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Abstract—Optical satellite uplinks rely on high-power optical
amplifiers (HPOAs) to overcome free-space attenuation and
enable long-distance transmission. However, at high power levels,
fiber Kerr nonlinearity becomes significant and degrades system
performance. In this work, we develop a realistic model for
optical uplinks that accounts for nonlinear effects and analyze
their impact, highlighting key differences from conventional long-
haul fiber systems. We then introduce low-complexity digital
signal processing techniques for nonlinearity compensation, based
on constellation shaping via a look-up table (LUT) and a
simple nonlinear phase rotation applied at the transmitter and/or
receiver. The LUT also enables adaptive rate tuning according to
channel conditions, enhancing robustness against link variations.
Simulation results show that the proposed techniques increase
the maximum acceptable link loss by up to 6 dB with negligible
complexity. Finally, we show that, at the system level, propagation
in the HPOA can be modeled as a simple nonlinear phase
rotation, equivalent to propagation in a zero-dispersion noiseless
fiber link, and fully characterized by a single parameter—the
characteristic nonlinear power.

Index Terms—Optical satellite communication, nonlinear op-
tical channel, high power optical amplifiers.

I. INTRODUCTION

ECENTLY, optical satellite communication has emerged

as an effective technology to complement—and po-
tentially replace—conventional radio-frequency satellite links
[1]-[4]. Ground-to-satellite optical links, however, suffer from
severe impairments caused by time-varying atmospheric con-
ditions and by the relative motion between the satellite and the
Earth (i.e., varying pointing angle), both leading to significant
attenuation and performance degradation. To ensure sufficient
received power at the satellite, thereby improving through-
put and maintaining resilience under adverse conditions, the
launch power should be as high as possible.

While free-space optical communications provide several
advantages for satellite networks, the ground-to-satellite uplink
remains a critical challenge [5]. Its performance is significantly
affected by atmospheric phenomena such as scattering [1],
molecular absorption [3], and turbulence [6]. Connectivity
losses caused by cloud coverage can be mitigated through the
use of optical ground station diversity [7], and adaptive optics
techniques are commonly employed to reduce beam distortions
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induced by atmospheric turbulence [8]. However, even with
these mitigation strategies, a fundamental asymmetry persists
between the uplink and downlink power requirements. This
asymmetry arises from the so-called shower curtain effect
[9], [10], whereby the impact of a scattering layer depends
on its position within the optical path. Since the ground
station is located within the atmospheric scattering layer,
the uplink is more severely degraded than the downlink,
necessitating higher optical transmit power to compensate for
atmospheric impairments. Consequently, scaling the optical
power of ground station transmitters is a key requirement for
achieving high data-rate satellite uplinks.

A typical architecture for uplink optical transmission is
shown in Fig.1, where a standard optical transmitter (TX)
prepares the signal and feeds it into a high-power optical
amplifier (HPOA), which is required to achieve the high
optical power needed for the application. An optical fiber (OF),
e.g., an output pigtail or a short optical patch cord, delivers the
signal to the optical ground station (OGS), which is used for
beam preparation and pointing. In this context, external-cavity
lasers followed by fiber-based HPOAs represent a natural
choice for OGS transmitters, owing to their capability to
deliver high average power while maintaining excellent beam
quality. Recently, several HPOAs have been demonstrated,
including in-band core-pumped Er-doped fibers [11], cladding-
pumped Er-doped fibers [12], and cladding-pumped ErYb
co-doped fibers [13]. All these approaches exhibit physical
and practical constraints or limitations, making custom de-
signs necessary depending on the specific application [14].
Indeed, ongoing research explores more efficient architectures
to improve pump-to-signal conversion and mitigate nonlinear
effects, though challenges in efficiency, thermal stability, and
space qualification remain [15].

