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Probabilistic Shaping for the Optical Phase
Conjugation Channel

Metodi P. Yankov, Member, IEEE, Henrik E. Hansen, Francesco Da Ros, Senior Member, OSA, Member, IEEE,
Pawel M. Kaminski, Edson Porto da Silva, Member, OSA, Senior Member, IEEE,

Michael Galili, Member, OSA,Member, IEEE, Leif K. Oxenløwe, Fellow, OSA,Member, IEEE,
and Søren Forchhammer, Member, IEEE,

Abstract—Probabilistic constellation shaping is studied and de-
veloped for optical phase conjugation (OPC)-based nonlinearity
compensation of Kerr nonlinearities in optical fiber links. The
mid-link OPC scenario is considered for dispersion compensated
systems. It is demonstrated in simulations and experimentally
that transmission strategies optimal for classical additive white
Gaussian noise (AWGN) channels can be sub-optimal for these
systems without nonlinearity compensation. On the contrary,
when nonlinearity compensation is applied with mid-link OPC,
the channel noise is demonstrated to be Gaussian and AWGN-
like transmission strategies thus remain effective. A channel-
agnostic probability mass function (PMF) optimization algorithm
is proposed for the input constellation in order to further improve
the shaping gains in both scenarios. Operating arbitrary PMFs
on arbitrary channels is enabled by a channel-agnostic digital
signal processing (DSP) chain. After ≈2000 km of transmission,
mid-link OPC is demonstrated to provide ≈1 dB of gain in
effective SNR, which translates to ≈0.4 bits/QAM symbol of gain
in achievable information rate. The gain is then increased by an
extra ≈0.2 bits/QAM symbol by applying probabilistic shaping.

Index Terms—Constellation shaping, OPC, DSP, optical com-
munications, nonlinearities

I. INTRODUCTION

KERR nonlinearities are the key effect currently prevent-
ing optical fiber systems from operating at the high

signal to noise ratio (SNR) regime and high data rates,
respectively. Particularly in wavelength division multiplexed
(WDM) systems, cross-phase modulation (XPM) and self
phase modulation (SPM) result in severe nonlinear interference
and limit the performance of standard digital transceivers.
Nonlinearities have been the subject of a broad range of
theoretical and experimental studies [1], [2], [3], [4], [5], with
no one clear and practical solution coming close to unlocking
a significant portion of the fiber nonlinear regime for data
transmission. Several digital techniques deserve mentioning in
this category:

1) Theoretically, the nonlinear frequency division multi-
plexed (NFDM) systems have been studied as a replace-
ment for WDM systems. For lossless fibers, the former sup-
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port undistorted pulse propagation and thus improved per-
formance using the widespread and standard single mode
fibers (SSMFs). While some experimental studies have been
performed on NFDM [6], [7], practical transceiver penalties
and the above-mentioned practical fiber loss currently limit the
applicability of NFDM.

2) Digital signal pre- and post-processing [3], [8], [9],
[10] of nonlinearities allow for some of the SPM and XPM
to be compensated for. Typically, however, signals are sub-
jected to propagation in a non-static network with random
and ever-changing interference patterns. Furthermore, digital
signal processing (DSP) is inherently limited to within the
receiver/transmitter bandwidth. These two factors constrain the
achievable SNR gains through DSP of fiber nonlinearities to ≈
1 dB [11] at the cost of significant computational complexity,
related to significant power consumption penalties.

3) Constellation shaping (CS) is a generic method for
the maximization of achievable information rates (AIRs) of
noisy channels [12], [13], [14]. Shaping aims at modifying
the statistics of the signal waveform to better match the
channel conditions and at the same time support high data
rates. Two major classes of CS can be defined - probabilistic
shaping (PS) and geometric shaping (GS). Assume a typ-
ical quadrature amplitude modulation (QAM) constellation
is employed for digital transmission of data. The former
class aims at modifying the signal statistics by optimizing
the probability of occurrence of signaling points from the
constellation. The latter aims at optimizing the location of the
points in the I/Q plane. Theoretically, joint optimization is
required to maximize the AIR and achieve the capacity of
the channel. While effective shaping strategies in terms of
reducing the gap to the Shannon limit [15] can be devised
in the linear region of transmission [16], [17], [18], [19], CS
for the nonlinear region is up to date theoretically (in terms of
estimating theoretical limits of shaping gains) and practically
(in terms of devising transceivers to achieve the gains) an
open problem, with most solutions beneficial up to the weakly
nonlinear region [20], [21], [22], [23]. Typically, the problem
is approached using the mismatched decoding principle (to be
detailed later in the paper) and optimization for mismatched
channels. Some general capacity bounds have been derived
for basic communication channels with a mismatched receiver,
e.g. [24], [25] and references therein. Relatively recently has
practical optimization using mismatched decoding principles
been applied to the nonlinear optical channel [26], [22], [27],



JOURNAL OF LATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2015 2

[28], [29].
Optical signal processing-based nonlinearity compensation

through optical phase conjugation (OPC) [30] has several sig-
nificant advantages in light of above. In the simplest of terms,
OPC compensates for nonlinear distortions, accumulated in
some sections of the link by accumulating nonlinearities of
opposite sign and equal magnitude via propagation in different
sections of the link. The simplest example is the mid-link
OPC, which employs four-wave mixing (FWM) in a highly
nonlinear medium at the middle of the transmission link to
produce a conjugated copy of the signal replacing the original
for further propagation. Exploiting the Hermitian symmetry of
the nonlinear Schrödinger equation (NLSE) governing signal
propagation through the optical fiber, the conjugated copy in
the second part of the link accumulates the exact opposite
nonlinearities to the first half, which then cancel. The process
is entirely optical, thus the limited bandwidth constraint and
high power consumption of DSP can potentially be efficiently
overcome.

Ideal compensation with OPC inherently requires power
and dispersion symmetry in the propagating paths before and
after conjugation, which is not always possible in practice,
especially with lumped amplification links unless specific
link design strategies are employed [31], [32]. Nonstatic co-
propagating interference patterns in dynamic network sce-
narios pose another challenge regarding symmetry. While
some improvements can be achieved in such cases [33], the
symmetry generally remains a limitation to the expected gains.
Practical ways to address these issues are e.g. 1) to increase the
granularity of conjugation stages, which has shown promising
results [34], [35]; 2) using distributed Raman amplification
to increase the power symmetry [36], [37]; or 3) designing
dispersion-optimized transmission links [31].

For the rest of the paper, the standard mid-link OPC scenario
for legacy transmission links based on lumped EDFA ampli-
fication is discussed. Partial symmetry will then be mainly
ensured by the dispersion-compensated transmission.

Combination of OPC with other nonlinearity compensation
techniques, e.g. digital back-propagation in [38] and Volterra-
based equalization in [39], [40], has been recently explored,
showing that the digital and optical techniques can supplement
each other. Ultimately, they aim at compensation of the same
effects and are thus not complimentary. The main contribution
of this paper is to study experimentally and through simula-
tions PS as a complimentary technique to OPC, in particular,
to mid-link OPC.

