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Abstract—High spectral efficiency in wavelength-
division multiplexing (WDM) coherent optical communica-
tions can be achieved by lowering the channel spacing to a
value close to the baud rate. As a result, such communica-
tion systems are subject to a high level of two-dimensional
(2D) interference, originating from both chromatic
dispersion (CD) within WDM channels and cross talk be-
tween WDM channels. We propose to digitally restore the
transmitted information at the receiver side by jointly
processing the WDM channels, using 2D interference can-
cellation methods interacting with a forward error correc-
tion decoder. Such schemes have been investigated
extensively for known channel parameters; however, little
is known about the error performance in the absence of
channel state information. This issue is important, since
in practice uncertainties about the physical parameters
of the optical fiber and noise levels are unavoidable. In this
paper, we propose optical channel parameter estimation
schemes with limited impact on the overall complexity.
First, a decision-aided carrier phase recovery, taking the
presence of 2D interference into account, is designed to
compensate the laser beat linewidth. Then we provide a
technique to estimate the linear channel impairments for
each WDM channel, based on a limited number of training
symbols. The validity of the proposed method is evaluated
by numerical simulations taking into account linear and
nonlinear fiber impairments. In particular, we show that
for high-order modulations, joint processing of spectrally
overlapping WDM channels becomes mandatory to obtain
satisfactory performances.

Index Terms—Carrier phase recovery; Code-aided
processing; Interference mitigation; Optical coherent
communications; WDM; 2D channel estimation.

I. INTRODUCTION

D uring the last decade, there has been a renewed inter-
est in coherent optical communications [1,2]. High-
speed digital signal processing (DSP) circuits already offer
the possibility to increase the spectral efficiency by using
higher order modulation formats and to compensate for
transmission impairments in an efficient way. However,
due to the increase of global Internet traffic, continual im-
provements of the data rates on optical fibers are needed.
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Coherent optical transmissions also enable the use of
state-of-the-art forward error correction (FEC) codes, such
as low-density parity-check (LDPC) [3] or product codes [4],
along with soft-input soft-output (SISO) decoders. The
combination of coherent detection and capacity-achieving
codes is already widespread in wireline and wireless
applications [5].
The focus of this paper is on long-haul wavelength-divi-
sion multiplexing (WDM) coherent optical transmission
over transoceanic or transcontinental distances. Whereas
in a context of optical transparent networks, the different
wavelengths of a WDM transmission propagating on a
given link may come from different transmitters or be mul-
tiplexed using an add and drop multiplexer in a transpar-
ent node, we consider here the possibility of transmitting a
WDM subband within which all channels experience the
same propagation history. This may be, for example, analo-
gous to the case of subcarrier signals in an orthogonal
frequency-division multiplexed superchannel.

In installed transmission systems, the time delay be-
tween WDM channels is generally unknown; therefore we
consider asynchronous WDM transmissions. For the sake
of simplicity, polarization multiplexing (PolMux) is not
considered here, and we ignore the polarization mode
dispersion (PMD) in the fiber propagation model. Indeed,
when performing numerical simulations taking into ac-
count Kerr nonlinearity, we will not assess the polarization
cross-phase modulation. The considered linear fiber
impairments include i) intersymbol interference (ISI),
originating from imperfect chromatic dispersion (CD) com-
pensation and low-pass filtering at the receiver, and ii) cross
talk between WDM channels. We will take into account
phase noise due to the laser linewidth.

It is well known that an effective way to augment the
capacity is to multiplex a number of data streams on differ-
ent wavelengths (WDM) [2]. To further increase the spec-
tral efficiency, we can set the channel spacing equal or close
to the baud rate. An interesting approach based on this
principle, known as Nyquist WDM, has appeared in [6],
necessitating, however, the generation of steep signal
spectrums. This requirement can be achieved either by
Nyquist-like optical filtering or by high-speed digital-to-
analog converters (DACs) that enable electrical shaping
[7]. While substantial progress has been done in those
fields [8,9], it could be desirable to use less aggressive
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optical filtering or less demanding DAC for cost-reduction
purposes. Furthermore, a potential deviation of laser
source emission frequency as well as filter center frequency
may also yield additional linear cross talk between chan-
nels in a Nyquist WDM configuration. For example, the
ITU-T G.692 standard recommendation [10] indicates a
maximum frequency deviation of the optical source of a
fifth of the channel spacing. Thus in the case of a data rate
around 30 Gbaud, the deviation may reach 6 GHz and will
be a potential source of linear cross talk between Nyquist
WDM channels. Alternatively, we propose to use low-cost,
commercially available transmit shaping filters with roll-
off factors >0.1 and channel spacing down to the baud rate.
Since our numerical results are obtained through simula-
tions, we restrict ourselves to a digital implementation of
the transmit filters. In an experimental setup, a compari-
son with optical spectral shaping could also be of interest.
In this approach, the existence of cross talk between the
WDM channels [11] exacerbates the challenge to achieve
reliable communications. The reason is that ISI and cross
talk between channels generates two-dimensional (2D)
interference that must be handled effectively by DSP at
the receiver. Digital compensation of those impairments
is potentially attractive, since according to Moore’s law
the number of transistors per unit surface of silicon is
doubling approximately every 2 years.

