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Abstract

The impact of dimensionality of soft-demappers is investigated for probabilistic shaping in

systems with short-memory correlated nonlinearities. Simple instantaneous nonlinearity compensation
is proposed, significantly improving the performance of a low-complexity 1D demapper.

Introduction

Probabilistic shaping in combination with soft-
decision (SD) forward error correction (FEC) has
been considered as an important technology for
high-capacity coherent fiber-optical communica-
tion systems, rapidly evolving from an early re-
search proposalll to realizable®® and commer-
cial® technology. Probabilistic shaping can be
integrated into bit-interleaved coded modulation
(BICM) systems using the probabilistic amplitude
shaping (PAS) framework!l. This allows low im-
plementation complexity, while offering additional
gains via optimized signaling schemes for im-
proved energy efficiency or nonlinear tolerance®.

Recently, it was shown that practical finite-
length probabilistic shaping can offer consider-
able nonlinear gain in addition to linear shap-
ing gaint®® especially, in short-memory fiber
links subject to strongly correlated nonlinear
noiselH. In particular, the advantage of short-
length shaping was demonstrated using Huffman-
coded sphere shaping (HCSS) in extended-reach
single-span links®®.  The highest gain is ob-
served for 4D symbol mapping, which results in
a single shaped sequence being mapped onto
all 4 quadratures of the signal concurrently, and
therefore benefits from 4D soft-demapping at the
receiverl’™® 4D demappers allow consideration
of advanced noise statistics with correlation be-
tween dimensions, which may also provide per-
formance gains in highly nonlinear links!"h12),

In this work, we study the impact of the dimen-
sionality of mismatched soft-demappers with ad-
vanced noise statistics on the achievable infor-
mation rate (AIR) of probabilistically shaped sig-
nals. Transmission performance is characterized
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in an extended-reach single-span link, where the
signal is impacted by strongly correlated nonlin-
earities and the optimal 4D shaped signal map-
ping is used. We then analyze the relative perfor-
mance of instantaneous nonlinearity compensa-
tion on the low-complexity demappers.

Mismatched Soft-Demapping

In BICM systems, soft-demapping is used to cal-
culate reliabilities of bits corresponding to the re-
ceived symbols in the form of log-likelihood ratios
(LLRs), which are then used for SD-FEC decod-
ing to recover the transmitted information. Typ-
ically, the true channel is not known and soft-
demapping is preformed based on simplified aux-
iliary channel assumptions, which we refer to
as mismatched soft-demapping. The common
choice for an auxiliary channel is the memoryless
additive white Gaussian noise (AWGN) channel,
modeled as!':
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where d is the dimensionality of the channel, X is
a d x d covariance matrix (|X| is its determinant),
y is the received symbol, and z’ represents the
centroid of the received symbols y corresponding
to the transmitted symbol z. LLRs for binary la-
bels B; (¢ = 1,...,m) of the received symbol are
calculated by the soft-demapper as:
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where &, ; and X, ; are the subsets of constella-
tion X for B; equal to 1 or 0, respectively; Px(x)
is the probablity mass function (PMF).

An auxiliary channel allows various options for
noise statistics calculations for soft-demapping,

LLR; = log (2)
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Fig. 1: Impact of soft-demappers with mismatched PMF.
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Tab. 1: Soft-demappers
Parameter Type Description
Dimensionality 1D 1D aux. ch. & centroids
2D 2D aux. ch. & centroids
4D 4D aux. ch. & centroids
Noise CS circularly symmetric
statistics VPD variances per dimension
CG correlated Gaussian
Covariance AC average covariance
type SC symbol-wise covariance

the simplest of which is a circularly symmet-
ric (CS) statistics, whereby the covariance ma-
trix is the identity matrix multiplied by an aver-
age noise variance. Another option is to define
noise variances per dimension (VPD) neglecting
cross-correlations, in which case, the covariance
matrix is diagonal with variances per dimension.
An advanced approach is to calculate correlated
Gaussian (CG) noise statistics where the full co-
variance matrix is defined. Furthermore, we dis-
tinguish two cases: when covariance matrices
are defined per all constellation symbols (aver-
age covariance, AC) or per each symbol sepa-
rately (symbol-wise covariances, SC). The soft-
demapper parameters are summarized in Tab.[T]

Mismatched PMF: Soft-demapping requires
that symbol likelihoods are conditioned on the
probability distribution of the signal.  When
asymptotically large shaping sequences are
used, it is valid to consider the different symbols
comprising a sequence as independent and iden-
tically distributed. However, as the length of the
shaping sequence is reduced, this approach be-
comes increasingly inaccurate. While the full cal-
culation of symbol likelihoods for finite sequence
lengths is conditioned on the symbol and all other
symbols which comprise the sequence, this ap-
proach is computationally equivalent to maximum
likelihood detection of shaped sequences, and
negates the powerful advantages of the PAS ar-
chitecture.

