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Abstract—Newly developed 125-µm-cladding coupled four-core
fibers realized the record-low spatial mode dispersion (SMD) of
3.14 ± 0.17 ps/�km over C-band and the ultra-low attenuation of
0.158 dB/km at 1550 nm, both of which are the lowest ever reported
among the optical fibers for the space-division multiplexed trans-
mission. The SMD was observed to be proportional to the fiber
bend curvature, i.e., inversely proportional to the bend radius, and
the SMD of 3.14 ± 0.17 ps/�km was measured at the bending ra-
dius of ∼31 cm. By assuming the 3.14-ps/�km SMD accumulation,
the tap count of the multiple-input multiple-output digital signal
processing for the crosstalk compensation is estimated to be only
63 taps for covering 99.99% power of the impulse response after
10 000-km propagation when the 25-GBaud (50-GHz sampling) is
assumed. The present results demonstrate the strong applicabil-
ity of the coupled multicore fiber to the ultralong-haul submarine
transmission system.

Index Terms—Coupled-core MCF, coupled MCF, MCF, multi-
core fibers, optical fiber communication, optical fibers, SDM, space
division multiplexing.

I. INTRODUCTION

THE transmission capacity through the single-mode fiber
(SMF) had reached its fundamental limit of around

100 Tb/s/fiber in research activities [1], [2], and the spatial
division multiplexing (SDM) technologies are being intensively
studied to overcome the capacity limit [3]. In deployed transpa-
cific transmission systems, the system capacity has been expo-
nentially increasing as shown in Fig. 1, and the latest system
can transmit full-duplex 60 Tb/s signal with six pairs of fibers
(each fiber supports 10 Tb/s) in one cable [4]. With an extrapola-
tion from the capacity growth in Fig. 1, demands of full-duplex
multi-petabits/s systems in 2025 can be estimated.

To realize such an ultra-high capacity system, we have to in-
crease the fiber pair count in a cable and/or the capacity of each
fiber, e.g., 12 fiber pairs where each fiber transmit ∼80 Tb/s can
realize the full-duplex ∼1-Pb/s transmission. One may think
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Fig. 1. The capacity growth of transpacific fiber optic transmission systems.

that 12 fiber pairs (24 fibers) are very few compared with ultra-
high-count terrestrial cables; however, the fiber count increase is
very challenging in submarine cables, because a thicker/heavier
cable significantly increases the cable installation cost due to
the limited loading capacities of installation ships. The fiber
identification is another difficulty for the high-count jelly-filled
loose-tube submarine cable. Transmitting ∼80 Tb/s in a SMF
over transoceanic distance is also challenging, which requires
the exponential improvement of the optical signal-to-noise
ratio (OSNR), according to the Shannon limit. Hero transmis-
sion experiments in research [2], [5], [6] indicate the capac-
ity limit of the SMF system around 50 Tb/s for 10,000-km
reach, as shown in Fig. 2, even with advanced ultra-low-loss and
low-nonlinearity fibers.

In such a situation, the “capacity crunch” of the transoceanic
SMF transmission system is likely to become a reality in the
next ten years, and the SDM fiber is a possible solution that
can simply multiply the spatial channel count whereby using
the conventional submarine cable. However, to use in the ultra-
long-haul submarine system, the SDM fiber has to realize ultra-
low loss for OSNR improvement, higher spatial-mode density
for increasing the spatial channel count within the standard
125-μm cladding, and lower differential group delay (DGD)
between spatial modes (spatial mode dispersion (SMD)) for
suppressing the digital signal processing (DSP) complexity.

0733-8724 © 2016 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted, but republication/redistribution
requires IEEE permission. See http://www.ieee.org/publications standards/publications/rights/index.html for more information.



HAYASHI et al.: RECORD-LOW SMD AND ULTRA-LOW LOSS COUPLED MULTI-CORE FIBER FOR ULTRA-LONG-HAUL TRANSMISSION 451

Fig. 2. The SMF transmission capacities and distances demonstrated in the
hero experiments reported in [2], [5], [6].

In this paper, we describe a coupled-core multi-core fiber
(CC-MCF) having four pure-silica cores with enlarged effective
areas (Aeff ) of 112 μm2 within the standard 125-μm cladding
[7], with additional measurement results. The fabricated
CC-MCF realized the SMD of 3.14 ± 0.17 ps/�km—further
improved from [7]— over the C-band and the average atten-
uation of 0.158 dB/km at 1550 nm, both of which show the
lowest values ever reported among the optical fibers for the
SDM transmission.

