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Abstract—We investigate a complete realistic integrated mul-
ticore system consisting of directly spliced components: homo-
geneous trench-assisted 7-core fiber with a length of 60 km,
cladding-pumped 7-core amplifiers, integrated 7-core isolators,
and fiberized fan-in/fan-out couplers. We analyze the perfor-
mance of an in-line repeatered multicore transmission system
in a recirculating loop by transmitting a 200 Gbit/s 16-QAM
test channel and 14 x 100 Gbit/s QPSK neighboring channels
between the wavelengths of 1558.58 nm and 1564.27 nm in a
50 GHz grid. For every position of the test channel within the
considered band we demonstrate transmission distances over
720 km.

Index Terms—Multicore fiber (MCF), optical fiber communi-
cations, space-division multiplexing (SDM), recirculating loop, in-
line multicore transmission system, cladding-pumped multicore
amplifiers, multicore optical isolators, multicore fiber transmis-
sion.

I. INTRODUCTION

ULTICORE fibers (MCFs), consisting of several op-

tical waveguides encompassed by a single cladding
structure [1], were introduced in 1979 as a special type of
space-division multiplexing (SDM). After being almost forgot-
ten by the research community, they recently profited from the
renaissance of SDM technologies driven by the continuously
increasing data demands. Lately, MCFs have experienced sig-
nificant progress and are now regarded as a viable technology
to realize optical SDM telecommunication systems. The most
important achievements in the field of MCFs include low
inter-core crosstalk levels [2], capability to support long-haul
transmission [3], and high core count [4]. In particular the last
point aims at maximizing the economical benefit by utilizing
the largest possible area of the cladding, while keeping the
cladding diameter below 250 ym to minimize the mechanical
failure probability of the fiber [5].
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MCF communication systems are conceived to employ
state-of-the-art per-core digital signal processing (DSP). The-
refore, inter-core crosstalk is usually minimized by fiber design
rather than canceled via power-hungry signal processing. The
main approaches to reduce crosstalk are maximizing the
intercore distance, e.g. by arranging the cores according to
efficient lattice layouts (hexagonal, square, etc.), incorporating
artificial structures such as air holes and trench-indexed layers
around the cores of the MCF [6], and using different refractive
index profiles for different cores or groups of cores within the
cladding [7].

In addition to the fiber, a critical component for the rea-
lization of a complete MCF system are multicore amplifiers.
In the last few years, both core-pumped and cladding-pumped
amplifiers have been demonstrated. The latter approach shows
particular promise in enabling cost-effective MCF systems.
The use of a single multimode pump laser to simultaneously
amplify all cores offers the possibility to cut complexity
and costs in comparison to single-mode and core-pumped
repeatered systems. Initially, core-pumped 7-core amplifiers
have been designed using conventional erbium doping, to
achieve performance close to that of conventional single-core
erbium-doped fiber amplifiers (SC-EDFA). Lately, even 19
cores have been amplified using this core-pumping scheme [8].
In case of cladding-pumping, ytterbium co-doping is generally
used to improve the cladding absorption. Recently, a cladding-
pumped high-density 32-core amplifier using 2 multimode
pumps has been demonstrated [9].

In this paper, we investigate a fully-spliced 7-core integrated
in-line repeatered C-band system in a recirculating loop.
The transmission link is composed of two cladding-pumped
multicore amplifiers, a 60-km MCEF, and fan-in/fan-out devices
to couple and de-couple the individual signals. We demonstrate
the feasibility of MCF under realistic conditions by transmit-
ting a 200 Gbit/s 16-QAM test channel over 720 km.

II. INTEGRATED MULTICORE LINK

A multicore link, consisting of integrated multicore ele-
ments was built by splicing together the components to pro-
duce an in-line repeatered 7-core system. The integrated mul-
ticore link (IML) is composed by one homogeneous trench-
assisted 7-core MCF with a total length of 60 km, two 7-
core erbium-ytterbium-doped fiber amplifiers (MC-EYDFAs),
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and fan-in/fan-out couplers. While being realisic, an integrated
repeatered system makes it impossible to directly measure
power levels and crosstalk at arbitrary link stages, since the
components are spliced together and the active fiber in the am-

plifiers is highly absorbing within the operating transmission
band.