For 1D interference (i.e., ISI only), the benefit of allowing
interaction between equalization and FEC decoding for op-
tical transmissions is well documented [12]. However, this
assumes that the effect of cross talk between WDM chan-
nels can be ignored, which is not the case in the scenario of
interest in the present paper. To address this problem,
some form of joint processing of the spectrally overlapping
asynchronous WDM channels is required. In the recent
past, a number of advanced techniques have been proposed
in the literature [13—15]. The key feature common to these
algorithms is their ability the exploit FEC decoding to
refine 2D interference (i.e., both ISI and cross talk) cancel-
lation iteratively. In the absence of ISI, [13] cancels the
strong cross talk between channels using linear filtering.
In [14], ISI mitigation is performed using the maximum
a posteriort probability (MAP) algorithm [16], while cross
talk is handled using parallel interference cancellation
(PIC) [17]. The drawback of this approach is the exponen-
tial complexity increase in the modulation order and the
size of the 1D ISI state. In [15], a 2D state-space represen-
tation is introduced to model ISI and cross talk in a unified
way and cancellation is performed using Gaussian belief
propagation (GaBP) [18]. An interesting property of this
technique is that its complexity is independent of the
modulation order. Note that 2D interference cancellation
without interaction with FEC decoding, using either
MAP detection [19,20] or adaptive filtering [20-23], has
also appeared in the context of optical communications.

We consider methods assuming linear propagation
effects with perfect knowledge of the channel parameters.
Therefore, the issue of channel estimation must be inves-
tigated in order to achieve a practical implementation
for the problem of interest. We derive the channel estima-
tion algorithms relying on a maximum-likelihood (ML)
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approach. In order to keep the complexity at a reasonable
level, carrier phase recovery is implemented in the form of
a decision-directed (DD) phase-locked loop (PLL), which ex-
ploits delayed hard decisions taken after 2D interference
cancellation. Also, a training-based method is introduced
to estimate the 2D interference coefficients and noise
variance for each WDM channel.

The main technical contributions of this work are

e the assessment of code-aided ISI and cross-talk (2D)
cancellation, obtained through iterative message
passing between FEC decoding and 2D interference
cancellation.

¢ aphase estimation method working jointly with 2D inter-
ference cancellation able to resolve phase ambiguities in-
herent to quadrature amplitude modulation/phase-shift
keying (QAM/PSK) modulations, thus avoiding the need
for differential encoding.

e a 2D channel coefficient estimation procedure requiring
only a limited number of pilot symbols per subchannel.
This feature is required to complete the estimation of
the constant channel parameters before the phase rota-
tion induced by oscillator phase noise becomes harmful.

e spectrally efficient joint processing of multiple WDM
subchannels not limited to quadrature phase-shift
keying (QPSK) modulation.

This paper is organized as follows. First, Section II
models the linear propagation effects as a noncausal 2D
interference problem, which is in turn cast in a state-space
form. In Section III, channel estimation algorithms based
on the ML principle are derived. In Section IV, joint inter-
ference cancellation and decoding methods are discussed.
Finally, in Section V, the performances of the proposed
algorithms are assessed through numerical simulations
on a long-haul fiber channel model taking into account
linear and nonlinear effects.

II. LineaR FiBER MODEL
A. System Setup

We consider the transmission over a long-haul distance
of I WDM subchannels with channel spacing equal to the
baud rate.

The transmitter (Tx) side is illustrated by Fig. 1. Time-
frequency coding across the subchannels is used to improve
the resilience to ISI and cross talk in such ultradense WDM
systems. The binary information of all subchannels is first
multiplexed, then encoded by a single high-rate FEC
encoder [24,25], and subsequently demultiplexed toward
the different subchannels. The encoded bitstream of the
ith subchannel, where 0 <i < I -1, is converted to complex
symbols d; ;, where the discrete time instantj = 0, ....J - 1,
using a size-M QAM or PSK alphabet. In this paper, we as-
sume that each subchannel is shaped with a commercially
available root raised-cosine (RRC) filter with roll-off j.
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Fig. 1. Transmitter configuration for the coherent WDM system.

The receiver (Rx) side is illustrated by Fig. 2. After
coherent demodulation, the signal of each subband is
low-pass filtered in the electrical domain. Then, an ana-
log-to-digital convertor (ADC) samples the signal of each
subband with ideal timing recovery, followed by an elec-
tronic dispersion compensator (EDC) [1] implementing
CD compensation in the frequency domain.

B. System Model

At the Tx side, the modulated symbols can be repre-
sented in matrix form, where d; ; denotes the complex sym-
bol sent over the ith subband at the discrete time instant j.
As illustrated in Fig. 3, the first N, symbols on each sub-
band correspond to training symbols known to the receiver.
As a matter of fact, here we introduce a training sequence
for each codeword only for the sake of averaging out the
effect of asynchronism between WDM channels, as well
as channel estimation errors during Monte Carlo simula-
tions. It is understood that in real systems, the optical fiber
parameters are very slowly time-varying, so that in prac-
tice training sequences are needed during startup and after
that only once in a while.

