, and found
that the SNR in the fabricated MCF can be estimated to be improved more than 2 dB from SSMF even under the

existence of the crosstalk. Based on the investigation, the total mean crosstalk to the worst core of an MCF should
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be less than about —47 dB after 80 km for SNR penalty due to crosstalk less than 0.1 dB, about —40 dB for 0.5-dB
penalty, and about —36 dB for 1-dB penalty, even in the case of an MCF with SSMF cores.

Further SNR enhancement in each core of the MCF can be realized by improving transmission loss and by
finding a good balance between large effective area and low crosstalk, so that the SNR under crosstalk can be

maximized.
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Chapter 6

Behavior of Inter-Core Crosstalk: Effects of
Macrobend and Structure Fluctuation

6.1 Introduction to This Chapter

After a few years of the intensive research by various groups, the characteristics of inter-core crosstalk (XT) of the
multi-core fiber (MCF) have been elucidated, as described in the previous chapters and Refs. [55,65-67].

In this chapter, we review the essence of these studies on the XT, clarify ambiguous points of the studies, and
derive a novel expression of the average power-coupling coefficient, with which we can understand the behavior of
the XT and interpret its physical meaning easily. Based on the derived expression, we discuss how the longitudinal
fluctuation of fiber structures and the macrobend can affect the XT, and organize the previously-reported methods

for XT suppression.

6.2 Brief Review on the Coupled-Mode Theory

Formulations in the previous chapters are based on the conventional coupled-mode theory (CMT) [31], which is
called orthogonal CMT, since orthogonality of the core modes is assumed. In the orthogonal CMT, the mode-

coupling coefficient is defined as

a)eo// (nz—nfn) e, -e,dxdy
=

nm — 9 (61)
//2~ (e, x h,+e, x hy) dxdy

where @ = 2mc/A is the angular frequency, c is the speed of light in vacuum, # is the actual index profile, n,, is
the index profile of Core m in the absence of the other cores, e and h are the normalized vector core modes of
the electric and magnetic fields, respectively, the superscript * indicates the complex conjugate, and Z is the unit
vector of the positive z-axis. Although the mode-coupling coefficients should be symmetric as

K K (6.2)

nm — mn
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for power conservation in loss-less systems, they are asymmetric between non-identical cores; therefore the or-
thogonal CMT with non-identical cores is not self-consistent [68]. To cope with such problem, the nonorthogonal

CMT was developed [69-71], which was formulated using the cross power term:

//2- (e, x h,,+e,, x h,) dxdy

By = : (6.3)
//2 (e, x h,+e, xh,) dxdy
In the nonorthogonal CMT, the coupled-mode equation (CME) is expressed as [72]:
dE
P— =—jTE, 6.4)
dz

where P is the power matrix associated with the core modes whose elements are expressed as Eq. 6.3—the diagonal
elements equal to 1, and the off-diagonal elements are the cross-power due to the mode nonorthogonality—, and

T is the overall (Hermitian) transfer/coupling matrix whose elements are represented as

L = anﬁm + K- (6.5)

The mode evolutions can be solved by rewriting Eq. 6.4 as

dE _ jP7'TE. (6.6)
dz

In the simple two core case, Equation 6.6 can be rewritten as

dE, Ko — Ppoky . Ki1 — Pk
— =5 E—j{ B+ ——5 | El

dﬁg 1—P;2P21 1—P;)2P21 6.7
R il G
or
T R e (B~ o)l — A, "
B IR e (B~ Bl — TR,
which are well-known forms of the nonorthogonal CME.
The reciprocity of the coupling coefficients:
Kip — Pioky _ <’<21—P21K11)* (6.9)
1= PPy 1= PPy
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is also necessary for the power conservation in the nonorthogonal CME; however, even in the case of the
nonorthogonal CME, Eq. 6.9 cannot completely hold for the heterogeneous MCF, because the coupled-mode
expressions with limited modes are just an approximation of the exact solution of the Maxwell’s equations. In
the case of the low-XT MCEF, the cross-power can be negligibly low, thus Eqs. 6.4-6.9 can be reduced to the
orthogonal CMT, and the reciprocity assumption of Eq. 6.9 also can be reduced to Eq. 6.2. However, when the
power confinements of dissimilar cores are very different as shown in Fig. 6.1, the mode-coupling coefficient
cannot be reciprocal, because the mode-coupling coefficient is the overlap integral of the modes within the
permittivity perturbation, as shown in Eq. 6.1.

To cope with this problem, Refs. [55,72,73] proposed to redefine the coupling coefficients as™!

Ry = Koy = 2D (6.10)

In the case of the low-XT MCEF, the cross-power can be assumed to be well suppressed; therefore, the orthog-
onal CMT with the redefined mode-coupling coefficient can be employed for theoretical considerations. In this
thesis, the mode-coupling coefficients k in the equations are not barred explicitly, but the redefined mode-coupling

coefficient should be used for the heterogeneous MCF.
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Fig. 6.1: Schematic illustration of the profiles of the the permittivity and the core-mode powers of two dissimilar
cores.

*1 To be exact, Refs. [72,73] symmetrized the coupling coefficients of nonorthogonal CME by averaging them, and Ref. [55] redefined
the coupling coefficients of the nonorthogonal CME so that they can be equal to their average. See the references for more details.
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6.3 Review and Clarification of Derivations of Power-Coupling Coefficient in
Earlier Studies

In this section, we review the derivation of the power-coupling coefficient between cores from the longitudinally
perturbed coupled-mode equation. We also clarify an ambiguous point of the definition of power spectral density
in the derivation.

Since the propagation constants of cores in the MCF are perturbed by bend, twist, structure fluctuation, and
so on, the coupling between cores in the MCF can be described using the coupled-power equation. The power-
coupling coefficient can be derived from the coupled-mode equation with longitudinally perturbed propagation

constants. The coupled-mode equation can be expressed as

A, e
d = —JKum €XPp |:.]/ (ﬁm - Bn) dZ:| Am
Z 0

= 7anm eXp |:_J (ﬁqm - ﬁqn) = J-/O (va - BvAn) dZ:| Amv (61 1)

where A is the complex amplitude, &, the mode-coupling coefficient from Core n to Core m, f = 2nn.y/A the
propagation constant, n.g the effective refractive index, and A the wavelength. Subscripts ¢ and v of 3 represent
the constant part and the variable perturbed part of 3, respectively.