A. Homogeneous Trench-Assisted 7-Core Multicore Fiber
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Fig. 1. a) Hexagonal waveguide layout and core identifiers of the 7-core MCF
used in the experiments. b) Refractive index profile of the 7-core MCF.

In our experiment, we utilize a step-index homogenous
trench-assisted 7-core MCF with a total length of 60 km,
whose structure and refractive index profile are shown in
Fig. 1. The cores of the MCF have an average pitch distance
of 49.3 ym, a radius of 5.11 pm (r;) and a relative difference
of 0.23% in refractive index with respect to the cladding.
The trench structures around the cores reduce the crosstalk
by confining the power within each waveguide. They have
inner and outer radii of 10.5 uym (r;) and 16.6 um (r3),
respectively, and their refractive index is 0.7% lower than that
of the cladding. For the inner core, taking into account the
overall interaction of the six neighboring cores, the inter-core
crosstalk was measured to be -58.5 dB. Table I reports the
main parameters of the MCF.

TABLE I
Characteristics of the MCF at 1550 nm. Inter-core crosstalk in this table is
measured as the interaction between any given pair of cores after 60 km.

MCF parameters Min. Max.
Attenuation [dB/km] 0.191 0.199
Chromatic dispersion [ps/nm/km] 20.5 20.8
Mode field diameter [pum] 11.6 12.0
Effective area [um?] 106.6 113.1
Polarization mode dispersion [ps/v/km] 0.031 0.068
Pairwise inter-core crosstalk [dB] —68.0 —64.6

B. Integrated Erbium-Ytterbium-Doped Fiber Amplifier

An active 7-core MC-EYDFA was developed by a standard
stack-and-draw method using an erbium-ytterbium-doped pre-
form.

The preform was fabricated using a modified chemical
vapor deposition technique with solution doping. Afterward,
the cladding area of the preform was etched in Hydrofluoric
acid bath in order to obtain the core/cladding ratio required to
match the core pitch of the passive 7-core MCF, while ensuring
single-mode operation.

Integrated
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Fig. 2. Schematic diagram of the internal structure of a MC-EYDFA. The
position of the integrated isolator in the MC-EYDFA depends on the role of
the amplifier in the system. A pre-amplifier has the isolator at the input of
the MC-EYDFA, whereas a post-amplifier has it placed at the output.

Subsequently, the resulting preform was drawn into 7 thin
rods, which were then stacked along with pure silica (F-300
Suprasil) packing rods in a hexagonal arrangement to obtain
the final preform for the active 7-core erbium-ytterbium-
doped-fiber (EYDF) matching the geometrical disposition of
the cores of the transmission fiber. Compared to the passive
60-km MCF, where rings with different refractive indices
(trenches) around the cores are used to lower inter-core
crosstalk, for ease of fabrication the active 7-core EYDF only
displays a simple homogeneous step-index core arrangement.
Afterwards, both ends of the 7-meter-long EYDF were spliced
to 1.5-meter-long 7-core MCFs.

We use a multimode pump laser diode (MMPD) operating
at a wavelength of 975 nm, whose output fiber, which exhibits
a numerical aperture of 0.22 and a core/cladding diameter
of 105/125 micrometers, was adiabatically tapered down to
a diameter of 15 um and coiled around the active EYDF and
passive MCF splice point to produce the pump coupler. The
schematic diagram of the MC-EYDFA used in our experiment
is shown in Fig. 2
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Fig. 3. Relation between the diode current and the optical pump power
produced by the MMPD in the amplifiers.

At the pump wavelength, the cladding absorption, measured
using a white light source, was found to be 9 dB/m. The pump
coupling efficiency was observed to be about 65%.

Additionally, Fig. 3 displays the measured optical pump
power of the MMPD as a function of the diode current, which
is the externally tunable parameter of the MC-EYDFAs.
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Fig. 4. Experimental setup of the multicore fiber system. SW Loop refers to the optical switches used to let the signal in and out of the recirculating loop.
This setup analyzes the transmission performance of a given core of the MCF, while the remaining cores act as sources of inter-core crosstalk.
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Fig. 5. Gain spectrum of the 7-core MC-EYDFA for an MMPD current of 2
A. The gain spectrum takes into account the insertion loss of one integrated
multicore isolator.

Figure 5 illustrates the gain spectrum of an individual 7-core
MC-EYDFA with integrated multicore isolators on both ends.
The amplification bandwidth is approximately 22 nm in the
C-band (wavelengths between 1542 nm and 1564 nm). In this
spectral range, we have observed that largest gain variation
among cores is ~1.3 dB.