We now model the noisy observations on the subchan-
nels after EDC at the Rx side, {y;;}. The effect of the
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Fig. 2. Receiver layout for the coherent WDM system.
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Fig. 3. Matrix of transmitted training and data symbols on each
subband.

optical fiber include linear channel impairments (ISI due
to imperfect EDC and cross talk) and the unknown carrier
phase due to the receiver local oscillator (LO). Nonlinear
fiber effects are left unmodeled but are taken into account
in simulation results. Assuming that the Rx low-pass
filter bandwidth B is sufficiently small, each subband ex-
periences cross talk only from two adjacent subbands.
Therefore, the EDC outputs can be modeled as the output
of a 2D interference channel, and for 0<i<I-1,

0<j<dJ-1,
a1 N2
yij=e Z Z Frnicmjon + i 6}
m=-1n=-N/2

where N + 1 is the ISI length, 6; is the carrier phase, and
{fi.n} is the set of complex 2D channel coefficients for the
ith subband. These channel coefficients quantify the result-
ing interference between symbols of a subband or symbols
on adjacent subbands stemming from linear optical propa-
gation phenomena. The nonlinear impairments taken into
account in the optical channel simulations will be detailed
in Section V. n;; ~ NV(0, aiz) is an additive white Gaussian
noise (AWGN) term, accounting for the presence of ampli-
fied spontaneous emission (ASE) background noise. Guard
bands and guard intervals are inserted so that d;_,, j_, = 0
in Eq. (1), ifthe condition0 <i-m <I-1lor0<j-n <J -
1 is violated. The complete system model is illustrated
by Fig. 4.

Let us define the vector of conjugate 2D interference co-
efficients for the ith subchannel, of size 3(N + 1) x 1, as

2D interference
channel

W{ v}

exp(j6)  {ni}

Training {dij}
Symbol
Insertion

FEC Encoder {f'an}

Fig. 4. WDM system model.
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The parameters of the 2D channel for the ith subchannel
can be collected in A; = (f/, 6?). Also, define the vector of
symbols affecting y;; as

[ di g2 |
dij_-nse
diy1j-N/2
X = . 3)
di_1j+N/2

dijiny2

| dit1Ny2
It follows that Eq. (1) can be rewritten as

y”:eu'ﬂlfﬂxﬁnm-, 0<i<I-10<j<J-1. (4)

Remark 2.1: Due to the existence of guard bands, sub-
band 0 (respectively, I — 1) has no cross talk with a previous
(respectively, a next) subband, therefore vectors (2) and (3)
must be truncated accordingly.

III. 2D CHANNEL ESTIMATION

In this section, we derive ML estimation algorithms for
the carrier phase and the 2D channel parameters in each

subband.

A. Carrier Phase Estimation

The synthesis of the ML carrier phase estimation for
the ith subband is based on the maximization of the
log-likelihood function [26]. According to Eq. (4), for
0<j<J-1we have

1 1 o H
In p(;j16:,%. 4) =10 — = lyi; "X, (5)

i i

or equivalently
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i 1 1 iH i12
In p(yiJ»|9i,xj,/'Li) =In ng—g(b’iﬂz +|f Xj| )
2 H iEy b,
+ o Re((f xj) yiel%). (6)

12

We can discard the two first terms in Eq. (6), since they are
independent of the variable of interest, ;. Therefore, the
ML estimation of 6; reduces to the maximization of the
objective function

L(y;10:, %, ) = Re((f"'x})"y; je 7). @

Since the objective function is a concave function of 6;, the
maximization can be performed using the stochastic gra-
dient algorithm [27], assuming that the initial estimate
is within the convergence region. Let 6; j be the carrier
phase estimate of the ith subband at the discrete time
instant j, we obtain the update rule

5 5 oL(y;;10;, %, 4;)

Oijs1 =0;; + }’i# oot
where the step size y; must be optimized in order to track
the carrier phase variations due to the Rx LO linewidth.
Finally, using Eq. (7), the ML estimation algorithm has
the form of a PLL:

Oije1 = 0y + vi T (17 x0) "y, je ), 8

Since the channel parameters are not known a priori at the
Rx side, f/ must be replaced by its estimate derived in
Subsection III.B. Also, the data symbols contained in x:
are unknown to the receiver except during the training
phase. Thus, we adopt a DD strategy, where hard symbol
decisions, computed during the interference cancellation
stage, are used instead of the true symbols. Note that a de-
cision delay & is necessary for two reasons: first because le is
anticausal [see Eq. (3)] and second because in the retained
interference cancellation algorithms (see Section IV), hard
decisions become reliable only after a certain lag.

