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Optical Transport Networks (OTNs)

o Long-haul fiber-optic communications

o Carrying trans- and inter-continental IP traffic and
telecommunications
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Forward Error Correction (FEC) for OTN

Decoder Requirements
o High throughput (100-400 Gbit/s, or more, per wavelength)

o Low complexity
o High reliability, P, < 10715,




Channel Models for OTN

For the purposes of code design, although the true channel is
nonlinear, we adopt a simplistic (post-nonlinearity compensation)
channel model:
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o Standard models for prior work on OTN FEC design

o Gray-labelled DP-QPSK with impairment compensation




Staircase Codes




Staircase Codes

@ Introduced in B. P. Smith, A. Farhood, A. Hunt, FRK, and J.
Lodge, “Staircase Codes: FEC for 100 Gb/s OTN," J.
Lightwave Technology, vol. 30, Jan. 2012, pp. 110-117.

Spatially-coupled product codes
Iterative algebraic decoding in a sliding window
High-rate (low-complexity) BCH component decoders

Low error floors with analytic bounds
Adopted in standards:

o OIF 400ZR (400 Gb/s, coherent), 2017 (inner Hamming, outer
staircase)
o ITU-T G.709.2 (OTU4 long-reach interface), 2018
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Staircase Codes

e Each square “staircase block” is of size m x m bits. e C is a
binary systematic code of length 2m (e.g., a t-error-correcting
BCH code). e Iterative decoding occurs within a sliding window:
“oldest” block shifted out when “newest block” is filled.

rows are codewords of C
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Staircase Code Performance (BSC)
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using a t = 3 shortened BCH component code.
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Staircase Code Library

Re | OH [ M Psc NCG Gap (dB)
15/16 | 6.67 | 704 | 5.0214 x 103 0.462
10/11 | 10.00 | 440 | 7.5402 x 1073 0.587

8/9 | 12.50 | 360 | 9.2886 x 1073 0.684

6/7 | 16.67 | 252 | 1.2477 x 1072 0.784

5/6 | 20.00 | 216 | 1.4404 x 1072 0.920

o Staircase codes with t = 4 shortened BCH component codes.

@ psc denotes the BSC crossover probability corresponding to an
output BER of 10712,

@ Overhead OH = (1/R — 1) x 100%
@ NCG Gap (dB) = 20logqerfc1(2psc) — 20 logyg erfc 1 (2H (1 — Rs.))
o Excellent HD codes, but they do not exploit soft information

[L. M. Zhang and FRK, “Staircase Codes With 6% to 33% Overhead,” J.
Lightwave Technology, vol. 32, no. 10, pp. 1999-2002, May 2014.]
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Key Question

Can staircase codes be leveraged in an efficient, low-complexity,
error-correction scheme for the SD channel in OTN systems?
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Concatenation

Ci Enc—{ Channel —|C; Dec

C, Enc C; Enct—{ Channel —{C; Dect—| =1 +—{C, Dec

C; Enct—{ Channel —|C; Dec

o C, — Staircase outer code

o 7 — Interleaver to reduce correlation between bit errors

o C; — Low-complexity soft-decision decodable inner code

Cj: Error-reducing, couples the channel to the staircase code
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Concatenated LDPC-Staircase Code

o LDPC code with SD decoding for error reduction:
peh ~ 1072 = pyc ~107°
o Staircase code with HD decoding for error correction:

psc ~ 1073 — 10715

Advantages

o Low-complexity design of LDPC ensemble

o Staircase code has low and analytical error-floor
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The LDPC Inner-Code
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Tanner graph of the inner-code ensemble. Degree distributions to
be designed — degree-zero and degree-one nodes are allowed!
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Design Parameters

Outer Code
o Staircase code parameters: Rec, Psc

Inner code

o Portion of uncoded bits: Ly
o Variable node degree distribution: A(x) = > A\jx'~1
o Concentrated check node degree distribution: d_

o Degree-one variable nodes per check node: v
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Concatenated Code Design

Given an overall rate Ryt and a staircase code library:

Design Objective

Determine the Pareto frontier between SNR (or NCG) and
complexity (n) for concatenated coding scheme.
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Complexity Score