This paper extends our previous contributions on the com-
bination of PS with OPC [26], [41] by describing the the-
oretical foundations of constellation shaping and proposing
a more robust and universal channel-agnostic optimization
algorithm. Universality stems from the fact that the algorithm
is independent of the actual channel law and the rest of
the processing steps between the input PMF and the cost
function, in this case - the AIR. This paper also extends the
experimental demonstration in [41] with deeper analysis of
the optimal constellation shapes and a detailed description
of the DSP functions, necessary to achieve shaping gains in
non-standard channels, such as the mid-link OPC. Similar to
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Fig. 1. Basic communication system model.

the optimization algorithm designed in this work, the DSP
chain is universal and channel-agnostic. Flexibility is a key
requirement to achieve efficiency, which will be increasingly
important for future optical networks. Accordingly, universal-
ity will be a key requirement for the transceivers to achieve
flexibility. This work can thus be extended to other standard
and non-standard scenarios alike.

The rest of the paper is organized as follows. In Sec-
tion II, the foundations of constellation shaping for digitally
modulated communication systems are briefly reviewed. In
Section III, the mid-link OPC channel is presented. A universal
DSP chain is presented in Section IV. Simulation-based op-
timization and analysis of optimal constellation shapes under
practical constraints is presented in Section V. Experimental
validation is performed and detailed in Section VI. Further
discussion and future work is offered in Section VII, and
conclusion in Section VIII.

II. INFORMATION THEORY BACKGROUND

A. Notation

Throughout the paper, the following notation shall be used.
Random variables are denoted with capital letters, e.g. X .
Realizations of variables with small letters, e.g. x for scalars
and x for vectors, xk being the k−th element in a sequence of
outcomes xK1 of length K. Similarly, a sequence of random
variables is denoted XK

1 . The probability of the outcome x
is denoted p(x), the probability mass function of the discrete
variable X is denoted PX , whereas for continuous variables,
the probability density function is denoted pX . Other notations
are defined on occurrence.

B. Entropy, mutual information and capacity

A standard communication system is assumed, where data
are to be sent from a transmitter to a receiver over a noisy
channel, see Fig. 1. Data bits are mapped to constellation sym-
bols X , which then modulate (after pulse shaping and digital-
to-analog conversion (DAC)) the carrier wave. The modu-
lated carrier propagates through a physical channel, which is
generally noisy and subject to memory and interference. At
the receiver, analog-to-digital conversion is performed on the
baseband signal, followed by a DSP chain. The purpose of
the DSP is to pre-process the signal so that simpler detection
of the received symbols Y can be performed. The effective
channel as seen by the demapper can be represented by the
PDF pY |X .
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The maximum rate at which data can be sent through the
channel in Fig. 1 with asymptotically vanishing probability of
error is given by the Shannon capacity C [15]

C = max
PX

I(X;Y )

= max
PX

H(X)−H(X|Y ), bits/channel use, (1)

where X and Y are the input and output of the channel
in one channel use, respectively, I(X;Y ) is the mutual
information (MI) between X and Y , H(X) is the entropy
of X and H(X|Y ) is the conditional entropy of X when Y
has been observed. Constrained capacity can also be defined
by subjecting the optimization to practical constraints. An
example of such constraints are average power (related to
energy consumption restrictions) E

[
|X|2

]
≤ Pav , or peak

amplitude maxx∈X |x| < A (related to physical component
limitations, such as nonlinear amplifiers and modulators).
Channel uses are drawn from the degrees of freedom avail-
able for modulating an electromagnetic wave, namely phase,
bandwidth occupancy, symbol duration, and space orientation.
In optical communications, the space dimension describes the
polarization of light, as well as the modes of propagation, sup-
ported by the waveguide/fiber. In this work, space is restricted
to the two polarizations of light, i.e. dual polarization single
mode transmission is assumed. Depending on the definition, a
channel use can span a multitude of the available dimensions.
For example, a channel use can be defined as a single time
slot on a single carrier frequency and single polarization of the
electromagnetic wave, as well as a whole frame of information.
The variables X and Y in the first case are scalars, whereas
in the latter case are vectors. For the rest of the paper, one
channel use will be defined as a symbol period for both I
and Q dimensions of the complex-valued representation of
the wave. Without loss of generality, complex-valued QAM
constellations are assumed for X , i.e. a channel use is defined
as a QAM symbol. The efficiency and MI are then measured in
bits/QAM symbol. Multiplying the per-channel-use MI by the
frequency of modulation and the number of spatial dimensions
utilized by the system thus results in the total data rate in bits/s
carried by that optical carrier.

Digital communication systems are assumed, i.e., X is
discrete. Practical constraints (e.g. finite frame lengths and
dynamic ranges of electronics) also dictate X to live in
an alphabet X of finite size |X |. The simplest example is
the on-off keying modulation format, for which the alphabet
of X is X ∈ X = {0, 1}. The maximization in (1) is
over all possible PMFs of the input X . The entropy H(X)
describes what the information content of the variable X is,
and represents an upper limit to the information rate. It is
defined as H(X) = −

∑
x∈X p(x) log2 p(x). The entropy,

and thus the information rate is ultimately bounded by the
size of the communication alphabet to H(X) ≤ log2 |X |,
with equality achieved iff the PMF is uniform. Increasing the
ultimate limit on the information rate thus dictates that larger
alphabets are used in order to improve the efficiency of the
channel uses. The conditional entropy instead describes how
much the uncertainty about X is reduced by observing Y .
Increasing the channel use efficiency through alphabet expan-

sion and increasing H(X) typically is related also to increased
H(X|Y ), resulting in the ultimate trade-off highlighted in (1)
between richness of the information the transmitter is trying to
convey and the corresponding sensitivity of this information
to detrimental channel effects.

The relations above are best described by the following
simple examples:

1) In an ideal channel, Y is a deterministic, bijective
function of X . Observing Y thus tells us exactly the
information content of X , H(X|Y ) = 0 and I(X;Y ) =
H(X), i.e., the information rate is maximized.

2) In a completely noisy channel, the message X is altered
so much during transmission that Y and X are statisti-
cally independent, H(X|Y ) = H(X) and the error-free
information rate is I(X;Y ) = 0.

3) In a practically relevant scenario, some information is
lost during transmission, but H(X) > H(X|Y ) > 0
and I(X;Y ) > 0.

In a channel use-efficient scenario, H(X) > 1 and I(X;Y ) >
1. It is critical to note that constrained maximization of
H(X) generally does not yield maximization of I(X;Y ). The
optimum input distribution is thus generally non-uniform and
subject to the optimization of (1).

Communication systems nowadays are pushed to be as
transparent and as universal as possible w.r.t. the vast amount
of different information sources that are to be processed. In
order to achieve that, a uniform distribution on the data is
assumed, and it is assumed that data are presented as bits.
The process of encoding the uniformly distributed binary user
data into a signal X that has some optimized PMF is referred
to as distribution matching (DM). It has been demonstrated in
a variety of studies that the symbol-wise MI gains achieved
by PS can mostly be harvested with binary data using various
DM techniques [16], [18], [19], including in optical fiber com-
munication scenarios [23], [22], [29]. Distribution matching is
thus out of the scope of this paper. Instead, attention is given to
optimization of the PMF, also known as probabilistic shaping.

C. Achievable information rates

The MI in (1) can be estimated from sequences of channel
uses as

I(X;Y ) = lim
K→∞

1

K
I(XK

1 ;Y K1 ) (2)

= lim
K→∞

1

K

(
H(XK

1 )−H(XK
1 |Y K1 )

)
.

