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Randomly-Coupled
Multi-Core Fiber Technology

This article considers an even higher density spatially parallel integration technique

that allows for random coupling between the cores of multi-core fibers.

By TETSUYA HAYASHI

NICOLAS FONTAINE
HAOSHUO CHEN

ABSTRACT | Randomly-coupled multi-core fiber (MCF) tech-
nology has come to attract lots of attention because of its
strong applicability to long-haul transmission systems. Com-
pared with weakly-coupled MCFs with independent cores,
it can simultaneously realize higher spatial channel density
and ultralow transmission loss using existing ultralow-loss
single-mode fiber (SMF) core designs. The strong mode cou-
pling characteristics of randomly-coupled MCFs can provide
favorable optical properties, such as suppressed accumula-
tion of modal dispersion (MD), mode-dependent loss (MDL),
and nonlinear impairments. This article gives an overview
of randomly-coupled MCF technology advancements. First,
we describe the classification and design of randomly-coupled
MCFs and explain what the randomly-coupled MCFs are and
how they are designed. State-of-the-art randomly-coupled
MCFs can accommodate four, seven, or 12 cores in a stan-
dard 125-um cladding while achieving ultralow transmission
loss and/or small MD, which are very promising for long-haul
transmission media. Next, we present the methods to char-
acterize the optical properties of randomly-coupled MCFs
and the difference compared to conventional SMF measure-
ments. We also show the low-loss low-MDL connectivity of
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this type of MCF and the cabling that can suppress MD.
A field-deployed randomly-coupled MCF cable testbed is also
presented, which confirmed the favorable optical properties
of randomly-coupled MCFs after deployment. Then, multi-core
amplifier technologies are briefly summarized, and finally,
we discuss the performance improvements in the transmis-
sions over randomly-coupled MCFs and suitable application
areas.

KEYWORDS | Erbium-doped fiber amplifiers (EDFAs); optical
fiber communication; optical fibers; space-division multiplex-
ing (SDM).

L. INTRODUCTION
Network traffic has been growing exponentially over the
decades due to repeatedly emerging digital applications
and services (such as cloud services, video streaming,
and, most recently, the Internet of Things), and the trans-
mission capacity through single-mode fibers (SMFs) has
also exponentially increased to tackle ever-growing traffic
demands thanks to various technological innovations, such
as wavelength division multiplexing and higher order mod-
ulation with digital coherent technology [1]-[3]. However,
SMF capacity is now approaching its fundamental limit
in the efficiently amplifiable wavelength band [1], [4],
[5]. To tackle this limitation, space-division multiplex-
ing (SDM) technology has been intensively researched,
and various multi-core fibers (MCFs) and few-mode
fibers (FMFs) have been proposed for SDM transmis-
sion [6]-[9]. Today, SDM is recognized as the only prac-
tical way to multiply the transmission capacity of optical
fibers [1]-[3], [10].

Among the various SDM fibers, randomly-coupled MCFs
are one of the most promising transmission media for
long-haul transmission, which is intentionally designed
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to have random mode coupling between the multiple
cores. By permitting random mode coupling, randomly-
coupled MCFs can simultaneously realize ultralow loss
and high spatial channel density [11]-[13] compared to
other SDM fibers. Random mode coupling is also ben-
eficial for suppressing the accumulation of modal dis-
persion (MD) [14]-[20], mode-dependent loss (MDL)
[20]-[25], and nonlinear impairments [24], [26], [27].
Although multiple-input-multiple-output (MIMO) digital
signal processing (DSP) is necessary for undoing mode
mixing among the cores, ultralong-haul transmission
over >12000 km using off-line processing [24], [28] and
real-time 7200-km transmission using online processing
on a field-programmable gate array (FPGA) have been
demonstrated [29]. Wideband transmission experiments
have also been performed in the C-band [30] and in
C + L-band [31].

This article gives an overview of randomly-coupled MCF
technology. First, in Section II, we briefly discuss the clas-
sification of MCFs to understand what randomly-coupled
MCFs discussed in this article are and what is dif-
ferent from other types of MCFs. Section III discusses
the MCF designs to assure random mode coupling and
the effects of fiber bends and twists on group delay
spread (GDS) and introduces representative examples of
reported randomly-coupled MCFs. Section IV describes
how to characterize randomly-coupled MCFs: what para-
meters should be evaluated in a mode-averaged or mode-
resolved manner, and what method should be used in
their measurement. Section V reviews connectivity tech-
nologies for splicing and termination of randomly-coupled
MCFs, cabling technologies and fabrication results, and
the world’s first field deployment and characterization of
an MCF cable. Section VI reviews MCF amplifier tech-
nologies applicable to randomly-coupled MCF amplifica-
tion. Section VII describes transmission experiments over
randomly-coupled MCFs, shows performance improve-
ments in nonlinear transmissions, and also discusses suit-
able applications for randomly-coupled MCFs. Section VIII
concludes this article.

II. MULTI-CORE FIBER
CLASSIFICATION

MCFs can be divided into weakly-coupled MCFs and
strongly-coupled MCFs. Weakly-coupled MCFs are the
MCFs where the crosstalk between cores is well sup-
pressed so that each core can be used as an isolated
individual spatial channel and is compatible with con-
ventional transceivers for SMFs. Strongly-coupled MCFs
are the MCFs where crosstalk/coupling between cores is
not negligible. There are no clear numerical criteria to
distinguish weakly-coupled MCFs from strongly-coupled
MCFs, and the same MCF may be a weakly-coupled MCF
for (very) short-reach transmission and a strongly-coupled
MCF for long-haul transmission. Weakly-coupled MCFs
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are often referred to as uncoupled MCFs or simply MCFs
and strongly-coupled MCFs as coupled MCFs, coupled-core
MCFs, or coupled-core fibers.

Strongly-coupled MCFs can be further divided into
systematically-coupled MCFs and randomly-coupled
MCFs [19]. Systematically-coupled MCFs are MCFs with
the most strongly coupled cores. When multiple cores
are located sufficiently close, the multiple cores act as
a single microstructured multimode waveguide system.
The eigenmodes of this coupled waveguide system can
be approximated by the superpositions of the local modes
of individual cores, hence called supermodes. In ideal
waveguides, the supermodes are equivalent to the eigen-
modes, hence orthogonal and uncoupled. For example,
in a systematically-coupled MCF with two identical cores,
when light is launched into the local mode of one core,
the power of the light is sinusoidally transferred to and
from the local mode of the other core due to systematic
mode coupling. However, if we think of this behavior on a
supermode basis, light is actually launched into both of the
two eigenmodes (even and odd modes), and the sinusoidal
power transfer between the cores is the beating between
the uncoupled eigenmodes. In this article, we refer to
the MCFs with uncoupled/weakly-coupled supermodes
as systematically-coupled MCFs after the systematic
mode coupling between the cores. By leveraging the
weakly-coupled characteristics of the supermodes,
the mode-division multiplexing using systematically-
coupled MCFs has been proposed [32]-[34].
In actual systematically-coupled MCFs, various
longitudinal perturbations can induce mode coupling
between supermodes, but such a mode coupling can
be suppressed by increasing the propagation constant
mismatch between the supermodes, i.e., by increasing the
mode coupling coefficient between the cores. Although the
supermodes are weakly-coupled in systematically-coupled
MCFs, splicing misalignment and mode field mismatch at
the fiber input and output can easily induce the crosstalk
between the supermodes. Therefore, the MIMO DSP is
likely to be necessary for this type of MCE especially for
long-haul transmission.