Given sparse-graph code with:
@ Number of edges: E
@ Maximum iterations: /
@ Number of information bits: K

o Post-processing complexity, per information bit, in outer code
decoding: P (very small in comparison)

Decoding Complexity
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Complexity-Optimized Design — Minimum lterations

Estimating Number of Iterations

Smith et al. derived an approximation for the number inner
decoding iterations, based on the code EXIT function fy(p) :

Po
/N/L
p

: plog (ﬁ)

[B. P. Smith, M. Ardakani, W. Yu and FRK, “Design of Irregular LDPC Codes
with Optimized Performance-Complexity Tradeoff,” IEEE Trans. Commun.,
vol. 58, no. 2, pp. 489-499, Feb 2010.]




Optimization Problem Formulation

Given R, iterate over Ry,d., v, and SNR, minimize

1— Rin Po,SNR d
n= () | 2
P

Rsc Rin tSNR P |0g (m)
D
Y 1—1Lg _

s.t. _> achieve rate R,
; i~ d(1— Ru) "
0< )\ Vie{l,...,D,} no negative degrees
D,

Z/\,’ =1 valid degree distribution
i=1

AMde = v desired degree-one nodes
0< Ly < Lg™ degree-zero nodes in range
fASNR(P) < P VP € [pt,sNR, Po,SNR] EXIT chart open

Loposnr + (Rin — Lo)Prsnr < Rinpsc staircase BER achieved.
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Results — Pareto Frontiers
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Pareto frontiers, for OH € {0.15,0.2,0.25}.
All designs chose the highest rate outer staircase codes!



Comparison
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NCG and complexity of the best known FEC schemes at 20% OH.
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Multi-SNR Code Optimization

Flexibility towards channel quality
o A design set S = {SNRy,SNRy,...,SNR,}
o Obtain the complexity-optimized concatenated code for SNR;,
and for all j € {1,2,...,n}
o Given 7)7’s, design a code with minimized maximum
complexity deviation from nj’f's

.




Optimization Problem Formulation — Multi-SNR

Given Ry, S, iterate over Rs.,d., v, minimize

W:max(mm ")

m ",
subject to:
D
<A 1—1Lg _

3 TI > (1R achieve rate R,
0< )\ Vie{l,...,D,} no negative degrees
D,

Z Ai=1 valid degree distribution
i=1
Aide = desired degree-one nodes

v
0< Ly < Lg™™ degree-zero nodes in range

24



Optimization Problem Formulation — Multi-SNR

Given Ry, S, iterate over Rs.,d., v, minimize

7:m‘-j,x(h?h ”)

s g

and also subject to:

frsnri(P) < P VP € [Pe,SNR;» PO,SNR; )

fASNR.(P) < P VP € [Pt,SNR,» PO,SNR, ]
SR (P) _ [Pestre, Po.swr.] EXIT chart open

fLsNR,(P) < P VP € [Pt,SNR,s PO,SNR,];

Lopo,snr; + (Rin — Lo)Pesnr, < Rinpsc,
Lopo,snr, + (Rin — Lo)Pt,sNR, < Rinpsc,
 F . )P ? e staircase BER achieved.

Lopo,snr, + (Rin — Lo)Pesnr, < RinPsc-
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Results — Operating Codes at Non-Optimal SNRs

80

‘ : : : :
‘+20% OH Pareto frontier ‘

60

< 40 a

20

|
%5 26 27 28 29 3 31 32 33 34
E,/N, dB



Results — Operating Codes at Non-Optimal SNRs
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Results — Operating Codes at Non-Optimal SNRs
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Results — Operating Codes at Non-Optimal SNRs
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Results — Operating Codes at Non-Optimal SNRs
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Results — Multi-SNR Code
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Two-SNR optimized code, v = 1.046
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Thank You!



Results

[ OH (%) [ SNR set (dB) | L(x) [RGOT T ~v ]
15 g:gi 0.211865 + 0.188406x + 0.051091x> + 0.548638x* x35 153 1.054
20 ggg 0.139598 + 0.166667x + 0.038726x> + 0.613364x*,0.041646x° | x28 189 1.046
25 g:i’g 0.073696 + 0.264000x + 0.348856x* + 0.313448x° x? 186 1.067

Table: Multi-SNR inner-code designs for 15%, 20%, and 25% OHs
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