Assuming stationarity of the PMF (PDF in the continuous
case), the entropy can be estimated from a sequence of
outcomes as [42]

H(XK
1 ) = − lim

K→∞
log2 p(x

K
1 ) = − lim

K→∞

K∑
k=1

log2 p(xk)

(3)

where the last equality follows from the assumption (typical
in digital communications) that the constellation symbols
similarly to the data are independent, identically distributed
(i.i.d.) and the joint distribution p(xK1 ) factorizes into the
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product of its marginals
∏K

1 p(xk). Should this assumption
fail, the last equality is replaced by an inequality (≤). In
fact, replacing the joint distribution PXK

1
by any other valid

distribution QXK
1

leads to an upper bound on the entropy [42]

H(XK
1 ) ≤ lim

K→∞
− log2 q(x

K
1 ), (4)

which is known as the mismatched decoding principle, and is
further exemplified below.

The independence assumption in (3) is in practice, and
especially in the optical fiber channel too strong for the
distribution PX|Y . In the latter case, memory is introduced
due to the interaction of fiber nonlinearities, dispersion and
noise, which cannot be completely removed by the DSP chain.
Detectors for channels with memory are typically based on
the maximum-likelihood sequence estimation [43], [44], [45],
[46], whose complexity grows exponentially with both the
memory and the alphabet cardinality (and thus the target
channel use efficiency). This constrains standard, fast optical
receivers to memoryless processing, effectively applying the
mismatched decoding principle in the following way. The
conditional PMF PXK

1 |Y K
1

is replaced by an auxiliary PMF
QXK

1 |Y K
1

, defined as

QXK
1 |Y K

1
=

PXK
1
· qY K

1 |XK
1∑

XK
1
PXK

1
· qY K

1 |XK
1

, (5)

where the auxiliary function qY K
1 |XK

1
is also referred to

as an auxiliary channel. As mentioned, applying the mis-
matched decoding principle results in upper-bounding the
entropy H(X|Y ), and thus lower-bounding the MI I(X;Y ).
A detector applying the auxiliary channel function to estimate
the transmitted symbols will thus at most achieve a rate, which
is a lower bound on the MI [42], [24]. This rate is routinely
referred to as the information rate, or AIR of the system.
Consequently, the optimization in (1) can be performed for
the AIR instead of the MI, resulting in an optimized AIR [24],
but generally not in capacity. Nevertheless, AIR optimization
has been successfully performed to boost the throughput of
optical fiber systems [23], [22], [47], [48], [29]. It is also the
figure of merit used in this work.

D. Gaussian channel example

One of the most common channel models is the additive
white Gaussian noise (AWGN) model, for which

Y = X +N (6)

pY |X(y, x) = pN (y − x) = N (x, σ2
N ), (7)

where N (µ, σ2) is the Gaussian PDF with mean µ and
variance σ2. This channel is memoryless and the optimal
detector function PX|Y is thus straight-forward to apply. For
such channels, the optimal discrete PMF PX in the limit
of |X | → ∞ is given by the Maxwell-Boltzmann (MB)
distribution [49], defined as

p(x) =
exp(−λ|ax|2)∑
x∈X exp(−λ|ax|2)

, (8)

where λ is a scaling factor that parametrizes the distribution
and a is a scaling factor ensuring a fixed average power Pav =

∑
x∈X p(x)|ax|2. In the general case of alphabets of practical

sizes, this PMF maximizes entropy for a given average energy
[50], but is generally not the theoretical optimum in the MI
sense. Algorithms for finding the constellation-constrained
optimum were proposed in [51] for scalar AWGN and [52]
for multiple-input multiple-output AWGN channels, and are
variants of the classical Blahut-Arimoto algorithm (BAA) for
discrete, memoryless channels [53]. The MB approximation
(8) remains attractive in practical cases because it imposes
a functional form on the PMF and can still be applied to
obtain near-optimum results [49], [50] for the AWGN channel,
reducing the optimization to a simple 1-D line search for the
optimum parameter λ.

For special channels, this reduction may prove to be too
coarse, resulting in a penalty. Variants of the BAA can be
applied in such cases without guarantee of optimality or con-
vergence. Examples include the experimental optimization of
a mid-link OPC-based channel [26] and the simulation-based
optimization for channels with memory [54] later applied to
the optical fiber [27].

In Fig. 2, an example optimum MB PMF for a Gaussian
channel with an SNR=15 dB and a 64QAM constellation set
X is given as a histogram of the received signal Y , together
with the histogram of the received signal of uniform input
PMF. For an AWGN channel, the optimum parameter λ is
positive, making points with high amplitude to appear with
lower probability. For a fixed average energy, this results in a
scaling of the constellation, such that the Euclidean distance
between constellation points is increased. Even-though the
entropy H(X) is reduced, this distance results in an improved
detectability of the points (represented in a lower H(X|Y )),
and overall improved I(X;Y ). In this case, the receiver
applies the function QX|Y = PX|Y , the AIR thus corresponds
to the MI, and optimization of the AIR thus corresponds to
obtaining the constellation constrained capacity (CCC) of the
channel (constrained to the symbol alphabet X ). The CCC
should not be confused with the capacity of the channel, which
implies optimization over all alphabets and input PDFs, in-
cluding continuous1. For an AWGN channel, analytical power-
constrained optimization over continuous PDFs is possible,
resulting in a Gaussian PDF optimum [53].

E. Standard optical fiber channel example

Signal propagation through the optical fiber is subjected
most importantly to chromatic dispersion (CD), attenuation
and the Kerr nonlinearity. To combat attenuation, periodic
amplification through an erbium doped fiber amplification
(EDFA) is typically applied in fiber systems. Amplification in
an EDFA is inevitably accompanied by amplified spontaneous
emission (ASE), which manifests itself in the form of an
AWGN. Chromatic dispersion is well-modeled by an all-pass
filter and is typically compensated at the receiver side by a
time or frequency domain filter [55]. Loss and CD by them-
selves are trivial to compensate with these methods in modern

1Similarly, constellation-size constrained capacity can be defined, which
implies joint probabilistic and geometric shaping for an alphabet of given
size.



JOURNAL OF LATEX CLASS FILES, VOL. 14, NO. 8, AUGUST 2015 5

Fig. 2. Histogram of the received signal Y in the case of an
AWGN channel with SNR=15 dB. Left: uniform input PMF, H(X) =
6 bits/QAM symbol, I(X;Y ) = 4.68 bits/QAM symbol; Right: the
optimal MB PMF, H(X) = 5.55 bits/QAM symbol, I(X;Y ) =
4.91 bits/QAM symbol. Identical scale in both cases, exemplifying the in-
creased ED in the MB case.

systems. However, their interplay with the nonlinear effects,
especially in WDM systems where XPM is present is currently
the main limitation to the AIRs of fiber communication links.
Furthermore, the effective SNR

SNReff =
E
[
|X|2

]
E [|Y −X|2]

(9)

as seen by the receiver depends on the input distribution
through the nonlinearities, invalidating all necessary assump-
tions for the optimality of the BAA and the near-optimality
of the MB-based optimization. Combating nonlinearity is the
main subject of this work. Details about this channel will be
introduced and discuss later in the paper. At this stage, the
MI of a standard point-to-point fiber link is compared to the
corresponding MI of a trivial case where the nonlinearity is
switched off. An illustrative example is considered for the
performance of the central channel of a five WDM channel
signal with dual polarization 64QAM 16 GBd symbol rate and
25 GHz channel spacing, pulse shaped by a square-root raised
cosine filter with a roll-off of 0.01. The signal is propagated
through 20x100 km spans of SSMF, amplified by an EDFA
with a noise figure (NF) of 5 dB at each span. After CD
compensation, matched filtering and downsampling, a Gaus-
sian auxiliary channel is applied in all cases to estimate the
AIR through the MI as discussed above. Optimizations through
the MB approximation mentioned above and a variant of the
BAA adopted to the optical fiber [22], [26] are compared. The
results are given in Fig. 3 as a function of the launch power
per channel.