Among the main challenges, fiber nonlinearities inevitably
arise when high-power signals propagate through optical
fibers—either within the doped fiber inside the amplifier or
along the output pigtail and additional patch cords [16]. Their
mitigation is essential to increase the launch power, thereby
enabling higher throughput or longer transmission distances
[17], [18]. On one hand, nonlinear effects can be mitigated
through dedicated HPOA designs. For instance, erbium-doped
fiber amplifiers (EDFAs) typically require longer doped fibers
compared to erbium-ytterbium codoped amplifiers (EYDFAs),
making the latter more attractive for reducing nonlinear im-
pairments. However, very-high-power EYDFAs suffer from
higher-order mode power transfer, leading to pointing insta-
bility, as well as long-term power degradation due to photo-
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darkening [14]. Recently, an Er-based HPOA delivering up to
50 dBm was proposed specifically to mitigate nonlinear effects
by combining a conventional EDFA stage with a large-mode-
area EDFA stage [19]. However, large-mode-area solutions
still face practical limitations, including the limited availabil-
ity of reliable commercial components and the difficulty of
maintaining stable single-mode operation.

On the other hand, fiber nonlinearity can also be mitigated
through proper signal design and digital signal processing
(DSP). For example, the Kerr nonlinearity arising in a short
single-mode-fiber (SMF) pigtail following an HPOA was
investigated in [18], where a compensation method for direct-
detection systems was proposed. Furthermore, coherent optical
communications are becoming increasingly relevant for space
applications, enabling more advanced DSP techniques and
higher throughput [2], [20].

In this context, the objective of this work is not to identify
optimal amplifier designs or to provide a comprehensive
overview of existing amplification architectures. Rather, the
focus is on modeling nonlinear effects in coherent opti-
cal satellite communication uplinks and on developing low-
complexity DSP-based mitigation strategies that can be applied
independently of the specific amplification solution adopted,
enabling higher launch powers and, consequently, longer
transmission distances or higher data rates. The proposed
approaches mainly rely on the mitigation of nonlinear phase
rotation and the containment of spectral broadening through
optimized probabilistic constellation shaping and pre- and
post-compensation techniques. To validate the proposed model
and assess the effectiveness of the considered techniques,
three representative amplifier configurations, characterized by
significantly different performance levels and inspired by both
literature [12], [19] and commercial solutions [21], are ana-
lyzed as case studies. This work extends the results presented
in [22] by providing a detailed channel model, a theoretical
analysis of Kerr nonlinear effects in HPOAs, and a com-
prehensive numerical performance assessment under different
compensation techniques and operating scenarios.

The paper is organized as follows. Section II presents
a comprehensive system model and introduces a simplified
model that accurately captures the system behavior. Section
IIT proposes two DSP techniques for the compensation of
nonlinearity: probabilistic constellation shaping and nonlin-
ear phase compensation (NLPC). Both Sections II and III
provide a comparison with long-haul fiber systems, whose
nonlinear effects have been thoroughly investigated over the
past decades. Section IV presents the system setup and a
detailed numerical analysis of the system and the proposed
DSP techniques under different conditions. Finally, Section V
draws the conclusions.

II. SYSTEM MODEL

We consider a coherent ground-to-satellite optical link,
sketched in Fig. 1. Fig. 2 illustrates the equivalent complex
baseband representation adopted throughout this work. The
system comprises a ground-based transmitter, a short high-
power optical fiber stage including amplification, a free-space
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Figure 1. Ground-to-satellite optical link.

optical (FSO) link toward the satellite, and a coherent receiver.
In the following, each subsystem is described in detail.

A. Transmitter

At the transmitter (TX), information bits are mapped by
DSP onto a dual-polarization (DP) M-ary quadrature ampli-
tude modulation (QAM) signal with baud rate R. The resulting
complex baseband signal can be written as

x(t) =Y app(t — kT) )
k

where a; = [ag.,ar,]T contains the couple of complex
QAM symbols transmitted on the two orthogonal polariza-
tions, p(t) is the pulse shape, and T'= 1/R the symbol time.
Optional digital pre-distortion may be applied at this stage.

Each polarization component is decomposed into its in-
phase and quadrature parts. Consequently, the DP signal is
represented by four real-valued electrical waveforms (I/Q
components for the two polarizations), which are converted
into analog form by four digital-to-analog converters (DACs).

The resulting analog signals are applied to a dual-
polarization IQ modulator, which maps them onto the two
orthogonal polarization states of a continuous-wave optical
carrier generated by a narrow-linewidth laser source. Under
the complex baseband representation adopted in this work, the
combined effect of DACs, drivers, and modulator bandwidth
limitations is captured by Hrx(f).

