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Abstract We demonstrate Kramers-Kronig detection of a 909.5-Tbit/s DSDM/WDM signal with adaptive
rates through a single-mode 37-core fiber. All 3663 channels (37 SDM x 99 WDM), derived from one
source, exhibit error-free performance, achieving an aggregated spectral efficiency of 184.42 bit/s/Hz.

Introduction

Kramers-Kronig (KK) receiver based direct-
detection' has shown coherent-detection-like
performance with advantages of low-cost and
reduced receiver complexity, and have thus been
proposed for optical interconnects. Recently,
polarization-diversity = KK  receivers  with
wavelength-division multiplexing (WDM) have
also been demonstrated?. Dense space-division
multiplexing (DSDM) using high-count single-
mode multicore fiber (SM-MCF) with uncoupled
cores® has been demonstrated for large-capacity
transmission without MIMO processing, reducing
receiver complexity and latency?, also providing a
promising solution for high-throughput
interconnects. In addition, single-source optical
frequency combs have been proposed for large
capacity transmission with low complexity and
potential high energy-efficiency>é. Together,
these three technologies form an attractive
proposal for optical interconnects with reduced
complexity, if stitched together by an appropriate
data encoding and error correction coding.

In this paper, we bring together Kramers-
Kronig detection with multi-core SM-MCF
transmission of DSDM/WDM data channels
derived from a single laser comb source, and
employ low-density parity-check (LDPC) coding
with adaptive overheads to cater to the individual
OSNR conditions of each channel. We generate

a frequency comb spanning the whole C-band,
consisting of 99 lines on a 50 GHz grid, and
achieve a 909.5 Thbit/s net-rate DSDM/WDM
transmission through a 7.9 km 37-core SM-MCF.
All 3663 channels (37 SDM x 99 WDM) exhibit
error-free performance with adaptive rates. An
aggregated spectral efficiency (SE) of 184.42
bit/s/Hz is achieved. To the best of our
knowledge, this is a record transmission
throughput using direct-detection.

Experiment setup

Fig. 1 (a) shows the experimental setup. For the
optical comb generation, an intensity modulator
(IM) and phase modulator (PM) in tandem carve
out linearly chirped pulses from a continuous-
wave fiber laser (FL) at 1550 nm at a 25 GHz
repetition rate, which are linearly compressed in
400 m SMF. The pulse train forms a seed optical
comb with a 10 dB bandwidth of 3 nm, which is
then amplified, filtered, and launched into two
parallel nonlinear frequency comb broadening
modules. The first one uses a 200 m dispersion-
flattened highly nonlinear fiber (DF-HNLF)
(y=10.7 W-km-1, B2=-0.326 ps?km, B3=0.006
ps®km, at 1550 nm) with a launch power of ~26
dBm. Due to self-phase modulation (SPM), the
optical comb (Comb SPM 1) is broadened to a 10
dB bandwidth of 14.8 nm. The second one
produces a broader optical comb with a 10 dB
bandwidth of 40 nm (Comb SPM 2) with a
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Fig. 1: (a) Experiment setup; (EDFA: erbium-doped fiber amplifier; OBPF: optical band-pass filter; OC: optical coupler; PBS:
polarization beam splitter) (b) Cross-section of the 37-core fiber; (c) constellation diagrams for the received 64 QAM (ch. 40, core

7) and 16 QAM (ch. 88, core 7) signals.



launched power of ~25 dBm, using a cascaded
nonlinear broadening scheme’ with 200 m DF-
HNLF, 25 m SMF, and another 400 m DF-HNLF
(y=10.7 W-'km-', B2=-0.446 ps?km, B3=0.0057
psdkm, at 1550 nm). A Mach-Zehnder (MZ)
interferometer based optical notch filter with a
free spectral range of 30 nm is utilized to
suppress the low optical signal-to-noise ratio
(OSNR) region of the comb around 1550 nm.
Through a wavelength-selective switch (WSS),
the two broadened combs are combined and
equalized with suppression on every other line. A
50-GHz spaced flat comb source across the
whole C band with 99 lines is therefore achieved.