In the case where the nonlinearity is switched off, the
channel collapses to a pure AWGN channel, and as mentioned,
the BA and the MB-based optimizations converge to the CCC.
As the power increases, SNReff increases correspondingly
and the AIR eventually approaches the upper bound imposed
by the limited size of the constellation of max I(X;Y ) =
maxH(X) = log2 |X | = 6 bits/symbol for the 64QAM con-
sidered here. In the case of fiber propagation, when increasing
the launch power, the nonlinear effects become more and more
pronounced and ultimately limit the AIR with the considered
Gaussian receiver. In the weakly nonlinear (around the opti-
mum launch power) and in the highly nonlinear regions, the
functional form of the MB constrains the AIR. Slightly better
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Fig. 3. AIRs on a simple 20x100km fiber link with 5x16 GBd WDM channels,
compared to the AIRs on an AWGN channel with the same ASE noise
variance.

performance can be achieved by a general 64-D optimization
of the PMF through the modified BAA.

F. Measure of Gaussianity

Outside of the simple examples given in Sections II-D
and II-E, PS for optical fiber communications is not well
understood. This is especially the case for communication
techniques not yet deployed outside of research labs, such as
the mid-link OPC scenario focus of this paper. On the other
hand, the AWGN channel model is extremely widespread and
is applied to much success as an auxiliary channel even in
cases where the noise is not strictly Gaussian, as e.g. in optical
fiber communications. It is tractable, very well understood,
near-optimal signal shapes are known and powerful receivers
and DSP techniques have been developed for it. It can thus
be attractive to use the AWGN assumptions to non-standard
channels, as the ones considered in this paper. In order quantify
the level of Gaussianity of the channel and the extent of the
validity of this assumption, and thus predict the performance
of AWGN-optimized signal shapes (e.g. the MB PMF), the
Kullback-Leibler distance (KLD) is employed in this work.
The KLD is a measure of distance between two probability
distributions and is defined as

D(P ||Q) =
∑
x∈X

p(x) log2

p(x)

q(x)
, (10)

where P and Q are some valid distributions of X . In this
work, once the sequences X and Y have been generated (either
from simulations of the system or experimentally), the additive
noise model is employed and the receiver noise is estimated
N = Y − X . The noise signal is normalized to unit power
and a 2-D histogram PhistN is generated with 100 bins in each
I and Q dimensions. A true Gaussian process is then used to
generate the signal N̂ ∼ N (0, 1), which is then quantized
to the same bins as the signal N . The KLD D(N ||N̂) is
then applied to estimate the Gaussianity of the signal N up
to a constant, which depends on the parametrization of the
histogram binning. It will thus provide a fair estimate of the
relative Gaussianity of different noise signals.
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Consequently, channels with noise which is assumed to be
white and additive and is “more” Gaussian than others can be
expected to benefit from the AWGN-optimal PMF, and vice-
versa2.

III. OPTICAL PHASE CONJUGATION-BASED
NONLINEARITY COMPENSATION

Among the several nonlinearity compensation techniques,
OPC presents advantages both in terms of being compatible
with WDM transmission, i.e. being able to compensate for
both intra and inter-channel nonlinearity, as well as exploiting
the near-instantaneous Kerr effect for optical signal processing
leading to minimal additional processing latency. The key
principle behind the nonlinearity compensation capabilities
of OPC is based on the Hermitian structure of the NLSE
governing waveform propagation through the fiber and shown
in (11).

∂A

∂z
= −i1

2
β2
∂2A

∂t2
+

1

6
β3
∂3A

∂t3
− α

2
A+ iγ|A|2A . (11)

In (11) α, β2, β3 and γ represent the loss, second order disper-
sion, third order dispersion and nonlinear coefficients of the
fiber, respectively. Considering the most common scenario of
an OPC subsystem placed in the middle of a homogeneous
transmission link, scenario commonly referred to as mid-link
spectral inversion or mid-link OPC, conjugating the WDM
signal band is equivalent to inverting the sign of second order
dispersion and Kerr nonlinearity within the NLSE (see (12))

∂A∗

∂z
= i

1

2
β2
∂2A∗

∂t2
+

1

6
β3
∂3A∗

∂t3
− α

2
A∗ − iγ|A|2A∗ . (12)

The sign inversion results in the cancellation of the disper-
sion and nonlinear distortion accumulated during propagation
through the first half of the link simply by further transmitting
the conjugated signal on the second half. If ideal compensation
with mid-link spectral inversion is achieved and assuming
zero parametrically amplified noise and a certain degree of
uniformity in the spans, the original receiver SNR0 (without
nonlinearity compensation) is increased by 1.27 · SNR2/3

0 ,
corresponding to a transmission reach enhancement of 1.17 ·
SNR

1/3
0 regardless of the distance[5], [30].

However, in practical transmission links the improvement
becomes directly related to the degree of dispersion and power
symmetry with respect to the OPC position [31], [32], with
the target being identical powers at exactly opposite values of
accumulated dispersion. This is generally difficult to achieve
because of fiber loss which effectively breaks down the sym-
metry of dispersion uncompensated EDFA-amplified systems,
as shown in Figure 4(a). In this case, the signal exhibits
high power at low accumulated dispersion on the left side,
and high power at high accumulated dispersion on the right
side of the OPC. Consequently, the nonlinearity compensation
is poor and the gains are limited. The OPC symmetry can
be significantly boosted if distributed Raman amplification is
employed [36], [37] as can be seen in Figure 4(b). While

2The KLD can also be used to quantify the effectiveness of auxiliary
channel functions. It can be proven that Eq. (4) turns into equality iff
p(x) = q(x) for all x ∈ X , i.e. D(P ||Q) = 0 [42].
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Fig. 4. Power and dispersion symmetry examples for typical optical links
with mid-link OPC. Solid lines: power evolution; Dashed lines: dispersion
evolution as a function of distance.

that may be of interest for new links, it would require a
major infrastructural change for deployed links. Alternatively
to addressing the power profile, the symmetry can be increased
by dispersion management, i.e. considering legacy dispersion
compensated links, as can be seen in Figure 4(c). Although
accumulated dispersion remains positive for the entire link,
it is close to zero for all high power regions, where most
of the nonlinearity is induced. Consequently, the symmetry
is approximately preserved in the regions where it matters
most. Given its practical relevance and the high expected gains
provided by OPC-based nonlinearity compensation, this is the
transmission system considered in this work to exemplify the
interplay between constellation shaping and OPC.