The resulting optical signal is subsequently amplified by an
HPOA and delivered to the OGS output through a short fiber
section (patch cord or pigtail).

B. Optical Fiber Channel

The optical signal propagates through two short fiber sec-
tions: the active fiber inside the HPOA and the passive delivery
fiber (patch cord). Although their total length is typically
below 100 m, the launched optical power may exceed 35—
40 dBm, making nonlinear effects significant.

Propagation of the dual-polarization signal in both sections
is described by the Manakov equation for the complex en-

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in Journal of Lightwave Technology. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JLT.2026.3717366

TXDSP DAC+modulator HPOA+patch cord

atmosphere

ngx(t)

optoelectronic frontend + ADC RX DSP

Figure 2. Equivalent baseband model of the coherent optical uplink system, including hardware and channel impairments. Dashed blocks denote optional

DSP compensation functions at the TX and RX.
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where P is the output optical power (on both polarizations),
v is the Kerr nonlinear coefficient, 55 is the group-velocity
dispersion, g(z) is the normalized longitudinal power profile
(g(L) = 1, with L the total fiber length) accounting for both
gain and loss, and nagg(z,t) is the amplified spontaneous
emission (ASE) noise. Below, the dominant physical effects
are discussed.

1) Amplification and Noise: The HPOA is modeled as a
distributed-gain active fiber generating ASE along the propa-
gation coordinate z. The longitudinal power profile g(z) and
the power spectral density (PSD) of the ASE noise term
nase(z,t) are obtained from the standard coupled propagation
and population equations governing doped-fiber amplifiers,
evaluated under the assumption of a continuous-wave input
signal, flat gain and ASE spectra over the signal bandwidth.
Under these assumptions, the computed gain and noise profiles
are treated as known quantities and incorporated into the
normalized Manakov equation (2) to assess their impact on
signal propagation. By contrast, the patch cord is a passive
fiber, where g(z) is determined only by fiber attenuation and
no ASE noise is generated (nasg(z,t) = 0).

As will be shown later, although gain and ASE are generated
continuously along the HPOA, their detailed longitudinal
distribution is irrelevant from a system-level perspective, since
only the output quantities determine performance. To charac-
terize them, we introduce two lumped parameters. The first
is the amplifier gain Gupoa = P/Pin, defined as the ratio
between output and input signal power. The second is the
noise figure Fypoa, which quantifies the degradation of the
signal-to-noise ratio (SNR) introduced by the amplifier and
therefore determines the PSD of the ASE noise accumulated
at the HPOA output, Ngypoa = GHPOAFHPOAhV/2 (per
polarization).

2) Chromatic Dispersion: The first term of the right-hand
side of (2) is responsible for chromatic dispersion, which

IThe small random birefringence unavoidably present in optical fibers
gives rise to an additional polarization-dependent nonlinear term. In standard
telecom fibers, the birefringence correlation length is typically much shorter
than the propagation distance. As a result, the contribution of this term
averages out along the link and is generally negligible at the system level.
Its possible relevance in the scenario considered here is left for future
investigation. Other nonlinear mechanism (e.g., Raman, Brillouin, ...) are
not included in the model, since Kerr effect is expected to be the dominant
impairment [18].

induces a temporal broadening of the propagating optical
pulses. For a pulse of width T, the amount of broadening
increases with the ratio L/Lp, where

2 T3
ST N
is the dispersion length [24, eq (3.1.5)]. We can readily verify
that in the typical scenario considered in this work, L < Lp,
indicating a negligible broadening of the propagating signal.
For instance, for a 100 GBd signal in a standard SMF, assum-
ing By = —21.7ps?/km and To ~ T = 10ps, Lp ~ 4.6km,
whereas the total fiber length L is typically below 100 m.