To avoid undesired behavior such as reflections and lasing,
which might affect the overall performance of the device,
we have inserted integrated 7-core isolators in the multicore
amplifier structure. The insertion loss was measured to be
around 4 dB per isolator pair. To minimize unnecessary losses,
we decided to place just one isolator in each MC-EYDFA,
since we assume that the transmission MCF acts as an isolator
at one end of the MC-EYDFAs.

III. EXPERIMENTAL SETUP

Fig. 4 illustrates the multicore experimental setup com-
prising 15 WDM channels per core. The WDM signal con-
sists of one 200 Gbit/s 16-QAM signal and 14 de-correlated
100 Gbit/s QPSK neighboring channels. The same WDM
arrangement is simultaneously used for all the cores in the
MCEF system.

At the transmitter, the in-phase and quadrature samples of
one polarization of the 16-QAM test channel, including pilot
symbols and constant-amplitude zero-autocorrelation sequen-
ces, are generated offline and loaded into the memory of a
digital-to-analog converter working at 88 GSamples/s. The
resulting periodic 32 GBaud signal is then fed to a Mach-
Zehnder modulator (MZM) to generate an optical signal that
is boosted by a SC-EDFA before entering a polarization-
multiplexing emulation (PME) stage.

Neighboring 100 Gbit/s QPSK channels are generated by
means of a frequency comb and a second MZM. Afterwards,
a setup consisting of a circulator, a wavelength-selective switch
(WSS), and delay lines is used to de-correlate the channels.

The 15 channels, comprising a 200 Gbit/s 16-QAM channel
(Arx) and 14 100 Gbit/s channels, are transmitted between
1558.58 nm and 1564.27 nm in a 50 GHz channel grid. In
the comb of the 14 neighboring channels we leave a gap for
the test channel at the desired wavelength. Before adding the
test channel via a passive coupler, we suppress the noise in
the gap via a tunable notch-filter.
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Fig. 6. Relative delay lines in meters with respect to a given core to de-
correlate signals between optical waveguides: a) with respect to the middle
core, and b) with respect to one of the outer cores.

To produce optical signals for all the cores, a splitter
generates two duplicates of the original WDM signal: one
is used for the core-under-test (CUT) and the other, for the
remaining cores. The latter duplicate is amplified and further
split, resulting in 6 signal copies, which are then de-correlated
by using delay-lines of various lengths (4 m, 8 m, 12 m, and
16 m). The length of the used delay-lines is shown in Fig. 6.
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The variation of the total power among the cores at the input
of the integrated multicore link remains within 2 dB.

The signal of the CUT is transmitted over a recirculating
loop, which consists of a low-speed polarization scrambler
(PS), the IML, and a WSS to equalize the power of the WDM
channels. The signals of the neighboring cores, which act
just as sources of interference, only pass once through the
IML before being terminated. After the recirculating loop,
a SC-EDFA amplifies the signal before the receiver and an
optical bandpass filter (OBPF) extracts the test channel from
the WDM spectrum. A coherent receiver and a real-time
oscilloscope provide the digital samples for offline processing.

The captured waveforms are re-sampled to 2 samples per
symbol. Then, bulk chromatic dispersion is compensated in
the frequency domain. The carrier frequency offset and the
coefficients of the 2-by-2 butterfly equalizer are estimated
using the training sequences and pilot symbols. Clock recovery
is performed after equalization according to the squarer algo-
rithm. Subsequently, carrier phase estimation is implemented
using the Viterbi-Viterbi algorithm for m-QAM modulation
formats. In the end, the demodulated symbols are de-mapped
to bits and the bit-error rate (BER) is estimated via error-
counting.

We assume soft-decision forward error correction (FEC)
with 15%-overhead irregular repeat-accumulate low-density
parity-check codes [10]. By running several long-term simu-
lations with 20 decoding iterations we determined the FEC
threshold to be 2.4 - 107,

IV. RESULTS

A. Per-Core Analysis
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Fig. 7. Average BER measurements for the 200 Gbit/s 16-QAM test channel
at 5 different wavelengths within the WDM spectrum for all cores in the MCF
system. The dashed line represents the averaged BER of the 7-cores.