Another WSS splits the comb into odd, even,
and signal-under-test (SUT) channels, which are
modulated at 32 GBd by an arbitrary waveform
generator with a sampling rate of 64 GSa/s. The
signal is digitally pulse shaped by a root-raised
cosine filter with 401 taps and roll-off factor of
0.01. A single-polarization I/Q modulator together
with a polarization multiplexer is used to generate
the SUT channel, which is swept across the
whole comb for performance evaluation. With
another WSS and an optical coupler, the
modulated channels are combined to a 99-
channel WDM signal.

The WDM channels are then amplified, split,
de-correlated, and launched into a 7.9 km 37-
core fiber through a free-space based fan-in
device. The launched power for each core is
approximately 8 dBm and varies within 1 dB. The
heterogeneous single-mode 37-core fiber has a
crosstalk < =50 dB at 1550 nm [, At the output of
the 37-core fiber, the SDM channels are
demultiplexed and selected using a free-space
based fan-out device and an optical switch.

The selected spatial channel with an
average optical power of 2 dBm is amplified and
filtered to extract the SUT channel. This is then
launched into a polarization-diversity KK receiver
comprising an external cavity laser (ECL) as local
oscillator and two 70-GHz photodiodes (PD). The
optical power of the SUT channel at the receiver
frontend is around 4 dBm. The output power of
the ECL is 12 dBm, resulting in a carrier-to-signal
power ratio of 8 dB. A digital storage oscilloscope
(DSO) with 65 GHz bandwidth and 160 GSal/s
sampling rate captures the signal for offline digital
signal processing (DSP), with 2 million samples.

Results and discussions

Fig. 2 (a) shows the optical spectra of the seed
comb, and the two combs from the nonlinear
broadening modules. Fig. 2 (b) gives the optical
spectrum of the equalized 50 GHz spaced optical
comb. The flat optical comb consists of comb
lines from nonlinear broadening module 1 in the
range of 1542.22 nm (channel, ch. 63) to
1557.848 nm (ch. 24) and from nonlinear
broadening module 2 in the range of 1527.68 nm
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Fig. 2: Spectra of the (a) 25-GHz broadband comb source, (b)

50-GHz equalized comb source, and (c) WDM channels.
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Fig. 3: DSP flow and electrical spectrum (channel 88, core 7).

(ch. 99) to 1541.824 nm (ch. 64) and 1558.256
nm (ch. 23) to 1567.212 nm (ch. 1). Fig. 2 (c)
gives the spectrum of the WDM channels.

Fig. 3 (a) illustrates the DSP flow of the KK-
receiver. The detected X- and Y-polarization
signals are filtered and resampled to 16 Sa/sym
for KK-based optical field re-construction. The
field-reconstructed signals are low-pass filtered,
and synchronized. Pilot-aided radius-directed
adaptive equalization with 220 taps is then used
to perform polarization demultiplexing and to
compensate the dispersion and inter-symbol
interference due to imperfect frequency response
of the transmitter and receiver. The pilot
overhead is 4%. A decision-directed phase-
locked loop (DDPLL) is then used for frequency
offset correction and carrier phase recovery. The
transmission performance is evaluated in terms
of mutual information (MI). The signal is LDPC
decoded to evaluate the bit-error rate (BER). Fig.
3 (b) shows the electrical spectrum of the photo-
detected signal (ch. 88, core 7). Note that a 2
GHz gap between the local oscillator (LO) and
the start frequency of the signal is inserted for
eliminating out-of-band noise from the LO. Fig. 1
(c) gives the 64-QAM (ch. 40, core 7) and 16-
QAM (ch. 88, core 7) constellations out of the
DSP. Nonlinear phase noise is clearly observed



Table 1: The choice of modulation format, LDPC coding overhead, the resulted net rate, and the SE of each channel

Channel | ModUaton | yoguiation | LDPC Pilot | Duter, Net rate SE
index p Format overhead | overhead (Gbit/s/ch/core) (bit/s/Hz)
(Gbaud) overhead
24-63 64 QAM 33% 274.73 5.495
5-23, 64-83 32 64 QAM 50% 4% 0.8% 244.2 4.884
1-4, 84-99 16 QAM 20% 203.5 4.070

Achieved SE
(bit/s/Hz/core)
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Fig. 4: Calculated mutual information and achieved net rate of each WDM channel.

for the 16-QAM signal, which originates from
SPM based spectral broadening?®.