Based on Eq. 6.11, in the case of low XT, the XT in amplitude within the fiber segment [z;,z,] can be expressed

as
AA )
Axnm = A 5 .Knm/7 exp [_] (ﬁc,m _ﬁc,n) Z] f(Z) dZ7 (612)
by using
f(z) =exp { j /O : By (Z) =By ()] dz'} . (6.13)

Accordingly, the mean XT increase in power within the segment [z;,z,] can be expressed as

(X ) = (18t ) = (8%, 8%,,,)

~ o [ [ exp [ (B —Be) (=] (F 1 () dzdd

Jz1

o [ [ e 18R] (f (£ +8) 1 () dEdd
~ s [ [ Ry (©)exp (16Bem) d

~ iz [ Ry () exp (8B ) d€, (6.14)
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where R/ is the autocorrelation function (ACF) of f(z), Az is z, —z;, and the correlation length [, of R/ is
assumed to be adequately shorter than Az. R, () can be understood as the correlation between the coupled and
non-coupled lights that are propagated for the length of { after the coupling. For example, where § >> I, the
coupled and non-coupled lights lose their coherency even if the lights are very coherent. Based on the Wiener—

Khinchin theorem, the power spectrum density (PSD) is the Fourier transform of the ACF:

Y0 = [ Ry (©)exp(2avE) de, (6.15)

where V = ngy/A = B/(27) represents the wave number (or spatial frequency) in the medium-whereas the
propagation constant 3 is the angular wave number. Note that V, n.y, and B have common subscripts, e.g.,
Ve = Negio/A = B./(2m). To describe the PSDs with respect to ¥ and 8 with common expressions, we would like
to define the PSD with respect to 3, whose total power is equivalent to Eq. 6.15. From the Parseval’s theorem, the
average power of f(z), or expected value of | f(z)|*, is equivalent to the integral of the PSD over whole ¥, and the

following equation holds between f(z) and the PSDs of f(z):

/:QS;? (V) dv = /;S}? (V) %dﬁ —E [|f(z)\2] ~1, (6.16)

where E[] represents the expected value. Therefore, in this paper, the PSD S;ﬁf) (B) with the scale of the propaga-

tion constant 3 (the angular wave number in the medium) is defined as:

8 8)=5) () 55 = 5250 0= 52 [ Ryy (Qexp B0 L. 617

From Egs. 6.14 and 6.17, the power-coupling coefficient can be expressed as

AX Y A nm
o = ) 13535 (2 ) — 3, 25 (4B (©.18)

Figure 6.2 shows the schematics of perturbations on f3, or how f3, can vary. As shown in Figs. 6.2a and 6.2b,
the bend and the structure fluctuation can induce a slight change in 3, in one core, which can occur ether in the
single-core fiber or in the MCF. In the single-core fiber, by assuming proper R or S for the perturbations shown
in Figs. 6.2a and 6.2b, Eq. 6.18 is utilized for analyzing the power coupling between modes in the multi-mode
fiber, microbend loss—power coupling from the core modes to the cladding modes, and so on. In the MCF, as
shown in Fig. 6.2c, the bend can induce relatively large f3, in a core when assuming another core as a reference

of the propagation constant. Fini et al. [65] and Hayashi et al. [74] assumed that 3, in the MCF is induced by the
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Fig. 6.2: Schematics of perturbations on the propagation constant. (a) a slight change of the propagation constant
in a core due to bend, (b) a slight change of the propagation constant in a core due to structure fluctuation,
and (c) a bend-induced change of the propagation constant in a core when assuming another core as a
reference of the propagation constant.

macrobend and twist of the MCF as

X, €08 B, (2) —,, sin By, (2)
Ry (2)

r,cos 6, (2)
Ry(z)

ﬁv,n = ﬁc,n = ﬁc,n (6.19)

and investigated the XT characteristics of the MCFs. Here, (x,,y,) and (r,,6,) are the local Cartesian and polar
coordinates of Core n in a fiber cross-section, respectively, 8 = 0 is the radial direction of the macrobend, 60y}, the
angle between the x-axis and the radial direction of the macrobend, and Ry, the macrobend radius of the MCF-that
is, the distance between the center of the macrobend and the origin of the local coordinates.

However, it is not easy to assume a proper 3, Ry, or S;; that can include the perturbations of both the bend
and the structure fluctuation. Therefore, by assuming that R, includes only the effect of structure fluctuation and
does not include that of macrobend and twist, Koshiba et al. investigated the effects of correlation length /. and
of the shape of the ACF R on the mean XT py [55,75]. They investigated some types of Ry, and found that the

exponential ACF (EAF):

Ry () =exp <_ |C|) (6.20)

is proper for estimating actual py of the MCFs. The EAF have been introduced to microbend loss analysis [76].

Since the PSD of the EAF is the Lorentzian distribution, the power-coupling coefficient was obtained from Eq. 6.15
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as [55,75]:
5 1 1/ (27l,) s 1 1/1
H,, (Z) = K-nm; B /Cor 7 = ,1m27'CE 5 c;)r 3
1/ (ancor) + [Aneff,qnm (Z) /A] 1/lcor + [ﬁqnm (Z)}
2 2eor
= Kum R (6.21)
L+ [AB i (2) Leor
where Aﬁé’nm is BC/,Z - ﬁcl’m, and P, is redefined 3, that includes the effects of macrobend and twist:
cos B — ¥y, sin B, cos 6
Bc/,n — B |1+ n fib (2 Yn fib (Z)] =B., [1 + ”an(Z)} . (6.22)
b (2) b (2)

Mean XT puy estimated using coupled-power equation with the power-coupling coefficient of Eq. 6.21 may be
valid in the cases where changes of Ry, and 6 are gradual enough compared to /_,, since Aﬁ;nm—which is variable

and includes macrobend and twist— is substituted to AS; ,,,—Wwhich is constant— in Eq. 6.18.

6.4 Derivation of Average Power-Coupling Coefficient

To further understand the behavior and the physical meaning of the XT, we derive an expression of the average
power-coupling coefficient, which is averaged over 0, in this section. For simplicity, the center of Core m is taken

as the origin of the local coordinate, and accordingly Aﬁcl’nm can be written as

Aﬁé,nm (Rb7 6nm) = Aﬁc,nm + Aﬁb,nm (Rb7 enm) ’ (623)
d
Aﬁt;,nm (Rb7 6nm) =A jz\t/n (Rb) cos 6nma (6.24)
d
A d;t\;n (Rb) = Bc,n ;m ) (625)
b

where 0,,, represents the angle between the radial direction of the bend and a line segment from Core m to Core n,

di\;,, the peak deviation of

By, the difference of B variation between Core m and Core n from the macrobend,
Bo.um» and d,,, is the center-to-center distance between Core m and Core n.

Let pg (6,,) and pg_(R;) be the probability density functions of 6,,, and of R, respectively, along the MCF;
by assuming that pg (6,,) and pg (R}) are statistically independent, the twist of the MCF is gradual enough,

and mean XT is adequately low; the mean XT py ,,,, from Core m to Core n can be expressed as

L 1 (L
nuX,nm (L) ~ /0 Hnm (Z) dz=L |:L~/O Hnm (Z) dZ:| ~LE [Hnm]

~L /O Pr, (Ro) By (Ry) dRy, (6.26)
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where the average power-coupling coefficient is

_ 2
Hnm (Rb) = o pﬂnm (6 m)Hnm (Rb7 6nm) denm' (6.27)

By assuming that the twist of the MCF is random enough and the MCF is adequately long, pg (8,,,) can
be assumed to be constant (~ 1/(27)) over all 8,,,; therefore, by substituting AB = —AB, ,,,, (Ry, 0) =
—ABS% (Ry)cos 6,,,, and using Eq. 6.15 and sin (arccosx) = V1 — x, Eq. 6.27 can be rewritten as

