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Abstract Several strategies for nonlinearity mitigation based on signal processing at the transmitter
and/or receiver side are analyzed and their effectiveness is discussed. Improved capacity lower bounds

based on their combination are presented.

Introduction

Study and mitigation of nonlinear effects have
been an important aspect of fiber-optic commu-
nication since the very beginning!l. Aided by dig-
ital signal processing (DSP), coherent detection
allows for optical systems with almost unlimited
capability to modulate, demodulate, and process
optical signals, improving spectral efficiency and
pushing optical networks toward a seeming ca-
pacity limit due to nonlinear effectsi2-El. This has
further stimulated the research of DSP techniques
to overcome fiber nonlinearity limitations4.

The problem of mitigating nonlinear effects
and improving system performance has been ad-
dressed from many different perspectives. In this
work, only digital techniques to be implemented at
the transmitter (TX) or receiver (RX) are consid-
ered. Therefore, we do not account for techniques
that modify the fiber link or work at optical level,
such as regeneration or phase conjugation.

Following®, we consider the system described
in Fig. Fiber propagation is governed by the
Manakov equation!®l and includes periodic in-line
amplification and the simultaneous propagation
of other WDM channels, all independently modu-
lated and detected and with the same input distri-
butionl”. Collecting input and output symbols into
the vectors x and y, respectively, we try to maxi-
mize the achievable information rate (AIR)® by op-
timizing the input distribution p(x) (blue block), the
detection metric ¢(y|x) (pink block), and TX/RX
processing (yellow blocks). Moreover, we discuss
the main modulation/demodulation and coding/de-
coding techniques to implement such an optimized
system.

Constellation shaping

Constellation shaping improves the efficiency of
a digital modulation scheme by modifying the po-
sition of the symbols in the constellation diagram
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Fig. 1: Description of the system considered for AIR
computation and maximization.

(geometric shaping) or the frequency with which
they are used (probabilistic shaping). With refer-
ence to Fig.[l] it consists in optimizing the input
distribution p(x) (or its support) and devising a
proper coded modulation scheme to encode infor-
mation accordingly. On the AWGN channel, the
problem is well known: the optimal distribution
factorizes into the product of identical marginal dis-
tributions (i.i.d. symbols)—Gaussian in the general
casel®l, Maxwell-Boltzmann (MB) if the symbols
are constrained on a given discrete alphabet!®—
which minimize the energy per symbol required
to achieve a certain information rate. In this con-
text, a practical coded modulation scheme that
has attracted much interest in recent years is prob-
abilistic amplitude shaping (PAS), thanks to its
nearly optimal performance, simple implementa-
tion, and fine rate granularity'%'!l. PAS uses a
distribution matcher, followed by a systematic FEC
encoder, to induce the desired distribution over a
QAM constellation. The optimal condition of i.i.d.
MB symbols is approached as the block length of
the distribution matcher goes to infinity9h12],
Constellation shaping can be used also to miti-
gate nonlinear effects. In this case, often referred
to as nonlinear constellation shaping, the location
or probability of the constellation symbols are op-
timized to minimize the amount or impact of the
generated nonlinear interference (NLI). There are
many evidences suggesting that optimizing the
marginal distribution of i.i.d. 2D symbols yields
negligible gains in this casel’®l. In fact, to un-
lock the full potentiality of nonlinear constellation
shaping, the optimization should be performed
in a higher dimensional space. So far, the ap-



proaches have been limited to the optimization of
low-rate constellations in a low-dimensional space
(e.g., geometric shaping in 4D and 8DU4/'3)y or
to a highly constrained optimization of PAS in
a higher-dimensional space (e.g., optimizing the
block length of the distribution matcher™®H7) The
advantages obtained in this way are moderate,
and might become negligible in the presence of
carrier recovery algorithms!'8l,

The current research challenge is the full opti-
mization of the constellation in a high-dimensional
space, possibly in combination with improved de-
tection strategies. While this is an extremely com-
plex and still unsolved problem, in this work we
use a recently proposed sequence selection (SS)
bounding technique to estimate the gain achiev-
able by such an optimizationt'l,

Detection

Optimal detection requires knowledge of the con-
ditional distribution p(y|x). The problem has been
widely studied for the AWGN channel, where
p(y|x) factorizes into the product of marginal Gaus-
sian distributions, so that optimal detection can
be easily implemented. For the nonlinear fiber
channel, p(y|x) is unknown, so that a mismatched
detection based on an approximated distribution
q(y|x) is used. Often—for simplicity and in the
absence of a suitable alternative—q(y|x) is still
taken as the product of marginal Gaussian distri-
butions, as in the AWGN channel, but increasing
the variance to account also for NLI.

The search for more accurate and mathemati-
cally tractable mismatched channel models is the
subject of current research. For instance, sev-
eral models show that interchannel NLI includes
relevant phase and polarization noise (PPN) com-
ponents that evolve slowly in timel%-2 Such
components depend also on frequency and can
be alternatively represented as time-varying linear
IS8, Their mitigation is possiblel2224 and yields
an increase of the AIR, which is more effective if
combined with subcarrier multiplexing2>-28l and
an optimized per-subcarrier power allocation27:28],
Moreover, even the additive component of NLI has
some correlation in time, which might be exploited
for its mitigationl27}h28),

Another important research topic is the practical
implementation of such improved detection strate-
gies with a reasonable computational complex-
ity. Besides particle filtering techniques!®29l—
useful for accurate AIR estimation with complex
metrics but computationally too expensive for prac-
tical implementation—various approximated imple-
mentations based, e.g., on maximum likelihood

sequence detection, (extended) Kalman filtering/s-
moothing, recursive least square equalization, and
turboequalization have been proposed®%B1 Rel-
evant gains are obtained, but a further reduction
of the computational complexity might be required
to make the approach attractive.