It is noted that in a practical network, precise placement
of the OPC stage may not always be possible. As mentioned
in the introduction, partial improvement can also be achieved
when deviating quite significantly from the mid-link condi-
tion [56]. Furthermore, the use of multi OPC stages within
a link can further boost the performance gain in practical
scenarios, especially for links where polarization mode dis-
persion (PMD) becomes significant. In such a case, the SNR
improvement has been estimated to scale with the square root
of the number of OPC stages employed [5], [57].

IV. SIGNAL SHAPE- AND CHANNEL-TRANSPARENT
DIGITAL SIGNAL PROCESSING

The DSP design is critical to maximizing the AIR. Any
DSP is considered processing of the received analog signal,
and thus cannot increase [53] and in practice reduces the MI.
It is however necessary to preprocess prior to detection in
order for low-complexity, memoryless symbol detection to
be accurate. The DSP applied in the experimental part of
this paper (replaced by a simplified version for simulation,
as discussed in Section V) is designed to be as transparent
as possible to the signal shape in order to ensure fairness
of comparison of AIRs. The DSP chain is based on pilot
symbols interleaved with the constellation-shaped symbols,
and is described in details in [22], [58], [59], [60], [61],
[62]. Similar DSP chains have also been proposed for high-
speed transceivers in a variety of publications [63], [64] and
demonstrated to be viable for modulation format transparent
applications [47]. For completeness, the DSP chain is depicted
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in Fig. 5, and summarized below. The pre-facing DSP func-
tions applied in this work such as low-pass filtering, Gardner
re-sampling and CD compensation in frequency domain are
considered standard and are not elaborated on.

A. Training stage

A Zadoff-Chu (ZC) sequence [65] of length 101 is in-
serted at the beginning of transmission serving as a frame
synchronization sequence. The ZC sequence is a constant am-
plitude zero-autocorrelation waveform which is very effective
for synchronization in the presence of various channel and
transceiver impairments, particularly for heterodyne detection
with free-running local oscillator. The ZC sequence is followed
by a training sequence, which has the same distribution as the
payload, and is available at the receiver. In this work, the
training sequence is randomly generated. In practice, properly
designed training sequence can potentially reduce its minimum
required length to achieve the following:

1) Initialize the equalizer by applying the data-aided multi-
modulus algorithm (MMA) [66]

2) Obtain a coarse frequency offset (FO) using a peak
search in the frequency domain of the signal ybeatk =
ytraink

· x∗traink
, where ytraink

is the received signal in
the training period and x∗traink

is the complex conju-
gated training sequence [67].

3) Extract the Gaussian noise and phase noise process
variances.

After equalization and frequency offset correction, the signal
is assumed to be modeled as a Wiener phase noise channel

yk = xk · exp jθk + nk, (13)
θk = θk−1 + vk, (14)

V ∼ N (0, σ2
PN ), (15)

where θk is the phase noise sample at time k and originates in a
Gaussian random walk [61]. Using this model, the parameters
σ2
N and σ2

PN can be extracted as

θ̂k = ∠
k+L/2∑
l=k−L/2

ytraineql
· x∗trainl

, (16)

ŷtraineqk
= ytraineqk

· e−jθ̂k , (17)

σ2
PN = E

[
(Θ̂k − Θ̂k−1)2

]
, (18)

σ2
N = Ek

[
|ŷtraineqk

− xtraink
|2
]
, (19)

where ∠ is the angle function and ytraineq is the equalized
sequence received during the training period. The choice on
the window length L used for extraction of the phase noise
sample has an influence on the accuracy and on the subsequent
noise variance estimation, and is in the ideal case optimized for
final performance. At the operating SNR region in this work,
L = 50 was found to be a good balance between accuracy
of the phase noise estimation (16) and accuracy of the noise
variance estimation (19).

B. Performance measurement stage

In order to perform adaptive equalization, which is neces-
sary in coherent systems due to polarization drifts and PMD,
pilot symbols are inserted periodically in the sequence of
transmitted symbols. In this work, the pilots are chosen to
be 4QAM in order to apply the simple constant modulus
algorithm (CMA) for equalization. The equalizer is updated
at each pilot position according to the CMA update rule [68],
which tries to force the received symbols on the unit circle.
Different variants then exist for equalization of the payload
symbols. For example, sample-and-hold strategy can be chosen
as a low-complexity solution, or a decision-directed MMA can
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be applied at the tracking stage. The latter suffers performance
penalty for probabilistically shaped signals [69]. Thus, in this
work, we chose to interpolate the equalizer taps between pilot
positions in order to avoid MMA and make the equalizer
modulation format transparent [59].

Any remaining frequency offset after the coarse FO estima-
tion is assumed minor and incorporated into the phase noise
variance σ2

PN . In cases where the FO changes too fast between
training sequences, the pilots can be used to track and correct
the FO in a similar frequency domain peak search manner at
a slight complexity expense. The latter option also alleviates
the workload on the phase noise compensation stage.

The phase noise compensation algorithm from [60] which
is applied in this work does not perform the classical es-
timation and correction steps. Instead, the algorithm esti-
mates the posterior probabilities of the transmitted symbols
p(xk|yk1 , σ2

N , σ
2
PN ) given the observations and estimated pa-

rameters directly in the presence of the phase noise. While
estimating the posteriors, the constellation PMF is taken into
account in order to improve the detection in cases of PS. The
posteriors are estimated using a forward-backward recursion-
based belief propagation algorithm in a sliding window fashion
going over the received sequence. Due to lengthy derivation
and cumbersome notation, details of the algorithm are omitted
here. The complete recursions can be found in [60] and their
sliding window length optimization in [62].

The phase noise samples θk are not explicitly estimated,
but rather their distribution at each time pΘk

. If required, for
example for visualization purposes as in Fig. 5, the phase noise
samples can be estimated from the phase noise distribution as
θk = arg max p(θk), and then used to plot a phase noise-
free signal ye−jθ. However, this step is not a requirement for
either the estimation of the entropy H(X|Y ), or in practice
for detection. Observe that the detector is interested in the
posterior probabilities rather than in the actual phase noise
signal.

C. Universal PMF optimization algorithm

Optimization of the PMF is an |X |-D, generally non-convex
problem, except for special cases, such as the above-mentioned
AWGN channel, for which a unique optimum can be found. In
this work, a greedy optimization algorithm [41] is adopted that
improves on the stability, accuracy and convergence speed of
the BAA [26] by assuming identical probability of occurrence
of constellation points with equal amplitude, effectively reduc-
ing the dimensionality of the optimization problem. The basic
idea of greedy optimizers is to assume that each dimension
can be optimized locally and then iterate between dimensions.
A summary of the adopted greedy approach, which was also
applied in [41], is given in Algorithm 1.

The universality stems from the fact that on Step 8, any
channel, simulation or experimentally based can be applied.
The examples of interest to this work are 1) the channel model
based on solving the NLSE via the split-step Fourier method
(SSFM); and 2) an experimental channel. For the former
option, y is the sequence after low-pass filter, resampling
and CD compensation are performed, while in the latter case,

Algorithm 1 Universal greedy PMF optimization algorithm
for arbitrary channels.

