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Data rates in optical networks have grown exponentially in recent decades and
are expected to grow beyond the fundamental limits of current standard
single-mode fiber networks. As such, novel transmission technologies are
required to sustain this growth, and space-division multiplexing provides the
most promising candidate to scale the capacity of optical networks in a way
that is also cost-effective. For fiber fabrication and deployment, it is highly
beneficial to use fibers with a standard cladding diameter. Here we demon-
strate petabit-per-second-class data transmission using a space-division mul-
tiplexing fiber that approaches the limits of spatial multiplexing whilst
minimizing the required signal processing complexity. This is done by
designing and fabricating a low-loss 19-core multi-core fiber with randomly-
coupled cores, a standard cladding diameter, and supporting a wideband
wavelength-division multiplexed signal. The resulting data rate of 1.7 petabit/s
is the highest reported amongst standard cladding diameter multi-core fibers
and is approximately more than an order of magnitude higher than is sup-
ported by currently deployed single-mode fibers, paving the way for next-
generation ultra-fast optical transmission networks.

Current optical transmission systems based on single-mode fibers
(SMFs) have enabled the exponential growth in Internet-driven traffic
in recent decades'. However, as data traffic demand is increasing
exponentially, SMF-based networks are approaching their

fundamental capacity limits*”. Previously, the capacity of SMF net-
works has been increased by exploiting the orthogonal multiplexing
dimensions of an optical fiber, such as polarization and wavelength
multiplexing. Space-division multiplexing (SDM)® employs the
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Fig. 1| Multi-core fiber technology. a Comparison of standard SMF, multi-core,
and MMEF technologies, constrained to standard cladding diameter fibers.

b Maximum number of cores in a multi-core fiber for different cladding diameters.
¢ Schematic of a high-capacity multi-core-fiber-based transmission system. To

address all the available spatial (V) and wavelength (M) channels of an MCF, N x M
independent data signals are generated and multiplexed onto the MCF. At the
receiver side, after demultiplexing the spatial and wavelength channels, M2N x 2N
MIMO receivers reconstruct the transmitted data.

orthogonal spatial dimension of an optical fiber to increase the per-
fiber capacity by orders of magnitude and, at the same time, reduce the
cost-per-bit and power consumption through system integration, a
necessity for the commercial deployment of such systems’.

For SDM systems, novel fiber types must be designed and fabri-
cated. Proposed fiber types are depicted in Fig. 1a and include coupled-
core and weakly-coupled multi-core fibers (MCFs)'>", which provide
additional spatial channels by housing multiple cores in a single shared
cladding, and multi-mode fibers (MMFs)'>"* adapt the fiber in such a
way that multiple spatial modes are guided in a single core. Randomly-
coupled MCFs, where the single-mode cores are arranged to maximize
random coupling between cores, can offer a high spatial density while
having lower transmission impairments compared to weakly coupled
MCFs and MMFs'"*%,

Recently, research on SDM fibers has shifted towards fibers that
maintain the current industry standard cladding diameter of 125 um.
Maintaining a standard cladding diameter is crucial, as the existing
fiber plant is based on a 125 um cladding diameter, and significant
research and development have focused on improving manufacturing,
yield, tooling, optical fiber connectorization, and deployment relia-
bility around this cladding diameter. Previous fiber designs aiming to
deliver maximum capacity have resulted in larger cladding
diameters'®®, but those fibers are increasingly difficult to handle, and
for example, connect by fusion splicing. Furthermore, standard clad-
ding diameter fibers are reported to have higher reliability and pro-
duction yield in comparison to larger cladding diameter fibers*.,
Thus, maintaining the standard 125 um cladding diameter is preferred.