_ 2T ]
Hnm (Rb) = 0 o hnm (Rb7 enm) nm / B K.nmzn:S [Aﬁc nm (Rbﬂ enm)} denm

= 2/ m ff Aﬁcnm —&-Aﬁf,j,,m (Ry) cos Gnm} de,,,
o, 2
=2 / Z 5 S (AB.m—AB) d (AB), (6.28)
s, [a, (k)] g

where S is the Lorentzian distribution as shown in Eq. 6.21. By using the arcsine distribution:

ﬁﬂ |Aﬁc,nm’ <A d;\;m
Pag, (BBemn) = ™V (485m) —48Cum (6.29)

0, otherwise,

which is the probability distribution of AS,, Eq. 6.28 can be rewritten as

Hnm (Aﬁc,nva ) Knmzn (pABb *Sﬁf;))Aﬁ (Aﬁc,nm) = KZm (pAf/b *S}f}))Av (Avc,nm) ) (6'30)

where the expression of (f*g), denotes the convolution of f and g with respect to x, and the expression with
respect to V is also shown for comparison. If we consider the case where PSD S, in Eq. 6.15 includes both the
effects of the structure fluctuation and the macrobend, the convolution term in Eq. 6.30 may be understood as the
PSD Sy, in Eq. 6.15.

Particularly where |Aﬁc’nm’ and the bandwidth of § Ef? are adequately smaller than A

d
Sms» S becomes a nar-

row delta-function-like distribution and the convolution contains only a gradually varying part of PaB, (Aﬁcy,,m);
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therefore, Eq. 6.30 can be approximated as

5 2 2 -
Hnm (Aﬁc,nmv Rb) = Kumn {ZﬂpAﬁb (Aﬁcmm)} = nmpA\"/b (Avc,nm)
2 A
~ Ko - =K - , 6.31)
ﬁc num 2 N ‘c‘ndnm 2
\/(Rb) - A:Bc.,nm ﬂ\/(%) - A’/lc::f'f,c,nm
which is also obtained from Eq. 6.15 by approximating the PSD ng}) as the probability distribution of Afj,—shown

in Eq. 6.29— with constant Ry,. In the case of homogeneous MCFs (A, ,,,, = 0), Eq. 6.31 is reduced to

_ 2R AR
2 b 2 b
H, (R,)~K =K , (6.32)
nm ( b) nm ﬁc,ndnm nm nneff,c,ndnm

which coincides with Eq. 3.12 in Chapter 3. The difference between Eq. 6.31 and Eq. 6.32 is less than 0.1 dB
when A, < 0.21B.d/Ry,; therefore, Eq. 6.32 may be also used for estimating the XT of a bent heterogeneous
MCF with small Af,.

Parallel to the above study, by assuming constant R, and twist rate, Koshiba et al. derived and reported a

closed-form approximation of the average power-coupling coefficient A as [75]:

_ 5 1 1
By = K V21, + , (6.33)
v lwz(m vae)  elb+ ﬁc)]
Bouloor \
a=1+ (Aﬁc by — —2mcor °°f> , (6.34)
9 Rb
Buleor \
b=1+ (Aﬁc,nmlcor>2 - (n;cor) ) (635)
b
Bleor \
c=1+ (Aﬁc nmbcor + ’WC‘”) ; (6.36)
9 Rb
2 2
Bnm = \/(ﬁc,n-xn - ﬁc,mxm> + (ﬁc,nyn - Bc,mym) ’ (6.37)

where B,,, can be approximated as f; ,d,,, if B¢ u/Bc, = 1. They also reported that Eqs. 6.33-6.37 agreed well
with measurement results.

Figure 6.3 shows comparisons between A calculated by using Eq. 6.30 and A calculated by using Eqgs. 6.33—
6.37. Figures 6.3a and 6.3b show the PSDs normalized with respect to the Lorentzian Sy and to the arcsine
distribution Pap,» respectively. The Lorentzian and arcsine distributions represent the spectra of the perturbations
induced by the structure fluctuation and by the macrobend, respectively. Solid lines represent H calculated by
using Eq. 6.30 and dashed lines represent H calculated by using Eqs. 6.33-6.37; however, the solid lines and

the dashed lines are overlapped, and we can only see the solid lines. Accordingly, it was clearly confirmed that
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Fig. 6.3: Comparisons between H calculated by using Eq. 6.30 and H calculated by using Egs. 6.33-6.37. (a)
H normalized with respect to the Lorentzian, (b) H normalized with respect to the arcsine distribution.
Solid lines: H calculated by using Eq. 6.30, dashed lines: A calculated by using Egs. 6.33—6.37. The
solid lines and the dashed lines are overlapped.
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Eq. 6.30 is equivalent to the expression of H with Egs. 6.33-6.37, and it can be also said that the set of Egs. 6.33—
6.37 is a closed-form solution of the convolution of the Lorentzian and the arcsine distribution.
It is difficult to interpret physical meaning of Eqgs. 6.33—-6.37 intuitively, but this closed-form expression is

powerful and easy to estimate the mean XT.

6.5 Crosstalk Suppression Methods Related to Macrobend and Structure
Fluctuation

Based on the above derivations, it can be understood that the XT is proportional to the power of the mode-coupling
coefficient and to the PSD of the perturbations. Of course, the suppression of the mode-coupling coefficient is
important and various ways were proposed for confining power into cores such as high-index small-diameter core
structure [77,78], hole-assisted core structure [41], trench-assisted core structures [66, 74,79, 80] (see Chapter 3
for Refs. [74,79,80]), and photonic-crystal structures [28,29, 81].

The PSD can be intuitively explained as the amount of the phase matching. Accordingly, how to suppress the
PSD can be understood as how to suppress the phase matching. In this section, the methods for suppressing the
phase matching are described.

The phase matching suppression methods can be categorized into some types according to how to utilize what
kind of the perturbations. Here, three types of suppression methods are explained in the following subsections.
A schematic example of H,,, (Aﬁcynm,Rb) in Eq. 6.30 shown in Fig. 6.4 will help with understanding, along with
Fig. 6.3.

6.5.1 Utilization of the Propagation Constant Mismatch

One is the method utilizing the propagation constant mismatch Af3, to suppress the phase matching [15, 17, 30].
As shown as the non-phase-matching regions in Fig. 6.4, Af, larger than Aﬁg " can prevent the bend-induced
phase-matching between dissimilar cores, and can suppress the XT. In other words, for suppressing the XT, the

bending radius of the MCF has to be managed to be adequately larger than the critical bending radius R :

Bnm ~d ﬁc,n neff,c,n

P ‘Aﬁc-ﬂm| " |ABc,nm| o ’Aneff,(:?nm ,

(6.38)

that is, R, where Eq. 6.31 can be infinite, or the maximal R, where the phase matching due to the macrobend can
occur even if there is no structure fluctuation—an approximate solution was derived in Chapter 2, and an rigorous
one was reported in Ref. [75] later. Some margin from R is needed for avoiding the phase matching induced

by the spectral broadening of S, due to the structural fluctuations. In heterogeneous MCFs, it is preferred if the
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(a) 3-dimensional plot.