Randomly-coupled MCFs are another type of strongly-
coupled MCFs, which has coupling characteristics between
that of systematically-coupled MCFs and weakly-coupled
MCFs [35]-[37]. In this coupling regime, neither super-
modes nor local modes stably propagate without modal
coupling but the modes in randomly-coupled MCFs expe-
rience strong and random mode couplings along with
propagation. Such randomly-coupled MCFs can be mod-
eled as a concatenation of uncoupled short sections
with strong and random mode couplings between adja-
cent sections, such as the fiber model in [23]. Strong
and random mode couplings can make each section
independent of adjacent sections. Thus, the standard devi-
ation or root mean square (rms) of accumulated differen-
tial group delay (DGD) becomes square-root proportional
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Fig. 1.

Table 1 Classification of MCF

MDL growth rate in strong and random coupling regi
The MDL growth rate of 1 means linear proportion to propagation
distance and 0.5 means square-root proportion.

to the propagation distance. The rms MDL! oypr of a
randomly-coupled MCF system is also square-root pro-
portional to the propagation distance, when rms MDL is
less than 1 dB. To be precise, the rms MDL oyp., can be
approximately expressed as [21]1-[23]7
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where o is the variance of the MDL in uncoupled sec-
tions, L is the propagation distance, L. is the coupling
length®, and D is the number of spatial and polarization
modes. The MDLs oypr. and o, are expressed in units of
natural logarithm of power gain, which can be converted
to rms MDLs owpqs and o, g in decibels by multiplying
10/1n 10 = 4.34, respectively. According to Ho and Kahn
[21], [23], (2) is sufficiently accurate for practical pur-
poses when oypy gp < 33 dB for D > 8 (four cores or more).
Fig. 1 shows the dependence of MDL growth rate on rms
MDL, calculated based on (2). The proportionality of rms
MDL to the propagation distance is sufficiently sublinear in
a practical MDL range of less than 10 dB.

Although random coupling has to be compensated
by MIMO DSB the resultant properties, such as square-
root/sublinear accumulations of MD and MDL, are ben-
eficial to suppress the calculation complexity and outage
probability of MIMO DSP [23], [38], [39].

I'See Section IV-B1 for MDL definitions and [21] and [23] for further
details.

2Different expressions for MDL accumulation were derived based
on Stokes-space analysis and reported in [20], which are in square-root
proportion to propagation distance regardless of the magnitude of
the MDL value in contrast to (2). However, in both cases of [20]
and [21]-[23], MDL in a practical range can be considered to be
square-root proportional to the propagation distance.

3The number of fiber sections K in [21] and [23] is replaced by
L/Lc in this article to explicitly show the MDL dependence on the
propagation distance.

Strongly-coupled MCF Weakly-
Fiber type Systematically- Randomly- coupled
coupled MCF coupled MCF MCF
Core pitch A Small Medium Large
Mode coupling Weak between Strong Weak between
(crosstalk) supermodes® & random cores
Dominant DGD, MDL Both DGD, MDL
source between may affect between
of MD, MDL supermodes cores
Proportionality
of MD, MDL to Linear Square root Linear
propag. distance (or sublinear)
4 Mode coupling between cores is strong and systematic (deterministic).
So, we use the term “‘systematically-coupled” in this paper.

Table 1 summarizes the difference between
randomly-coupled MCFs and the other types of MCFs.

III. FIBER DESIGNS

In this section, we briefly explain the design factors related
to randomly-coupled MCFs and introduce typical exam-
ples.

Fig. 2 shows a summary of typical design parameters
and properties. Randomly-coupled MCFs also have con-
ventional design properties, such as attenuation, cutoff
wavelength, and bending loss, which are designed or
controlled by optimizing the refractive index profile of
cores and cladding diameter in the same way as for SMFs,
so they are not discussed in this article. Unlike weakly-
coupled MCFs, intercore crosstalk suppression is not nec-
essary for randomly-coupled MCFs, so one might consider
that there is no need to optimize the core pitch A. However,
as described in Section II, the pitch and layout of the cores
are still important to assure random mode coupling.

Fig. 3 shows the simulated impulse responses of
two-core fibers with different A’s for a propagation dis-
tance L of 10 km. The two-core fibers are bent at a radius R
of 140 mm and twisted at a rate -y of = rad/m, as schemat-
ically shown in Fig. 4 (see [18] for detailed calculation
condition). When A is small (see Fig. 3, top) or large (see
Fig. 3, bottom), the impulse responses have two peaks with
a low-level plateau between them, such as the impulse
responses of FMFs. This means that the propagation

Design parameters
« Core profile

Conventional design properties for SMF
+ Attenuation (incl. confinement loss)
+ Cutoff wavelength
» Bending loss
+ Chromatic dispersion (CD)
* Mode field diameter (MFD)

« Cladding diameter

* Number & layout « etc.
of cores
Unique design properties for coupled MCF
+ Core pitch » Modal dispersion, GDS characteristic
(Mode coupling strength)
Fig. 2. s ry of the design parameters and properties for
coupled MCF.
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Fig. 3. Numerically simulated impulse responses of two-core
fibers with different core pitches.

modes—supermodes or local modes—are weakly-coupled,
and GDS increases in proportion to the propagation dis-
tance with a coefficient of differential mode delay (DMD)
between supermodes or intercore skew due to manufactur-
ing variation of refractive index profiles and bend-induced
optical path length difference among local modes. The
top and bottom examples correspond to systematically-
and weakly-coupled MCFs, respectively. In contrast, the
middle example in Fig. 3 shows an impulse response with
Gaussian distribution, which is caused by random mode
mixing realized at a A of around 20 pm [11], [18], [37].
In this case, the GDS increases in proportion to the square
root of the propagation distance [16], [40], and thus, the
GDS after long-distance transmission can be suppressed.
Therefore, the core pitch A is an important design parame-
ter to enhance random mode coupling.

External perturbations, such as fiber bends and twists,
also affect random mode coupling and GDS [18], [19].
Fig. 5 shows the calculated GDS as a function of the
core pitch for a 10-km-long two-core fiber at different +’s
(see [18] for detailed calculation condition), where GDS is

<

Twist rate
y=d0ldz

Center of
the bend

Fig. 4. Schematic illustration of fiber bends and twists.
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Local modes
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Randomly-
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100 -

Group delay spread (ns)
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0.01

Fig. 5. 10-dB GDS width versus core pitch A for different v's with
schematic for illustrating A\ ranges corresponding to
systematically-/randomly-/weakly-coupled MCFs.

defined as a 10-dB down impulse response width. A core
radius difference Aa of 0.2 ym was assumed since an MCF
with perfectly identical cores is unrealistic, which induced
flat GDS (intrinsic intercore skew) at A > 30 pm. As men-
tioned, the GDS can be suppressed thanks to random
mode coupling in the appropriate A range, whereas too
small/large A results in large GDS. Three bars at the top
of the figure schematically indicate the A ranges where the
propagation modes are weakly- or randomly-coupled. The
interesting feature is that the optimum A range for random
mode coupling depends on ~. This is because higher v with
fiber bends induces the steep change of eigenmode field
profiles and enhances the coupling among them. It should
be noted that other parameters, such as the refractive
index profile, the number and layout of cores, and the
fiber bend radius, also affect mode coupling strength and
randomness. Thus, comprehensive design consideration
taking into account external perturbation is necessary to
control the MD of randomly-coupled MCFs. Various GDS
simulation approaches have been proposed based on a
constant/random bend orientation model with/without
statistical R or « distribution [18], [41], [42].