Initialize: PX , P optX = PX , I(X;Y )opt = 0
Initialize: Set of unique amplitudes A = unique(|X|)
Initialize: Pgridsearch . grid for searching of update PMFs
Initialize: pY |X . channel model
Initialize: qY |X . mismatched channel model

1: for i = 1 : Nepoch do . Outer iteration
2: for a ∈ A do . Sweep the unique amplitudes
3: PX = P optX . Start from current optimum
4: Extract the subset Xa, s.t. |x| = a for x ∈ Xa
5: for pupdate ∈ Pgridsearch do . 1-D line search
6: For x ∈ Xa, set p(x)+ = pupdate
7: For x ∈ X , set p(x)/ =

∑
x p(x) .

Normalize
8: Generate Y ∼ pY |X . Propagate through true

channel
9: Estimate parameters for qY |X

10: Estimate I(X|Y ) using qY |X . Cost function
11: if I(X|Y ) > I(X;Y )opt then
12: Update I(X;Y )opt = I(X|Y )
13: Update P optX = PX
14: end if
15: end for
16: end for
17: end for

the DSP chain is also part of the effective channel as seen
by the symbol detector. Clearly, both cases include a certain
amount of processing, which would be difficult to incorporate
in a rigorous theoretical optimization algorithm, e.g. one that
requires differentiation. By including all relevant processing
blocks in the effective channel model pY |X used for the
optimization in Algorithm 1, we guarantee that the optimized
PMF is explicitly targeting the practical system instead of an
idealized one, which might be easier to optimize.

The sub-optimality of the algorithm is mainly related to the
fact that in e.g. the optical fiber channel, the true distribution
pY |X and the corresponding channel SNR depend on the
input PX through the Kerr nonlinearity. An optimum solution
is thus a compromise between a PMF, which is beneficial
in the presence of Gaussian noise and a PMF resilient to
nonlinearities. Ultimately, the shape of the optimum solution is
not obvious, with some indications that a good compromise is
achieved by a ring-like constellation [4], [70], [71], [28]. The
presence of nonlinearity compensation inherently changes the
balance of nonlinear and linear noise in the system. Optimal
solutions in this case and gains thereof are also not obvious,
with several experiments demonstrating that the shaping gains
might add up to the nonlinearity compensation gains: con-
stellation shaping combined with DBP was demonstrated in
[72], whereas constellation shaping combined with OPC was
demonstrated in [26], [41].

V. SIMULATION RESULTS

The system under test is given in Fig. 6. For each WDM
channel, random symbols are generated independently from
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Fig. 6. Simulation block diagram.

TABLE I
FIBER PARAMETERS USED IN THE SIMULATION AND THE EXPERIMENT.

HNLF USED ONLY IN EXPERIMENT.

SSMF DCF HNLF
Loss α, dB/km 0.2 0.5 0.82

Nonlinear coefficient γ, (W · km)−1 1.3 5.7 9.7
Dispersion D @1550nm, (ps · (nm · km)−1 17 -95 0.52

a given PMF. The symbol sequence is pulse shaped using a
square-root raised cosine filter with a roll-off of 0.01. Seven
WDM channels are simulated with 32 GBd in each and 37.5
GHz channel spacing. The WDM signal is propagated using
a SSFM channel model through a multi-span EDFA-amplified
link. The SSFM is implemented as asymmetric and applying
an adaptive step size by limiting the maximum allowed phase
rotation [73]. Each span consists of 50 km of SSMF followed
by ≈ 9 km of dispersion compensating fiber (DCF) providing
ideal dispersion compensation, with parameters given in Ta-
ble I. Zero dispersion slope is assumed for the SSMF and DCF.
Nonlinearity compensation is achieved by assuming an ideal
OPC stage, consisting of signal conjugation at the middle of
the link. At the receiver side, matched filtering is performed,
followed by down-sampling and performance estimation. In
the simulation case, ideal lasers with neither amplitude nor
phase noise are assumed, and identical oversampling factor of
56 (ensuring the Nyquist criterion is satisfied for the case of
7 channels, and taking into account the potential bandwidth
expansion and the non-zero channel spacing) is applied at both
the transmitter and receiver. The DSP chain from Fig. 5 is thus
bypassed, with the exception of the estimation of the variance
of the Gaussian auxiliary function σ2

N (19). Algorithm 1 is
then applied to optimize the PMF. The optimized and uniform
PMFs are compared to: 1) the MB PMF which is optimal for
an AWGN channel with an SNR, equivalent to the effective
SNR of uniform input PMF; and 2) a MB PMF which is
optimized with a 1-D line search for the optimal parameter λ
as mentioned above. The AIR is estimated from a sequence of
K = 500.000 independent symbols in each case, also at each
iteration of Algorithm 1. With the exception of Fig. 11, the
central channel of the WDM signal is studied as a worst case
scenario. In all cases, including Section VI, performance is
measured as a function of the launch power per channel.

In Fig. 7, the received SNReff is given for each PMF as a
function of the launch power for the reference and OPC paths,
and in Fig. 8, the AIRs of Gaussian auxiliary channel receiver
are given. When standard uniform PMF is considered, mid-
link OPC delivers ≈ 1.1 dB of gain in effective SNR, which

TABLE II
OPTIMUM VALUES OF λ FOR THE STUDIED MB PMFS AT THE RESPECTIVE
OPTIMUM LAUNCH POWER. HIGHER λ INDICATES MORE PEAKY PMF, AS

SEEN FROM (8).

based on SNReff line search
with OPC 1.6 1.4
w/o OPC 1.9 0.4

translates into ≈ 0.35 bits/QAM symbol of AIR. The MB
PMF optimized for an AWGN channel results in a degraded
SNReff , and ultimately a penalty in AIR. This penalty can be
mostly overcome by optimizing the MB PMF through a line
search for the parameter λ. The shaping gains can be increased
further to ≈ 0.07 bits/QAM symbol by applying Algorithm 1.

When OPC is applied, the received SNReff becomes
less susceptible to highly-peaky constellation PMFs, allowing
for well-establshed shaping strategies e.g. from the AWGN
channel (as in this paper) to achieve most of the available
shaping gain up to the weakly nonlinear region. The shaping
gain can correspondingly be increased w.r.t. the case without
OPC to ≈ 0.14 and ≈ 0.16 bits/QAM symbol with MB PMF
and by applying Algorithm 1, respectively. When the launch
power is increased to the nonlinear region, the penalty of
MB PMFs appears. The optimum values of λ for the MB
optimization at the respective optimum launch power are given
in Table II for the cases with and without OPC.

The optimal PMFs for the cases without and with OPC
at the respective optimal launch powers are given in Fig. 9.
In the former case, the PMF exhibits suppressed inner points
and resembles the ripple constellation, proposed in [70] for
continuous input distributions, as well as the constellations,
optimized for an unrepeatered transmission in [28]. In the
latter case, the PMF is qualitatively similar to the MB PMF.

