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Abstract—We review the latest advances on digital
backward-propagation for the compensation of inter-channel
nonlinear interference in spatial- and wavelength-multiplexed
systems. Different solution methods of the multimode
Schrodinger equation are compared for challenging linear mode
coupling and differential mode delay conditions, highlighting
the significant relaxation of the step size requirements provided
by the separate-channels approach.
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I. INTRODUCTION

Spatial Division Multiplexing (SDM) is a promising
solution to overcome the capacity limit imposed by single-
mode fibre (SMF) constraints [1]. SDM can be achieved over
a variety of optical fibres, with few-mode fibres (FMFs) and
coupled-core multi-core (CC-MCFs) offering highest spatial
information density. These offer lower nonlinear coefficients
and higher pumping efficiency as compared to SMF-bundles
or uncoupled-core MCFs — allowing for higher spatial-density
integration in transponders [2], add-drop multiplexers [3] and
amplifiers [4]. However, the multitude of spatial modes
introduces new impairments, namely: group delay (GD)
spread [5-10] given the interplay between differential mode
delay (DMD) and linear mode coupling (LMC), inter-mode
nonlinear effects (IM-NL) [11-13], and mode dependent loss
(MDL) [14, 15]. Among these, LMC plays a key role at
decreasing the GD spread, MDL accumulation and nonlinear
interactions efficiency [16, 17]. Thus, and with practical fibres
operating in all LMC regimes [18-20], LMC modelling has
been under intensive research [7-10] as well as its impact on
the statistics of GD, MDL and NL.

The linear impairments in SDM fibres have been
successfully mitigated using a variety of digital and analogue
techniques for long-haul transmission (>1000 km) [21-24].
However, their inter-mode nonlinearities (IM-NL) have been
shown to be non-negligible [25, 26]. And for this reason, the
ability to address IM-NL through digital back propagation
(DBP) has been under intensive study [27-31]. We recently
shown that considerable improvements can be achieved
through DBP for weak to intermediate linear coupling strength
[28] and demonstrated that, in certain cases, the performance

of conventional DBP may degrade with back-propagation
bandwidth [30, 31].

In SDM-WDM systems, the compensation of the four-
wave-mixing (FWM) contributions are characteristically
complex — similarly to conventional WDM systems over
SMFs [32-35]. The FWM process requires phase-matching in
contrast to self-phase modulation (SPM) or cross-phase
modulation (XPM) which are inherently phase-matched.
Therefore, the strength of newly created waves (in the FWM
sense) depends on the stochastic interplay between DMD and
LMC (besides channel spacing, fibre dispersion, signal power,
modulation format and baud rate).

In this paper, we review a separate-channel DBP
implementation for SDM systems characterized by significant
decorrelation, induced by DMD and LMC, between the
spatial-wavelength channels. This paper is organized as
follows. Section II briefly reviews DBP and the separate
channels approach framework for WDM-SDM systems.
Section III describes the WDM-SDM transmission setup used
in the simulations. Section IV presents and analyses
simulation results for conventional DBP and for separate
channels DBP over a range of DMD and XT values; extending
our previous results in [31]. Section V draws the final
conclusions.

II. DIGITAL NONLINEAR COMPENSATION METHODS

DBP is a nonlinear mitigation method originally proposed
for SMFs [36] that compensates for the deterministic linear
and nonlinear fibre impairments by numerically back-
propagating the received optical field with inverted channel
parameters. Back-propagation is usually implemented using
the split-step Fourier method (SSFM), in our case to solve the
multimode nonlinear Schrédinger equation [11-13]. However,
effectiveness of this technique is reduced in the presence of
random processes such as GD spread induced by DMD and
XT, like polarisation mode dispersion (PMD) in SMFs [34].
The reason being that the anti-symmetric relation between the
nonlinear terms introduced by the transmission fibre and the
digital nonlinear terms introduced by DBP is broken by the
random evolution of the dispersion operator in the fibre (at the
receiver no good assumption about this evolution can be
made). This random evolution impacts FWM interactions
more significantly than those resulting from XPM — since the
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Fig. 1. Block diagram for system simulations using a fibre with 6 LP modes each with 2 orthogonal polarizations.

former requires phase-matching while the latter is inherently
phase-matched. In this way, and for FMFs, conventional DBP
ability to mitigate nonlinearities is further diminished by a
larger DMD (than PMD) between non-degenerate modes.

SDM fibres with strong LMC and non-negligible DMD
are of major practical relevance since the overall nonlinear
efficiency is minimum [37] — however, this is a regime at
which DBP does not perform well, as explained above. To
address such problem, a simple strategy would be to have
DBP attempting to correct only for SPM, intra-modal XPM
and inter-modal XPM interactions — this is, to avoid DBP
introducing any FWM terms. Neglecting the FWM
contribution would also reduce the DBP step size
requirements — XPM step requirements are relaxed by its
inherent phase-matching [38, 39]. However, conventional
multi-channel DBP does not allow for different nonlinear
interactions to be individualised. Conventionally, a single
signal envelope, 4;, is considered per mode polarisation i, with
the product |4/?4; leading to SPM, XPM and FWM beatings
among the frequency channels contained in A4;. Instead, to
remove the FWM (and intermodal FWM) components, signal
propagation must be modelled using an envelope per
frequency- and spatial-channel — a technique originally
denominated separated-channels approach (SCA) [32]. This
technique allows explicit access to all individual intra-mode
and inter-mode nonlinear interactions.