So far, randomly-coupled MCFs with up to 12 cores
have been reported. The characteristics and cross sec-
tions of major reported MCFs are summarized in Table 2
and shown in Fig. 6(a)-(f), respectively. Three-core
fibers (3CFs) (first and second rows in Table 2) are
the first reported randomly-coupled MCFs [14], [43],
[44], and transmission of more than 4000 km was
demonstrated [16], which showed the great potential of
randomly-coupled MCFs for long-haul SDM transmission.
Then, investigations on the MCF mode coupling mecha-
nism revealed that the effects of fiber bends and twists
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Table 2 Characteristics of Reported Randomly-Coupled MCFs

Core Attenuation® AP Aec A Chrom. Disp.? CD slope® MD (SMD)? Clad. diam. Cross Refs.
count (dB/km) (pmz) (um) (um)  (ps/(nm-km)) (ps/(nm2~km)) (ps/km”z) (um) section
3 0.177 104¢ ~1.4¢ 38 21¢ 0.06° n/a 125 [43] [43], [44]
3 0.181 129¢ ~1.35¢ 294 21¢ 0.06¢ n/a 125 Fig. 6a  [14], [16]
3x3 ~0.19 56¢ 1.41¢ 223 19.9¢ 0.054¢ n/a 143 Fig. 6b  [47]
6 0.236 106¢ 1.45¢ 28 20.6¢ 0.059¢ n/a 125 Fig. 6c  [48]
4 0.155-0.160 111 1.47 20 20.0-20.1 0.060-0.063 6.193.1¢ 125 Fig. 6d  [11], [12], [49]
7 0.171-0.172  112-114 <1.50 235 21.1-21.4 0.06 22-284 125 Fig. 6e  [24]
12 0.23-0.29 87¢ 1.31 16.4 19¢ 0.06¢ 8.44 125 Fig. 6f  [13]
4 Wavelength of 1550 nm. b Values of local modes. ¢ Design values or calculated values. dR of 14 cm. R of 31 cm.

on random mode coupling and MD must be considered
for designing randomly-coupled MCFs [45], [46]. The MD
also depends on the core arrangement [42].

For long-haul submarine transmissions, randomly-
coupled four-core fiber with A = 20 pum (4C-MCE fifth
row in Table 2) and seven-core fiber with A = 23.5 um
(7C-MCE sixth row in Table 2) were proposed [11],
[24]. A core design based on an ultralow-loss silica-core
SMF [50] realized an ultralow loss of 0.155 dB/km at
1550 nm [12] and properly designed core layouts real-
ized suppressed spatial mode dispersion (SMD)* less than
30 ps/km!/2. In particular, 4C-MCF achieved an SMD of
3-6 ps/km'/2. The transmission experiments with 4C-MCF
and 7C-MCF are described in Section VII. For telecom
applications, randomly-coupled 12-core fiber with 125-um
cladding (12C-MCE seventh row in Table 2) demonstrated
an SMD less than 10 ps/km!/? by twisting the fiber to v =
47 rad/m during the fabrication process [13].

The right graph in Fig. 6 shows the relationship between
the relative core density and the number of cores of
reported randomly-coupled MCFs and also plots the results
of weakly-coupled MCFs for comparison. Relative core
density is defined as the number of cores per unit
cross-sectional area, which is normalized by a standard

4See Section IV-B2 and Fig. 10 for the difference between MD and
SMD.

14 ;
z12) .
> /
c L ,~—— Standard 125-pm-cladding design
g 10 v
o 8f o/ d
g oo -
o 6 /E a
F 4r W _oOp 0
an) oL ¢. E [0 Weakly-coupled MCF

/ @ Randomly-coupled MCF
0 ! L L L I I I I
0 5 10 15 20 25 30 35 40

Number of core

Fig. 6. Left: cross sections of reported randomly-coupled
MCFs—(a) 3CF [43], (b) 3 x 3CF with weakly-coupled
three-core-groups where each core-group has randomly-coupled
three cores, (c) four-core fiber [11], (d) six-core fiber [48],

(e) seven-core fiber [24], and (f) 12-core fibers [13]. Right: relative
core density versus the number of cores.

125-pm-cladding SME The marks on the dashed line cor-
respond to MCFs with a 125-um cladding. It is clear that
randomly-coupled MCFs can achieve a higher core density
than that of weakly-coupled MCFs owing to their smaller
A design (typically 16-25 pm). One exception in the graph
is the weakly-coupled seven-core fiber over the dashed
line, but it is realized by small MFD cores to maximize
spatial-spectral efficiency in weakly-coupled MCFs (i.e.,
aggregate spectral efficiency per cross-sectional area) [51].
Although the number of cores in randomly-coupled MCF
should be carefully determined taking into account MIMO-
DSP complexity, randomly-coupled MCFs can provide
more than double the number of spatial channels com-
pared to weakly-coupled MCFs in standard cladding design
(typically with up to four cores for long-haul transmission
in standard 125-pm cladding).

IV. CHARACTERIZATION
A. Measurements of Mode-Averaged
Characteristics

Since all modes in randomly-coupled MCFs are degen-
erated and randomly couple with each other along with
fiber propagation, most of the optical characteristics, such
as transmission loss, chromatic dispersion, and cutoff
wavelength, can be measured as mode-averaged values
using standard methods [52] with slightly modified fiber
input and output. The difference between the modes
can be evaluated as MD and MDL. This can be under-
stood in analogy with the SME as we do not evaluate
transmission loss, chromatic dispersion, and cutoff wave-
length for individual polarizations but just evaluate them
as polarization-averaged values. We evaluate polariza-
tion mode dispersion (PMD) and polarization-dependent
loss (PDL) to determine the difference between two
randomly-coupled polarization modes.

1) Transmission Loss Measurement: Transmission loss
can be measured using standard measurement methods,
such as the cutback technique and the backscattering tech-
nique [52]. Cutback measurement should be performed
with single-mode input for suppressing higher order mode
excitation and full mode reception of all the cores using
a large-core multimode fiber (MMF) to avoid connection
loss variation at the output [as shown in Fig. 7(a)]. Instead
of using a receiving MME one can directly couple the
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Fig. 7.
randomly-coupled MCF measurements. (a) Single-mode excitation
and full mode reception. (b) Single-mode excitation and reception.

Schematics of the input and the output of light in

(c) Full mode excitation and reception. Instead of the MMF
reception, one can directly couple the output end of the fiber under
test (FUT) to a suitable PD in the full mode reception.

output end of FUT to a suitable photo detector (PD)
that can intercept all of the radiation emerging from the
FUT. Though only one core is excited at the input, power
will be fully mixed with the other cores within a short
length of the FUT. The backscattering measurement can be
performed with single-mode input [as shown in Fig. 7(b);
the receiving fiber is not necessarily required in this mea-
surement]. Measured backscattering loss traces will have
an apparent point discontinuity at the input of the FUT
as if connection loss between the launching fiber and the
randomly-coupled N-core FUT was 10 log;, N dB because
the input power to the one core of the FUT is imme-
diately distributed to all of the N cores. After apparent
point discontinuity at the input, the backscattering slope
shows mode-averaged power attenuation under strong and
random mode mixing after power coupling equilibrium.

2) Chromatic Dispersion Measurement:  Chromatic
dispersion can also be measured using standard
measurement methods, such as the phase shift

technique [52], [53] and the differential phase shift
technique [53] with single-mode input and output,
as shown in Fig. 7(b). Single-mode reception with a
narrow linewidth (e.g., 10-100 kHz) light source may
cause a fluctuation in measured group delay (GD), but
a proper Sellmeier or polynomial fitting [52], [53] can

Hayashi et al.: Randomly-Coupled Multi-Core Fiber Technology

be used for eliminating such a measurement noise [11].
A light source with a broader linewidth like 1-2 nm
may help in the reduction of GD fluctuation, but the
linewidth should be 10 nm or narrower [53] to suppress
the wavelength averaging error on GD values.

3) Cutoff Wavelength Measurement: The cutoff wave-
length can be measured using the standard transmitted
power technique with multimode reference [52] with
full-mode excitation and reception using MMFs with a
large core covering all the modes of all the cores of the
randomly-coupled MCFs, as shown in Fig. 7(c). Again,
one can also directly couple the FUT to a PD, instead of
using a receiving MME For randomly-coupled MCFs with
single-mode cores, the cutoff wavelength can be defined
as the wavelength at which the ratio of the total power,
including higher order modes to the fundamental mode
power, becomes 0.1 dB, as with the case of SMFs.