3) Kerr Nonlinearity: In contrast, Kerr nonlinearity—the
second term on the right-hand side of (2)—plays a central
role due to the high optical power. When L < Lp, chromatic
dispersion can be neglected and, in the absence of ASE noise,
propagation is dominated by the Kerr nonlinear term. In this
case, (2) can be solved in closed form as

u(L,t) = u(0,t) exp (—jgllu(0,1)]?) )

3)

with

L
¢ = P/O v9(2)dz 6)

According to (4), the optical signal undergoes a phase rotation
proportional to its instantaneous power, a phenomenon known
as self-phase modulation (SPM). The strength of SPM depends
on the dimensionless parameter ¢ in (5), which represents the
average accumulated nonlinear phase rotation (NLPR). For
convenience, we rewrite it as q§ = P/Pn1, where we have
introduced the characteristic nonlinear power
-1

L
Py, = /WQ(Z)dZ (6)
0

representing the power scale at which SPM becomes signif-
icant. For instance, the EDFA considered in Section IV-A
(Setup A) yields Py ~ 42.7dBm.

We distinguish three main effects associated with SPM.

a) Nonlinear phase rotation (NLPR): Each received
symbol undergoes a different power-dependent phase rotation.
In the absence of chromatic dispersion, symbols do not spread
nor interact through linear memory, and therefore the nonlinear
distortion remains temporally uncorrelated. In principle, NLPR
is a deterministic effect which can be exactly compensated by
applying the inverse phase rotation at either the transmitter
or the receiver, as discussed in Section III-B. In practice,
however, compensation is fundamentally limited by the ad-
ditional effects described below. Moreover, unlike long-haul
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dispersive links, the absence of temporal correlation in the
NLPR prevents its mitigation through conventional carrier
phase recovery algorithms that rely on temporal averaging
[25].

b) Spectral broadening: SPM inherently implies spectral
broadening, since the phase shift in (4) induces a time-varying
frequency chirp that depends on the derivative of the signal
intensity. In conventional systems operating on standard SMF
fibers in the C band, spectral broadening is strongly suppressed
by chromatic dispersion and is therefore typically negligible.
By contrast, in the present scenario, where L < Lp, it may
become significant and, combined with the finite bandwidth
of practical TXs and RXs, degrade system performance and
limit the effectiveness of NLPR compensation.

In this dispersionless regime, under the assumption of
independent and statistically equivalent polarizations with cir-
cularly symmetric complex Gaussian statistics, the evolution
of the PSD can be derived analytically. Letting

R(z,7) £ Blug (2t + 700 (2, 0)} = B{uy (2t + 7)) (2, )}

)

denote the autocorrelation function of each polarization com-

ponent of the normalized envelope at distance z, one obtains
(see Appendix)

R(0, 7
R = O
[1 + o, (1/4 = |R(0, 7)| )}

The PSD follows from the Wiener—Khinchin theorem as

S(z, f) = /OO R(Z,T)€7j2ﬂf7-d7'. 9)

The accuracy of this analytical expression will be verified in
Section IV-B.

c) Signal-noise interaction: During propagation inside
the HPOA, ASE noise is continuously generated, as described
by the distributed noise term in (2). In principle, this ASE
component co-propagates with the signal and causes random
intensity fluctuations that, through (4), are converted to random
phase fluctuations (nonlinear phase noise).

In the considered scenario, however, the amount of ASE
generated within the amplifier is typically negligible compared
to other sources of noise in the system. As a consequence,
the corresponding nonlinear signal-noise interaction is also
negligible, and the overall SNR is essentially determined by
the receiver noise.

On the other hand, receiver noise, although it does not
physically interact with the signal inside the nonlinear fiber,
may give rise to an indirect but analogous form of signal-
noise interaction when attempting to invert (4) by DSP at
the receiver. This mechanism, which will be analyzed in the
following, ultimately limits the practical mitigation of NLPR.

C. Free-Space Optical Channel

After leaving the OGS, the optical signal propagates through
an FSO link toward the satellite.

All time-varying propagation effects—such as atmospheric
turbulence, scattering, and molecular absorption—are treated
in a static manner. The wireless channel is therefore simply

y'(®)
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1 Hrx(f) T

eibpre(®)

x(t) y@®)

eJeNL(D) eJPpost(t)

n(t)

Figure 3. Simplified equivalent baseband model derived from Fig. 2 under
the approximations in Section II-E, used for theoretical analysis and as a
guideline for the development of the proposed DSP compensation techniques.

modeled as a constant attenuation factor £, representing the
overall link loss between ground and satellite.