9y/1 2a1meAIn))

0
Propagation constant mismatch Af,

(b) Contour map of log (H). Thick solid lines are the thresholds between the phase-matching

region and the non-phase-matching region.

Fig. 6.4: A schematic example of the average power-coupling coefficient H, as a function of the propagation

constant mismatch A, and the curvature 1/R,, in the case that twist of an MCF is gradual and random

enough.
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correlation length /., of the structural fluctuation can be elongated, because the spectral broadening of Sy can be
narrowed and the PSD leakage into the non-phase-matching region can be suppressed, as shown in Figs. 6.3b and
6.4.

If most part of an MCEF is deployed in gentle-bend conditions, a slight difference in propagation constants or
effective indices may be enough for the phase matching suppression [65].

Since the typical winding radii of fiber spools are around 10 cm and Ry less than 10 cm requires very large
difference in core structure, as shown in Section 2.2, most of XT measurements and transmission experiments
reported in various papers are considered to have been conducted in the phase-matching region. A hexagonal
MCF with three kinds of cores shown in Section 2.2.7 is an exception, but it has a large difference in optical
properties between cores so that Ry, can be smaller than the bobbin radius of 140 mm.

Recently, Saitoh et al. reported that up to two kinds of dissimilar step-index cores can be designed to achieve Ry
around 5 cm while achieving a similar A g of around 80 pmzat 1550 nm, and other good optical properties [82].
Tu et al. also reported that up to two kinds of dissimilar trench-assisted cores can be designed to achieve Ry,

around 5 cm while achieving a similar A of around 100 pm2 [83].

6.5.2 Utilization of the Bend-induced Perturbation

The bend can also be utilized for the phase matching suppression, as described in Chapter 3. As shown in Figs. 6.3a
and 6.4, enlargement of the bend-induced perturbation—caused by the increase of the curvature or the decrease of
the bending radius— can spread the PSD and suppress the XT even in the case of homogeneous MCFs (A3, = 0).
Identical core structure is rather desirable for suppressing the PSD. The PSD changes gradually with the bend
radius, and there is no drastic PSD increase like that around Rpk in the case of heterogeneous MCFs, since the
PSD is suppressed in the phase-matching region. As shown in Eq. 6.32, the mean XT of a homogeneous MCF is
proportional to the average bending radius, where |AB; ,,,| and the bandwidth of S}l]}c) are adequately smaller than

Aﬁ& .- Therefore, if the average bending radius of the MCF is managed to be smaller than a certain value, or if

the MCEF is deployed in bend-challenged conditions, low XT can be achieved with identical cores.

6.5.3 Utilization of the Longitudinal Structural Fluctuation

As shown in Figs. 6.3b and 6.4a, the power spectrum of the perturbations is broadened by the longitudinal struc-
tural fluctuations. If the Ry¢ due to the structure fluctuation has a very short correlation length /., the power
spectrum spreads broadly over the propagation constant mismatch Af,, and thus the PSD may be suppressed even
in the case of an unbent homogeneous MCF (Af, = 0, 1/R, = 0). A homogeneous MCF utilizing the longi-

tudinal structural fluctuations was conceptually proposed by Takenaga et al. as “quasi-homogeneous MCF” in

&9



CHAPTER 6. BEHAVIOR OF INTER-CORE CROSSTALK

Refs. [77,78]. To the author’s knowledge, the XT suppression by the structural fluctuation has not been actually
observed yet, because the bend-induced perturbations are much larger than the fluctuation induced perturbations
in the measurement conditions. However, the structural fluctuation may work when the MCF is cabled and in-
stalled in very-gently-bent conditions. For example, lcorABfi & Lo Bed/Ry of 1.3,1/3,1.0x 107", 1.0 x 1072,
and 1.0x 1072 correspond to 1-dB, 5-dB, 10-dB, 20-dB, and 30-dB decreases in A from Eq. 6.32 at AB. =0,

respectively.

6.6 Conclusion of This Chapter

We reviewed the essence of the recent studies on the XT, clarify ambiguous points of the studies, and derived
an intuitively interpretable expression of the average power-coupling coefficient as the convolution of the arcsine
distribution—the spectrum of the perturbation induced by the macrobend— and the Lorentzian distribution—the
spectrum of the perturbation induced by the structure fluctuation. The derived expression was confirmed to be
equivalent to the closed-form expression in Ref. [75]. Based on the newly derived expression, we showed how
the structure fluctuation and macrobend can affect the crosstalk, and organized previously-reported methods for

crosstalk suppression.

6.A Appendix: Calculation of Eq. 6.30 for Figs. 6.3 and 6.4

Based on the following relationships of the Fourier transform:

Jo (AB,g) T, o (AV,) = 27pag, (AB). (6.39)
Fouri sf 1% ~

Ry (§) Foumermanstom, o) (av,) =28\ (AB,), (6.40)

f' Fourier transform (F % G)A(, _ % (F % G)AB : (641)

where Jj)(x) is the Bessel function of the first kind of order zero, and functions F and G represents the Fourier
transform of functions f and g respectively; we calculated Eq. 6.30 numerically by performing the fast Fourier

transform (FFT) on the following relations:

Fourier transform 1% ~
Jo (AB Q) Ry (§) P (pyg (i) (o) =0 (pag, +SFY) (B 642)
b

Vb

We calculated adequately-broad bandwidths of the PSD so that the aliasing noise caused by the FFT can be

suppressed in the plotted ranges.
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Chapter 7

Crosstalk Behaviors in Harsh Environments

7.1 Introduction to This Chapter

Toward the practical realization of the multi-core fiber (MCF), various factors that can can degrade the inter-core
crosstalk (XT) must be cared, since the MCF can be installed in harsh environments. For examples, actually-
deployed MCF link can consist of concatenated short MCFs and have many splicing points, the MCF may be
tightly bent at around splices and connections, and the microbend—that is, the microscopic fiber bend induced by
external stresses— can be an issue when the MCF is cabled. So, XT caused by these factors must be suppressed
for realizing long-haul transmissions.

Therefore, in this chapter, we present the results on the study on the effects of the fiber splice, the tight mac-

robend, and the microbend on the XT.

7.2 Effect of the Fiber Splice on the Crosstalk

7.2.1 Experimental Setup for Evaluating the Effect of Misalignment on the Crosstalk

To study on the effect of fiber splices on the XT, we evaluated XT variations due to the misalignment with fabri-
cated MCFs. The evaluated MCF samples were 200 m of MCF-B30, and 17.4 km of MCF-E. We measured the
mean XT by using the setup shown in Fig. 2.6 and the wavelength scanning method described in Section 3.6.2,
while the core of the launching SMF was traversed on a line connecting Core 2, Core 1, and Core 5 on the input
end of the MCF (see Fig. 7.1). The measured wavelengths were 1547.5 nm (scanning range:1525-1570 nm) for
MCEF-B30, and 1625 nm (scanning range: 1620-1630 nm).