II. FIBER DESIGN

In order to achieve ultra-low loss and low SMD, we employed
a CC-MCF where cores are arranged close to each other. The
CC-MCF can provide higher spatial channel density compared
with the uncoupled MCF [8], [9], and can also induce the strong
random mode coupling that can suppress the accumulations
of the DGD/SMD [9], [10], the mode dependent loss/gain
(MDL/MDG) [11], and the nonlinear impairments [12], [13].
The DGD/SMD suppression is a critical factor for reducing the
calculation complexity in the multiple-input-multiple-output
(MIMO) DSP for the crosstalk compensation. The CC-MCF
has potential to simultaneously realize low DGD/SMD and
ultra-low loss comparable to the lowest loss realized in the
SMF (cf. [14]–[16]), because the CC-MCF can suppress the
DGD/SMD with simple step-index-type pure-silica cores
thanks to the random coupling [9], [10], [17], in contrast to
the single-core few/multi-mode fiber (FMF/MMF) that needs
a GeO2-doped precisely-controlled graded-index-type core for
the DGD suppression.

In design of the CC-MCF, we basically dealt with the core
mode properties of the CC-MCF because each eigenmode of
the whole coupled-core waveguide structure is localized in each
core due to the index mismatch induced by the fiber bend, ex-
cept for the index-matching points discretized by the fiber twist
[9]. We designed the CC-MCF as shown in Fig. 3, based on the
refractive index profile of the ultra-low-loss (ULL) pure-silica-
core (PSC) SMF with the enlarged Aeff of 112 μm2 (PSCF-110
[14]). A ring core is surrounded by a depressed inner cladding
for simultaneously increasing the Aeff and suppressing the mac-
robend loss, and the depressed cladding is surrounded by an

Fig. 3. Design of the CC-MCF: (a) cross-section (darker represents lower
index), and (b) refractive index profile on a radial line on a core center.

Fig. 4. The relationship between the core pitch and the simulated SMD at the
wavelength of 1550 nm, the Rb of 15 cm, and various twisting conditions.

outer cladding with higher refractive index for shortening the
cable cutoff wavelength (λcc). In the CC-MCF design, the core
index profile is identical to each other, and the common de-
pressed cladding is shared by all the cores. The cores were
arranged on the square lattice.

The core pitch Λ was designed to be 20 μm for realizing
adequate random couplings due to the bends and twists [9], by
assuming a spun fiber. To confirm if the adequate couplings oc-
cur with the designed Λ, we numerically simulated the SMD
of four-core fiber with the designed core for different Λ from
12 to 30 μm, using the method presented in [18]. The results
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Fig. 5. A schematic illustration showing bend-affected equivalent refractive
index profiles of a core located apart from the center of the depressed cladding.

are shown in Fig. 4. Here, the SMD was defined as the statis-
tical average of the maximum difference of the group delays
of the principal modes [19], which was calculated using the
non-orthogonal coupled mode theory based on the core modes
[20] that can hold even when the core modes are strongly
coupled. The bend radius Rb in the calculation was set to be
15 cm by assuming a 14-cm-radius bobbin and winding thick-
ness of the fiber. In this calculation, we assumed the fiber twist
consists of a non-random component which is a sinusoidally-
modulated bidirectional twist whose peak rate ftw ,pk is 1, 3,
or 5 [turn/m] and a random component whose twist rate is an
additive white Gaussian noise with the standard deviation σtw
of 0.3 [turn/�m]. The SMD was simulated by Monte-Carlo
simulation with 25 instances of the random twist component.
According to the simulation results, the SMD is expected to be
well suppressed by the twists when the Λ is ∼18 μm or longer
in the case of the designed core.

The outer cladding diameter of the CC-MCF was designed to
be 125 μm, which is the same as the standard optical fibers. The
depressed cladding diameter (2Rdc) and the refractive index
contrast between the depressed cladding and the outer cladding
were designed to suppress the λcc less than 1530 nm, and mac-
robend loss less than 0.2 dB/turn at λ of 1550 nm and the Rb
of 15 mm. As each core is located apart from the center of
the depressed cladding, the macrobend loss was calculated in
the maximum bend loss condition, and the λcc in the minimum
bend loss condition (see Fig. 5 for the maximum/minimum bend
loss conditions). The designed optical characteristics of the core
mode are summarized in Table I.