B. 2D Channel Parameter Estimation

We derive a ML estimation algorithm for the 2D channel
parameters 4;, based on a data-aided (DA) strategy during
the initial training phase containing N, symbols. The
derivation is given for subband i, where 1 <i <I-2. For
subbands 0 and I — 1, similar expressions are straightfor-
wardly obtained based on remark 2.1.

Assuming N, is small enough, so that the carrier phase 6;
remains nearly constant during the training phase, the
term e’ can be absorbed into the complex channel vector
7 in Eq. (4). Thus, by setting the carrier phase estimate to
zero at the end of the training phase, the PLL developed in
Subsection III.A is automatically properly initialized.

Let T denote the subset of discrete time indices, where
the noisy observations in each subband depend exclusively
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on training symbols. Let Y;=1{y;;,j€T} and D; =
{x,j € T}. The desired DA ML estimate is given by

A; = argmax log p(Y;|D;; 4), 9)
A
which admits the following closed form expression:

- R P | .
B = [Sier [ i
€T

~H .2
82 = ZJET i1 Xl
i = Wl :

(10)

The proof is postponed to Appendix A.

IV. JoiNT 2D INTERFERENCE CANCELLATION AND DECODING

Consider the EDC output at the Rx side, for the ith sub-
channel. We assume that the 2D channel parameters {f%, ,}
are constant during a codeword, so that the estimates ob-
tained in Subsection III.B need not be updated after the
initial training phase. Our optical fiber simulations have
shown that this assumption holds true. Also, the PLL ob-
tained in Subsection III.A compensates for the carrier
phase drift due to the Rx LO by multiplying Eq. (1) with
the inverse phase rotation e7%,

The remaining task consists of reliable data detection on
all WDM subchannels. In order to efficiently mitigate the
effect of cross talk and residual ISI, we propose to apply 2D
interference cancellation algorithms. Then, FEC decoding
across the subchannels is used to correct the remaining
errors. In this section, we present three different ap-
proaches to complete these tasks.

A. Blind MIMO Equalization

Blind multiple-input multiple-output (MIMO) equaliza-
tion will be used as a benchmark method, since it is already
widely used in coherent optical transmissions to compen-
sate CD and PMD [1]. The most commonly used technique
for blind MIMO equalization is the adaptive constant
modulus algorithm (CMA) [28]. Since the CMA is a blind
method, the channel estimation algorithms developed in
Section III are not needed. However, a well-known draw-
back of adaptive CMA equalization is its slow convergence
rate. In order to alleviate the slow convergence problem, we
iterate the equalizer back and forth on each data block [29]
until no further improvement is observed. Phase and delay
ambiguities are other issues inherent to CMA that can be
solved by using a known preamble and differential encod-
ing at the Tx side [30]. The corresponding DSP processing
at the Rx side is illustrated in Fig. 5. First, fractionally
spaced blind MIMO equalization is applied to the EDC out-
puts. After noncoherent demodulation, bit-by-bit probabil-
ities are calculated and fed to a SISO FEC decoder. In this
setting, MIMO equalization is performed only once, since
the CMA cannot refine its output by exploiting the FEC
decoder’s output.
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Fig. 5. WDM interference cancellation using blind MIMO
equalization.

Let L denote the number of taps in each subchannel
equalizer in Fig. 5. Then the complexity of blind MIMO
equalization per complex data symbol is O(L). Note that
the complexity is independent of the alphabet size M.

B. Per-Subchannel MAP/PIC Equalization

A state-of-the-art method for 2D interference cancella-
tion was introduced in [14]. The corresponding iterative
DSP processing at the Rx side is illustrated in Fig. 6.
The cross talk from adjacent subbands is assimilated to
a complex Gaussian random variable, whose mean and
variance are estimated from the FEC decoder soft output
and the 2D channel parameter estimates (see Subsec-
tion III.B). At each iteration, PIC [17] is applied to the
EDC outputs, so that the remaining impairments are
ISI, noise, and residual cross talk. Therefore, per-subband
processing becomes feasible. First, the carrier phase is
compensated with the PLL proposed in Subsection III.A.
A slight modification is needed in Eq. (8), though. Indeed,
the channel parameters in f! corresponding to cross talk

PIC Per subchannel MAP Equalization

S 5 ]
Subchannel 0 T
(YUJ)’*@* = PLL Lj MAP Equalizer ! |

]
o 1l
Subchannel 1 [
{y‘n*(:}% PLL Lj MAP Equalizer ! |
Subchannel 2 <
{ vz} 4" PLL ljj MAP Equalizer ‘ ha
e | FEC

SISO
»| Decoder

xcZ

Subchannel I-1
MAP Equalizer

(Y1, )»@ PLL [

Fig. 6.  WDM interference cancellation using per-subband MAP/
PIC equalization with code-aided interference estimates (dashed
lines) and PLL decision feedback loops (thick lines).
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must be nulled, since the cross talk is assumed to be
already cancelled by PIC. Then, each subband performs
ISI mitigation using the MAP algorithm [16]. The condi-
tional likelihood of the observations in the MAP algorithm
is a Gaussian density, whose mean is based on both the ISI
state and estimated channel parameters and whose vari-
ance is based on both the AWGN variance and estimated
cross-talk variance. Since the MAP algorithm naturally
generates soft decisions, they are fed to a SISO FEC
decoder for the sake of error correction. This process is iter-
ated until convergence is reached. At the initialization, the
cross-talk mean and variance affecting each subband are
computed assuming equiprobable data symbols in adjacent
subbands.

