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Outline
 Introduction
 Signal design for the linear fiber channel
 Signal design and processing for the nonlinear fiber channel

 Conventional WDM long-haul optical fiber systems
 Emerging satellite optical systems with high-power optical amplifiers

 Conclusion
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Introduction



6

6

Increase of global data traffic….How to keep up with society needs?

Stella Civelli - stella.civelli@cnr.it

 Increase spatial resources: more fibers,multi-core and multi-mode fibers Increase employed bandwidth:ultra-wideband transmission Improve the fiber: lower attenuation,hollow-core fibers..
 We want to get the most out of thedeployed network We need to maximize the informationon each spectral and spatial dimension And we know the maximum…
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The father of information theoryClaude Shannon (1916-2001)

Stella Civelli - stella.civelli@cnr.it

Shan
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Not a technological limitation, but a fundamental information-theoreticlimit Gaussian distributed symbols AWGN channel
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Signal design for the linear fiber channel
…AWGN channel assumption!
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 Conventional uniform constellation Gap to Shannon
 Constellation shaping Approach Gaussian distribution withdiscrete constellations
 Maxwell-Boltzmann (MB) distributionprovides the largest rate for a givenenergy and constellation order
Kschischang F.R. et al., “Optimal nonuniform signaling for Gaussianchannels” IEEE Transactions on Information Theory 1993

Stella Civelli - stella.civelli@cnr.it
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 U-64QAM: 2 bits on 1 ampl. from {1,3,5,7} →
rate 2 bits/1D U-64QAM: 6 on 3 ampl. from {1,3,5,7} (43 = 26
possible sequences)→ rate 6/3 = 2 bits/1D

 What if we select only 4 sequences→ 2 bits→
the rate decreases to 2/3 = 0.66 bits/1D Select those 4 with minimum energy→ the
mean energy per symbol decreases Shaping gain!

Probabilistic shaping in a nutshell

Stella Civelli - stella.civelli@cnr.it

000000
000001
000010
000011
…
111111

𝐸 = 21

00
01
10
11

𝐸 = 3

Probabilistic shaping selects some
sequences of amplitudes
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Probabilistic amplitude shaping (PAS)

Stella Civelli - stella.civelli@cnr.it
 Close the gap to Shannon

𝒃 𝑨
0,0,1,…0 1,3,…1

+ 1, + 3,…−1DM FEC0,0,0,…1

Shaped amplitudes
Shaped symbols

0,0,1,…0,
Information bits Parity bits

𝑨

 Rate granularity IR = 𝑅𝐷𝑀− 1−𝑐 𝑚

Shaping on amplitudes with distribution matcher (DM)

10 years!!
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Distribution matcher (DM)

Stella Civelli - stella.civelli@cnr.it

Civelli S. et al., “ Hierarchical Distribution Matching for Probabilistic Amplitude Shaping ” Entropy 2020
Fehenberger T. et al. “Multiset-partition distribution matching” IEEE Transactions on communications 2019

 𝑁 is the DM block length DM targets a desired distribution Low computational complexity desired Rate loss is loss of information due to DM: the difference between how much can be
encoded with that probability distribution, and how much it is actually encoded.

𝒃 𝑨DM𝑘 bits 𝑁 shaped
amplitudes

Rate
𝑅𝐷𝑀 =

𝑘
𝑁

Rate loss
𝑅loss =𝐻 𝑨 − 𝑘

𝑁
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Distribution matcher (2)

Stella Civelli - stella.civelli@cnr.it

𝒃 𝑨DM𝑘 bits 𝑁 shaped
amplitudes

Rate loss
𝑅loss =𝐻 𝑨 − 𝑘

𝑁

• For a given𝑁 and𝑀, the best approach (AWGNchannel) maps bits on symbols with minimumenergy: sphere shaping
• Look-up-tables are too big!!!

Goal: DM with good accuracy (low
rate loss) and low complexity
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Distribution matcher (4)

Stella Civelli - stella.civelli@cnr.it

Rat
elo
ss

10 100 1000Block length

0.1
0.0
1

• CCDM: Schulte et al., IEEE Trans. Inf. Theory 2015
• ESS and CCDM, Gulteking et al, Entropy 2020
• DM: Civelli et al., Entropy 2020
• HiDM: Yoshida JLT 2019, Civelli Entropy 2020
• Multiset-partition DM. Fehenberger et al, IEEE Trans.Comm. 2019

Rat
elo
ss(
1D)

Block length𝑁

Sphere shaping
CCDM

Shell mapping

Single shell

• Band trellis ESS, OFC 2022.
• Huffman-coded SS. Millar et al., ECOC 2019 and Skvortcov etal, JLT 2021
• Shell mapping, Schulte et al, IEEE Wirless Commun. Lett. 2019
• Approximate ESS, Gultekin et al., ISIT 2018

• Computational cost
• Hardware requirements
• Latency
• Power consumption
….