III. FABRICATION RESULTS

According to the above design, we fabricated a CC-MCF.
Table II shows the optical properties of four samples of the
fabricated CC-MCF, and Figs. 6 and 7 show the cross section
and the average attenuation spectra, respectively. The measured
Λ values were from 19.5 to 19.8 μm. The CC-MCF was twisted
in alternating direction. We have not succeeded in measuring
the actual twist rate of the CC-MCF because of difficulty in
measurement, but we suppose the peak twist rate is in the range

TABLE I
DESIGNED CORE-MODE CHARACTERISTICS AT 1550 NM.

Items Values

Ae f f 112 μm2

λc c � 1490 nm
Bend loss at Rb = 15 mm � 0.2 dB/turn
Chromatic dispersion 20.9 ps/(nm�km)
Dispersion slope 0.060 ps/(nm2�km)

of 1 to 5 turns/m, based on our past measurement experiences
of twisted slightly elliptic fibers.

The attenuation was measured using the cutback and
backscattering methods [21]. Because the inter-core crosstalk
was so strong that the powers in the core modes can be com-
pletely mixed within less than one-meter propagation, the mea-
sured attenuation was averaged over the modes and thus we
measured average attenuation in both methods. The lowest av-
erage attenuation at 1550 nm observed in the cutback method
was 0.158 dB/km, and is much lower than those of the previously
reported MCFs (0.177 dB/km in the CC-MCF [9], 0.168 dB/km
in the uncoupled MCF [22]), and approaching to those of the
ultra-low-loss SMFs (0.147–0.154 dB/km) [14]–[16], thanks to
the ULL PSC technology [14] which was also applied recently
to an uncoupled MCF resulting in the loss as low as 0.161
dB/km [23]. The difference of average attenuations between the
cutback and backscattering methods in the cases of Samples 1
and 2 may be due to slight excess losses induced near the output
end of the samples.

The λcc was measured using multimode reference method
[21]. The λcc of the higher-order modes, except the modes cor-
responding to the fundamental core modes, was measured to be
<1480 nm, as shown in Table II.

The chromatic dispersion (CD) averaged over the spatial
modes was measured using the conventional modulation phase
shift method [24]. In the CD measurement, we launched and
received the light into and from a core. The measured spec-
tra of the relative group delays (GDs) and CDs averaged over
modes are shown in Fig. 8. The fitting curves represent the five-
term Sellmeier equation [21], fitted to the relative GD spectra.
Though the measured CD spectra are somewhat noisy, the CDs
and their slopes obtained from the fitting curves agreed well
with the design, as shown in Table II. The noise in the measured
CD is considered because the DGD and random coupling in-
duced interference fringe on the impulse response, and the GD
with peak intensity was fluctuated.

The marcrobend loss at Rb = 15 mm was measured to be
lower than 0.1 dB/turn at 1550 nm.

The Aeff were not able to be measured due to the strong
random mode mixing. Evaluation method developments would
be necessary for the Aeff evaluation. However, we expect the
Aeff would be similar to their design values, since the measured
values of the other parameters agreed with their design values.

IV. SPATIAL MODE DISPERSION MEASUREMENTS

AND DISCUSSION

The spatial mode dispersion (SMD) was measured in the
range of 1520 to 1580 nm using the method similar to
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TABLE II
MEASURED OPTICAL CHARACTERISTICS AT 1550 NM OF THE FABRICATED CC-MCF.

Sample Length [km] Average attenuation [dB/km] λc c [nm] CD [ps/(nm·km)] CD slope [ps/(nm2·km)] Bend loss [dB/turn] at Rb = 15 mm

Cutback Backscattering

Design n/a n/a n/a <1490 20.9 0.060 � 0.2
Sample-1 17.3 0.158 0.157 1469 20.1 0.061 0.064
Sample-2 24.2 0.161 0.159 1468 20.1 0.063 0.069
Sample-3 30.1 0.160 0.160 1472 20.1 0.061 0.046
Sample-4 41.2 0.159 0.159 1473 20.0 0.060 0.058

Fig. 6. A cross section of a fabricated CC-MCF [7].