In this measurement setup, the XT can occur at the input splice, during propagation, and at the output splice, as
shown in Fig. 7.2. The behavior of the XT occurred during propagation was elucidated in the previous chapters,
and can be measured using the launching and receiving SMFs that are aligned to MCF cores with negligible mis-
alignments. The behavior of the XT occurred at a splice can be predicted with the conventional theory; however, it
has not been confirmed whether or not the conventional theory is applicable to the XT at the MCF splice. So, it is

important to confirm whether or not the formula can be applicable to the MCF splice, given the inapplicability of
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~A[um] 0 [um] Apm] L
Misalignment

Core 2 Core 1

Fig. 7.1: The misalignment of the launching SMF core from Core 1, applied in the experiment. A: the core pitch.

Launching Receiving
SMF core SMF core

XT at a splice XT during propagation XT at a splice

Fig. 7.2: Crosstalk-inducing factors in the measurement setup.

the conventional coupled-mode theory to the XT during propagation and the coupled power floor observed after

the misaligned splice of MCF-E and a step-index SMF, which were shown in the previous chapters.

7.2.2 Theoretical Predictions of the Crosstalk for the Experiment

Based on the conventional theory, the behavior of the XT occurred at as splice is expected to be predictable with
Eq. 3.17—the conventional formula of the power coupling at a butt joint.

Figure 7.3 shows the calculated relationships between the misalignment and the normalized power in each core
of the MCFs.

Figures 7.3a and 7.3b show the relationships between the misalignment and the core-guided powers just after the
input splice, which are the power coupling at a butt joint and were calculated using Eq. 3.17 from the mode profiles
calculated with the full-vector finite-element imaginary-distance beam propagation method [32]. As shown in
Fig. 7.1, the positive and negative directions represent the directions for Core 5 and Core 2, respectively, from
Core 1. The power difference between different cores is caused by the difference in the distance between the each
MCEF core and the launching SMF core, as shown in Fig. 7.4.

Figures 7.3c and 7.3d show the relationships between the misalignment and the core-guided powers just before

the output splice, which are the sums of the XT from the center core to the outer cores during propagation and
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Fig. 7.3: Calculated power in each core of the MCFs with the misaligned excitations. Note that the scales are
different between the left and the right graphs

Fig. 7.4: Misalignments of the SMF core from each MCF cores. Red arrows represent the distance between the
each MCF core and the launching SMF core.
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the results of Figs 7.3a and 7.3b. We used measured mean XT from the center core to the outer cores for the
calculation of Figs. 7.3c and 7.3d.

The power that is received from each of the MCF cores by the receiving SMF is almost equivalent to the power
guided by the each of the MCF cores just before the output splice (Figs. 7.3¢ and 7.3d), or the power changes at
the output splice was expected to be negligible for the experiment, because inter-core power coupling at the output
end can be negligibly lower than the power in the each of the MCF cores—the inter-core power coupling at the

input/output end equals to the normalized powers of the outer cores at the misalignment of O um in Figs. 7.3a and

7.3b.

7.2.3 Measurement Results

Figure 7.5 shows the measured relationships between the misalignment and the received powers. The marks are
the measured values, and the lines are the theoretical values shown in Figs. 7.3c and 7.3d. The measured values
agreed well with the theoretical values.

Figure 7.6 shows the relationships between the misalignment and the mean XT, calculated from the data of
Fig. 7.5. The marks represent the measured values, and the lines represent the theoretical values. Of course, the
measured values agreed well with the theoretical values, as is the case with Fig. 7.5. Therefore, the XT occurred
at the fiber splices can be predicted using Eq. 3.17—the conventional formula of the power coupling at the butt
joint. However, there can be the cases where the power coupling through the cladding modes is not negligible, as
described in Section 3.6.1—e.g., the case of very-low-crosstalk MCF with step-index cores.

In this experiment, no significant XT variations were observed with the both MCFs for the misalignment of

several micrometers. Accordingly, XT increase at fiber splices can be negligible for the evaluated MCFs when
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Fig. 7.5: Powers received from each of Core 1 and Core 5 with the input-end misalignment, which is shown in
Fig. 7.1. Marks: the measured values, lines: the calculated values shown in Figs. 7.3c and 7.3d.
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Fig. 7.6: Relationships between the misalignment and the mean crosstalk. Marks: the measured values, lines: the
calculated values.

splicing loss (butt joint coupling loss) is properly suppressed, e.g., at most 0.5 dB or lower.

7.3 Effect of the Tight Bend on the Crosstalk

Though significant dependence of the XT on the fiber bend and structure has been elucidated as described in the

previous chapters, the measurement results have been reported only for the loose bend, and there are no results for

the tight bend.

In this section, we present the XT behavior in the tightly bent MCF.

7.3.1 Applicability of Coupled-Power Equations Only with Core Modes to Tightly Bent MCFs

The mean XT in the MCF is accumulated by obeying the coupled-power equation (CPE):

dP,
dn = Z Hnum_ Z HmnPn
2 m#n m#n
= ZHnm (mepn)v (.-'Hnm:Hmn)’ (71)
m#n

where P, is the power in Core n, and H,, is the power-coupling coefficient (PCC) from Core m to Core n. The

PCC for the MCF has been significantly elucidated, as presented and reviewed in the previous chapters.
However, since Eq. 7.1 is the PCE only for direct couplings between core modes, and since the bend loss can

be understood as the power coupling from core modes to the cladding modes in a bent fiber, Eq. 7.1 is considered

to be inapplicable to a tightly bent MCF if the bend losses of its cores are large. This can be also understood as
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Fig. 7.7: Schematic illustrations of core-mode profiles in a bent MCF.

follows: core modes can always overlap within a core area—the area of permittivity perturbation— in a loosely

bent MCF, as shown in Fig. 7.7a, but the core modes cannot always overlap within the core in the tightly bent

MCEF as shown in Fig. 7.7b, thus the power coupling between the cores inevitably mediated by cladding modes.
Therefore, we will derive the CPE that includes the powers of the cladding modes and reveal the XT behavior

in the tightly bent MCF.

7.3.2 Coupled-Power Equations Including Cladding Modes

The CPE with the cladding modes can be expressed as

dPCore‘n
d = Z HCore:n,Core:mPCore:m - Z HCore:m.Core:nPCore:n
z m#n m#n
+ ZHCOre:n,Clad:lPCIad:l - ZHClad:l,Core:nPCore:nv (72)
1 1
dPciag
d = ZHClad:l,Core:mPCore:m - ZHCOre:m,Clad:lPCIad:l
z m m
+ Y Hotagu ctaaPtack — Y Hetad:k Clad: Petad:t — Octad:i Porad:ts (7.3)
k#l k#1

where P is the power guided by each mode, and the subscriptions that Core:n and Clad:/ represents Core mode n
and Cladding mode /, respectively, and 0iy,q.; is the additional power loss coefficient of Cladding mode / compared
with the core modes, which can include the losses due to scattering and absorption in the coating, and due to the
radiation outside of the fiber. The attenuation coefficients of the core modes were assumed to be equal and thus

omitted in Eqs. 7.2 and 7.3. In this section, we deal with the powers and PCCs that are statistically averaged over
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twist angle of the MCF, and call “the modes that are not guided by the cores” the cladding modes, which include
the modes propagating in the coating.