D. Receiver

At the receiver (RX), a preamplified coherent opto-
electronic front-end is considered, comprising an optical pre-
amplifier with gain Grx and noise figure Frx; a polarization-
and phase-diversity coherent receiver with balanced photode-
tectors; and four analog-to-digital converters (ADCs), one
per each quadrature component of each polarization. The
optical pre-amplifier introduces an additive white Gaussian
noise (AWGN) contribution ngx(¢) with PSD Ngx =
Grx Frxhv/2 per polarization. The receiver is assumed ideal,
except for the finite electrical bandwidth of the photodetectors
and ADCs, by the low-pass transfer function Hrx(f).

The digitized samples are finally processed by DSP, which
includes optional NLPR compensation, matched filtering, and
symbol-rate sampling. More details about DSP are provided
in Section III and IV-A.

E. Simplified Model

Based on the above considerations, the baseband model in
Fig. 2 can be simplified as in Fig. 3, where the fiber channel
is simply modelled by the NLPR ¢ny,(t) = —¢[[u(0,%)? in
(4) (neglecting dispersion and signal-noise interaction), and
the AWGN term n(t) = [n,(t),ny(t)]7 accounts for the
contribution of all noise sources and for the effect of gains
and losses, with an overall SNR (per symbol)

P P

SNR = ~
Rshv(LFgx + GuroaFuroa) RShyﬁFR}((lo)

The approximation in (10) holds when £ > Gupoa, i.e., in
the practically relevant scenario of strong channel loss.

This simplified model captures the most relevant character-
istics of the channel, namely, AWGN, bandwidth constraints,
NLPR, and the associated spectral broadening. It will therefore
be used in the following to design and optimize the system
and to provide a theoretical interpretation of the results.

In particular, based on this model, we restrict transmitter
predistortion and receiver post-compensation to simple phase
rotations—¢pre(t) and @post(t), respectively—as detailed in
Section III-B.

On the other hand, simulation results will be obtained
using the more accurate physical model described previously.
Nevertheless, we will demonstrate that the simplified model
reproduces them with good accuracy and can, in principle,
replace the full physical model even for reliable performance
estimation.
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ITII. DIGITAL TECHNIQUES FOR NONLINEARITY
COMPENSATION

In this section, we discuss and analyze DSP techniques
for the mitigation of the HPOA nonlinearity. The proposed
techniques are inherited from optical fiber communication and
tailored to the HPOA scenario.

A. Probabilistic Constellation Shaping

Probabilistic constellation shaping has been known for sev-
eral decades, and nowadays is commonly adopted in optical
fiber coherent systems with the dual objective of improving
system performance and enabling fine-tuning of the trans-
mission rate. Probabilistic shaping is commonly implemented
through the probabilistic amplitude shaping (PAS) architec-
ture, in which a distribution matcher (DM) maps information
bits onto amplitudes with the desired probability distribution,
while the signs remain uniformly distributed and are used for
forward error correction (FEC) [26]. The main component
of PAS is the DM, which maps % information bits onto N
shaped amplitudes (where N denotes the block length) drawn
from the M-ary alphabet {1,3,...,2M — 1}, achieving a
DM rate Rpy = k/N. The N amplitudes are then com-
bined with N signs (with uniform distribution), to form N/4
couples of complex QAM symbols modulating the signal
in (1).2 The accuracy of the DM depends on the specific
implementation but typically improves when NV increases [25],
[27], [28]. In general, algorithmic DMs, such as constant-
composition DM (CCDM), enumerative sphere shaping (ESS),
and their variants, achieve good performance at the cost of
non-negligible complexity for large NV [27], [28]. By contrast
hierarchical DMs based on look-up-tables (LUTs) have negli-
gible complexity but reduced performance [29], [30]. When
N is very small, the DM can be implemented efficiently
with a single LUT, simply storing the 2* best sequences of
N amplitudes. In the linear regime with an average power
constraint, the optimal DM scheme is denoted as sphere
shaping (SpSh), corresponding to mapping information on
sequences with minimum energy. An example of LUT-based
SpSh encoding is shown in Fig.4 for k = 5, N = 4, and
M = 4, (Rpm = 1.25 bits/amplitude, 64QAM constellation).
The k input bits determine the LUT address containing the
output amplitude sequence. Correspondingly, the decoding
LUT has M” entries—one for each possible sequence of
N amplitudes—each returning the associated k bits.?> Overall,
the memory required for the encoding and decoding LUTsS is
2% N'log, M and Mk bits, respectively.