The complexity of MAP/PIC equalization per complex
data symbol and per iteration is O(MY) [16]. Therefore,
this method is tractable only for a small alphabet size M
and a small ISI length.

C. GaBP-Based 2D Interference Cancellation

In contrast to the two previous methods borrowed from
the equalization literature, we now discuss a SISO algo-
rithm tailored for 2D interference cancellation. The corre-
sponding iterative DSP processing at the Rx side is
illustrated in Fig. 7. First, the carrier phase is compensated
with the PLL proposed in Subsection III.A. Then 2D inter-
ference cancellation is performed with the GaBP-based
method introduced in [15], using the channel parameter
estimation procedure in Subsection III.B.

GaBP-based 2D interference cancellation is an iterative
SISO detector, which takes advantage of the fact that each
row of observations corresponding to a given subband de-
pends only on a strip of symbols transmitted by the current
and two adjacent subbands. During one iteration, each row

{Yoj}-—» PLL
{y1j}—»] PLL
SISO "
2D - Decoder
Interference
{y2j}—» PLL Cancellation
{yi1j}— PLL

Fig. 7. WDM 2D interference cancellation using GaBP with PLL
decision feedback loops (thick lines).
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of observations is independently processed with a Kalman
smoother equalizer [15], generating soft decisions for all
the rows of symbols in the corresponding strip at a time.
Since the strips corresponding to neighboring subbands
overlap, multiple soft decisions are generated for each sym-
bol. The equality constraints between the symbols in over-
lapping strips are then exploited in a message-passing
fashion [18,31] during the next iteration. Since the algo-
rithm in [15] is naturally SISO, soft decisions can be ex-
changed iteratively with a SISO FEC decoder to improve
the reliability of the decisions until convergence is reached.

The complexity of GaBP-based interference cancellation
was evaluated in [15]. We consider only cross talk from two
adjacent subbands, so the complexity per complex data
symbol and per iteration becomes O((3(N + 1))3), which
is independent of M. Therefore, GaBP-based interference
cancellation is applicable for any alphabet size M.

V. SmmuLAaTION RESULTS

At the Tx side, each codeword is generated using a
length-3000, regular LDPC code [31] with coding rate
0.8. A codeword is demultiplexed to I = 5 WDM subbands
with spacing equal to the baud rate 1/T, where T denotes
the symbol duration, also using an oversampling factor of
64. Regarding the size of the modulation alphabet, M = 4,
8, or 16. N, = 60 training symbols are inserted for each
subband. RRC shaping with roll-off § = 0.1 is selected in
order to demonstrate the potential of the proposed 2D
interference cancellation methods while keeping the cross
talk at a reasonable level. The guard band between two
consecutive WDM multiplexes is set to /T Hz in order
to eliminate any interference. Similarly, a guard interval
of five symbols is inserted between two consecutive frames
in each subband.

At the Rx side, we consider state-of-the-art LOs with
laser linewidth of 100 kHz [32]. All low-pass filters are
order-5 Bessel filters, with bandwidth set to B =0.7/T
in order to limit the cross talk to two adjacent subbands.
The delay in the DD PLLs is fixed to 5§ = N + N /2 in order
to feed back reliable hard decisions, and the step size is
optimized to 7 x 10~2. SISO FEC decoding is performed
by applying the sum-product decoder [31]. Each time inter-
ference cancellation is completed, the decoder is activated
and performs N; inner iterations. The number of outer iter-
ations, N,, denotes the number interference cancellation
iterations.

Regarding the blind MIMO equalization method, a T'/4
fractionally spaced CMA algorithm is used [28]. Also, the
training symbols are exploited only to resolve delay ambi-
guities. Moreover, as blind MIMO equalization is not a
SISO method, N, must be set to 1. T-spaced sampling is
used for the per-subchannel MAP/PIC and the GaBP
methods.

The performances are evaluated in terms of average
bit-error rate (BER) after decoding as a function of the
electrical signal-to-noise ratio (SNR).
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Fig. 8. WDM transmission line setup.

