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Fiber-optic communication systems enable data traffic over very long distances
connecting cities, countries, and continents.
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Outline

Part 1: Error-correcting codes to ensure reliable data transmission.

Part 2: Nonlinear equalization via deep learning tools.
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(Motivation: limited soft-information in
metro networks, outer clean-up codes, . . . )
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Requirements for Fiber-Optic Communications

• Very high throughputs (100 Gigabits per second or higher)

• Very high net coding gains (close-to-capacity performance)

• Very low bit error rates (below 10−15)

Outline: Part 1 (Coding)

1. Asymptotic performance of deterministic generalized product codes

2. Binary erasure channel vs. binary symmetric channel
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• Deterministic codes with fixed and structured Tanner graph
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Is it possible to directly analyze deterministic generalized product codes?
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Key: convergence results for sparse
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• Generalizes [Schwartz et al., 2005], [Justesen and Høholdt, 2007] to a
large class of deterministic codes (staircase, braided, etc.); also works for
different decoding schedules (e.g., window decoding)

• Applications: (asymptotic) performance prediction, code comparison via
thresholds, efficient parameter optimization, . . .
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• Miscorrections lead to inconsistencies/conflicts: two component codewords
may disagree on the value of a bit

• Idea: make correctly decoded codewords anchors and trust their decisions
(requires status information for each component codeword)

• If any anchor has too many conflicts, backtrack its bit flips
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Simulation Results

• Staircase code with n = 256 and t = 2
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Simulation Results (cont.)

• Product code with n = 195 and t = 2, see [Condo et al., 2017]
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Simulation Results (cont.)

• Product code with n = 195 and t = 2, see [Condo et al., 2017]

post-processing (PP):
[Jian et al., 2014]
[Mittelholzer et al., 2016]
[Holzbaur et al., 2017]
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Simulation Results (cont.)

• Product code with n = 195 and t = 2, see [Condo et al., 2017]

post-processing (PP):
[Jian et al., 2014]
[Mittelholzer et al., 2016]
[Holzbaur et al., 2017]

Future work: PP for staircase
codes, complexity impact on
product decoder architecture,
. . .
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Part 1: Conclusions

• Asymptotic density evolution analysis possible for many deterministic
generalized product codes over the binary erasure channel

• In practice, miscorrection-free performance over the binary symmetric
channel can be approached with anchor-based decoding
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Deep Learning for Digital Backpropagation

A/D
digital signal
processing

equalization/
channel inversion

modulated
laser optical fiber

deterministic
distortions

amplifier

repeat several times

communication
channel

• Dispersion: different wavelengths travel at different speeds (linear)

• Kerr effect: refractive index changes with signal intensity (nonlinear)

Outline: Part 2 (Deep Learning)

1. Channel modeling and digital backpropagation

2. Machine learning for complexity-reduced digital backpropagation
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Complexity of the Split-Step Fourier Method

Aδy .
.
.

Aδ .
.
.

bbb Aδ .
.
.

≈ x

Split-step Fourier method:

1 for j = 1:M
2 y = ifft(H.* fft(y)); % group velocity dispersion
3 y = y.* exp (1i* gamma* delta*abs(y ).^2); % Kerr effect
4 end

Linear equalization:

1 y = ifft( Htilde .* fft(y)); % Htilde = H * H * ... * H
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1 for j = 1:M
2 y = ifft(H.* fft(y)); % group velocity dispersion
3 y = y.* exp (1i* gamma* delta*abs(y ).^2); % Kerr effect
4 end

Linear equalization: (already very power-hungry DSP block)

1 y = ifft( Htilde .* fft(y)); % Htilde = H * H * ... * H

At least M times more complex than linear equalization due to FFT/IFFT.
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Complexity-Reduced Digital Backpropagation

Literature (randomly sampled):

• “with only four steps for the entire link . . . ” [Du and Lowery, 2010]
• “we report up to 80% reduction in required back-propagation steps” [Rafique et al., 2011]
• “one novel method is proposed to reduce the required stage number down to 1/4”

[Li et al., 2011]
• “it reduces 85% back-propagation stages [. . . ]” [Yan et al., 2011]
• “considerably reduces the number of spans needed by digital backpropagation”

[Napoli et al., 2014]
• “single-step digital backpropagation” [Secondini et al., 2016]
• “a straightforward way to reduce the complexity is to reduce the number of [. . . ] stages”

[Nakashima et al., 2017]
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• “one novel method is proposed to reduce the required stage number down to 1/4”

[Li et al., 2011]
• “it reduces 85% back-propagation stages [. . . ]” [Yan et al., 2011]
• “considerably reduces the number of spans needed by digital backpropagation”

[Napoli et al., 2014]
• “single-step digital backpropagation” [Secondini et al., 2016]
• “a straightforward way to reduce the complexity is to reduce the number of [. . . ] stages”

[Nakashima et al., 2017]

Google trends for “deep learning”

Are many steps really that inefficient?
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Supervised Learning
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How to optimize θ = {W (1), . . . , W (ℓ), b(1), . . . , b(ℓ)}? Deep learning

min
θ

N∑

i=1

Loss(fθ(y(i)), x
(i)) , g(θ) using θk+1 = θk − λ∇θg(θk) (1)
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Complexity estimate in [Ip and Kahn, 2008] for 25 × 80 km using filters
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min
θ
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(i)) , g(θ) using θk+1 = θk − λ∇θg(θk)
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Part 1: Coding

• Density evolution for deterministic codes over the binary erasure channel

• In practice, miscorrection-free performance over the binary symmetric
channel can be approached with anchor-based decoding

Part 2: Deep learning

• Split-step Fourier method leads to a deep feed-forward neural network

• Joint filter optimization can be solved by applying deep learning to
significantly reduce the number of required filter taps
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