Fig. 7. The average attenuation spectra of the fabricated CC-MCFs.

the fixed analyzer technique—sometimes also referred to as
the wavelength scanning technique/method— with Fourier anal-
ysis for the polarization mode dispersion (PMD) measurement
[25], after Sakamoto et al. [17]. The measurement setup is
shown in Fig. 9, and basically the same with the setup for
measuring the crosstalk spectrum by the wavelength-scanning
method, described in [26]. We measured a transmission spec-
trum of each core from 1520 to 1580 nm with the 5-pm step
using a tunable light source with ∼100-kHz linewidth. The
measured transmission spectrum was Fourier-transformed, and
the probability distribution of the DGD Δτ was obtained as the

Fig. 8. The spectra of (upper) the relative GD and (lower) the CD of the
fabricated CC-MCFs. The measured marks in the relative GD spectra overlap
the 5-term Sellmeier fitting curves. The measured marks in the CD spectra were
somewhat noisy because of the DGD and random coupling.

result of the Fourier transform. Before the Fourier transform, the
transmission spectrum with equal wavelength interval was con-
verted to the spectrum with equal frequency interval by cu-
bic spline interpolation, its DC offset was removed, and the
appropriate window function was applied (the Nuttall-defined
minimum 4-term Blackman-Harris window [27] was used in
this study). The measured DGD Δτ distribution was Gaussian-
distributed as shown in Fig. 10. The SMD was defined as the
square root of the second moment of the DGD distribution, i.e.,
the standard deviation σR of the autocorrelation function of the
impulse response, as with the case of the PMD measurement
[25]. The σR is twice the standard deviation σI of the impulse
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Fig. 9. The schematic experimental setup for observing the transmission spec-
trum of a core of the CC-MCF (FUT: fiber under test), for measuring the SMD
in the similar way to the fixed analyzer method for PMD measurement.

Fig. 10. An example of measured DGD distributions.

TABLE III
SPATIAL MODE DISPERSION OF THE FABRICATED CC-MCF.

Sample Length [km] SMD [ps]∗ SMD coeff. [ps/�km]∗

Sample-0 2.975 12.05 ± 0.31 7.99 ± 0.18
Sample-1 17.31 26.05 ± 0.48 6.26 ± 0.12
Sample-2 24.24 32.28 ± 0.50 6.56 ± 0.10
Sample-3 30.06 33.41 ± 0.02 6.09 ± 0.00
Sample-4 41.22 36.67 ± 0.52 5.71 ± 0.08

∗ The samples were wound on 140-mm-radius bobbin, and measurement
wavelength range was 1520–1580 nm. Each value shows the average ±
the standard error.

response [28]—σI corresponds to σ values in [9], [10]. The
measured SMD 〈Δτ〉 values and the SMD evolution over the
fiber length are shown in Table III and Fig. 11, respectively.
The SMD of the samples agreed well with the square-root curve
having the SMD coefficient of 6.1 ps/�km, calculated from
[(
∑

σ2
R)/(

∑
L)]1/2 of Samples 1–4.

Next, we obtained 1-km pieces from Sample 4 and investi-
gated the dependence of the SMD on the fiber bending radius
Rb . We measured the SMD at Rb of 8 cm, 14 cm, and 31 cm.
The results are shown in Table IV and Fig. 12. The linear propor-
tionality of the SMD on the fiber curvature (1/Rb ) was clearly
observed, as shown in Fig. 12. The SMD at Rb of 31 cm was
further suppressed to be 3.14 ± 0.17 ps/�km.

The SMDs measured over C-band with the fabricated CC-
MCFs are much lower than the values reported in the CC-MCFs
[10], [17] and C-band DGD in FMFs [29]–[31] in the long-haul
region longer than tens of km, as shown in Fig. 13.

Based on the measurement results, the SMD after 10,000-km
transmission is expected to be 6.1 × 102 ps for the 6.1-ps/�km

Fig. 11. The SMD of the fabricated CC-MCFs (Error bars represent the
standard errors of the measurements with different core launching).

TABLE IV
THE EFFECT OF THE FIBER BEND RADIUS ON THE SPATIAL MODE DISPERSION

OF THE FABRICATED CC-MCF.

Bend radius [cm] Length [km] SMD [ps]∗

8 1.00 15.05 ± 0.11
14 1.00 8.55 ± 0.21
31 1.00 3.14 ± 0.17

∗ Measurement wavelength range was 1520–1580
nm. Each value show the average ± the standard
error.

Fig. 12. The relationship between the fiber bend curvature and the SMD of
1-km pieces obtained from the fabricated CC-MCF. (Error bars represent the
standard errors of the measurements with different core launching. The line is
the linear regression from the origin).

case and to be 3.14 × 102 ps for the 3.14-ps/�km case,
sufficiently low for suppressing MIMO calculation complexity.
Assuming a 25-GBaud symbol rate (50-GHz sampling), the
required tap counts for MIMO DSP for the transmission over
the fabricated CC-MCF for covering most of the power of
the impulse responses were estimated for the 6.1-ps/�km and
3.14-ps/�km cases, as shown in Fig. 14 and Table V. Even
after 10,000-km transmission, the required tap count can be
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Fig. 13. A comparison of the SMD or DGD over C-band between the fabri-
cated CC-MCF and SDM fibers reported in [10], [17], [29–31] (The marks and
the dotted lines for the CC-MCFs are the measured values and the regression
lines. DGDs of the FMFs are the estimated values of the DGD-compensated
links with the optimized positive/negative-DGD fiber ratios by interpolating the
measured DGDs).