The transmission line setup used in numerical simula-
tions is shown in Fig. 8. It consists of a succession of
100 km long standard single-mode fiber (SMF) spans with
the number of spans N, equal to 20. The fiber propagation
is modeled using the split-step Fourier method taking
into account only the loss, the group velocity dispersion
(GVD), and the Kerr nonlinearities while dispersion
slope, PMD, and Raman or Brillouin nonlinear effects
are neglected here. The SMF parameters are thus an at-
tenuation coefficient a = 0.2 dB/km, a GVD parameter
D=17ps-nm'-km™, a nonlinear index ny,=2.7-
1020 m2/W, and an effective area A, = 80 ym?2. We con-
sider an optical amplification between fiber spans made by
idealized flat-gain and noiseless erbium-doped fiber ampli-
fiers (EDFAs) yielding the same launched average signal
power per channel (referred to as P, avg/ch) at the beginning
of each fiber span. The ASE noise of EDFA is taken into
account by applying an equivalent noise loading for a tar-
geted optical SNR at the receiver side before counting the
errors using the Monte Carlo method. We thus neglect the
nonlinear signal-to-noise interaction (NSNI) that may oc-
cur during the nonlinear propagation. Such NSNI has been
shown to reduce the nonlinear threshold of a transmission
by about 1 dB in [33] for our considered baud rate of
32 Gbaud with channel frequency spacing of 32 GHz. In
order to analyze the efficiency of our DSP scheme at the
receiver side, we perform the transmission line simulations
in two steps, first assuming linear propagation (no nonlin-
ear Kerr index in the modeled SMF) in Subsection V.A and
second also applying the Kerr nonlinearity in the fiber
model in Subsection V.B. For the linear fiber model, we
choose to compensate for the cumulative GVD during
the fiber propagation by the unique use of EDC within
the DSP blocks, while for the nonlinear case we consider
two dispersion management (DM) configurations. To
illustrate these last two options, Fig. 8 presents the two
corresponding dispersion maps yielding the cumulative
dispersion D, as a function of the transmission distance
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L. One scheme referred to as the DM configuration without
dispersion-compensating fiber (DCF) does not incorporate
in-line dispersion compensation between fiber spans. The
GVD compensation is then performed electronically before
or after the transmission line. This scheme has been shown
to yield the best performances for coherent transmission
systems of signal with amplitude and phase modulated
at 32 Gbaud. The second scheme referred to as the DM
configuration with DCF includes in-line DCF that fully
compensates for the cumulative dispersion of the SMF
previous span. In our simulation we assume the Py, 1vg/ch
is sufficiently low to neglect the nonlinearity in the DCF.
We may also consider (if this is specified) a precompensa-
tion of GVD applied using an additional linear DCF after
the transmitter. This last DM scheme was revealed to be
the best case to mitigate nonlinear effects for 10 Gbit/s in-
tensity modulation and direct detection (IM/DD) legacy
systems.

A. Linear Optical Fiber

In this subsection, we consider as mentioned previously
alinear transmission using SMF without in-line dispersion
compensation. By choosing this setup, we ensure that the
system model introduced in Subsection II.B is correct. We
perform Monte Carlo simulations by encoding random
information bits for each frame. For each new codeword,
the delay between the subchannels accounting for asyn-
chronism is randomly drawn in an interval of size equal
to the symbol duration. Therefore, the 2D channel param-
eters need to be re-estimated for each codeword. This is
clearly a conservative approach, since we have verified that
the channel parameters on a standard optical fiber are
constant for a longer time, but this method has the advan-
tage of averaging out the effect of asynchronism between
subbands.

Due to imperfect EDC, the length of the residual ISI on
each subchannel must be optimized: it must not be too high
in order to avoid overfitting during parameter estimation,
and it cannot be too small, otherwise an error floor due to
unmodeled ISI appears. Here, we found that N should
be set to 4 for the MAP/PIC and GaBP-based methods,
while the MIMO equalizer needs a 81 x 3-tap filter per
subchannel.

Figure 9 compares the BER of blind MIMO equalization
and iterative GaBP interference cancellation for the same
number of FEC decoder iterations. Note that the benefit of
MIMO-CMA over per-subcarrier CMA equalization has
been demonstrated previously in [21]. It is common prac-
tice to seek BERs around 10-3 before FEC correction and
BERs around 10712 after FEC correction. For the sake of
reasonable time consumption, here we perform simula-
tions only down to BERs around 1075 to get the beginning
of the evolution of each BER curve as a function of the SNR
using FEC, since no error floor is encountered at higher
SNR for long regular LDPC codes [34]. Thus we consider
it relevant to predict the BER evolution toward higher
SNR values by extrapolation. No BER improvement could
be obtained by further increasing the values of N, or N;.
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__ % QPSK: MIMO CMA - N=15, N =1
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Fig. 9. BER comparison of blind MIMO equalization and GaBP
2D interference cancellation.

Blind MIMO equalization suffers from an SNR loss due to
the suboptimality of noncoherent demodulation and also
from residual cross talk and ISI. The good performances
of GaBP interference cancellation are mainly due to itera-
tive soft decision feedback from the FEC decoder. Figure 10
compares the BER of per-subchannel MAP/PIC equaliza-
tion and iterative GaBP interference cancellation for the
same number of inner (FEC) and outer iterations. The per-
formances are almost identical for QPSK modulation,
while per-subchannel MAP/PIC equalization has a 1 dB
advantage over iterative GaBP interference cancellation
for 8-QAM modulation at a BER of 10~4. However, the com-
putational complexity of per-subchannel MAP/PIC equali-
zation is very high for 8-QAM modulation, since each
constituent MAP equalizer works on a trellis with 84 =
4096 states. For 16-QAM modulation, it was not even pos-
sible to run per-subchannel MAP/PIC equalization with the
available computational resources (due to the use of trel-
lises with 16* = 65536 states), while there was no problem
for iterative GaBP interference cancellation. This confirms

‘
QPSK: MAP/PIC - N=5, N =5
__ QPSK:GaBP - N=5,N =5
[ %= —— i o
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Fig. 10. BER comparison of per-subchannel MAP/PIC equaliza-
tion and GaBP 2D interference cancellation.
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the exponential complexity increase of MAP/PIC and the
relative insensitivity of the GaBP-based method with re-
spect to the modulation order.

