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Abstract Transoceanic-class multi-core fibre bidirectional transmission is experimentally demonstrated
using step-index profile standard cladding 4-core fibres without trench-assisted pure-silica cores for the
first time. 4-SDM/16-WDM channels modulated with 24-Gbaud DP-QPSK are successfully transmitted
over 7,000 km with no impact of core-to-core crosstalk. ©2022 The Author(s)

Introduction

Multi-core fibres (MCFs), a type of space-
division multiplexing (SDM) technology, have
been investigated to overcome the theoretical
transmission capacity limitation in standard
single-mode fibres (SMFs) [1]. In particular,
MCFs with a 125-um standard cladding diameter
[2] are expected for early commercialization of
SDM systems due to their high mechanical
reliability and applicability to conventional optical
terrestrial and submarine cable structures. Two
types of weakly coupled MCFs have been
proposed that have high compatibility with
existing SMF systems because conventional
transmitters and receivers can be applied: a step-
index (Sl) profile MCF (SI-MCF) [3-5] with a
stepped refractive index profile similar to that of a
standard SMF and a trench-assisted MCF (TA-
MCF) [6] with a trench structure to suppress
crosstalk (XT) between cores. Although SI-MCFs
have a simple refractive index profile compared
to TA-MCFs and can be expected to have
superior manufacturability for mass production
[3], the transmission distance is limited by the
relatively large core-to-core XT. To suppress the
degradation of the transmission performance due
to core-to-core XT to achieve MCF long-haul
transmission, bidirectional transmission
technologies have been proposed [7-14].
However, to the best of our knowledge, long-haul
transmission experiments using SI-MCFs with
bidirectional transmission technology have not
been reported thus far.

In this paper, we experimentally demonstrated
transoceanic-class MCF transmission using

Tab. 1: Span losses at 1550 nm.

standard cladding Sl-type 4-core fibres (SI-4CFs)
with bidirectional transmission technology for the
first time. First, the Q2-factors as a function of the
fibre launch power were measured using the
centre channel of 16-WDM 24-Gbaud dual-
polarization quadrature phase shift keying (DP-
QPSK) signals to clarify the tolerance to the
nonlinear effects in the SI-4CFs. In addition, we
compared the QZ2-factors as a function of the
transmission distance in the unidirectional and
bidirectional cases. Finally, we also measured
the Q2-factors for all 4-SDM/16-WDM channels
after 7,000-km transmission.

Step-index profile 4-core fibre

A cross-sectional image and the core number
assignment of the SI-4CF [3-5] used in this
experiment are shown in the inset of Fig. 1. The
four cores were arranged in a square lattice. The
transmission loss and core pitch for the SI-4CF at
a wavelength of 1550 nm were approximately
0.19 dB/km and 40 um, respectively. In this
experiment, two SI-4CF spans were constructed.
The first span (span#1) consisted of a single SlI-
ACF bobbin of 55.6 km, and the second span
(span#2) consisted of six SI-4CF bobbins with
fusion splices for a total of 52.1 km. Table 1
shows the span losses for each core in both SI-
4CF spans, including the insertion loss of the fan-
in (Fl)/fan-out (FO) devices, at 1550 nm. In both
spans, the span losses for the four cores were
approximately 12 dB. In addition, the core-to-core
XT characteristics in each span at 1550 nm are
given in Table 2. Although the XT between
adjacent cores was relatively high at

Tab. 2: Core-to-core XT characteristics in each span at 1550 nm.
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Unit: dB (gé’%”f;) égi”f rf]) jgsf‘ﬁlB FO1 FO2 FO3  FO4 Sr’:i"’t‘:”zé FO1I FO2 FO3 FO4
core#l 1212 1162 Fi1 - 2130 -42.03 -22.09 FI1 - 1949 3927 -19.76
core#?2 1196 1190 FI2 | -2093 - 2036 4154 Fl2 | -1972 - -10.87 -39.25
core#3 1199 1150 FI3 | -41.75 -2042 - 2048 FI3 | 3952 -2014 - -19.63
core#4 1184 1119 Fl4 | -2216 -42.05 -2065 - Fi4 | 2020 -39.65 -19.72
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Fig. 1: Experimental setup.
approximately —20 dB, the XT between diagonal 12
cores was suppressed to approximately —-42 dB % 11
for span#1 and -39 dB for span#2. For the case =10
of a square lattice core arrangement, the % 9
influence of XT between adjacent cores can be &
almost ignored for bidirectional transmission, in o> 8
which signals propagate in different directions 7
between adjacent cores. Thus, for this case, only 8 -7 6 5 4 -3 -2 -1 0

XT between diagonal cores and XT from a
diagonal core via adjacent cores [11] should be
considered. Therefore, the transmission distance
can be expected to be significantly extended by
applying bidirectional transmission technology
since the XT from the diagonal core of these SI-
4CFs is well suppressed.