PAS provides two main advantages, discussed below: shap-
ing gain and rate adaptability. Thanks to these features, PAS
has also been proposed for free-space optical communications
[20].

Rate adaptability refers to the ability to vary the information
rate (IR) for a fixed FEC code rate ¢ and constellation order,

’Different mapping strategies are possible—e.g., mapping the DM am-
plitudes independently on each quadrature component of each polarization
[25]—Dbut are not considered in this work.

3Since not all MY amplitude sequences are actually needed, a more
efficient implementation of the decoding LUT may be devised.

by solely adjusting the DM rate. Specifically, the information
rate is given by IR = Rpy + 1 — (1 — ¢)m in bits per 1D
symbol, where m = logy M + 1 is the number of bits per
1D symbol [31]. This property is particularly attractive for
satellite communications, where channel conditions can vary
significantly, for instance due to cloud coverage. When using
a LUT with block length NV, the rate can be adapted by simply
decreasing k—i.e., using only the first 2 entries of the LUT—
in steps of 1/N, with finer granularity for larger N.

Shaping gain refers to the improved performance compared
to uniform constellations. In the linear regime, PAS aims at
reducing the mean energy per symbol for a fixed IR, and
approaches Shannon capacity as N increases, providing up
to 1.53dB gain over an AWGN channel compared to the
uniform constellation by targeting the Maxwell-Boltzmann
(MB) distribution, a sort of discretized Gaussian distribution
[26].

PAS has also been investigated for mitigating nonlinearities
in optical fiber communication, but with limited gains [25],
[28], [32]. Here the mechanism relies on the correlations
induced by the DM among the amplitudes within each block,
which reduce the nonlinear interference generated during
propagation. This effect is more pronounced for shorter block
lengths N. As a result, the overall shaping gain is maximized
for a block length that balances linear and nonlinear effects
and depends on the channel memory, i.e., on the accumulated
dispersion. The optimal N is generally very long (/N>100)
for multi-span fiber links (in C-band with SMF), and shorter
(N ~ 30) for single-span links, but in any case too long for
a single-LUT implementation. Moreover, the long memory
of these fiber channels implies that carrier phase recovery
algorithms that are commonly employed to address laser phase
noise are also capable of mitigating the generated nonlinear
interference, hiding the nonlinear shaping gain in most cases
[25], [33].

The picture is quite different for satellite optical coherent
up-links with HPOAs. While the behavior in the linear regime
remains unchanged, the nonlinear regime differs due to the
nearly dispersionless nature of the fiber channel, which makes
nonlinearity an almost instantaneous (memoryless) effect, as
discussed in Section II. This leads to two key consequences,
which will be quantified and analyzed in Section IV-C: i) the
optimal PAS block length N becomes much shorter, making
a single-LUT implementation of the DM—such as the one
depicted in Fig. 4—particularly attractive; ii) carrier phase
recovery algorithms are ineffective in mitigating nonlinear
interference, increasing the relevance of the nonlinear shaping
gain provided by PAS.

B. Nonlinear Phase Compensation (NLPC)

Assuming the simplified model in Fig. 3, fiber propagation
reduces to the phase rotation in (4), which can be inverted at
the TX or RX DSP by applying the inverse rotation. We refer
to this operation as nonlinear phase compensation (NLPC).
In the absence of bandwidth limitations and noise, exact
inversion could be equivalently performed at the TX or RX.
In practice, however, bandwidth limitations and noise prevent
exact inversion, as discussed below.
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Figure 4. LUT with N = 4 amplitudes from {1,3,5,7} and 32 entries
(k = 5), corresponding to a 64QAM SpSh constellation with rate 4.5 bits/2D.