B. Measurements of Mode-Resolved
Characteristics

1) Swept Wavelength Interferometry for MD/MDL Mea-
surements: In order to fully characterize randomly-coupled
MCF and associated components, the complex transfer
matrix must be measured. This can be achieved using
swept wavelength interferometry (SWI) [54], [55] for
example. In contrast to estimating the transfer matrix from
the DSP equalizer response [14], [16], [24], [48], SWI
directly measures the transfer matrix by scanning laser
and, therefore, allows for very broadband measurements in
a single scan. One experimental setup for SWI-based char-
acterization of randomly-coupled MCFs is shown in Fig. 8.
A sweeping laser is split into two arms: one for the FUT
and one for the reference arm. In the signal arm, before
and after the FUT, relative delay fibers are used to time
interleave the different elements of the transfer matrix
and the two orthogonal launch polarizations. By using the
input and output delays, the full transfer matrix can be
measured in a single scan [56]. The length of the reference
arm is chosen to be close, but not identical, to the shortest
FUT length. After the FUT output delays, a polarization
beam splitter is used to separate the two polarizations onto
two different balanced photodiodes. The signal is then
digitized and resampled to compensate for any laser sweep
nonlinearities before the heterodyne beat notes matching
the two polarizations for each core are extracted. To avoid

Fig. 8.
of multiport devices using SWI.

Experimental setup for full transfer matrix measurements

Vol. 110, No. 11, November 2022 | PROCEEDINGS OF THE IEEE 1791



Hayashi et al.: Randomly-Coupled Multi-Core Fiber Technology

penalties from polarization rotations in the reference arm,
especially for longer fiber length, such as the 69.2-km
field-deployed randomly-coupled MCF (see Section V-D),
a circulator and a Faraday rotator were used, as shown
in Fig. 8. In addition, due to the interferometric nature
of the SWI measurements, acoustic noise on the refer-
ence arm must be minimized. This is especially important
with field-deployed fibers since the protected fibers in the
ground often experience significantly less environmental
noise compared to a reference spool placed in a laboratory.
Susceptibility to environmental fluctuations can, further-
more, be minimized by using a fast-sweeping laser.

The full transfer matrix H(w) resolved with the
angular frequency w provides a full linear characteriza-
tion of the system. From this matrix, effects such as
frequency-dependence of the GDS and MDL can be quanti-
fied. The GDS can be found by analyzing the time-domain
impulse response converted from H (w) or by evaluating
the GDs of principal modes,’ which are the imaginary
parts of the eigenvalues of [dH (w)/dw]H !(w) and also
approximated by arg[pm(w)]/Aw, where p,, denotes the
eigenvalue of principal mode m of H(w + Aw)H }(w),
with Aw denoting the small enough w step [59]. The MD
may be defined as twice the standard deviation of the GDs
of the principal modes over a given optical frequency range
to be consistent with (rms) PMD definition® The peak-to-
peak (P-P) MDL and rms MDL oy gp in decibels for an
D-mode system are defined according to

max; [|)\1(w)|2]
min; [|)\Z(w)|2]
Ul%/IDL,dB =E { [1010g1o |)\i|2_E (1010g10 |)\j|2)]2} “)

MDLp_p(w) =10 loglo (3)

respectively, with )\; denoting the singular values of the
transfer matrix H and the operator E denoting the
expected value. Note that, in the case of D = 2, corre-
sponding to a dual-polarization single-mode signal, the
MDL is equivalent to the PDL. We, furthermore, note that,
while the transfer matrix can also be accurately measured
using DSB enabling estimation of both MD and MDL, SWI
benefits from improved signal-to-noise ratio (SNR) due to
the narrow bandwidth signals compatible with lower speed
higher resolution electronics, and the bandwidth from a
laser sweep can easily cover multiple terahertz.

2) Intensity-Based MD Measurement: MD can be mea-
sured also using the fixed analyzer (FA) method [61]
with modified input and output [18], which only requires
intensity measurement without phase-sensitive detectors.
The FA method was originally developed for PMD mea-
surement of SMFs. In a PMD measurement, as shown in

5In analogy to principal states of polarization [57], the modal shapes
of the uncoupled orthogonal channel bases of the system with multiple
spatial modes are referred to as “principal modes [58].”

5Twice the standard deviation of an intensity impulse response or the
standard deviation of the autocorrelation function (ACF) of the intensity
impulse response [60].

(a) FUT
Polarizer (SMF) Polarizer
(@) (@)

TLS ‘ Fower prot?::ing
SMF SMF meter unit
(b) FuT
(MCF)
Data
TLS &i <l el processing
SMF unit
A 1 mode 1 mode
| 'ﬂ FUT excitation reception
SMF E
A4

Fig. 9. Setup for (a) PMD or (b) SMD measurement. (TLS: tunable
light source.)

Fig. 9(a), the transmission spectrum of a polarization chan-
nel of an SMF is observed with linearly polarized input and
output with arbitrary but “fixed” polarization angles. Then,
the transmission spectrum is (inverse) Fourier transformed
to the ACF of the impulse response of the polarization
channel [60] based on the Wiener—Khinchin theorem.
The envelope of the ACF corresponds to the probability
distribution of the DGD of polarization modes. Under ran-
dom polarization coupling, the shape of the ACF envelope
becomes Gaussian. The standard deviation o, or the square
root of the second moment, of the ACF is defined as the
PMD, which is twice the standard deviation of the impulse
response [60].

As well as the SME the MD of randomly-coupled MCFs
can be measured using the FA method by modifying the
input and the output. Fig. 9(b) shows a measurement setup
for “SMD” of a randomly-coupled MCE This configuration
is almost the same as that for PMD measurement, but
single-mode input and output are employed for analyzing
the interference pattern of a spatial channel with the input
and the output of arbitrary but fixed spatial mode states.
Since SMD is more than one order of magnitude larger
than PMD, we can omit the two polarizers and define
the SMD as the standard deviation of the ACF of the
spatial channel evaluated with a polarization-insensitive
analyzer [18]. To be rigorous, one can use a linearly
polarized light source and polarization-sensitive analyzer
with the setup in Fig. 9(b) to analyze the interference
pattern with arbitrary but fixed polarization and spatial
mode states at the input and the output, and evaluate the
MD among polarization and spatial modes. Fig. 10 briefly
summarizes the difference between these MDs.

Fig. 11 shows examples of an FA measurement recorded
with randomly-coupled two-core fibers and its Fourier
transform or the DGD distribution [18]. The DGD is
Gaussian distributed, which is similar to that of SMFs with
random polarization coupling. The standard deviation of
the DGD o, is square-root proportional to the propaga-
tion distance, as already discussed in Sections II and III,
so the SMD coefficient is often expressed with a unit of
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Modal Dispersion (MD)

20 of GDs of spatial and polarization modes.

Polarization Mode Dispersion
(PMD)

RMS DGD (20 of GD) of polarization modes
in a single spatial mode
with negligible spatial mode coupling.

Spatial Mode Dispersion
(SMD)

20 of GDs of spatial modes
with negligible PMD.

Fig. 10. Classification of MDs.

ps/km!/2, such as the PMD of SMFs. It has been reported
that the variation among SMD coefficients measured by
different input-output core combinations was negligible
for randomly-coupled MCFs [13]. The FA measurement
is scalable for MCFs with more than two cores, and the
results for MCFs with up to 12 cores have been reported so
far [11], [13], [18].