Experimental setup

Figure 1 shows the experimental setup used for
evaluating the long-haul transmission
performance when using the SI-4CF, based on
previous MCF transmission experiments [15-18].
For the transmitter, eight continuous wave (CW)
lights were combined with a frequency spacing of
50 GHz for even and odd channels. The even and
odd channels were independently modulated by
24-Gbaud Nyquist-shaped QPSK signals using a
4-channel arbitrary waveform generator (AWG)
and two 1Q modulators (IQMs). The signals were
polarization-multiplexed with a delay of 87 ns,
and then, 16-channel WDM 25 GHz-spaced 24-
Gbaud DP-QPSK signals were obtained with a bit
rate of 96 Gbit/s, including the assumed 25.5%
forward error correction (FEC) overhead [19].

Launch power [dBm/ch]
Fig. 2: Q2factors as a function of the fibre launch
power after 3,015-km transmission.

The generated WDM signal was split into 4
paths, with a relative delay of 200 ns between
subsequent paths for decorrelation, and fed into
a re-circulating loop system consisting of two Sl-
ACF spans of 55.6 km and 52.1 km, C-band
EDFAs and 2x2 optical switches (SWSs). In the
unidirectional case, the WDM signal propagated
in the same direction in all cores using the
transmission line shown in Fig. 1(a). In the
bidirectional case, the WDM signal propagated in
the opposite directions between the pair of
core#l and #3 and the pair of core#2 and #4, as
shown in Fig. 1(b). The WDM signals after 2-span
transmission were gain-equalized using four C-
band wavelength-selective switches.

For the receiver, the transmitted WDM signals
were detected by four digital coherent receivers
based on heterodyne detection after channel
selection with optical bandpass filters (OBPFs).
For offline processing, the stored samples were
processed by four adaptive 2x2 multi-input multi-
output (MIMO) equalizers with 250 taps. The

Disclaimer: Preliminary paper, subject to publisher revision
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Fig. 3: Q*factors as a function of the transmission distance in the (a) unidirectional case and (b) bidirectional case.

MIMO tap coefficients were updated based on a
decision-directed least-mean square (DD-LMS)
algorithm [20]. After the symbols were decoded,
the Q2-factors were calculated.

Experimental results

Figure 2 shows the Q?-factors as a function of the
power per channel after 3,015-km transmission
using the centre channel of 16-WDM 24-Gbaud
DP-QPSK signals from 1549.62 nm to 1552.62
nm, to determine the optimum fibre launch power
in the SI-4CF. The launch power was defined as
the power input to the FI devices. Here, only
WDM signals were input to core#l to avoid
degradation of the transmission performance due
to core-to-core XT. The highest Q?-factor was
obtained at -3 dBm/ch. Therefore, the signal
power launched into each core of the SI-4CFs
was adjusted to -3 dBm/ch in the following long-
haul transmission experiments.

Figure 3 shows the Q2-factors as a function of
the transmission distance with the optimum fibre
launch power in the (a) unidirectional case and
(b) bidirectional case. In the unidirectional case,
the Q?-factors for the four cores exceeded the
assumed FEC threshold of 4.95 dB [19] after 646
km transmission, although the transmission
distance was limited by the XT between adjacent
cores. In contrast, in the bidirectional case, the
feasibility of 8,077-km transatlantic-class
transmission was confirmed because no
degradation due to direct XT from adjacent cores
occurred.

Finally, to clarify the transmission potential of
the SI-4CF across the C-band, the transmission
performance was measured using WDM signals
around the shorter, centre, and longer
wavelengths of the C-band. Figure 4 shows the
Q2-factors for all 4-SDM/16-WDM channels after
7,000-km SI-4CF transmission at approximately
(a) 1532 nm, (b) 1551 nm and (c) 1560 nm in the
bidirectional case. For all measured SDM/WDM
channels, Q2-factors exceeding the assumed
FEC threshold [19] were obtained. From the
results obtained, transoceanic-class bidirectional
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Fig. 4: Qz-factors for all 4-SDM/16-WDM channels after
7,000-km transmission at approximately (a) 1532 nm, (b)
1551 nm and (c) 1560 nm in the bidirectional case.
transmission using SI-4CFs can be expected in
the full C-band.

Conclusions

Transoceanic-class SI-4CF transmission was
experimentally demonstrated with bidirectional
transmission technology for the first time. We
confirmed the feasibilty of 8,077-km
transmission in the bidirectional case using the
centre channel of 16-WDM 24-Gbaud DP-QPSK
signals, expanding the transmission distance by
more than 10 times compared to the
unidirectional case. The QZ2-factors for all 4-
SDM/16-WDM channels exceeded the assumed
FEC limits after 7,000-km transmission with
bidirectional transmission technology.
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