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• As demand for fiber transmission grows, SDM is an opportunity to 

share hardware, power and processing resources over more bits.

• Also as a way to alleviate bottlenecks of physical space:
➢ Submarine cables, 

➢ Metro/access networks 

➢ Data centres 
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Spatial skew and crosstalk in SDM Fibers
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Independent 
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Homogeneous MCFs
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• Light on each core is “uncoupled” from the 

other cores
➢Residual coupling yields inter-core crosstalk

• Propagation characteristics are similar 
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➢Residual differences in group velocity yield inter-core 

skew
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Inner cladding

Cladding-pumped EDFACore-pumped EDFA

Pump
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Excellent gain performance
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MCF Amplifiers
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• Total throughput after decoding 715 Tb/s after 2009.6 km 

– (64 recirculations, 345 wavelength channels)

• Decoded data throughput approximately 90% of GMI 
estimate

19-core EDFA – 2000km PDM 16-QAM transmission

17



8000km Summary – PDM-QPSK

(a) Inner core

(b) Outer core

• Per-core throughput after decoding 18.5 Tbit/s and 14.5
Tbit/s in low and high XT cores after 8007 km

– 255 Recirculations

• Decoded data throughput also ≈ 90% of GMI estimate
18
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An MCF/SDM system

may carry multiple

spatial-super- channels

(SSC)s using variable

numbers of cores and

wavelengths

• They are also compatible with other transmission schemes requiring correlated 

transmission paths such as self-homodyne detection or shared carrier reception for 

further simplified DSP

• Spatial super-channels were proposed to exploit the relative uniformity of parallel 

spatial channels to allow joint digital signal processing (DSP) and simplify switching 

in multi-core fiber (MCF) M .D. Feuer et al. PTL, 24, 1957–1960 (2012)
M. D. Feuer et al., OFC 13 PDP5B.8 

J-M Delgado Mendinueta. OFC, JTh2A.48 (2013) 
E. Le Taillandier de Gabory. OFC, OM2C.2 (2013)

• They have also been used in networking experiments in combination with self-

homodyne detection in an MCF for further simplified DSP
N. Amaya et al. OPEX 22 (3), 3638–47 (2014)
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• SSCs allow multi-dimensional modulation across spatial channels
B. J. Puttnam et al. OPEX 22 (26), pp. 32457-69, 2014



Strategies for shared and joint  DSP
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• Individual estimation 
equivalent to N x conventional 
receivers

• Master-slave estimation uses a 
single core and applies 
updates to other spatial 
channels

• Joint processing uses the 
signals from all cores to try and 
improve on single core 
estimation



Joint Phase Estimation

22

• Estimated phase noise and BER vs distance for different phase-
noise estimation strategies in 3-core MCF PDM-16QAM 
transmission

• Common transmitter gives correlated receiver phase noise in 
different spatial channels

• Joint processing can improve performance over individual core 
processing

• Master-slave can divide required resources as a trade-off to 
transmission distance

APL Photonics 4 (2), pp. 22804 (2019)

Increasing 

resources



Impact of skew on joint processing

23

• Skew (Time delay) between spatial channels will have impact of 

performance of joint processing

• This was investigated with master-slave processing for 16-QAM and 

64QAM experiments

• Distance penalty increases strongly with skew
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Masahiko Jinno, JOCN, 11(3), 2019

Spatial dimension in networking



Jun Sakaguchi et al.,   Proc. ECOC 2016,  W.4.P1.SC5.57 
Proc. ECOC 2017, M.1.E.4, 

Remote comb sources can be 
spectrally synchronised by 
transmission of comb seed 
through spatial channels enabling 
simplified DSP and networking 
advantages

Correlated Tx and LO combs allow 
elimination of carrier-phase 
estimation and frequency offset 
estimation

MCF and few-mode fiber seed 
transmission already  
demonstrated for WDM 64QAM 
signals
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Impact of enlarged cladding diameter fibers

RFP is the failure ratio compared to fiber with cladding 

diameter (Dc) = 125 μm and bending diameter (D) = 30 mm

(R
F

P
)

Splice loss (Ls) varies with distance from 

cladding center and angle alignment error 27



Fiber diameters in large SDM experiments

D. Soma et al., ECOC 2015.
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T. Kobayashi et al., OFC 2017.

H. Takahara et al., ECOC 2012.

D. Qian et al., FIO 2012.

G. Rademacher et al., ECOC 2020.

G. Rademacher et al., OFC 2020.

D. Soma et al., ECOC 2017.

R. Luis ECOC 2018

D. Kong et al., CLEO 2020.
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Amplifier combinations for S, C + L-band transmission 

•Recently S + C + L band demonstrations have led 
to new transmission records with various 
amplifier technologies adopted

•S-band exploitation can also attractive to boost 
throughput in low-core count MCF systems or to 
take advantage of lower crosstalk

29

J. Renaudier et al., ‘107 Tb/s Transmission of 103-nm Bandwidth over 3×100 km SSMF using Ultra-Wideband Hybrid Raman/SOA Repeaters’,OFC’19 Tu3F.2.1

F. Hamaoka et al.,‘150.3-Tb/s Ultra-Wideband (S, C, and L Bands) SMF Transmission over 40-km Using >519Gb/s/A PDM-128QAM Signals’, ECOC’18 Mo4G.1

B.J. Puttnam et al., ‘0.61 Pb/s S, C, and L-Band Transmission in a 125μm Diameter 4-core Fiber Using a Single Wide-band Comb Source’ , IEEE JLT  39(4) pp. 1027-32.