Another interesting issue is how much can be gained
from the type of advanced DSP processing at the Rx side
that we advocate. Figure 11 compares the proposed
iterative GaBP 2D interference cancellation with a per-
subchannel GaBP processor taking care of ISI while
ignoring the existence of WDM cross talk. The proposed
GaBP-based 2D interference cancellation method is 0
and 2.5 dB more power efficient than per-subchannel GaBP
processing at a BER of 10~ for QPSK and 8-QAM, respec-
tively. For 16-QAM, per-subchannel GaBP reaches a high
error floor. These results can be interpreted as follows.
During parameter estimation, per-subchannel GaBP
processing considers only the ISI coefficients. Therefore,
when computing the noise variance estimate, WDM cross
talk is simply treated as additional Gaussian noise. This
coarse approximation is fine for QPSK, grossly suboptimal
for 8-QAM, and eventually breaks down completely for
higher order modulations.

We also provide the BER of per-subchannel GaBP
processing taking care of ISI, with genie-aided ideal
cross-talk removal, which acts as a lower bound on the
achievable performances. Note that this lower bound could
only be reached for Nyquist WDM at the expense of ideal
filters with rectangular spectrum. We observe that the pro-
posed GaBP 2D interference cancellation method is only 1,
1.5, and 2 dB away from that lower bound at a BER of 10™*
for QPSK, 8-QAM, and 16-QAM, respectively.

Before comparing DSP techniques for 2D interference
cancellation in the nonlinear regime, we also want to
indicate the potential influence of frequency offsets
among WDM subbands. For instance, [21] indicates that
MIMO/CMA-based DSP seems robust toward potential
LO frequency offsets, while [23] shows that least-
mean-square-based DSP remains sensitive to those offsets.
For the proposed algorithms, this aspect is outside the

. _ QPSK: No Cancellation GaBP - N‘:S, NO:S
A Y _._ . QPSK:GaBP - N=5,N =5
& 102 b _ & - QPSK: No Interference GaBP - N=5, N_=5
@ o' | _ A_ 8-QAM: No Cancellation GaBP - N‘:S, No:5
LA | _ _ _ 8-QAM:GaBP - N=5,N =5
“ | ! _ o— 8-QAM: No Interference GaBP - N‘=5, Nc=5
10*3 Lo ‘\ __ A 16-QAM: No Cancellation GaBP — N=5,N =5
| 'l \ — 16-QAM: GaBP - N=5,N =5
“ l \ __o 16-QAM: No Interference GaBP ~ N=5, N =5
2
1 0*4 L | \ L) | .
5 10 15 20 25 30

SNR (dB)

Fig. 11. BER comparison of per-subchannel GaBP ignoring the
presence of WDM cross talk (triangles) and GaBP 2D interference
cancellation (lines). The BER of a genie-aided per-subchannel
GaBP with artificial cross-talk removal is also provided (circles).
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scope of the present work and is left as a subject of future
investigation.

B. Nonlinear Optical Fiber

The proposed Rx DSP algorithms are based on a linear
optical fiber model. Therefore, it is necessary to check
the sensitivity of the proposed algorithms to nonlinear
effects. We consider the nonlinear Kerr effect in the propa-
gation model of the fiber and present the results for
Pin avg/channel = =7 dBm and 8-QAM modulation for N, =
20 spans. Here, we implement ideal EDC and found that
the best ISI length parameter should be set to N = 2, both
for MAP/PIC and GaBP 2D interference cancellation.

BER results are given in Fig. 12 for the DM configura-
tion with DCF. The BER curve of per-subchannel GaBP
processing taking care of ISI, with genie-aided ideal
cross-talk removal, constitutes again a lower bound on
the achievable performances. Although not shown here,
the BER curve of per-subchannel MAP processing taking
care of ISI, with genie-aided ideal cross-talk removal, is al-
most identical. At a BER of 107%, the MAP/PIC and the
GaBP 2D interference cancellation are, respectively, 3
and 5 dB away from the lower bound, due to the presence
of WDM nonlinear cross talk. Comparing with the results
obtained for 8-QAM on a linear optical fiber in Fig. 10, we
note that the MAP/PIC method is more robust against fiber
nonlinearities than GaBP 2D interference cancellation.
This added robustness comes at a price of a higher compu-
tational complexity, though.