Differently, and in order to actually correct for fibre FWM,
gradient descent-based approaches have recently been
attempted [40, 41] to learn in the digital domain a backwards
modal dispersion evolution that improves DBP gain.
However, computational complexity remains challenging as it
scales unfavourably for shorter step-sizes. Moreover, in
FMFs, larger DMD values between non-degenerate modes
will significantly increase the searching space.

III. TRANSMISSION SETUP

The WDM-SDM transmission setup considered here, with
6 linearly polarized (LP) modes — LPo1, LPo2, LPi1a, LP11s,
LP21, and LP2ip — a each with 2 orthogonal polarizations, is
shown in Fig. 1. Transmission simulations consider an optical
super-channel with 19 WDM channels (per mode) modulated
with 14 Gbaud polarization-multiplexed 16QAM, 15 GHz
spaced; the line rate per channel is 672 Gbit/s. The
transmission link is composed of 7 spans of 50 km with a
fibre loss of 0.2 dB/km and 4.5dB noise figure lumped

amplification. Moreover, the effective number of bits of the
analog-to-digital convertors in the receiver front-end is
assumed to be 5.5 bits (consistent with state-of-the-art) — in
certain cases establishing DBP upper-bound performance
[42]. Further details on the transmission setup can be found
in [31].

Forward transmission simulation considers a symmetric
implementation of the SSFM with an adaptable step size
chosen by bounding the local error [38] to be smaller than 10
(smaller values led to negligible change).

Two DBP methods were followed: a conventional full
bandwidth back propagation as in [30] and the separate
channels approach presented in [31] — in both cases a fix-step
size is considered. In all cases, LMC and (residual) DMD
were subsequently compensated using data-aided channel
estimation and equalization. The figure of merit in the
following is the minimum signal-to-noise-ratio (SNR) among
the 12 polarization modes guided of the centre wavelength
channel. The effective SNR is evaluated as [43] the ratio
between the variance of the transmitted symbols E[|X]*] and
the variance of the noise E[|X — Y|?], X and Y represent the
transmitted and received symbols, respectively.

IV. TRANSMISSION MODELS COMPARISON

In the following, the performance of conventional- and
SCA-DBP are presented for considering the respective
optimum launch powers — around 2 dBm/channel for the
SCA-DBP and around 0 dBm/channel for conventional DBP.
Moreover, and for each method, a sufficiently short step-size
as to achieve near-maximum performance is used.. The step-
size requirement for SCA-DBP was found to be 10-times
longer than for conventional DBP [31]: 250 m for
conventional DBP and 2500 m for SCA-DBP.

Fig. 2 shows SNR gain over linear equalization as a
function of the number of back-propagated channels with
XT = -20dB/m and varying DMD. We first analyse the
conventional DBP results. The figure shows that the
performance of conventional DBP degrades back-
propagation bandwidth — with degradation scaling with DMD
and exceeding 0.5 dB for DMD > 10 ps/km. Note that
conventional DBP performance is maximum for ~7 and
~3 back-propagated channels when DMD equals 2 ps/km and
5 ps’/km, respectively, and reducing to just one channel for
DMD > 10 ps/km. Further results show that similar
conclusions can be reached for other intermediate-strong X7'
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Fig. 2. SNR gain over linear equalization as a function of the number of
back-propagated channels X7 = -20 dB/m and varying DMD, for
conventional DBP (dashed lines) and SCA-DBP (full lines). Results
averaged 10 repetitions.

strengths (>-30dB/m) — but, higher the X7, higher is the
optimum number of back-propagated channels for a given
DMD value.

The results in Fig. 2 for conventional DBP seem to be at
conflict with the usual expectation that higher DBP gains can
be achieved for full-bandwidth propagation — however, that
is not the case when the GD spread is significant (comparable
or larger than the symbol period). This behaviour can be
understood by noting that larger the GD spread narrower
becomes the bandwidth over which channels experience
similar modal dispersion evolution in the transmission fibre
[44]. Therefore, attempting to DBP the outer channels will
add additional nonlinear interference instead of cancelling the
nonlinear interference introduced by the transmission fibre.

Conversely, Fig. 2 shows that SCA-DBP performance
improves monotonically with the number of back-propagated
channels. Exceeding the maximum performance of
conventional DBP from very low DMD values (in this case,
>5 ps/km). Note that, for 10 ps’km, SCA-DBP leads to a SNR
improvement >0.3 dB on top of the best achievable with
conventional DBP — but with much loosened step-size
requirement (10-times).

V. CONCLUSION

We have shown that a separate channels approach can be used
to improve DBP performance by allowing to null the FWM
terms introduced by conventional DBP — for channels that
became decorrelated due to GD spread. Importantly, such an
improved technique has been shown to reduce the DBP step
requirements by one order of magnitude while improving
maximum performance by as much as 0.3 dB.
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