3) Intensity-Based MDL Measurement: MDL can also be
measured with an intensity measurement without a phase-
sensitive detector [62], [63]. One of the easiest mea-
surement methods is the scrambling method [63], whose
measurement setup is shown in Fig. 12. In the scrambling
method, the modal state of the light is scrambled at the
input of the FUT, and the whole output power of the
FUT is measured using a PD. The whole output power
is fluctuated by modal state scrambling at the input or
modal state scrambling over propagation. The standard
deviation of the whole output power fluctuation is approx-
imately equivalent to the rms MDL expressed in (4) [63]
for low MDL cases. Although realizing a low-MDL spa-
tial and polarization mode scrambler is not easy, wave-
length scanning with a narrow linewidth tunable light
source (TLS) can sufficiently scramble the modal state in a
randomly-coupled MCF over propagation. To achieve suffi-
cient scrambling, the wavelength scanning range should be
sufficiently wider than the spectral correlation width of the
transfer matrix. In [63], a TLS with a 20-kHz linewidth was

Wavelength resolution (a) Measured  (b)
=10 pm U ---- Fitted
3 E) 3
S &
2 ‘ =
B f | ‘ 3
c | ©
Qo ‘ o 2-core fiber
= DEj A=20 pm
L=10.8 km
1545 1550 1555 (50 ps/div.)
Wavelength (nm) Differential group delay ¢
Fig. 11. Example of (a) FA t (tr ion spectrum

of single-core input and single-core output) and (b) its Fourier
transform (DGD distribution) obtained from 10.8-km-long two-core
fiber with a core pitch of 20 u.m using the setup shown in Fig. 9(b).
(Replotted from the data in [18].)
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1 mode excitation

a
(a) v
TLS SMF = Large-area PD
v or Integrating sphere PD
(b) FUT
TLS Large_-area PD
or Integrating sphere PD
Fig. 12. MDL measurement setup of the scrambling method.

(a) Single-mode excitation. (b) All-mode excitation with additional
phase scrambling. (TLS: tunable light source and PM: phase
modulator.)

swept over 1550 + 1 nm at a rate of 0.5 nm/s, and phase
scrambling of each spatial channel was also employed
to enhance scrambling of the modal state, as shown in
Fig. 12(b).

C. Measurements of Field Profiles

1) Mode Basis for Field Profile Measurement: The modes
in randomly-coupled MCFs can be represented by various
mode bases, such as the local modes and the eigenmodes.
The eigenmodes are the true orthogonal fiber modes, but
the field profiles of the eigenmodes of randomly-coupled
MCFs are heavily dependent on external perturbations,
such as fiber bends and twists [18], [19]. Thus, the eigen-
mode profiles after fiber deployment are difficult to predict
from fiber spool measurements. In contrast, local modes
are solely dependent on the refractive index profiles of the
individual cores and almost independent of external per-
turbations (to be precise, local mode profiles are affected
by bend-induced perturbations, but the effect is negligible
for splice loss performance and the nonlinearity of installed
fibers). Thus, local mode profiles are suitable for use in
evaluating optical fiber performance. Either mode basis,
local mode or eigenmode, is legitimate for simulating
nonlinear propagation in randomly-coupled MCFs [64]
and can be converted to the other basis by unitary rotation
with fiber bend and twist information [18], [19].

2) Low Coherence Method for Stable Field Profile Mea-
surement: To evaluate the mode-field diameter and the
effective area (A.g), data for the far-field profile (FFP)
and near-field profile (NFP) are necessary. In SMF mea-
surements, the FFP can be measured using the far-field
scan (FFS) method [52], and the NFP is accurately con-
verted from the FFP using the Hankel transform [61].
Alternatively, the NFP can be measured directly using
magnifying optics, but various items should be taken into
consideration in order to realize high accuracies, such
as selection of the numerical aperture and magnification
of the optics, calibration of the magnifying optics, and
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Fig. 13. NFP and FFP of a 3CF measured by the low-coherence
method: 2-D profiles of (a) NFP and (b) FFP recorded using IR
camera and lens systems [49], and 1-D profiles of (c) NFP of a core
of the 3CF and (d) FFP of the 3CF [65]. (FFS: far-field scan and FEM:
finite element method.)

focusing with maximum accuracy to reduce dimensional
errors [52].

Typically, the field profile of an SMF is measured
using a short fiber sample and a narrow-linewidth light
source; however, when we observe the field profiles of
randomly-coupled MCFs in this way, the field profile fluc-
tuates due to the interference between multiple optical
paths that varies with time (and wavelength) because of
random mode coupling. Such an intensity fluctuation can
be understood as a moving interference fringe and can be
suppressed by reducing the degree of coherence, which
can be achieved by increasing the linewidth of the light
source and/or by increasing the optical path length differ-
ence between the interfering light components. Therefore,
the randomly-coupled MCF output field can be stably
measured by simply using a long randomly-coupled MCF
sample and a broadband light source [49], [65]. The
intensity variation of randomly-coupled MCF output is
approximately inversely proportional to the product of the
bandwidth of the light source and the MD, and intensity
variation can be suppressed to less than 1% when the
product of 1/e bandwidth and MD is more than 45 when
the light source has a Gaussian spectrum shape.

Fig. 13 shows an NFP and FFP obtained using the
low coherence method. The NFP directly measured with
magnifying optics and an infrared (IR) camera shows very
straightforward results with three isolated peaks corre-
sponding to the individual cores. On the other hand, the
FFP measured with the low coherence method becomes the
average (or sum) of the FFPs of each core. This is because
the NFP and FFP are a Fourier transform pair, and the
positional displacement of each core in the NFP just tilts
the phase in the FFP and does not change the amplitude
or intensity. Thus, the incoherent superposition of the FFPs
of multiple cores is just the sum of the FFPs of the cores.
Therefore, one can measure the average MFD and A from
an FFP measurement with the low-coherence method.

In summary, the low coherence method can stabilize the
measurement results of the NFP and FFP of randomly-
coupled MCFs. The direct measurement of the NFP can
provide information on the cores individually, but the
spatial resolution and dynamic range may be limited by
the magnifying optics and IR camera [see Fig. 13(c)].
Thus, the evaluated MFD and A.g might have larger errors.
In contrast, the FFP measurement can only provide the
average profile of the cores but can achieve higher spatial
resolution and dynamic range [see Fig. 13(c) and (d)]
so that the evaluated MFD and A.s can achieve better
accuracy.

V.CONNECTIVITY, CABLING, AND
DEPLOYMENTS
A. Splicing Characteristics

Randomly-coupled MCFs have better splicing perfor-
mance compared to weakly-coupled MCFs since the cores
of randomly-coupled MCFs can have larger MFDs and/or
closer positions to the cladding center. Fig. 14 shows the
splice loss characteristics of the 4C-MCF with local-mode
MFD of ~11 um [see Fig. 6(c)]. Splice loss can be sup-
pressed to as low as 0.02 dB with rotational misalign-
ment of 1° or smaller [66], where a minimum splice loss
of 0.02 dB is considered to be caused by tilt misalign-
ment due to cleave angle imperfection and fusion-induced
waveguide deformation. Even with a large rotational mis-
alignment, the so-called thermal expanded core (TEC)
technique can reduce the splicing loss of randomly-coupled
MCFs.

Compared with FMFs, randomly-coupled MCFs have
been reported to have better MDL characteristics at splice
points. In FMF splicing, lateral offset causes MDL because
the higher order modes have field profiles that significantly
differ from each other. On the other hand, the modes
of randomly-coupled MCFs have field profiles similar to
each other in intensity either on a local mode or super-
mode basis; thus, MDL due to splicing is expected to be
much smaller than that for FME Spliced-induced MDL
has been numerically and experimentally investigated for
the 12C-MCF [see Fig. 6(f)] and a single-core ten-mode
fiber [67] and showed that MDL caused by axial misalign-
ment in the 12C-MCF can be suppressed to about 1/5 of

0.1
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Fig. 14.
loss reduction through the TEC treatment. (Replotted from the data
in [66].)