If we neglect the recoupling of the power from the cladding to the core, the bend loss coefficient [/unit length]
of Core n is understood as the sum of the power coupling coefficients [/unit length] from Core n to all cladding

modes in the bent condition, and represented as

Qoend:n = ZHCIad:I,Core:n' 7.4
I

The bend loss coefficient in [dB/unit length] can be obtained by simply multiplying 10/1n 10 to Eq. 7.4.
However, it is very difficult and impractical to derive all of the PCCs related to cladding modes and loss coef-
ficients of all cladding modes; therefore, for an approximation, we assume the countless cladding modes as one

continuous imaginary mode. Then, Eqgs. 7.2 and 7.3 can be simplified as

dProre.
dore.n = Z HCore:n,Core:mPCore:m - Z HCore:m,Core:nPCore:n
2 m#n m#n
ZHCOre :n,Clad(m) FClad(m ZHcm Core:nFeorens (7.5)
dPcad(m
dz ZHCIdd Core: mPCore m- ZHCOI'C i,Clad(m + aCldd PClad(m)v (76)

where FPcyaq() is the power in the cladding modes coupled from Core mode m, Heore:; Clad(m) the PCC from Peyq(m)
t0 Peore:i» and Olciaq(m) the loss coefficient of Peyyq(m)- Since the power distribution in the cladding may depend on
the core position from which the power coupled to the cladding, we treat the powers coupled from different cores
individually, thus introducing the notations of Peiaq(m)s Hore:iClad(m)> @04 Cclad(m

If we assume that the bend is longitudinally constant and that 0,4 > H, the power coupling to the cladding, and
power loss in the cladding can be nearly counterbalanced—not completely because the system is not loss-less—;

therefore dFcaq(m / dz~ 0 can hold. Accordingly, Pjyq(m) can be obtained as:

HClad,Core:mPCore:m

Fetad(m) = . (7.7)
ad(m) Zi HCore:i,Clad(m) + aClad(m)
By substituting Eq. 7.7 to Eq. 7.5, we obtain
dPoyre.
% ~ Z HCore:n,Core:mPCOre:m - Z HCore:m,Core:nPCOre:n
2 m#n m#n
H ) Ovend:mFCore:
+ Z Core:n,Clad(m) Ybend:m* Core:m _ O‘bend;nPCore;na (7.8)

Y Hcore:i Clad(m) T OClad(m)
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where

Qpend:n = HClad,Core:rz' (7.9

In normal CPEs, the reciprocity of the PCC—Hcy,g core:n = Hcore:n,clas— holds for the conservation of power;
however, in Egs. 7.5 and 7.6, the reciprocity of the PCC does not hold, because the cladding modes are treated as
the one imaginary mode—the PCC from the imaginary cladding mode to a core depends on the positions of cores,
from which the power is coupled to the cladding, and to which the power is coupled from the cladding, since the
power distribution of the imaginary mode depends on the core position from which the power is coupled to the

cladding, as we mentioned above. Nevertheless, we may assume

HCore:n.Clad(m) = HClad,Core:nnnm = Obend:n Tlm> (7.10)

where H,,, represents the correction factor for the PCC from the imaginary cladding mode to Core n, for the
power originated in Core m. H,, can correct the PCC dependence on the core positions due to the bias of the

power distribution in the cladding. Thus, Eq. 7.8 can rewritten as

dPCore:n

d ~ Z HCore:n,Core:mPCOre:m - Z HCore:m,Core:nPCore:n
2 m#n m#n
+ Z Qvend:nMnm abend:mPCOre:m - abend:nPCOre:m (7~1 1)
m
where
= T’l’lﬂ’l
Nam = (7.12)

Zi Opend:i Mim + aClad(m)

7] can be effectively independent of Qepq if Ofyeng <K Ofcpag holds, and Qepg <K Ocpq May hold in general fibers in
which the light propagations in the cladding modes are suppressed.

From here, we discuss the case where two identical cores are coupled with low XT, for further simple descrip-
tion. Prore:m — Peore:n €an be approximated as Pege.,,,» since the XT is low. Since the bend losses are equivalent
between the identical cores, the last term (— 0epg,Poore:n) 10 the right-hand side of Eq. 7.11 can be omitted for XT

consideration. Thus, Eq. 7.11 can be reduced to

dpP,
dz

~ (Hnm + 77’nmoct%end) Pm' (7.1 3)

Let L the total length of the MCF, and L;,4 the length of the tightly-bent part of the MCF, the mean XT from

98



CHAPTER 7. CROSSTALK BEHAVIORS IN HARSH ENVIRONMENTS

Core m to Core n can be expressed as

F, L2
Ky pm = # ~ H,yp L+ T Opend Lbend - (7.14)

m

Therefore, the XT increase [y jc from the indirect coupling due to the tight bend can be derived as

~ 2
Mx 1C.0m = Mnm OhendLbend: (7.15)
in the linear scale, and as
~ 2
oyl
‘u)[(dl?é = 1010%]0 <1 + Mm Obend bend) ’ (7.16)
T HnmL

in the decibel scale.

7.3.3 Measurement

To validate the discussion in the previous section, we evaluated the XT increase from the tight bend with an actual
MCEF. We fabricated an MCF (MCF-G) with identical step-index cores, so that the XT increase due to the indirect
coupling can be evaluated without the effect of the difference in the macrobend loss between the cores. The core
A was ~0.35%, the core diameter was ~8.9 um, and the core pitch was ~45 pm.

Figure 7.8 shows the measurement setup for measuring the XT increase due to the tight bend. The XT increase
was evaluated with the XT increase from the XT measured in the reference condition [see Fig. 7.8a] to the XT
measured in the tightly bent condition [See Fig. 7.8b]. The XT was measured as the mean XT, averaged over
10-nm wavelength span from the XT spectra obtained by using the wavelength scanning method described in
Section 3.6.2. The light was launched to and received from the MCF cores by using trench-assisted single-mode
fibers (TA-SMFs). The total length of the MCF was 22 m. The length of the tight-bend-applied part was 2 m, and
most of the rest was loosely bent (R, = 140 mm) and arranged after the 2-m-long tightly-bent portion to suppress
the power in the cladding modes—the power received at the midpoint between the cores in the end facet of the
MCF was low enough even when the light was incident at the midpoint of the cores at the another end. The XT
increases were measured at the tight bend radii Ry, of 7.5 mm and 10 mm, and at the wavelengths from 1540 nm
to 1625 nm with the step of 5 nm, for measuring at various levels of 04,q. The measured mean XT for the MCF
without the tight bend was less than the measurement floor, which was in the order of 10~ for this measurement;
therefore the variation of the XT from direct coupling, proportional to the bend radius, is negligible.

Figure 7.9 shows the measurement results for the XT increase due to the tight bend. The solid circles represent

the measurement results, and the solid line represents the linear regression using Eq. 7.15 with the fitting parameter
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Fig. 7.8: Experimental setup for measuring (a) the reference XT and (b) tight-bend-increased XT.
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of 7j. In this case, 7) was fitted to be ~4.0 x 10 m. Since Fig. 7.9 is a double logarithmic plot, only the
relationship of y = ax” can be the straight line, and the slope of the line is log;,b; therefore, it was clearly
confirmed that the XT increase due to the tight bend is proportional to the square of the bend loss coefficient
Otpend-

Based on these results, in applications where MCFs can be tightly bent, suppression of the bend loss may be

important not only for the loss suppression itself but also for XT suppression.