Figure 1a compares the maximum data throughput and required
receiver complexity of standard cladding diameter fibers for three

fiber types. Specifically, the multiple-input multiple-output (MIMO)
equalizer complexity is compared, as this equalizer compensates for
the mixing and temporal delay between transmitted signals occurring
during transmission in the fiber. As a SMF supports only a single spatial
path, naturally, it has the lowest throughput. The temporal spread of
the transmitted signal is only affected by polarization mode disper-
sion. Hence, only a relatively low-complexity 2 x 2 MIMO equalizer with
a small temporal memory is required to undo the mixing between the
two received polarizations and receive the transmitted data. While
MMFs allow for the highest spatial density in a standard cladding
diameter fiber, and up to 55 modes in a single core have been
demonstrated in ref. 22, the MMF channel can have disadvantageous
properties. These include a different per-mode attenuation resulting in
mode-dependent loss (MDL) and a large temporal spread between the
propagating modes®, which requires a complex, large temporal
memory 2N x 2N MIMO equalizer, with N the number of orthogonal
spatial paths, as it needs to undo both the mixing and delay between
modes. For MCFs, however, the maximum number of cores in a
weakly-coupled MCF is limited to around 4 for transmission in the C-
and L-band to keep the inter-core crosstalk within acceptable limits
and allow the use of conventional and standardized transceiver
hardware’®**. When more cores are placed inside a single cladding
whilst maintaining the standard cladding diameter, the inter-core
crosstalk becomes non-negligible, and the data from all the cores has
to be jointly processed to recover the transmitted data, requiring novel
transceiver hardware. High-spatial-density randomly-coupled MCFs
offer a lower MDL, smaller temporal spread of the propagating signal,
and lower fiber nonlinearities compared to weakly coupled MCFs and
MMFs". Figure 1b shows the dependence of the maximum number of
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Fig. 2 | Design of the 19-core fiber. a Artist’s impression of the cross-section of the
19-core fiber. b Micrograph of the cross-section of the 19-core fiber. ¢ Infrared
camera image of the output facet after 10 m of 19-core fiber when exciting the
center core with 3 nm wide ASE centered at 1550 nm. The gray circle indicates the

outer edge of the cladding. d Simulated spatial-mode-dispersion vs core pitch A.
e Simulated spatial-mode-dispersion growth rate vs core pitch A. f Simulated
spatial-mode-dispersion accumulation with distance.

cores in a randomly-coupled MCF on the cladding diameter. Here, we
assumed a minimum core pitch of 18 um and a sufficiently large dis-
tance between the outermost cores and the cladding edge to prevent
higher losses on these cores. For a standard cladding diameter of
125 um, 19 cores are approximately the maximum number of cores that
can be packed in a single fiber. As the throughput is proportional to the
number of cores, compared to an SMF, standard cladding diameter
MCFs can achieve a throughput that is =20x higher. As for such fibers,
the cores are placed close enough to each other for signals to couple
between cores, a 2N x 2N MIMO equalizer is needed. Figure 1c shows a
schematic of an envisioned transmission system using a randomly-
coupled MCF. Optical carriers are provided by an optical frequency
comb and are modulated to generate N x M independent data signals.
Here, M denotes the number of wavelength-division multiplexing
(WDM) channels used in the system. The generated signals are multi-
plexed onto the MCF. On the receiver side, after core and wavelength
demultiplexing, M2Nx2N coherent MIMO receivers are used to
receive the transmitted data. Previous notable demonstrations of
randomly-coupled MCFs include 3, 4, 7, and 12 core fibers'*>>%,

In this work, we increase this core-count and present the
design, fabrication, and characterization of a 19-core randomly-
coupled MCF, which we employed in a transmission experiment to
demonstrate a record-breaking data rate for a standard cladding
diameter fiber?. The 63.5km long fabricated fiber had a spatial-
mode dispersion (SMD) coefficient of 10.8 ps/~/km at 1550 nm with
a high uniformity over the C- and L-bands. While the fiber has the
highest reported number of coupled cores, it has SMD values
comparable to fibers with fewer cores®. A total data rate of
1.7 petabit/s was achieved by transmitting 381 wavelength chan-
nels x 19 cores x 24.5 GBaud 64-ary quadrature amplitude modula-
tion (QAM) signals, the highest reported data rate for any standard
cladding diameter multi-core fiber and more than an order of
magnitude higher than is supported by currently operational SMF-
based systems. These results highlight the strong potential of
randomly-coupled MCFs in applications where high spatial density

needs to be combined with high-quality transmission, such as sub-
marine communication links or ultra-high-density interconnects.