(a) Splice loss with rotational misalignment. (b) Splice
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that in the ten-mode single-core fiber. Experimental MDL
measurements on the 4C-MCF demonstrated that, under
lateral misalignment, the splice-induced rms MDL increase
is 1/10 of the splice loss increase [63]. Since the splice
loss of the 4C-MCF can be very low as mentioned above,
the splice-induced MDL of this type of randomly-coupled
MCFs can be negligibly low. Further studies on various
types of randomly-coupled MCFs with various core pitches
with multiple splice points are expected to elucidate more
details of the splicing MDL characteristics of randomly-
coupled MCFs.

B. Fan-In/Fan-Out

Fan-in/fan-out (FIFO) devices provide the access to MCF
cores from corresponding SMFs (see [68] for detailed
review). The FIFOs for randomly-coupled MCFs must have
shorter A at the interface for an MCF compared to those
for weakly-coupled MCFs; therefore, suitable technology
for FIFOs will differ.

A laser-inscribed 3-D waveguide [47], [48], [69] is one
option that can realize short A at the MCF interface, but
the reduction of insertion loss is a challenge because of
the surface roughness of a waveguide inscribed by laser
pulse repetition. A fused taper type FIFO is also a suit-
able technology for randomly-coupled MCFs [24], [70],
[71]. In [71], four-core FIFOs were fabricated by tapering
down the assembly of four strands of 125-um-cladding
6-LP-mode fibers inserted into a four-hole fluorine-doped
glass capillary. The loss for the fabricated FIFOs was less
than 0.1 dB, but splicing to the randomly-coupled MCFs
increased the loss to 0.4-0.5 dB, probably due to the mode
field mismatch at the MCF end and SMF end. Further
low insertion loss is expected by properly designing the
fibers and capillary to assure adiabatic tapering and mode
field matching at the input and the output. Free space
optics can also be used for the FIFOs for randomly-coupled
MCFs [28], and a low insertion loss below 0.5 dB is
achievable [72], [73]. Another good point of free space
optics is that they can integrate other functions, such as
an optical isolator and a tap monitor [74]-[77]. Fused
taper type and free space optics type FIFOs are free from
the adhesive on light paths and, thus, good candidates for
the FIFOs used in submarine systems that require high
reliability for long period.

The etched fiber bundle type of FIFO is often used
for weakly-coupled MCFs [78] but is not suitable for
randomly-coupled MCFs because the SMFs for the FIFO
have to be etched down to a very thin diameter to match A
of randomly-coupled MCFs. Very thin fibers are difficult to
handle and sensitive to the losses induced by microbends
and tunneling to surrounding materials, such as adhesive
and capillary.

C. High-Density Ribbon Cable With Controlled

SMD

Since the SMD of randomly-coupled MCFs highly
depends on fiber bends and twists, it is preferable

Hayashi et al.: Randomly-Coupled Multi-Core Fiber Technology

Bend direction rotation rate, y,.,4 (rad/m)

2000n 200n 20n 2n
10000 — e
.. esign for L
: @ N conventional .,.:”'",/' 4
[ p N cables ’,.-””," /'//’/'
—~ 1000 ~ v — 4
E ’
g ’
x
5 100
=}
3
o
2 10
£
c
()
m
1
0.1
1 10 100 1000
Helical pitch, P (mm)
Fig. 15. Relationship between fiber bending radius and rotation

rate of fiber bend direction in the cable and cable design
parameters.

to control them through cable design. Not only for
randomly-coupled MCF cables but also for conventional
high-density SMF cables, fiber bends and twists in cables
are an important design consideration. In high-density
SMF cables, the optical fibers are bundled for ease of
identification and manufacturing, and stranded to ensure
bending strain characteristics and for ease of optical fiber
extraction from the cable [79].

The optical fibers in the stranded structure are deformed
in a helical shape, and the helical radius r and the helical
pitch P determine the fiber deformation (bend radius R
and bend direction rotation rate ypenq). The bend direction
rotations perturb the modes along with the fiber as is the
case with fiber twists under a fixed bend direction. Thus,
one can virtually control the bends and twists of the fibers
in the cable by controlling cabling parameters, such as P,
as shown in Fig. 15. The helical pitch P of a conventional
optical cable is several hundred millimeters or more, but
shorter P is preferable for enhancing random coupling
with smaller R and higher Apenq. The SMD coefficients
of randomly-coupled MCFs can be controlled by properly
designing optical cabling parameters. A method for con-
trolling fiber bending in a high-density optical cable was
proposed in [80], which is schematically shown in Fig. 16.
Fig. 16(a) shows a cross section of a 200-fiber cable. This
cable is composed of 54-fiber partially bonded rollable
ribbons, strength members, rip cords, and a polyethylene
sheath. The cable has ten fiber units containing five rollable
optical fiber ribbons, and the fiber units are stranded with
each other. Fig. 16(b) shows a longitudinal image of a
fiber unit, which is bundled with tape as shown by the
red line. By winding the bundle tape around the fiber unit
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Fig. 16. Configuration of a cable for controlling fiber bend radius
and bend direction rotation. (a) Configuration of cable. (b) Bundled
fiber unit. (c) Fiber.

with bundle pitch P and tension T, the bundled optical
fibers in the fiber unit are deformed into a helical shape,
as schematically shown in Fig. 16(c). This deformation
enables changes to the bending radius R and the bend
direction rotation rate 7penq. As a result, the SMD coeffi-
cient can be controlled in a high-density optical cable by
optimizing P and T. This method only requires changes to
the tension and pitch of the bundle tape without major
changes to the optical cable assembly method. Bending can
be applied to each unit regardless of the number of fibers
in the optical cable.

The optical characteristics of randomly-coupled MCFs
cabled by controlling cable parameters have also
been reported. The cabled randomly-coupled MCF had
two cores with a A of 20 um. Each core of the
randomly-coupled MCF had a step index profile, and
the cutoff wavelength was 1435 nm. It was verified that the
proposed cable (relative tension T = 1) could reduce
the SMD coefficient by 47% compared with conventional
cable (relative tension T < 0.3) while retaining an accept-
able cabling loss increase. Simultaneous optimization of
both randomly-coupled MCF and cable parameters can
be expected to improve characteristics, such as expanding
the number of cores and mitigating the tradeoff between
optical loss and SMD in cables.

D. Loose-Tube Cable Deployments

Loose-tube optical fiber cable is another type of optical
fiber cable. A variety of loose-tube cables are widely used,

such as indoor cords, outside plant cables, and submarine
optical fiber cables.

An indoor round cord with randomly-coupled MCFs was
fabricated for investigating the relationship between the
SMD and A [81]. The experiments and simulations found
that a randomly-coupled MCF with a proper core pitch
has random mode mixing even in the straightened loose-
tube cable, and random fiber deformation due to slight
extra fiber length in the loose-tube cable can introduce
sufficient bends to randomly-coupled MCFs for inducing
random mode coupling.

In 2019, an MCF cable was deployed in the city of
L’Aquila, Italy, as the world’s first field-deployed testbed for
SDM fibers [82], as shown in Fig. 17. The deployed cable
was a 6.29-km jelly-filled loose-tube cable with an outer
diameter of 6 mm, shown in Fig. 18(a), which accom-
modates 18 MCFs in total and consists of 12 strands of
randomly-coupled MCF and six strands of weakly-coupled
MCFs. The randomly-coupled MCFs have four identical
cores with a square layout of 25.4-um pitch and a cladding
diameter of 125 pm, whose cross section is shown in
Fig. 18(b) and the optical properties of which are summa-
rized in Table 3.