The noise statistics of dispersion compensated fiber trans-
mission are further studied using the KLD between the dis-
tribution of the estimated noise variable N = Y − X and a
Gaussian distribution with the same variance as described in
Section II-F for the cases with and without OPC in Fig. 10.
In the low-power, linear region of transmission, the noise
statistics are independent of the PMF and have a constant KLD
to the continuous Gaussian distribution. The non-zero KLD is
attributed to the discretization of the theoretically continuous
noise. At the optimal launch power without OPC of 2 dBm,
in contrast to the uniform case, the distribution of the noise
for MB PMF input begins to significantly diverge from the
Gaussian distribution. In addition to the overall reduced SNR,
this fact degrades the performance of the Gaussian auxiliary
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channel, resulting in the poor performance of the AWGN-
optimal MB PMF. When OPC is applied, the noise remains
Gaussian further into the nonlinear region including at the
respective optimal launch power of 3 dBm. This explains
the near-optimality of Gaussian channel-like transmission
strategies, including PMF and auxiliary channel choices. The
convergence of the noise back to Gaussian distribution in all
cases at extreme launch power may be attributed to dispersed
extreme nonlinearities which are perceived as noise in the
memoryless receiver, or even spectral broadening. This is left
for future work to confirm.

Finally in this section, the robustness of the designed PMFs
is studied by applying the PMFs, optimized for the central
channel to the other channels in the WDM signal. Their per-

Fig. 9. Optimal PMFs without OPC (left) and with OPC (right) at the
respective optimal launch powers. In the case without OPC, a ripple-like [70]
PMF is preferred, while in the OPC case, a MB shape is obtained.
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formance is shown in Fig. 11 at the respective optimal launch
power with and without OPC. Channels at the signal edge
perform slightly better due to fewer interfering channels on
one side of the spectrum and thus lower nonlinear interference.
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The latter also has impact on the effectiveness of the MB PMF,
which in the case without OPC is now slightly better w.r.t.
the uniform distribution. The PMF which was designed for
the central channel achieves virtually the same shaping gain
across the band. It is noted that the band edge effect is only
marginally relevant for fully-loaded systems.

VI. EXPERIMENTAL DEMONSTRATION

The experimental setup is illustrated in Figure 12. The
transmission signal used is a 32 GBd with root-raised cosine
pulse shapes at 0.01 roll-off. The 32 GBd sequence was
modulated onto carrier lasers (external cavity lasers (ECLs)
with ≈10 kHz linewidth) using a 4-channel arbitrary waveform
generator (AWG) (64 GSa/s) driving two I/Q modulators with
independent data on each - one for odd-numbered and one
for even-numbered channels. The central channel is centered
at 1540 nm. The WDM signal is then replicated on the
orthogonal polarization, with a delay to ensure decorrelation
between the polarizations.

The optical fiber channel consisted of two loops of disper-
sion compensated links with OPC in between. The first loop is
composed of four spans: 50.5 km SSMF, 8.6 km DCF, 44 km
SSMF and 6 km DCF. Likewise is the second loop composed
of four spans with: 50.5 km SSMF, 7.2 km DCF, 44 km SSMF
and 6.9 km DCF. Any residual dispersion is compensated by
the adaptive equalizer. Ten circulations were allowed in each
loop, resulting in a total distance of ≈ 2176 km. The OPC
stage is based on a standard single-pump FWM setup in a
254m long highly-nonlinear fiber (HNLF) with stable phase-
matching for improved nonlinear efficiency (HNLF-SPINE)
characterized by the parameters of Table I and with a zero-
dispersion wavelength at 1544 nm. Dual-polarization conju-
gation is achieved by using a polarization-diversity scheme
where two orthogonal signal polarizations counter propagate
within the HNLF. The FWM pump is placed at 1545 nm and it
is generated by amplifying a 10-kHz ECL with high OSNR in
order to minimize the phase and amplitude noise transfer from
the pump to the conjugate signal (idler). Following energy
conservation, the FWM idler is then generated around 1550 nm
and after recombining the two polarizations, pump and signal
bands are suppressed using optical filters and the 1550-nm
conjugate band is further propagated through the second half
of the transmission link.

On the receiving end, the central channel is acquired with
an 80 GSa/s digital oscilloscope, the signal is digitally pro-
cessed using the DSP chain from Section IV and the MI is
estimated using a Gaussian auxiliary channel. Algorithm 1
is then applied experimentally. Effectively, an experimental
measurement is taken for each candidate PMF in the brute-
force optimization of the probability of occurrence of the
amplitudes of the constellation. This measurement then drives
PMF updates in Algorithm 1. It is thus critical that the ex-
perimental test-bed is as stable as possible in order to remove
the effects of drifts, which can potentially mask the shaping
gain and/or lead to globally sub-optimal solutions. In order to
improve the convergence speed and mitigate this problem, the
PMF is initialized to a simulation-based optimum, where the

simulation followed the parameters of the experimental setup.
After initialization, optimization is resumed experimentally in
order to tailor the PMF to the experimental setup.

A. Results

In Fig. 13, the received SNReff is given for each PMF as
a function of the launch power for the reference and OPC
paths, and in Fig. 8, the AIRs of the Gaussian auxiliary
channel receiver are given. In each case, 100.000 independent
symbols are used to estimate the AIR and the SNR. When
standard uniform PMF is considered, mid-link OPC delivers
≈ 1.2 dB of gain in effective SNR, which translates into
≈ 0.4 bits/QAM symbol of AIR. This is consistent with the
gains reported in other studies of the mid-link OPC-based
EDFA-amplifier dispersion compensated transmission systems
[5], [26], [74]. Similar to the simulation, the experimental
results demonstrate that when OPC is applied, the AWGN-
optimized input PMF achieves near-optimal shaping gain of
≈ 0.2 bits/QAM symbol. Without OPC, the MB PMF is
severely penalized in the highly nonlinear regime, but achieves
≈0.07 bits/QAM symbol of gain at the optimal launch power,
which was not possible in simulations. This can be attributed
to the implementation penalties, which manifest themselves as
an extra Gaussian noise source and enhance the Gaussianity
of the total noise experienced by the receiver. It should be
noted that part of the non-Gaussianity of the noise statistics
can be attributed to nonlinear phase noise (NLPN), which
is partially tracked and compensated for by the PN tracking
algorithm [60], [61]. This fact together with the Gaussian
distributed implementation penalty allows the MB PMF to
achieve slightly higher shaping gain in the weakly nonlinear
region w.r.t. the idealized simulation. Algorithm 1 achieves an
improvement of ≈ 0.2 bits/QAM symbol in both transmission
cases.