Ideal PAS (MB)
DM block length𝑁per

for
ma
nce Rate loss decreases
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Conclusions for linear probabilistic shaping

Stella Civelli - stella.civelli@cnr.it

 Significantly improves the performance and provides granularity in rate
Maximum gain given by Maxwell-Boltzmann (1.53dB in SNR)
 Research to find the best trade-off between performance and complexity

Courtesy of Junho
Cho (Nokia)
OFC 2026,
26/3/2026
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Signal design and processing for thenonlinear fiber channel
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99% of global data traffic on optical fibers
The performance of conventionalcommunication systems drops when applied tothe nonlinear optical fiber channel

nonlinear gain?

linear shaping gain

Performance

unshaped

shaped

Power

Shannon
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Nonlinearity mitigation and compensation
 Theoretical approach: which is themaximum amount of informationthat can be sent over a nonlinearchannel?
 Practical approach: how toimplement practical transmissionsystems able to compensate ormitigate fiber nonlinearity?

Stella Civelli - stella.civelli@cnr.it

Digital backpropagation
 Improved modulation
 Improved detection strategies
 Volterra equalization
Optical phase conjugation
NFT-based systems
…
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Key aspects

Intra-channel NLI
deterministic

Inter-channel NLI
unknown

Zero-dispersion regime
Spectral broadening

Dispersive nonlinear regimeDifficult to reverse

NL shaping
with PAS or enhanched approaches(sequence selection)

Carrier phase recovery
blindly compensates for phaserotations

Digital backpropagation
reverse channel effects
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Conventional WDM long-haul optical fibersystems
Dispersive nonlinear regime
 Digital backpropagation Carrier phase recovery Signal shaping
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Digital backpropagation (DBP)

 Large number of linear and nonlinearsteps
 Known to be complex (many FFTs)
 Exact compensation of intra-channeleffect (but for signal-noise interaction)
 Very useful to understand limits
 Useful for practical implementation?

Stella Civelli - stella.civelli@cnr.it

Fiber propagation
Disp and NL inter Digital backp.

LIN LIN
NLI
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Digital backpropagation (DBP) (2)

Stella Civelli - stella.civelli@cnr.it

[1] D. Rafique, et al., “Compensation of intra-channel nonlinear ….,” Optics express, 2011[2] V. Oliari, et al., ,“Revisiting efficient multi-step nonlinearity compensation…,” JLT 2020[3] C. Hager et al., “Wideband time-domain digital backpropagation via…,” ECOC 2018[4] S. Luo, et al., “Deep learning-aided perturbation model-based fiber…,” JLT 2023[5] N. Castro, et a., “Learned Volterra models for nonlinearity equalization…”, OE 2025

JLT 2025 Arxiv 2026, to be presented at CLEO

DBP can be implemented efficiently with a favorableperformance–complexity trade-off
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Carrier phase recovery (CPR)
 Pilot-based or blind DSP algorithms to recover for laser phase noise in coherentcommunications
 Kerr nonlinearity also manifests as phase rotation
 CPR can compensate for some nonlinear effects, when the correlation lengths aresimilar, even if not build for this purpose For example, CPR compensates inter-channel NLI in long-haul links and hides thenonlinear shaping gain

Stella Civelli - stella.civelli@cnr.it

 Tailored low-complexity CPR mitigate both Kerr-induced phase rotation and laser phase noise(0.9dB gain in a WDM unrepeatered 250km link)
Secondini, Civelli “Joint Subcarrier Phase Recovery for NonlinearityMitigation” arXiv:2602.24158:

https://arxiv.org/abs/2602.24158
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Nonlinear shaping (a misnomer)
Without CPR
 PAS with conventional DM provide a nonlinearshaping gain

Stella Civelli - stella.civelli@cnr.it

Shaping provides a linear gain, can we add a nonlinear shaping gain?

Ideal PAS
DM

DM block lengthper
for
ma
nc e

DM block, correlatedDM block, correlatedDM block, correlated

With CPR
 CPR hides this gain in most cases (long-haul links)
 PAS with conventional DM does not provide apractical nonlinear shaping gain

Ideal PAS DM

DM block lengthper
for
ma
nc e

Civelli, S., Parente, E., Forestieri, E., and Secondini, M. “On the nonlinear shaping gain with probabilistic shaping and
carrier phase recovery” Journal of Lightwave Technology, 41(10), 3046-3056 (2023).
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Sequence selection

Stella Civelli - stella.civelli@cnr.it

Selects good sequences fordata transmission
Provides the ultimatepotential and limitations ofnonlinear PAS

Secondini et al., “New lower bounds on the capacity of the optical fiber channels via optimized shaping anddetection” JLT 2022
Civelli et al., ”Sequence-Selection-Based Constellation Shaping for Nonlinear Channels”, JLT 2024
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Sequence selection (cont’d)

Stella Civelli - stella.civelli@cnr.it

New lower bound to the performance of
a DP-WDM system (2022)

Secondini et al., “New lower bounds on the capacity of the optical fiber channels via optimized shaping anddetection” JLT 2022
Civelli et al., ”Sequence-Selection-Based Constellation Shaping for Nonlinear Channels”, JLT 2024