One strand of the randomly-coupled MCF was termi-
nated by splicing SC-connectorized MCF pigtails on both
ends, which can be connected to FIFO devices with con-
nectorized MCF pigtails. The remaining 11 strands of
randomly-coupled MCF were spliced with each other to
configure a concatenated randomly-coupled MCF link with

MCF testbed
installed

(d)

Microduct
MCF cable

for other
services

Fig. 17. Field-deployed MCF cable testbed [82]. (a) Experimental
optical network of the INCIPICT [83] and the MCF cable installation
area, (b) schematic of the underground tunnel with the INCIPICT
rack, (c) microduct on the rack after the MCF cable installation, and
(d) schematic of the MCF cable installed in the microduct.
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Fig. 18. Cross sections of the field-deployed (a) loose-tube cable
and (b) randomly-coupled MCF [82]. (LSZH: low smoke zero
halogen.)

a length of 69.2 km that can be used for long-distance
recirculating loop transmission experiments. Both ends
of the concatenated randomly-coupled MCF link were
spliced directly to the MCF pigtails of a pair of MCF FIFO.
The splicing loss of the ten splice points between the
11 randomly-coupled MCF strands (except both ends of
the link) was measured at 0.12 dB/splice on average using
OTDR, which can be further improved by optimizing splic-
ing conditions. Fiber transmission loss, including splicing
loss, can be regarded as 0.187 dB/km (0.170 dB/km +
0.12 dB/splice x 10 splices/69.2 km) at 1550 nm. The
SMD of the link measured using the FA method was 47 ps
after a 69.2-km transmission (5.7 ps/km!/2), which is
consistent with the rms value (5.1 ps/km?/2) of the SMDs
of the 11 randomly-coupled MCF strands composing the
concatenated link.

The impulse response for the 69.2-km-long randomly-
coupled MCF measured using SWI is shown in Fig. 19(a).
We observe a bell-shaped response confined to within
+0.1 ns, and the absence of any peaks or other nonsmooth
features verifies the high quality of both the fiber and the
fan-in/fan-out. The impulse responses had 20 of 44-55 ps
in the range of 185.5-198.0 THz (i.e., 1616-1514 nm),
which are in good agreement with the SMD of 47 ps
measured in the FA method. The corresponding MDL mea-
surements are shown in Fig. 19(b). The rms MDL stayed
below 1 dB over the >12-THz measurement bandwidth,
with a minimum of about 0.35 dB observed between
191 and 193 THz, and the P-P MDL below 3 dB with
a minimum of about 1.1 dB. The ratio of P-P MDL to
rms MDL was 3.07 + 0.08 in the whole measurement

Table 3 Optical Properties of the Field-Deployed Randomly-Coupled
MCFs

Attenuation [dB/km] 0.170 (0.165-0.175)P
Aegr [pm’] 80.9+3.3
MFD [um] 10.14+0.22
Cutoff wavelength [um] 1.47-1.50
Chromatic Dispersion [ps/(nm-km)] 19.12
CD slope [ps/(nmz-km)] 0.0582
SMD over C-band [ps/km'/?] 5.2 (2.5-8.0)°
2 Values at the wavelength of 1550 nm.
Y Avg. (min.—max.). °RMS (min.—-max.).
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Fig. 19.
the 69.2-km-long coupled-core MCF. (b) Corresponding MDL
data. (Replotted from the data in [55].)

(a) Impulse response at various center frequencies for

frequency range. These values are directly comparable
with the MDL estimates from the estimated transfer matrix
using DSP. Worth noting is that at least part of the MDL
increase at longer and shorter wavelengths is likely due
to calibration issues with the broadband SWI system.
Nevertheless, the low MDL values measured for the field-
deployed randomly-coupled MCFs verify that MDL levels
reported in laboratory experiments are achievable also for
the deployed randomly-coupled MCE

Transmission experiments were conducted over the
field-deployed randomly-coupled MCF link, and the recir-
culating loop experiments achieved the successful trans-
mission over distances up to 4014 km for QPSK and
2768 km for 16QAM signals with off-line DSP [84]. Fur-
thermore, real-time MIMO DSP implementation revealed
that the channel dynamics of the field-deployed randomly-
coupled MCF are richer than SMF but still significantly
slower than the update speed of the real-time DSP [85],
[86]. The results confirmed the technical viability of
randomly-coupled MCFs in the field.

VI. COUPLED MULTI-CORE
AMPLIFIERS

A single multi-core erbium-doped fiber amplifier
(EDFA) [87]-[89] can amplify all the parallel spatial
channels in a more compact footprint compared to simply
duplicating SMF-based EDFAs. Due to the availability
of uncooled high-power multimode pump laser diodes
and their potential to lower the cost per bit and total
power consumption, cladding pumping schemes, such
as edge [89], [90] and side pumping [88], are adapted
and commonly applied in multi-core EDFAs. In cladding
pumping, pump light is distributed over the entire
cladding, but signal light only transmits inside the cores.
The small overlap between the pump and signal results in a
much lower pump absorption efficiency compared to core-
pumped EDFA. A large portion of the pump light is usually
unused and dumped at the amplifier output in order to
maintain high population inversion over the entire EDFA
for better performance, such as a low noise figure [88].
Potential pump absorption efficiency enhancement can be
achieved by increasing core and cladding area ratio [91]
and implementing pump recycling [92].
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Fig. 20. Measured P-P MDL and gain for a packaged
randomly-coupled seven-core EDFA using all seven-core

components [95]: (a) and (b) P-P MDL after pump optimization for
various input power level (top of each graph) and gain [legend in
(a)l, and (c) and (d) corresponding gain flatness for 20-/25-dB target
gain at —10-dBm input. The amplifier was loaded using a 40 DFB
lasers on a 100-GHz grid.

Core-pumped multi-core EDFAs can achieve the same
pump absorption efficiency as in conventional SMF-
based EDFAs. Fiber cores can be designed to the cou-
ple at both signal and pump wavelengths for reducing
mode-dependent gain by scrambling the signals, balanc-
ing the pump power across all the cores, and reducing
the required number of pump laser diodes [93]. State-
of-the-art core-pumped coupled-core EDFAs can achieve
more than a 15-dB gain and a noise figure of less than
5 dB [94]. Fig. 20 shows the measured results of a pack-
aged randomly-coupled seven-core EDFA, which achieves
less than 3-dB P-P MDL (estimated to be <1-dB rms
MDL) while offering more than 25-dB gain [95]. The MDL
suppression of multi-core EDFA is a remaining challenge
for realizing long-haul all MCF transmission links [25],
[96], but the MDL caused by multi-core EDFAs is expected
to be further suppressed by the MDL suppression of cou-
pling subcomponents and optimizing the coupling strength
among the cores.

VI. TRANSMISSIONS AND SYSTEMS
Randomly-coupled MCFs are very attractive for
high-spatial density high-capacity optical transmission
applications due to their favorable optical properties
like low loss and small SMD compared to other fibers
supporting multiple spatial channels, for example,
graded-index MMFs. This was confirmed by numerous
MIMO-based transmission experiments performed over
the last decade [14], [16], [24], [28]-[31], [43].

The work in [24] is of particular importance because
it reports a direct comparison of an SMF (ULA-SMF)
with randomly-coupled four-core fiber (4C-MCF) and
seven-core MCF (7C-MCF) with nominally identical core
design, measured in the same recirculating loop setup. The
results are reported in Fig. 21, measured using 15-channel
WDM signals modulated with 30-Gbaud QPSK and 16QAM

signals. In the experiments, the span length was 110 km,
and the fiber attenuation per span was 17.6 dB for ULA-
SME 17.5 dB for 4C-MCE and 18.9 dB for 7C-MCF at a
wavelength of 1550 nm. Fused taper type FIFO devices
were fabricated for the 4C-MCF and 7C-MCE, and FIFO loss
was 0.4-0.5 dB for the four-core FIFO and 1 dB for the
seven-core FIFO, which includes the splice loss between
the FIFOs and MCFs. The effect of the FIFO losses was
eliminated from the launch power in Fig. 21(a), so the
launch power is the power in the fibers.