Building a histogram for the received noise is challenging
experimentally due to the requirement of high number of
samples for accurate histogram representation. For the results
in Fig. 10, 30.000.000 symbols were used. Gathering that
many consistent samples experimentally is challenging due
to experimental drifts. Instead, the effect of the MB PMF
on the received noise statistics is measured indirectly through
the severity of the phase noise, experienced by the receiver.
In particular, the standard deviation σPN estimated as in
Section IV-A. The phase noise experienced by the receiver
is a combination of laser phase noise and NLPN [60], [61]. In
Fig. 15, the estimated values of σPN are given for all studied
input PMFs. The MB PMF results in an increased phase noise,
which is part of the reason for its poor performance in the
nonlinear region without OPC. When OPC is applied, the
phase noise statistics are far less dependent on the PMF at least
in the weakly nonlinear region, making the MB PMF selected
for an AWGN channel with that effective SNR near-optimal.
It can also be noted that the laser phase noise contribution can
be estimated as [60] σlasersPN =

√
2 · π ·∆fTs, where Ts is the

symbol period and ∆f is the combined linewidth of all lasers
interacting with the signal. Considering ≈10 kHz linewidth of
the ECLs, σlasersPN can be estimated to be ≈ 2 · 10−3 in the
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Fig. 12. Experimental setup for the mid-link OPC-based nonlinearity compensation.
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Fig. 13. Received experimental SNReff for the studied optimization
schemes. Dashed lines: with OPC; solid lines: w/o OPC. Similar to sim-
ulations, the AWGN-optimal MB PMF results in SNR degradation due to
the high peak power of the constellation. This effect is diminished when
applying OPC due to the nonlinearity compensation. OPC results in ≈ 1.2
dB of improvement for uniform PMF.

case without OPC, increased to ≈ 2.8 · 10−3 in the case with
OPC due to the extra laser phase noise transferred from the
pump. It is then clear that the NLPN is dominating the case
of transmission without OPC, and is largely mitigated by the
use of OPC.

Experimentally, only the central channel was acquired and
optimized, and its PMF is applied to both the odd and the
even channels. Such a sub-optimal decorrelation potentially
has the effect of overestimating the nonlinear interference and
thus underestimate the performance [75], [76]. Due to the
qualitative similarity between the central channel performance
in the experiment and simulation, we conclude that this
effect is not as pronounced for the chosen system parameters.
Similarly, we do not expect the conclusions to deviate for the
neighboring WDM channels.

VII. DISCUSSION AND FUTURE WORK

In this work, a circularly symmetric complex-valued Gaus-
sian auxiliary channel is considered. As mentioned, the PN
tracking algorithm allows for part of the non-circularity to
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Fig. 14. Experimental AIR of the studied optimization schemes. Dashed
lines: with OPC; solid lines: w/o OPC. Similar to simulations, without
nonlinearity compensation, proper optimization is required in order to see
shaping gains. When OPC is applied, shaping gains are more straight-forward
to obtain. OPC results in ≈ 0.4 bits/QAM symbol of improvement for
uniform PMF. Shaping with Algorithm 1 results in ≈ 0.2 bits/QAM symbol
of improvement w.r.t. uniform PMF both with and without OPC.

be compensated for. A correlated Gaussian can potentially
further improve the quality of the auxiliary channel [22], [48].
Such a receiver essentially assumes a unique covariance matrix
and mean for the noise around each point from the constel-
lation. The likelihood becomes pY |Xi = N (µi; Σi), where
y = [Re [y] ; Im [y]] is a 2-D real-valued vector and µi and Σi

are the mean and covariance matrix for the likelihood of the
i−th symbol from the constellation. Training the covariance
matrix for each constellation symbol requires a high amount of
training points for each symbol, respectively. In cases where
probabilistic shaping is applied, the probability of occurrence
of some points easily reaches 10−5 in the optimal PMF.
Assuming 100 symbols are required for relatively accurate
covariance matrix estimation, a total of 10.000.000 training
symbols must be sent on the channel, which is infeasible in
a time-limited and stability-sensitive experiment. A correlated
Gaussian reception is thus omitted in this work.

For similar reasons, PMF optimization is restricted to a
single channel use, i.e. one period in the time domain, and
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multi-dimensional shaping through the time, polarization and
frequency dimensions are omitted. In this case, the shaping
gains in nonlinear optical fibers, including those with OPC-
based nonlinearity compensation are rather restricted, and
rarely exceed the shaping gains in AWGN channels with
similar SNR. Multi-dimensional probabilistic [27], [77] and
geometric shaping [29], [78], [79] can be beneficial in combat-
ing nonlinearities and provide a shaping gain, which is higher
than the ultimate shaping gain for an AWGN channel, but at
the cost of increased transmitter and receiver complexity.

Conversely, what was demonstrated in this paper is that at
least in dispersion compensated scenarios, OPC-based nonlin-
earity compensation makes the noise perceived by the receiver
“more Gaussian”. The other properties of the AWGN, such
as being additive and white (implying independence between
symbols across all dimensions, namely time, frequency and
space) are properties of the chosen auxiliary channel. Esti-
mating the effectiveness of those for a channel with OPC is
an important step towards understanding the potential shaping
gain for such channels when the auxiliary function is not
constrained as in this paper. As demonstrated, the nonlinear
phase noise-induced memory is suppressed when OPC is ap-
plied, indicating that the independence in time becomes more
pronounced. An important consequence of the independence
property is that shaping gains would be limited to the ultimate
shaping gain of 1.53 dB for the AWGN channel. This is left
for future work to confirm.

VIII. CONCLUSION

Mid-link optical phase conjugation (OPC) was studied as
means to compensate nonlinearities in dispersion-compensated
fiber links. Some digital aspects of the optimization of the
OPC-based link were discussed. In particular, a shaping- and
channel-agnostic digital signal processing chain was presented
and demonstrated, which allows for arbitrary constellation
shapes to be transmitted and for shaping gains to be realized

on complicated channels such as the mid-link OPC channel.
The proposed DSP chain also allows for fair comparison
of modulation formats and their respective probability mass
functions (PMFs). The PMF itself was also specially optimized
for the dispersion-compensated case and its OPC counter-
part by a simple greedy optimization algorithm, which was
shown to outperform standard PMF optimization of Maxwell-
Boltzmann (MB) shapes. The optimization algorithm was
demonstrated both through simulations and experimentally for
a ≈2000 km link. The noise characteristics of the system
were studied and shown to be highly non-Gaussian for the
standard non OPC case, particularly when the peaky MB
PMF is applied. On the contrary, mid-link OPC results in
1) a higher received SNR; and 2) Gaussian noise statistics
that are relatively independent of the PMF. Both elements
contribute to improved performance when standard Gaussian
auxiliary channel-based detector is applied. Furthermore, the
Gaussianity of the noise in the OPC case allows for the
simple MB PMF shape to be applied with near-optimal results,
whereas in the standard case, the MB PMF was demonstrated
to be sub-optimal.

APPENDIX A
GLOSSARY OF THE MOST COMMON ABBREVIATIONS

AIR Achievable information rate
ASE Amplified spontaneous emission
AWG Arbitrary waveform generator
AWGN Additive white Gaussian noise
BAA Blahut-Arimoto algorithm
CD Chromatic dispersion
CMA Constant modulus algorithm
CS Constellation shaping
DCF Dispersion compensating fiber
DM Distribution matcher
DSP Digital signal processing
ECL External cavity laser
EDFA Erbium doped fiber amplifier
FO Frequency offset
FWM Four-wave mixing
GS Geometric shaping
HNLF Highly nonlinear fiber
KLD Kullback Leibler distance
MB Maxwell-Boltzmann
MI Mutual information
MMA Multi modulus algorithm
NLPN Nonlinear phase noise
NLSE Nonlinear Schrödinger equation
OPC Optical phase conjugation
PDF Probability density function
PMF Probability mass function
PN Phase noise
PS Probabilistic shaping
QAM Quadrature amplitude modulation
SNR Signal to noise ratio
SSFM Split step Fourier method
SSMF Standard single mode fiber
WDM Wavelength division multiplexing
ZC Zadoff-Chu
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