7.4 Effect of the Microbend on the Crosstalk

7.4.1 Measurement

To study the effect of the microbend on the XT, we evaluated XT variations due to the microbend by measuring the
XT of a heterogeneous MCF (MCF-B30, described in Chapter 2) and a homogeneous MCF (MCF-H, described
in Ref. [84]). Table 7.1 shows the fiber properties of the MCFs. Figure 7.10 shows the dependences of the average
power-coupling coefficient H on microbend conditions for MCF-B30 and for MCF-H. The microbend was applied
by winding the MCFs on a 140-mm-radius bobbin with sandpaper (grade P240) at winding tension 7. H at T =
0 N was measured using a 140-mm-radius bobbin without the sandpaper. For MCF-B30, H from the center core
to an outer core was plotted. For MCF-H, the average of Hs between the three pairs of the neighboring cores was

plotted. The values of H were calculated obtained using coupled power equation from values of measured mean

Table. 7.1: Characteristics of the evaluated MCFs

MCF-B30 (heterogeneous)

MCF-H (homogeneous)

Core arrangement

7 cores arranged on

equilateral triangular lattice

3 cores arranged on

equilateral triangular lattice

Core A

0.38% (all core)

0.32% (all core)

Core diameter

8.1 um (the center core)

9.4 um (outer cores)

11.2 um (all core)

Core pitch 30 um 38 pm
Mode-coupling coefficient 1 ab 1
. ; 9.8x 10 " /mat 1550 nm™"| 1.0x 10 " /m at 1550 nm

in design

Difference of ngg b
) . A0.046% at 1550 nm A 0%
between cores in design

Cladding diameter 125 pm 125 pym
Coating diameter 248 um 244 um

* Recalculated from a precise refractive index profile as the average mode-coupling coefficient (shown in

Eq. 6.10).

b
Values between the center core and an outer core.
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Fig. 7.10: Dependences of the microbend on the mean crosstalk (average power-coupling coefficient) for MCF-
B30 (heterogeneous) and MCF-H (homogeneous), measured by wavelength scanning method described
in Section 3.6.2 with 100-m fibers at A = 1550 nm.

XT. H of the heterogeneous MCF was increased by the microbend, but that of the homogeneous MCF was varied

only slightly.

7.4.2 Discussion

This results can be explained based on the discussion in Chapter 6. In Sections 6.3 and 6.4, S only includes struc-
ture fluctuation, and p,g, (AB.) includes macrobend perturbation that gradually varies in longitudinal direction.
Based on the assumption that the macrobend perturbation is gradual enough compared to /.., we may redefine the
Sy as the PSD of high frequency perturbations other than the macrobend perturbation, and thus S, may include
not only the effect of structure fluctuation but also the effect of microbend, in Eq. 6.30 and Egs. 6.33-6.37. In
this case, the increase of the microbend can be understood as the decrease of the correlation length /., of S ;.
The microbend may induce 8 perturbations both within a core (Fig. 6.2a) and between cores (Fig. 6.2¢), and may
be induced by various ways such as winding on a sandpaper-coated bobbin, winding on a wire mesh bobbin, and
actual cabling. Depending on how the microbend is induced, the shape of Sy, for the structure fluctuation and the
microbend could possibly be different from the Lorentzian—i.e., Sy, only for the structure fluctuation. Thus, we
need to investigate further details of the effect of the microbend on the crosstalk through experiment.

However, as a first step, we will evaluate the measurement results by assuming that S, for the structure fluctu-
ation and the microbend. The results may be well explained as the shortening of /.. by using Egs. 6.33-6.37 or
Eq. 6.30. Figure 7.11 shows comparisons of the average power-coupling coefficients Hs obtained from the mea-

surement results and those obtained from Eqs. 6.33—-6.37. Figure 7.11a shows the dependences of H in MCF-B30
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Fig. 7.11: Comparisons of the average power-coupling coefficient H's obtained from the measurements and from
Egs. 6.33-6.37. Closed-marks: H measured without the microbend, open-marks: H measured with
the microbend, triangles: H measured by averaging the crosstalk by rewinding 2-m fiber 10 times
(Section 2.2.5), circles: H measured using the wavelength scanning method with 100-m fiber. Solid
lines: H calculated at /., = 3 cm, dashed lines: H at I, = 4 mm, dotted lines: H at /.., = 3 mm,
dashed-dotted lines: H at [... = 2 mm, dashed-two dotted lines: A at ... = 1 mm.
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on Ry, and on whether the microbend is applied or not—that is, difference of /.,,— at R, = 140 mm. When the
microbend is not applied, /., can be estimated to be around 3 cm for this measurement. When the microbend is
applied, [, can be estimated to be around 1 mm-4 mm. Figure 7.11b shows the dependences of H in MCF-B30
and MCF-H on the propagation constant mismatch Af, and on whether the microbend is applied or not, at Ry, =
140 mm. We can see that A, between dissimilar cores in MCF-B30 is in the non-phase-matching region and H
between dissimilar cores is increased by the decreasing of /., or by the broadening of the bandwidth of S;,. On
the other hand, AB, in MCF-H is designed to be zero and in the center of the phase-matching region; therefore, H
in MCF-H is hardly affected by the decreasing of I, at least if /.., is larger than 1 mm. Based on this evaluation,
l..; was shortened from around 3 c¢m to around 1 mm—4 mm by applying the microbend in these experiments.
Though this shortening of /.., did not affect H in MCF-H at R,, = 140 mm, the shortening of /.. may decrease H
in the (quasi-)homogeneous MCF if Ry, is adequately large. Thus, we may consider that the microbend is possible
to be utilized for suppressing the XT in a very straight homogeneous MCF.

We evaluated the effect of the microbend on the XT by assuming Sy for the structure fluctuation and the
microbend as the Lorentzian. However, further investigation of the effect of the microbend on the XT is necessary
for elucidating the detailed characteristics of the effect, as we mentioned above.

Though the variations of the power-coupling coefficients for direct power couplings between cores are dis-
cussed above, the indirect power coupling through cladding modes may be induced by the microbend loss, as with
the macrobend-induced XT increase described in Section 7.3. The XT increase due to the indirect coupling is

considered to be predicted using Eqs. 7.11-7.15 where 04,4 is the loss coefficient of the microbend loss.

7.5 Conclusion of This Chapter

We investigated how the XT can be affected by the fiber splice, the tight macrobend, and the microbend, which
may be required/induced in installed MCFs.