Results
19-core fiber design and characterization
The randomly-coupled 19-core fiber was designed with 19 silica cores
in a 125 um cladding diameter, of which a schematic is shown in Fig. 2a
with the cross-section of the fabricated fiber shown in the photograph
in Fig. 2b. To ensure strong light confinement within the cores, each
core was tailored to have an effective area of 62 um?. The cable cutoff
wavelength for the higher-order modes corresponding to the linearly
polarized (LP) LP;; modes was measured to be 1.36 um. This potentially
enables transmission over a wide bandwidth covering the S, C, and L
wavelength bands from 1460 nm to 1625 nm. Figure 2d-f show the
relationship between SMD, which is proportional to the temporal
spread of the signal introduced by the MCF, and the core pitch A
obtained by numerical simulations”. For simulations, a fiber bend
radius of 0.17 m was assumed based on the average bend radius when
spooling the fiber on a bobbin with a diameter of 0.17 m. Furthermore,
a deterministic sinusoidal twist with a peak rate of 2 turns/m, random
twist components with a standard deviation ¢ of 0.3 turns//m, and a
correlation length of 0.05 m were used. Figure 2d shows that the SMD
after 1km of propagation decreases exponentially when the core pitch
A increases from 14 ym to 16.5 um and evolves to an almost constant
value between a core pitch of 16.75 um to 20 um. Figure 2e, f show that
the threshold between the systematic coupling regime (associated
with smaller A and a linear SMD growth) and the random coupling
regime (larger A, square-root SMD growth) lies around A=16.5um.
Based on these simulations, a 63.5 km long piece of 19-core MCF was
fabricated with a core pitch of 18 um to enhance random mode mixing.
An infrared photograph of the output facet of a 10 m piece of the
manufactured fiber is shown in Fig. 2c. At the input of the fiber, the
center core was excited with a 3nm wide amplified spontaneous
emission (ASE) spectrum, and Fig. 2c qualitatively confirms strong
coupling within the fiber after 10 m. The mode-averaged attenuation
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Fig. 3 | Characterization of the 19-core fiber. a DGD distribution of the fabricated 19-core fiber measured using the fixed analyzer method. b, ¢ IIRs for 100 m of spooled
and unspooled 19-core fiber. d, e Spectrograms for spooled and unspooled fiber, respectively.

and MDL at 1550 nm were measured to be 0.215dB/km and 0.1dB,
respectively. The chromatic dispersion and chromatic dispersion slope
at 1550 nm were 17.2 ps/(nm-km) and 0.055 ps/(nm? 125-km), respec-
tively, comparable to conventional SMFs*. The SMD coefficient was
measured to be 10.8 ps/vkm (86.4 ps after 63.56 km), which was
measured using the wavelength scanning (fixed analyzer) method"ina
range from 1525 nm to 1575 nm. Figure 3a shows the differential group
delay (DGD) distribution measured with the center core as input and
output. The SMD coefficient of the fabricated MCF was slightly better
than the above simulation results (17 ps/+km), indicating that the
longitudinal deterministic and random perturbations on the fabricated
fiber spool are stronger than the assumptions from the SMD
simulation.