We examine the of

impact using soft-

demappers with mismatched PMFs for shaped
signals in the AWGN channel by numerical
simulation using HCSS® with shaping rate of
1.75 b/Amp and 4D symbol mapping based on
DP-64QAM; and a signal-to-noise ratio (SNR) of
12.5 dB. Three soft-demappers are compared: 1D
(where the 1D PMF is calculated using only the
frequency of symbols in the entire set of shaping
sequences), 2D and 4D (where PMFs are calcu-
lated using the frequency of pairs and 4-tuples of
symbols in the set of sequences). All demappers
are based on auxiliary channels of corresponding
dimensionality with CS statistics according to (T).

Fig. [f{c) shows the Kullback—Leibler (KL) di-
vergence of 1D and 2D PMFs in relation to the
4D PMF as a function of shaping length. The
divergence reduces with shaping length, i.e., it
is significant at short shaping length and con-
verges at longer lengths. The performance in
terms of AIR and corresponding penalties in re-
lation to the 4D case can be seen in Fig.[{[a) and
(b), where considerable AIR penalty is observed
only at shorter shaping lengths, while for longer
lengths the penalty is negligible.

Auxiliary Channel Dimensionality: Further, we
investigate the impact of using different soft-
demappers in terms of dimensionality and noise
statistics in an experimental nonlinear fiber chan-
nel, as shown in Fig. The experimental data
are obtained in an extended-reach single-span
link®, where 9 channels at 56 GBd were propa-
gated over 200 km of standard single-mode fiber;
the signaling scheme is HCSS with shaping rate
of 1.75 b/Amp and 4D symbol mapping based on
DP-64QAM. We consider a 1D AC-CS demapper
(1D centroids), 2D AC-VPD and SC-CG demap-
pers (2D centroids), and 4D AC-VPD and SC-CG
demappers (4D centroids). Since a mismatched
PMF does not introduce considerable penalty, we
fixed the PMF for all demappers to be the 1D PMF
(2D and 4D PMFs are the products of 1D PMF).

Figs. [Bfa) and (b) show AIR as functions of
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Fig. 2: Experimental setup for 200 km single-span transmissionl?.
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Fig. 3: Impact of dimensionality of auxiliary channels. (b)-(c) insets: AIR gain wrt. 1D demapper w/o NLin comp.

launch power (for a shaping length of L = 48) and
shaping length (at an optimal launch power), re-
spectively. In Fig.[3(a) individual data points rep-
resent measured experimental data, and smooth
lines represent the data fit, while in Fig.[3{(b) AIRs
at optimal launch powers are based on the fit-
ted data. Fig. [3fa) shows that the 2D and 4D
demappers can achieve substantial gain over the
1D demapper in the nonlinear regime; for L = 48,
the 2D AC-VPD demapper provides AIR gain of
0.025 b/4D and an additional 0.02 b/4D with CG
statistics, while the 4D AC-VPD demapper gives
0.045 b/4D gain and an extra 0.03 b/4D gain with
CG statistics. The gain is higher in the highly
nonlinear regime, while in the linear regime it
becomes negligible, implying that the impact of
transceiver imperfections is negligible in our sys-
tem. Also, from Fig. [3(b) we observe that the gain
from 2D/4D demappers is decreased at shorter
shaping length (i.e., for the 4D SC-CG demap-
per and L = 8, the gain is 0.055 b/4D, while for
L = 160, the gain is 0.1 b/4D), which can be ex-
plained by the overall increased nonlinear toler-
ance of short-length shaping!®.

Instantaneous Nonlinearity Compensation

To mitigate the impact of nonlinearities, we use
intensity dependent instantaneous nonlinearity
compensation, as follows: E, = E, exp (—iaP),
where P = |E,|* + |E,|?, E, is the optical field
at x/y-polarizations and « is the nonlinear param-
eter to be optimized at every launch power and
shaping length. Fig. [3|c) shows the performance
in terms of AIR of the soft-demappers after non-

linearity compensation. Substantial gains are ob-
served, especially, for the 1D AC-VPD demapper.
The impact of varying centroid dimensionality is
significantly reduced, i.e., at L = 48 for the 1D
demapper the AIR is improved by 0.035 b/4D and
the difference to the 2D AC-VPD demapper be-
comes negligible, while the 4D VPD demapper
provides only a small gain of 0.015 b/4D. Never-
theless, the use of CG statistics provides con-
siderable gain. We note due to more significant
nonlinear distortions at longer shaping lengths,
the gain from nonlinearity compensation is higher
(0.045 b/4D at L = 160 for the 1D demapper).

Discussion and Conclusions

We have analyzed various mismatched soft-
demappers for systems suffering from strongly
correlated nonlinearity. A mismatched PMF for
probabilistic shaping with 4D symbol mapping
has negligible impact at practical shaping lengths,
allowing a low-complexity 1D demapper. How-
ever, in the presence of strongly correlated non-
linearity, increasing the dimension of the demap-
per auxiliary channel provides significant gain
by considering the centroids deviations and ad-
vanced symbol-wise noise statistics. Alternately,
low-complexity nonlinearity compensation can be
used to mitigate the centroid deviations, and
significantly improve the performance of a 1D
demapper.
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