Although the randomly-coupled MCFs, especially
the 7C-MCE were penalized by additional span loss,
the reported quality factors (Q-factors) Q?—calculated
from bit-error-rate measurements—clearly show that
the randomly-coupled MCFs can outperform the SMF
performance for an equivalent core design with nominally
the same index profile [11]. The effect was predicted
in [27], [97], and [98] and can qualitatively be explained
by the favorable averaging between the nonlinear
distortions contributions arising from the nonlinear
interactions between the spatial modes.

The improvement in nonlinear transmission resulting
from having multiple randomly-coupled cores in an MCF
has been numerically evaluated in [99]. Fig. 22(a) shows
Q-factors versus power per channel for the central chan-
nel of a 15-channel signal and for two, four, seven,
and 19 identical randomly-coupled cores with a coupling
length of 200 m that represents the distance over which
the signal mixes from the random linear coupling. The
performance of one core is shown as a reference. One
can see that, as the number of coupled cores grows, the
Q-factor improvement of MCF over one core increases
but appears to experience saturation. The “ideal” curve
represents ideal modulation and detection in the presence
of noise only.

The effect of the coupling length on nonlinear transmis-
sion for a four-core randomly-coupled MCF is displayed
in Fig. 22(b). The coupling length of co represents the
reference case of a single-core fiber. The Q-factor improves
as the coupling length decreases from 2 km to about
2 m, with the most significant gain experienced when the
coupling length is reduced to a few hundreds of meters.
The improvement in nonlinear transmission appears to
saturate when the coupling length further decreases to a
distance as short as a few meters. Fig. 22 shows that the
improvement in nonlinear transmission originates from the
random linear coupling alone and is in addition to any
other gain in nonlinear transmission, such as an increase
in the effective area. One should note that there are
limitations in reducing the coupling length by bringing the
cores closer when the propagation constant of the modes
supported by the MCFs starts to no longer be considered
degenerate, as mentioned in Sections II and III. The mod-
eling of randomly-coupled MCFs within the limit of short
coupling length can be performed using a set of averaged
coupled differential equations, referred to as generalized
Manakov equations [100], [101].
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Fig. 21. Q-factors for ultralow-loss large-effective-area SMF (ULA-SMF), 4C-MCF, and 7C-MCF as a function of (a) launch power (16 QAM)
and (b) distance (QPSK and 16QAM). For 7C-MCF, (c) Q-factor as function of wavelength channel for a transmission distance of 4400 (16QAM)

and 12100 km (QPSK) [24].

The impulse responses of the 4C-MCF and 7C-MCF loops
are reported in Fig. 23(a) for a distance of 2200 km.
The 20-dB impulse widths were 2.6 ns for the 4C-MCF
and 5.6 ns for the 7C-MCE which are significantly shorter
than DMD observed in MMF transmissions over the same
distance [102]. Since the total impulse response width is
the root sum square of the impulse response widths of indi-
vidual components, 0.87 ns comes from the transmission
fiber and 2.5 ns from the other (loop) components in the
4C-MCF loop, and 3.6 ns from the transmission fiber and
4.2 ns from the other (loop) components in the 7C-MCF
loop, for a distance of 2200 km. The width of the impulse
response has a direct impact on the number of equalizer
taps necessary to fully recover the signal. For the signal
at 30 Gbaud transmitted over the 7C-MCF loop, 170 sym-
bol spaced taps are required at a distance of 2200 km, and
356 taps are required for distances up to 10 000 km. MIMO
equalizers with such a number of taps are best imple-
mented using frequency-domain equalizers that scale more
favorably than time-domain equalizers. In addition, the
complexity can also be reduced by using digital subcarrier
modulation, practically reducing the symbol rate of the
transmitted subcarrier, which results in a smaller number
of taps that have to be optimized for each subcarrier
[103]. The evolution of the MDL as a function of the

147
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Fig. 22.
15 channels for (a) various numbers of cores at a coupling length of

Q-factor versus power per channel and core for

200 m and (b) various coupling lengths in the four-core fiber.
(Replotted from the data in [99].)

distance was also investigated, as it can have a significant
impact on the transmitted capacity [104]. The results are
shown in Fig. 23(b) where the MDL defined in (3) is
reported, as well as the standard deviation defined in (4),
which is relevant for strongly coupled systems [21]. The
measurements of oypr s agree well with the theoretical
prediction (2) from [21] when a value of o, g5 = 0.30 dB
is used for the per span oypy s of the 7C-MCE which is
lower than o, 45 = 0.36 dB of the 4C-MCE The practical
impact of the MDL is reported in [38] and [104], and for
an acceptable capacity reduction of 10% at a 10~* outage
probability, a distance over 10 000 km can be achieved for
the span configuration reported in [24].

A. Submarine Applications

Randomly-coupled MCFs are of particular interest for
submarine systems because they can achieve a higher spa-
tial density compared to SMFs or weakly-coupled MCFs.
A recent trend in submarine systems, which are limited in
electrical power supply, is to maximize the cable capacity
by increasing the number of cores in the cable. This can
be effectively achieved by replacing the SMFs utilized in
current designs with randomly-coupled MCFs with the
same cladding diameter. Therefore, the same cable design
can be kept while increasing the number of cores up to 7

(a) ULA-SMF
50
40
~ 30
s
20
10
0
50 -25 00 25 5.0 cO 2500 5000 7500 10000
t (ns) distance (km)
Fig. 23. (a) Impulse response after 2200 km of ULA-SMF, 4C-MCF,

and 7C-MCF. (b) MDL as a function of distance for 4C-MCF and
7C-MCF. (Replotted from the data in [24].)
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or more. As randomly-coupled MCFs can have transmis-
sion performance comparable to or better than SMFs, this
represents a very compelling option for submarine cable.
In order for randomly-coupled MCFs to be viable, it is,
however, also important to demonstrate the availability
of high-performance components, such as amplifiers sup-
porting MCFs and low loss connectivity between fibers and
components.

In addition, randomly-coupled MCFs require trans-
ceivers that support full MIMO processing between the
cores. The added complexity of full MIMO transceivers
was addressed in [105], and the results indicate that over-
all DSP complexity per core will only modestly increase
(around 40% to support seven-core fibers), mostly because
the DSP complexity in single-mode transceivers is domi-
nated by the complexity of the chromatic dispersion com-
pensation and the forward error correction. Practically,
FPGA-based transceivers for four-core fibers have already
been demonstrated over transoceanic distances [29], and
more recently, a single FPGA-based transceiver support-
ing up to seven-core fibers has also been reported [96].
The translation into an ASIC-based solution—supporting
higher symbol rates—is technologically feasible, and there-
fore, the MIMO complexity is currently not the limiting fac-
tor in the number of cores per fiber that can be supported
in submarine applications.

B. Terrestrial Applications

Randomly-coupled MCFs could be used also in terres-
trial systems, as they can significantly reduce the cross
section of optical cables, which can have a significant
impact on transportation and deployment costs. Fur-
thermore, the improvement in nonlinear transmissions
is more effective in terrestrial systems compared with
power-limited submarine systems. Higher launching power
thanks to the suppressed nonlinearity and relaxed electric
power supply enables longer repeater spacing and, thus,
may reduce the system cost.

In addition to optical amplifiers that support MCFs,
new switching components supporting MCFs are required
for multipoint terrestrial networks. For randomly-coupled
cores, all the signals across the cores have to be routed
together over the whole link length, and switches based
on the joint switching architectures [106] are of particular
interest. The switch that supports randomly-coupled MCFs
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