A 100 m long piece of 19-core MCF was characterized” using
swept wavelength interferometry (SWI)*>*. Light from a frequency-
swept laser was launched into the center core, and the Rayleigh back-
scattered signal was analyzed. Based on the power of the reflections, it
was observed that after about 10 cm of propagation, the signal is fully
randomly distributed across all 19 cores. The individual intensity
impulse responses (lIRs) of all cores were obtained by measuring the
swept laser light at the output of the MCF for every output core using a
collimator. Figure 3b, c show the intensity of these impulse responses
in the case of spooled (spool diameter =16 cm) and unspooled fiber,
for which the fiber was placed between two pieces of acoustic foam in
an oval shape with dimensions of 0.5m and 1 m. The individual IIRs
perfectly overlap, indicating good uniformity between all cores. The
SMD coefficient was calculated to be 4.9 ps/~'km 19.3 ps/~/km for the
unspooled and spooled case, respectively. This reduction in SMD
coefficient when unspooling, i.e., increasing the fiber bend radius,
agrees with previous SMD measurements on other MCFs*. SMD
coefficient for the spooled fiber was higher compared to the 10.8 ps/
+km measured earlier. However, the 100 m piece of fiber was spooled
around a bobbin with a smaller radius, which increased the SMD. The

lower SMD measured on the unspooled fiber gives a more realistic
approximation of the SMD when the fiber is to be field-deployed.
Furthermore, Fig. 3d, e show the spectrogram of the IIR of a single
core, confirming that the IIR is stable over frequencies across the C-
and L-band.

19-core 3D-inscribed core-multiplexer

Custom-designed core-multiplexers were fabricated to couple light
from 19 SMFs into the 19-core MCF. The core multiplexers were based
on 3D integrated photonics®**’, where for this multiplexer, a boro-
aluminosilicate glass substrate was modified using femtosecond laser
pulses to form the waveguide structure shown in Fig. 4a. Using fem-
tosecond laser pulses, this technique enables a highly localized and
permanent modification to the refractive index of the glass, allowing
the inscription of waveguides that follow a three-dimensional trajec-
tory. The waveguides on one side of the multiplexer were placed onto a
linear array compatible with commercial fiber arrays of 127 um pitch,
while the waveguides on the other side of the multiplexer were
arranged into the core layout of the 19-core MCF. To achieve the best
possible overlap and thus the lowest losses between the MCF and 3D
waveguide chips, the exact positions of each core on both ends of the
MCF spool were measured and aligned using an optical microscope
assisted by machine vision. The SMF array and MCF were butt-coupled
to the multiplexer and affixed using UV curing adhesive after opti-
mizing the alignment in all 6 degrees of freedom on either side. The
interfaces between the fibers and the waveguide chip were polished at
an angle of 8° to minimize the return loss. Figure 4b shows photo-
graphs of the fabricated multiplexer and the multiplexer assembly.
The size of the glass multiplexer is in the order of 13 x 5 x 2 mm, and the
multiplexer assembly has 19 SMF pigtails and a 19-core fiber pigtail,
which can be fusion-spliced to the 19-core MCF spool. Two core-
multiplexers were fabricated to be used as fan-in and fan-out devices,
of which the insertion loss (IL) is characterized in Fig. 4c. As the 19-core
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Fig. 4 | 19-core 3D-inscribed core multiplexer. a Schematic of the glass-inscribed
core multiplexer, which converts 19 single-mode inputs into the correct spatial
layout to address the 19-core fiber. b A photograph of the fabricated core
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and delayed to generate 19 decorrelated copies, which were transmitted over the
19-core fiber. At the receiver, a 38 x 38 coherent MIMO receiver was used to undo
mixing between the spatial channels and recover the transmitted signal.

MCF does not have an alignment marker, the assigned core index is
arbitrary. A uniform IL across all the cores was observed, and the
average IL was 0.8 dB, including the connectors.

Transmission channel characterization and data transmission

To assess the data transmission capabilities of the 19-core MCF, a
laboratory transmission setup was assembled as summarized in Fig. 5
and explained in further detail in the “Methods” section. In short, the
setup comprises a 381 channel WDM transmitter that transmits
polarization-multiplexed 64QAM signals, a 3D-inscribed core multi-
plexer, 63.5 km of 19-core MCF, a core demultiplexer, and a 38 x 38
coherent MIMO receiver. Figure 6a shows the IIR of a wavelength
channel at 1550 nm calculated from the taps of the MIMO equalizer.
The IIR has a Gaussian shape®, and the standard deviation o is 44 ps.
This corresponds to only 2.2 equalizer taps at a symbol rate of
24.5 GBaud. This standard deviation is in line with the SMD (which is 20
of the IIR) measurements from the previous section and is comparable
to SMD values reported previously for randomly-coupled MCFs with
fewer cores”. The wavelength-dependence of the standard deviation
of the IR is investigated in Fig. 6b. The variation across an almost 80
nm wide spectral band covering the C- and L-bands is within 10 ps,
indicating high spectral uniformity of the SMD. Figure 6¢ shows the