Inter-core crosstalk and MC-EYDFA gain vary from core
to core, with core 0 experiencing both the highest inter-core
crosstalk and the best gain spectrum (Fig. 5) [11]. Also the
overall insertion loss along the IML due to fan-in/fan-out

couplers, multicore isolators, and attenuation in the optical
fiber exhibits a slight core-dependence.

To compare the transmission performance of the individual
cores over the considered band, we evaluated the BER of the
test channel at the 5 wavelengths 1559.39 nm, 1560.61 nm,
1561.83 nm, 1563.05 nm, and 1564.27 nm for various transmit
distances. The average BER measurements per core are dis-
played in Fig. 7, where the dashed line represents the average
over all cores.

Since Fig. 7 shows that all cores perform similarly, we
conclude that the different effects, in particular cross-talk and
MC-EYDFA gain, tend to compensates each other and result
in a balanced performance.

B. Reach Estimate
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Fig. 8. Maximum achievable distance of the 200 Gbit/s test channel over all
15 channels per core before crossing the assumed FEC threshold of 2.4 - 102,

We determined the reach of the 7-core MCF system for all
the possible 15 spectral positions of the test channel (in total,
7 x 15 = 105 channels) as the maximum transmission distance
before crossing the FEC threshold.
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Fig. 9. BER of the 200 Gbit/s 16-QAM test channel over all 15 channels per
core after a transmission distance of 720 km.
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As shown in Fig. 8, about 61% of channels (64/105) have
a reach of 720 km, whereas 39% (41/105) manage to achieve
a transmission distance of 780 km.

Fig. 9 shows the measured BER of the 200 Gbit/s 16-QAM
test signal for the 7 cores and the 15 wavelengths. Obviously,
after a transmission diestance of 720 km, all 105 channels
perform below the assumed FEC threshold of 2.4 - 1072

C. Link Impairments

To estimate the impact of the link impairments affecting the
MCEF system, we compare the results achieved over the recir-
culating loop with the optical back-to-back (B2B) performance
of transmitter and receiver in the presence of noise loading.

Since we have shown that the performance is nearly uniform
over wavelengths and cores, we restrict this analysis to a single
channel in core 0 at a wavelength of 1564.27 nm.
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Fig. 10. OSNR (left vertical axis) and BER (right vertical axis) of a test
channel at 1564.27 nm for the MCF transmission system.

Fig. 10 reports for the system of Fig. 4 the BER and the
measured optical-signal-to-noise ratio (OSNR) in a resolution
bandwidth of 0.1 nm as a function of the transmission distance.

Fig. 11 shows the BER vs. OSNR curve for the MCF
transmission, obtained by mapping the data points of Fig. 10 in
a one-to-one correspondence, and a reference curve obtained
by loading noise in an optical B2B configuration.

At high OSNR levels, which correspond to short transmis-
sion distances, the two curves are quite close. However, as
the distance increases, the curve corresponding to the MCF
transmission experiment starts to diverge from the reference
curve.

From the comparison shown in Fig. 11 it can be stated that
for distances up to 360 km, the OSNR penalty remains ap-
proximately within ~1 dB, whereas for larger distances inter-
core crosstalk and additional impairments acquired within the
loop setup accumulate faster than optical noise, resulting in a
degraded transmission performance.

V. CONCLUSION

We have demonstrated MCF transmission over a fully-
spliced integrated multicore link in a recirculating loop using
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Fig. 11. BER vs. OSNR comparison between the optical B2B reference curve
and the mapped points from Fig. 10

C-band cladding-pumped multicore amplifiers, a 60-km ho-
mogeneous trench-assisted 7-core fiber, and fiberized couplers.
To evaluate the system performance, we have transmitted in
each core a WDM signal that comprises one 200 Gbit/s 16-
QAM test channel alongside 14 100 Gbit/s QPSK neighboring
channels in a 50 GHz channel grid.

We compared the average performance of the individual co-
res in the MCF and determined the overall highest achievable
transmission distance. Extensive BER measurements show the
performance of the test channel over all 15 channel positions
in the spectrum and all 7 cores to fall below the FEC limit
of 2.4 - 107 after 720 km. Finally, we compared the BER
vs. OSNR performance over the recirculating loop with a
reference curve obtained in optical back-to-back configuration
and we estimated the impact and accumulation of crosstalk-
induced penalty.
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