Figure 13 shows similar results for the DM configuration
without DCF. At a BER of 1074, the MAP/PIC and the GaBP
2D interference cancellation are, respectively, 2 and 4 dB
away from the lower bound, due to the presence of WDM
nonlinear cross talk.

GaBP - Ni=5, N0=5
_ MAP/PIC- N|=5, N0=5
o No Interference GaBP- Ni:5, NO:S

BER

4 6 8 10 12 14 16 18 20
SNR (dB)

Fig. 12. BER comparison on a nonlinear fiber with DCF for 8-
QAM: GaBP 2D interference cancellation (lines), per-subchannel
MAP/PIC equalization (dashed), and genie-aided per-subchannel
GaBP with artificial cross-talk removal (circles).
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T T T
GaBP - Ni=5’ No=5
— MAP/PIC-N=5,N =5
o No Interference GaBP- N‘=5, No=5

BER

SNR (dB)

Fig. 13. BER comparison on a nonlinear fiber without DCF for 8-
QAM: GaBP 2D interference cancellation (lines), per-subchannel
MAP/PIC equalization (dashed), and genie-aided per-subchannel
GaBP with artificial cross-talk removal (circles).

It follows that the DM configuration without DCFis 1 dB
more power efficient than the DM configuration with
DCF in the presence of nonlinear cross talk. This perfor-
mance improvement is due to a reduced impact of fiber
nonlinearities between channels during the propagation
when considering system design without in-line compensa-
tion of CD. For example, it has been shown in [35] that the
nonlinear threshold is 2 dB higher when using a system
design without in-line DCF. If we further increase the input
power Pi, avg/channe, the fiber nonlinearities become the
dominant impairment, and the proposed algorithms
exhibit an error floor. The analysis in the presence of fiber
nonlinearity indicates that the processing algorithm under
investigation here is not able to mitigate high impairments
due to nonlinear ISI but remains efficient for the compen-
sation of linear cross talk when the signals are launched
with an input power close to the nonlinear threshold.

VI. CoNCLUSIONS

In this paper, we have designed DSP methods to mitigate
the effect of ISI and cross talk in WDM coherent optical
transmissions. We have shown that 2D interference cancel-
lation combined with FEC decoding at the receiver side can
recover the information sent by a WDM multiplex with
channel spacing down to the baud rate. Moreover, we have
derived efficient estimation algorithms based on the ML
principle for the purpose of channel estimation in nonblind
methods. We have found that per-subband MAP/PIC and
GaBP-based interference cancellation outperform blind
MIMO equalization, which is currently the reference
method for interference mitigation in optical communica-
tions. The key to effectiveness is the use of iterative soft
decision feedback from a FEC decoder. We have also shown
that a simple DD PLL, before interference cancellation, is
sufficient for carrier phase recovery if we consider state-of-
the-art local oscillators.
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Future developments will include an extension to other
forms of cross talk in optical fibers due to PolMux. If
PolMux is used on top of WDM, the number of channels will
be doubled in our system model, and each channel will
interfere with more than two adjacent channels. A straight-
forward extension of the proposed algorithms is able to
handle jointly ISI and the cross talk between polarization
modes and neighboring subbands. Another interesting
future direction would be to adapt the proposed scheme
to the more involved problem of modal cross talk in coher-
ent mode division multiplexed transmissions [36].

AppenDIX: PrROOF OF EQuUATION (10)

Due to the AWGN assumption in the system model of
Subsection II.B, the conditional likelihood admits the fol-
lowing factorization:

p(YiDi: ) = [ [pGisIxi ). (A1)

JjeT

Using the product rule, the gradient of Eq. (Al) with re-
spect to 4; is expressed as

Vipilxk: 4)
Vip(Y;i|D;;4;) = P(Yi|Di;/1i)j€2T:p(yiJj—;-_;Jii) (A2)
or equivalently
V;, log p(Y;|D;;4;) = Zvai log p(y;jIxi:4;). (A3)
jer
Thus, the solution of Eq. (9) verifies
2 Vi, log pyilxi: 2], _; = 0. (Ad)

JeT

Since the phase rotation e/ is absorbed into the complex
channel vector f# during the initial training phase, we
have

_ 1 1 o o
X A) = — - iy - £ XY A5
POl 4:) 72 exp{ o2 lyi; =1 x| } (A5)

Taking the gradient of the logarithm of Eq. (A5), with re-
spect to the complex valued parameter vector f* (see [27],
p- 798), we obtain

. 1 P
Vi log plyiIj: i) = =~ Vislys, = 17 x|

l

(A6)

2 ,

=" (xixi"ft —yrxt

= GZ(XJXJf y”xj),
15

where the second line is obtained by exploiting the expres-
sions on p. 796 in [27]. Moreover, taking the partial deriva-

tive of the logaritlgl of Eq. (A5), with respect to the real
coefficient 072, we get

Lehmann et al.

w = ‘7;‘2 _ |yij —fiHXi.|2.
dc; J

(AT)

Injecting Eqgs. (A6) and (A7) into Eq. (A4) completes
the proof.
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