coupling matrix obtained from the MIMO equalizer taps for the
wavelength channel at 1550 nm. Strong coupling between all the cores
is observed, as is evident from the absence of clustering, which would
appear if only a subset of cores were strongly coupled. Finally, the data
transmission capabilities of the 19-core MCF are demonstrated by
calculating the data rates for all the 381 wavelength channels, which are
shown in Fig. 6d. Both the data rate based on generalized mutual
information (GMI)* and the data rate after applying a decoding
scheme*® mainly based on the DVB-S2 standard* are calculated. The
data rates per wavelength channel in the C-band were approximately
Sterabit/s and between 3 terabit/s to 5terabit/s in the L-band. The
reduced performance for higher L-band wavelength channels is mainly
attributed to a higher erbium-doped fiber amplifier (EDFA) noise figure
for those wavelengths. The sudden drop in performance compared to
neighboring channels for a select number of wavelength channels is
attributed to wavelength filters in the coherent receivers, which were
not correctly tuned, and not to the transmission fiber itself. The total
data rates, the sum of the per-wavelength-channel data rates, were
calculated to be 1.7 petabit/s and 1.8 petabit/s, after the decoding
scheme and based on GMI, respectively. This data rate is the highest
reported for any multi-core fiber with a standard 125 um cladding
diameter.
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Discussion

Next-generation SDM fibers will most likely maintain a cladding dia-
meter of 125 um, the current industry standard, for deployment and
reliability reasons. Randomly-coupled MCFs offer a high spatial infor-
mation density, yet with lower transmission impairments than weakly
coupled MCFs and MMFs. Given the constraint on the cladding dia-
meter, the maximum number of cores that can be accommodated in a
randomly-coupled MCF with a standard cladding diameter of 125 um is
nineteen.

We designed a 19-core randomly-coupled MCF and optimized the
design to ensure low SMD, which is key to reducing the system com-
plexity. The 19-core randomly-coupled MCF was fabricated and char-
acterized, and we demonstrated its data transmission capabilities by
performing a WDM transmission experiment. The designed fiber had
the maximum number of spatial channels supported in a standard
cladding diameter multi-core fiber. The fabricated fiber had a length of
63.5km and an SMD coefficient of 4.9 ps/~/km when unspooled. 3D-
inscribed glass core-multiplexers were fabricated to couple in and out
of the 19-core MCF with a low IL (<0.8dB). This allowed the trans-
mission of 1.7 petabit/s net data rate over 63.5 km of 19-core randomly-
coupled MCF, the highest data rate reported for any coupled-core MCF
and any standard cladding diameter MCF. This data rate can be further
increased by also transmitting data signals in the optical S-band.
Recently, 3.56 petabit/s transmission has been demonstrated in a 55-
mode standard cladding diameter MMF*2, While the total throughput
was higher, due to MDL, the per-spatial-channel throughput was
reduced in this MMF. Moreover, while in this work we transmitted over
a five times longer distance compared to the MMF experiment, the
temporal spread introduced by the MCF was more than one order of
magnitude smaller, significantly reducing the receiver complexity.

These results emphasize the strong potential of coupled-core
MCF in combination with MIMO digital signal processing for trans-
mission links where high spatial density and high-quality transmission

channels are required. Such applications could be found in high-
capacity data-center interconnects or, given recent advances in multi-
core amplifier technology, they can be found in long-haul sub-
marine links.