To study on the effect of fiber splices on the XT, we evaluated XT variations due to the misalignment with
fabricated MCFs. The XT occurred at the fiber splice was able to be predicted using the conventional formula of
the power coupling at the butt joint, and no unpredictable results were measured. However, there can be the cases
where the power coupling through the cladding modes occurs, as described in Section 3.6.1—e.g., the case of
very-low-XT MCF with step-index cores. In the experiment, no significant XT variations were observed with the
MCFs for the misalignment of several micrometers. Accordingly, non-negligible coupling loss can be induced by
much shorter misalignment compared with the XT at the splice, and XT increases at butt joints can be negligible

in the cases of the evaluated MCFs.
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As for the effect of the tight bend, we speculated that the power coupling between cores may be mediated by
cladding modes, thus developed simplified coupled-power equations including cladding modes. The equations
revealed that XT in the tightly bent MCF can be increased from the existing predictions that are derived only
from the direct power couplings between the core modes. The XT increase due to the tight bend was theoretically
derived to be proportional to the square of the bend loss coefficient, which was also validated by the experimental
results.

We also discussed how the microbend can affect the XT in homogeneous and heterogeneous MCFs. By assum-
ing the average power-coupling coefficient affected by the microbend as the convolution of the arcsine distribution
and the spectrum of the high frequency perturbation, including the effects of the structure fluctuation and the mi-
crobend, we evaluated previously reported measurement results based on the derived expression—the convolution
of the arcsine distribution and the Lorentzian distribution, as a first step. The XT increase due to the microbend
in the non-phase-matching region of the heterogeneous MCF and the XT insensitivity to the microbend in the ho-
mogeneous MCF can be explained by the shortening of the correlation length of the high frequency perturbation.

Further investigation on the effect of the microbend on the XT will be reported in the future.
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Chapter 8

Conclusion

8.1 Summary

In this thesis, we presented the results of our study on the multi-core fiber (MCF) for high-capacity spatially-
multiplexed transmission. The study revealed various characteristics of the inter-core crosstalk (XT) and other
properties specific to the MCF, demonstrated the feasibility of the MCF for long-haul transmission, and indicated
the design strategy for enhancing the signal-to-noise ratio (SNR) of each core of the MCF under the existence of
the XT.

Chapter 2 described the results of our feasibility study on the MCF. We studied on characteristics degradations
specific to the MCEF, in order to investigate whether or not the degradations can be suppressed. In this study, we
revealed that the inter-core XT of the MCF is heavily dependent not only on the fiber structure but also on the
fiber bend, from the theoretical and experimental investigations. It was also revealed that the XT is a stochastic
value. We also found that the losses of outer cores of a MCF can be degraded if the outer cores are too close to
the coating, because the coating has a high refractive index for suppressing the propagation of cladding modes.

In Chapter 3, we proposed a suppression method of the XT of the homogeneous MCF, which utilizes the fiber
bend. We developed an approximation model and derived analytical expressions of the statistical characteristics of
the XT of the homogeneous MCEF, so that we can easily design homogeneous MCFs. The derived expression for
the statistical mean of the XT is quite simple, thus are widely used for estimating the XT of homogeneous MCFs
at present. From the approximation model, the XT was revealed to have a statistical distribution of the chi-square
distribution with 4 degrees of freedom, which was validated by the measurement with a newly-developed XT
measurement method using wavelength scanning. Based on the results of Chapter 2 and these developments, we
designed and fabricated an all-solid ultra-low-XT homogeneous MCF, and demonstrated that the XT of the MCF
can be suppressed enough for ultra-long-haul (>10,000 km) transmissions, for the first time.

In Chapter 4, we discussed how the XT behaves stochastically, revealed the behavior of the XT as a noise, and
considered and quantified the effect of the XT on Q-factor. The behavior of the XT as a noise depends on the

bandwidth of the signal light, thus the effect of the XT on Q-factor depends on the bandwidth of the signal light.
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When the bandwidth of the signal light is adequately broad, the XT may behave as a virtual AWGN on the I-Q
plane, like ASE and nonlinear noises. If we assume the signal is equally distributed on every constellation point,
the XT-induced Q°-penalty at the Q° of 9.8 dB—the BER of 1 x 10— can be less than 1 dB, when the total
mean XT from the other cores is less than —16.7 dB for PDM-QPSK, —23.7 dB for PDM-16QAM, and —29.9 dB
for PDM-64QAM. When the bandwidth of the signal light is adequately narrow, the XT X can behave as an
effectively static coupling, compared to the symbol rate, but can change very gradually with time. So, the margin
for the gradual temporal change has to be considered for setting the target level of the XT for the system with
adequately narrow bandwidth signal light.

In Chapter 5, we presented a low-loss large-effective-area MCF whose XT is properly suppressed so that the
XT can be adequately lower than the amplified spontaneous emission noise and the nonlinear interference noise.
The transmission loss of the MCF was no more than 0.17 dB/km, and the lowest among the reported MCFs, to
the best of our knowledge. In addition, we discussed how this result enhances the SNR in multi-core transmission
systems. In many earlier studies, effective areas of cores of MCFs were enlarged without considering the effect
of the XT, thus the XT negated the suppression of nonlinear noise. On the other hand, our presented MCF can
improve the SNR in each core more than 2 dB compared with the standard SMF even under the existence of the
XT.

Chapter 6 described the detailed characteristics of the XT, including the review of the studies of other groups.
We reviewed and organized the essence of the studies on the XT, clarified ambiguous points of the studies, and
derived a novel expression of the average power-coupling coefficient. Thus, we can understand the behavior
of the XT and can interpret its physical meaning easily. Based on the derived expression, we discussed how
the longitudinal fluctuation of fiber structures and the macrobend can affect the XT, and organized major XT
suppression methods which have been reported up to the present time.

In Chapter 7, we presented the results of the investigation on how the XT is affected by the fiber splice, the tight
macrobend, and the microbend, since these factors are possible to be induced in installed MCFs. For examples,
actually-deployed MCF link can consist of concatenated MCFs and have many splicing points, the MCF may be
tightly bent at around splices and connections, and the microbend—that is, the microscopic fiber bend induced
by external stresses— can be an issue when the MCF is cabled. XT degradations due to these factors can be

suppressed by proper designs based on the results.
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CHAPTER 8. CONCLUSION

8.2 Future Work

As presented in this thesis, the characteristics of the XT and other properties specific to the MCF have been well
elucidated in the last few years, and we can fabricate MCFs with optical properties that we designed. However,
many research issues remain to be solved, toward commercial realization.

To improve the transmission capacity per fiber, it is preferred to enlarge the cladding diameter of the MCF;
however, the larger cladding diameter can degrade the mechanical reliability of the MCF [85]. Some groups have
reported that a cladding diameter of somewhat larger than 200 um can be acceptable [62, 86, 87], but no broad
consensus have been developed on a concrete limit of the cladding diameter.

It is also desired to find optimal designs of the MCF and the MCF cable that can maximize the total capacity
transmitted through limited cross-sectional areas.

We focused on the uncoupled MCEF in this thesis, but there are many types of spatial multiplexing technologies
as reviewed in Chapter 1. Every technology should be investigated, and the best combination of the technologies
should be adopted, so that the fiber capacity can be maximally improved with reasonable cost.

Furthermore, it is important to develop other devices/techniques concerning spatially-multiplexed transmission.
For example, connectors, multiplexing/demultiplexing devices, splicing techniques, amplifiers, and transponders
are desired to be developed/optimized for spatially-multiplexed transmission networks.

Of course, the MCF must be standardized toward commercial deployments in the long-haul transmission field.
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