As shown in Table 1, the choice of
modulation format and LDPC coding overhead
for the WDM channels (for the SUT channel)
depends on OSNR of the comb lines. In total,
345600 and 259200 symbols per channel for 64
QAM and 16 QAM signals are evaluated for
LDPC decoding (16 and 8 code blocks) and BER
assessment, respectively. After LDPC decoding,
all channels show BER < 10-%. An outer hard-
decision FEC (HD-FEC) of 0.8% overhead is
assumed to remove any BER < 1075 error floor of
the LDPC code?®, which can correct the remaining
errors and bring the BER below 10-15. With this
HD-FEC, all channels measured in the
experiment are claimed to exhibit reliably error-
free performance. A net rate of 274.73, 244.2,
and 203.5 Gbit/s/ch are achieved, respectively.
Combining all 37 SDM channels with 99 WDM
channels, this result in a total net rate of 909.5
Thit/s, and an SE of 184.42 bit/s/[Hz (4.98
bit/s/Hz/core). Fig. 4 gives the Monte-Carlo
calculated MI and achieved SE for each channel.

We attribute the performance degradation
for edge channels to the phase noise associated
with SPM spectral broadening®, and available
OSNR of the comb lines. There are a number of
ways to achieve a better overall performance and
a larger capacity. The seed comb is limited by the
electro-optical modulation followed by optical
amplifiers, which result in OSNR degradation. A
parametric-mixer based scheme for the seed
comb can be implemented to get higher OSNR10,
It can also be filtered line-by-line by a narrow-
band comb-shaped filter. Gain-flattened EDFAs
can be used to mitigate the excess loss during
comb equalization. The WSS used to combine
and split the comb lines has limited frequency
resolution and suppression ratio, which result in
extra attenuation and crosstalk. This can be
solved by replacing the WSS with commercial
arrayed waveguide gratings (AWGSs). In addition,

overall capacity can be increased with a better
match of symbol rate and comb spacing.

Conclusions

A record-high data throughput for direct-detection
of 909.5 Tbit/s has been demonstrated with a
single-mode 37-core fiber and KK receiver. A 50
GHz spaced optical comb based on a single
optical source is implemented for 37 SDM
channels with 99 WDM channels. Using LDPC
codes with different overheads, all channels
exhibit error-free performance after 7.9-km
transmission, with an SE of 184.42 bit/s/Hz.

Acknowledgements

This work is supported by SPOC (ref. DNRF123), Villum
Young Investigator program (2MAC), ERC CoG FRECOM
(grant no. 771878), and EU-Japan coordinated R&D project
SAFARI commissioned by the Ministry of Internal Affairs and
Communications of Japan and EC Horizon 2020.

References

[1]1 A. Mecozzi et al., "Kramers—Kronig coherent receiver,"
Optica 3, 1220-1227 (2016).

[2] X. Chen et al., "Kramers—Kronig receivers for 100-km
datacenter interconnects," J. Lightwave Technol. 36, 79-
89 (2018).

[3] Y. Sasaki et al, "Single-mode 37-Core fiber with a
cladding diameter of 248 uym," in OFC 2017, Th1H.2.

[4] T. Kobayashi et al, "1-Pb/s (32 SDM/46 WDM/768 Gb/s)
C-band dense SDM transmission over 205.6-km of single-
mode heterogeneous multi-core fiber using 96-Gbaud
PDM-16QAM channels," in OFC 2017, Th5B.1.

[5] H. Hu et al., "Single-source chip-based frequency comb
enabling extreme parallel data transmission," Nat. Phot.
12, 469-473 (2018).

[6] B. J. Puttnam et al., "2.15 Pb/s transmission using a 22
core homogeneous single-mode multi-core fiber and
wideband optical comb," in ECOC 2015, PDP3-1.

[71 S. Yu et al., "Broadband optical frequency comb
generation with flexible frequency spacing and center
wavelength," Photonics Journal 10, 7202107 (2018).

[8] J. P. Gordon and L. F. Mollenauer, "Phase noise in
photonic communications systems using linear
amplifiers," Opt. Lett. 15, 1351-1353 (1990).

[9] D. S. Millar et al., "Design of a 1 Tb/s superchannel
coherent receiver," J. Lightwave Technol. 34, 1453-1463
(2016).

[10]B. Kuo et al., "Wideband parametric frequency comb as
coherent optical carrier," J. Lightwave Technol. 31, 3414-
3419 (2013).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