L. Galdino et al., ‘Optical Fibre Capacity Optimisation via Continuous Bandwidth Amplification and Geometric Shaping’, IEEE PTL 32(17), pp. 1021-24, 2020

B.J. Puttnam et al., ‘S, C and Extended L-Band Transmission with Doped-Fiber and Distributed Raman Amplification’ , OFC’21 Th4C.2

SMF - TDFA, EDFA + distributed Raman amplifier– 190.1 Tb/s 

SMF - Hybrid Raman + SOA amplifiers – 107 Tb/s 

SMF - EDFA + distributed Raman – 150.3 Tb/s

SMF - TDFA, EDFA + lumped Raman amplifier– 178 Tb/s (GMI) 

4-core MCF - TDFA + EDFA – Ave. 152.5 Tb/s/core
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• 3 channel test-band with highest quality PDM-256-QAM modulation
• Dummy wavelength channels modulated in single pol. modulators with PDM 

emulation 
• S-band dummy channels wavelength converted from L-band in flat dispersion HNLF 
• 801 wavelength channels over > 20 THz bandwidth measured after 51.7 km 

transmission
• 5 x 40 mW Raman pumps (1424.3 to 1452 nm) 2 x 80 mW pumps (1410.8 + 1417.5 

nm) and 1 x 400 mW pump at 1385 nm added in multi-core pump combiner
• Signal digitized in 80Gs/s 36 GHz scope for offline processing after coherent 

reception

Transmission set-up
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• 3 channel test-band with highest quality PDM-256-QAM modulation
• Dummy wavelength channels modulated in single pol. modulators with PDM 

emulation 
• S-band dummy channels wavelength converted from L-band in flat dispersion HNLF 
• 801 wavelength channels over > 20 THz bandwidth measured after 51.7 km 

transmission
• 5 x 40 mW Raman pumps (1424.3 to 1452 nm) 2 x 80 mW pumps (1410.8 + 1417.5 

nm) and 1 x 400 mW pump at 1385 nm added in multi-core pump combiner
• Signal digitized in 80Gs/s 36 GHz scope for offline processing after coherent 

reception

Transmission set-up
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Quality of received channels

34

• 801 x 24.5 GBd PDM-256QAM channels over near-continuous 20 THz or 158.6 nm 
bandwidth  

- 335 S-band, 200 C-band and 266 in L-band

• Total GMI estimated data-rate was 1.02 Pb/s
- 408.5 Tb/s in S-band, 266.9 Tb/s in C-band and 334.6 Tb/s in L-band

• Decoded data-rate 0.96 Pb/s

• Best quality channels in C-band, but S-band contributes most to the data-rate 

• Inter-band and long wavelength passband limited by TDFA and EDFAs
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• 3 channel test-band with highest quality PDM-16QAM modulation

• Dummy wavelength channels modulated in single pol. modulators with PDM emulation 

• S-band dummy channels wavelength converted from L-band in flat dispersion HNLF 

• 552 WDM launched in to recirculating transmission loop based on low-loss 4-core MCF

• Spatial dummy channels tapped and amplified from recirculated core at fiber input

• 8 Raman pumps (1410.8 nm,1417.5 nm, 1424.3 nm, 1431 nm, 1437.9 nm, 1444.8 nm, 1451.6 nm 
and 1558.8 nm ) added in optical circulator after FI/FO

• Standard coherent Rx – Signal digitized in 80Gs/s 36 GHz scope, offline processing
35

3000 km wideband transmission

OFC’21 F3B.3
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Spectrum evolution over distance
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Quality of received channels – 3001 km 
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• 552 x 24.5 Gbd PDM-16QAM channels spanning > 120 nm bandwidth 
- 189 S-band,  178 C-band and 185 L-band channels

• 319 Tb/s total decoded data-rate at 3001 km
- 102.5 Tb/s (S), 108.7 Tb/s (C) and 107.7 Tb/s  in L-band channels

• GMI estimated data-rate was 342.8 Tb/s at 3001 km   

• Measurements at 1047 km 2024 km and 2513 km show potential for 
distance/throughput trade-off over shorter distances
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15-mode transmission experimental  set-up

• All 15 mode input signals 100 ns decorrelated copies of C + L - band spectrum 

• Time division multiplexed receiver needed to receive 15 modes in 5 coherent Rxs
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Conclusions
• SDM systems can increase data-rates and efficiency in many areas of optical communications

• Weakly or un-coupled SDM systems (MCFs, SMF bundles) offer simplest migration path for
transmission and networking, but if mechanical reliability limits cladding diameter, may not
solve critical space issues, submarine, data-center panels etc.

• Coupled SDM systems (MMF, FMF, Coupled core MCF) can offer these benefits plus drastic
improvements in spatial spectral efficiency, but require high uniformity between spatial
channels.

• Low MDL/MDG fibers and amplifiers yet to be convincingly demonstrated, possibly only for
short P2P links

• Coupled-core fibers have shown improved non-linear tolerance for long-haul transmission,
but may be hard to exploit in submarine systems where electrical power to EDFAs is key
limitation.

• In addition to optical Comms, SDM fibers are also finding application in other
areas of photonics…
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5G and Microwave Signal Processing
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Imaging/Adaptive optics
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Spectroscopy and Bio-medical Imaging
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Quantum Communications
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