Fig. 14. The required tap count for MIMO DSP for the fabricated CC-MCF.
(Black thicker curves: 3.14 ps/�km, blue thinner curves: 6.1 ps/�km).

TABLE V
THE REQUIRED TAP COUNT FOR MIMO DSP FOR THE FABRICATED CC-MCF
AFTER 10,000-KM TRANSMISSION FOR COVERING THE MOST OF THE IMPULSE

RESPONSES.

Covering interval Uncovered power of
impulse response

Required tap count

6.1-ps/�km SMD
case

3.14-ps/�km SMD
case

±2σ I = 2σR ∼4.6 × 10−2 61 32
±4σ I = 4σR ∼6.3 × 10−7 1.2 × 102 63
±6σ I = 6σR ∼2.0 × 10−9 1.8 × 102 95

quite a reasonable value for suppressing the MIMO calculation
complexity.

A remaining concern on the SMD is its degradation due to
tight bends or too loose (nearly straight) bends of the fibers in
actual deployed conditions. The tight bends can be applied to the
fibers as small-radius spools for slack fiber storage in repeaters.

Fig. 15. The estimated SMDs for one span with/without tight bend in a
repeater, as a function of the span length. Except the tightly bent portion, the
SMD coefficient of 3.14 ps/�km was assumed.

Fig. 16. The simulated SMDs at 1550 nm after 1-km propagation, as a function
of the fiber curvature. The measured results are also plotted together.

Thus, we estimated the SMD after one span CC-MCF propaga-
tion including one repeater, based on the proportionality of the
SMD on the bend curvature in Fig. 12. We assumed the SMD
coefficient of 3.14 ps/�km except for the small spool in the re-
peater. The small spool was assumed as the 100-turn bend with
the diameter of 60 mm, 30 mm, or 20 mm. As shown in Fig. 15,
slight SMD increases were observed due to the small spool,
but are considered to be manageable in the MIMO DSP. On the
other hand, optical fibers in submarine cables can be deployed in
very loosely bent (nearly straight) conditions, and the bend per-
turbations can be suppressed, which could suppress the random
mode coupling. To investigate this, using the simulation method
described in Section II, we numerically simulated the SMD of
the CC-MCF after 1-km propagation, as a function of the fiber
bend curvature. As shown in Fig. 16, the simulation results at the
ftw ,pk of 3 and 5 turns/m agreed well with the measured results.
In the simulation, the SMD was minimized at the bend curvature
of around 2.5 m−1 (the Rb of around 40 cm), and the minimum
SMD was about 2/3 of the SMD at the Rb of 31 cm. When
the bend curvature was smaller than 2.5 m−1, the SMD rapidly
increased as the bend curvature approached 0 m−1. Therefore,
the CC-MCF design has to be further improved for enhancing
the random coupling in the very loosely bent conditions.
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V. CONCLUSION

The coupled-core multi-core fiber with four pure-silica cores
achieved the record-low SMD of 3.14 ± 0.17 ps/�km over
C-band and the ultra-low average attenuation of 0.158 dB/km at
1550 nm. The attenuation comparable to the ultra-low-loss SMF
will be able to realize the spatial channel increase without the
degradation of the per-channel capacity. Furthermore, according
to the theoretical studies [12], [13], the strong random mode
coupling may result in much lower nonlinear noises than that in
a SMF with the same core-mode Aeff .

Though the MIMO calculation complexity may be a con-
cern in the coupled-core/mode transmission system, the first
real-time MIMO DSP demonstration over a CC-MCF was al-
ready reported in 2015 [32]. Revisiting the digital coherent DSP
case, the 100-G digital coherent DSP chip was commercialized
only three years after the first real-time digital coherent DSP
demonstration [33]–[35].

The results in this paper demonstrate the strong applicability
of the CC-MCF to the ultra-long-haul submarine transmission
system with the limited valuable cross section of the cable.
With the further design optimization of the CC-MCF and the
research progress in the MIMO DSP field, the CC-MCF can
become a strong and realistic candidate for the next-generation
transmission fiber of the ultra-high-capacity ultra-long-haul
transmission system.
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