Methods

Experimental implementation of 19-core transmitter

A schematic of the implemented transmitter setup can be found in
Fig. 5. The transmitted signal consisted of a high-quality test band,
which was used for performance evaluation, sliding over a dummy
band. For the three-channel test-band, three tunable laser sources
(TLSs) with a nominal linewidth below 10 kHz were amplified and
modulated in two dual-polarization 1Q-modulators (DP-IQMs). To
amplify signals spanning both the optical C- and L-bands, C- and
L-band EDFAs were combined with band-splitters/combiners, as
seen in the inset in Fig. 5. The DP-IQMs were driven by a 4-channel
49 GS/s arbitrary-waveform generator (AWG) that was pro-
grammed to produce 24.5 GBaud (DP) 64-ary quadrature amplitude
modulation (QAM) signals filtered with a RRC filter with a roll-off of
1% and pre-compensated for electrical bandwidth limitations. A
single optical frequency comb*’ generated a wideband comb of
laser lines with a spacing of 25 GHz, producing the tones for the
WDM dummy channel band. These were modulated in a single-
polarization 1Q-modulator followed by a polarization-emulation
stage and a spectral flattening stage employing programmable
optical processors (OPs). In the absence of 19 such systems, the
test- and dummy-band were combined using a power coupler, while
OPs carved a notch around the test-band spectrum in the dummy-
band, and connected to a split-and-delay stage. There, the signal
was amplified and split, and delayed with increments of 150 ns to
generate 19 decorrelated copies. The signals were amplified to
21dBm per core, connected to the core-multiplexer, and trans-
mitted over the 19-core MCF.
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Experimental implementation of the receiver

The output of the 19-core MCF was connected to a core-demultiplexer.
The outputs of the demultiplexer were received by a 19-channel SDM
receiver, which mainly consisted of a two-stage EDFA-based amplifier
with an optical bandpass filter in between to select the wavelength
channel under test and 19 coherent receivers that shared the same
local oscillator (LO), which had a nominal linewidth below 60 kHz. The
electrical signals were digitized by a 76-channel equally configured
real-time oscilloscope with a 36 GHz bandwidth, sampling at 80 GS/s.
Offline digital signal processing (DSP) consisted mainly of a 38 x 38
MIMO equalizer with 81 half-symbol-duration-spaced taps, which were
initialized in a data-aided least mean squares (LMS) mode before
switching to a decision-directed LMS mode for signal performance
estimation. Inside the equalizer, a decision-directed phase recovery
algorithm** was also running.

Data rate estimation

To assess the quality of the received signal, data rates are calculated
using both GMI*’ and the data rate after a decoding scheme. The
decoding scheme was similar to the one from refs. 40,45. For both
GMI and decoding, interleaving was assumed over time and spatial
modes, resulting in spatial super-channels. Due to interleaving, the
channel was assumed to be memoryless. GMI was used to estimate
the maximum data rate assuming ideal bit-interleaved coded
modulation (BICM) combined with optimal soft-decision forward
error correction (FEC), while a more realistic estimate of the max-
imum data rate was given by the implemented decoding scheme.
This scheme used a Monte Carlo approach to estimate the achiev-
able data rate. Random binary patterns were generated using and
encoded by low-density parity-checks (LDPCs) with various rates
from the ref. 41 standard. Code-rate puncturing was used to obtain a
code-rate granularity of 0.01. Bits were mapped to symbols, and
matching symbols were selected randomly from the experimentally
received symbol streams from all the modes. The code rate was
changed to achieve a bit error rate (BER) below 5x10~° with an
additional hard-decision outer FEC code with 1% overhead to elim-
inate remaining bit errors*¢. Approximately 5 x 10° bits were used in
the coding scheme to obtain sufficient error statistics. The data rate
after decoding was obtained by removing the overhead of the inner
and outer FEC from the gross data rate. The decoding scheme was
applied on a per-capture basis, resulting in an optimized code rate
for every wavelength channel.

Data availability

The data that support the findings of this study are available from the
corresponding author upon reasonable request. Source data for
Figs. 1-6 are provided with the paper. Source data are provided with
this paper.
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