Digital backpropagation

One of the most popular DSP technique for nonlin-
earity mitigation is digital backpropagation (DBP),
a channel inversion technique that can be im-
plemented at TX or RX to remove intrachannel
NLIE2E3 - The most classical DBP implemen-
tation is based on the split-step Fourier method
(SSFM)U, with an accuracy and complexity that
increase with the number of steps. The gains
achievable with DBP are well studied, both numer-
ically and experimentally22hB433 - Unfortunately,
reasonable gains require many steps (one or more
per span), so that the search for less complex al-
gorithms is still in progress. Possible approaches
include perturbation methods and Volterra equaliz-
erst®®; the simplification of the SSFMEZl; machine
learning techniques®®4Y; and a combination of
the previous approaches—e.g., where a perturba-
tion method is used to improve the accuracy of the
nonlinear step of the SSFM&!| or machine learn-
ing techniques are used to optimize and simplify a
processing scheme inspired by the SSFM or by a
perturbation modell#2h43l,

Another interesting research topic is the possi-
bility to include interchannel effects in DBP without
increasing its complexity, either to improve the
performance by jointly backpropagating several
channels, or to reduce the complexity by means of
subband processing in a single channell#4-46),

In this work, we simply consider ideal single-
channel DBP as an ultimate limit for intrachannel
NLI compensation, and study the AIR gain it pro-
vides when used alone, or in combination with
improved shaping and detection strategies.

Achievable information rates

We investigate and compare the effectiveness of
the techniques discussed above in terms of AIR.
The system is depicted in Fig[T] while the sce-
nario and link parameters are the same considered
inl%—a 1000 km standard single-mode fiber link,
ideal distributed amplification, and five 50 GBd
Nyquist-WDM channels with 50 GHz spacing.

As a benchmark, we consider the AIR obtained
on the nonlinear channel when the system is op-
timized in the absence of nonlinear effects, i.e.,
when considering ideal electronic dispersion com-
pensation (EDC), i.i.d. Gaussian input symbols,
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Fig. 2: AIR for different combinations of input distribution, detection metric, and processing.

and AWGN detection. This benchmark AIR, re-
ported in Fig.[f{a)—(c) with a solid red line, reaches
a peak of about 7.5 blts/sym/pol at a launch power
of -11 dBm per channel per polarization, then de-
creases again. The other curves are obtained by
modifying modulation, detection, and/or process-
ing with respect to the benchmark, as indicated
by the corresponding labels. The linear capacity
C =log,(1+SNR) is also reported as a reference.

First, we investigate the gains achievable by op-
timizing the input distribution. The optimization em-
ploys the SS procedure mentioned above and de-
scribed inl™ to minimize the average variance of
intrachannel NLI, with a selection rate of 0.2% and
a block length of 256 dual-polarization symbols.
Besides the benchmark, Fig.[T[a) shows three dif-
ferent cases: SS-optimized input distribution and
EDC; i.i.d. Gaussian inputs and DBP; optimized in-
put combined with DBP. AWGN detection is consid-
ered in all the cases. The SS optimization, alone,
yields an AIR gain of 0.32 bits/sym/pol with respect
to the benchmark. By comparison, DBP yields a
slightly higher gain of 0.42 bits/sym/pol, while the
combination of the two techniques yields a higher
total gain of 0.75 bits/sym/pol. This suggests that
the input distribution provided by SS, though opti-
mized to reduce intrachannel NLI, partly reduces
also interchannel NLI.

Then, we investigate the gains achievable by im-
proving the detection strategy. Besides the bench-
mark AIR, Fig. [2(b) shows the AIR obtained with
PPN detection (with one or four subcarriers, the
latter denoted as 4SC)I28, either with EDC or com-
bined with DBP. In all the cases, i.i.d. Gaussian
inputs are considered. PPN detection works better
when combined with subcarrier modulation?®!, pro-
viding a gain of about 0.44 bits/sym/pol, compara-
ble with DBP. However, while PPN detection mainly
addresses interchannel NLI, DBP removes only
intrachannel NLI. As a result, when used alone,
their effectiveness is limited by the remaining un-
compensated effect. On the other hand, their com-
bination acts synergically, mitigating both effects
and yielding a much higher gain of about 1.23 bit-

s/sym/pol.

Finally, we investigate the overall gain achiev-
able by combining the previous techniques.
Fig. [2(c) compares the benchmark AIR with
that obtained by combining the SS procedure of
Fig.[2(a) and the PPN detection of Fig. [2(b) (with
4SC), either with EDC or combined with DBP. The
additional gain provided by SS is smaller in this
case, since the optimization accounts only for in-
trachannel NLI and does not include PPN and
DBP. Finally, including the per-subcarrier power
optimization proposed inl428 fyrther improves
the gain up to 1.36 bits/sym/pol.

Conclusions

Although nonlinearity mitigation appears to be an
elusive target, many strategies have been devised
over time, each addressing a specific aspect of the
problem. By combining an optimized input distribu-
tion, a PPN-aware detection strategy, and includ-
ing DBP, a gain of 1.36 bits/sym/pol in the peak
AIR is achieved compared to a linearly optimized
system, pushing the ultimate limit a little further
and keeping alive the hope of finding a truly opti-
mal strategy. For simplicity, the input is optimized,
under some practical constraints, to minimize intra-
channel NLI in the absence of any other mitigation
strategy. Higher gains are expected by a full op-
timization that accounts also for interchannel NLI
and for the actual combination of processing and
detection.
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