At the RX, the transfer function Hrx(f) filters out part
of the spectrally broadened signal, preventing exact inversion
of (4). Similarly, at the TX, accurate pre-compensation would
require generating frequency components that may lie outside
the available bandwidth defined by Hrx(f). To mitigate the
effect of bandwidth limitations, it would be advantageous to
split the NLPC equally between TX and RX, minimizing the
maximum spectral broadening experienced by the signal at
both locations. However, the noise injected between the HPOA
and the RX breaks the symmetry between TX and RX pro-
cessing, degrading only the effectiveness of RX-side NLPC.
Furthermore, complexity and power consumption constraints
are also asymmetric between satellite and ground terminals,
generally favoring TX processing.

For these reasons, we consider a split NLPC between TX
and RX, with splitting ratio

x'[k] = x[k] exp(jrl|x[K]||*)
y[k] = y'[k] exp(i(1 = x)|ly'[K]|*)

where x[k], x'[k], y'[k], and y[k] denote the transmitted signal
(before and after NLPC) and the received signal (before and
after NLPC), respectively, as shown in Fig. 2 and 3, sampled
at n samples per symbol. Based on the above discussion,
the splitting ratio x can be either optimized to maximize
performance or set to x = 1, corresponding to NLPC entirely
performed at the TX. Both cases are analyzed in Section I'V-C.
The complexity of NLPC, at the TX or RX side, measured
as number of real multiplications (RM) per 2D symbols, is

CniLc = 5.5n RM/2D (13)

(1)
(12)

assuming that each complex multiplication is implemented
with 3 real multiplications [34].

IV. NUMERICAL RESULTS
A. System Setup

System performance is evaluated through numerical sim-
ulations. A detailed system model is provided in SectionII,
while the transmitter and receiver DSP chains—operating with
n samples/symbol—are shown in Fig. 5 and described below.

The TX-DSP, located at the ground station, maps informa-
tion bits on symbols a; in (1) drawn from a DP QAM constel-
lation with uniform or probabilistically shaped distribution. In
the latter case, the system uses the PAS approach, which com-
bines DM and FEC in reverse concatenation order (the latter
not included in our simulations) [26]. Unless otherwise stated,

input optional

1 FEC symbol lse shapin i
information 4 puise shap .g nonlinear DAC
X | encoder | [encoder| |and upsampling . |
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Figure 5. Transmitter and receiver DSP.

the pulse shape p(t) in (1) has a root-raised cosine spectrum
with roll-off 0.05, and the symbol rate is R = 100 GBd. An
optional NLPC stage, defined in (11) and implemented with
oversampling factor n, may be applied to (1) to obtain the
signal x'(t).

Three different optical amplification configurations are con-
sidered:

Setup A: an EDFA with 33m of Er-doped fiber (disper-
sion By = —21.7ps?/km, nonlinear coefficient
v = 3.6 W lkm™!), resulting in an overall char-
acteristic nonlinear power Py, ~ 42.68 dBm;
the 100 W HPOA reported in [12], consisting of
40m of large-mode-area Er-doped fiber (82 =
—21.7ps?/km, v = 0.2W~km~1), followed
by 3m of standard SMF (3, = —21.7ps?/km,
v = 1.27TW~tkm~1) used as pigtails and patch
cords, yielding Py = 51.24 dBm,;

the master-oscillator power-amplifier scheme de-
scribed in [13], capable of delivering a record
output power of 302W, where the power am-
plifier consists of 6 m of Er/Yb co-doped large-
mode-area fiber (82 = —21.7ps*/km, v =
1.27W~'km~1). To emulate a non-co-located
optical transmitter and telescope architecture, an
additional 20 m of passive fiber, with propagation
characteristics identical to those of the active fiber,
is included at the amplifier output to represent
pigtails and interconnecting patch cords, resulting
in an overall Pyr, = 53.37dBm.

Unless otherwise specified, the results presented in the follow-
ing are based on Setup A. A comparison with Setups B and C,
which exhibit improved performance, as well as a validation
of the simplified model across all three configurations, is
provided in the final part of the paper. Fiber propagation
according to (2) is evaluated numerically using the split-step
Fourier method (SSFM) with a sufficiently large number of
steps, including dispersion, nonlinear Kerr effects, gain, and
distributed noise due to ASE.

After the HPOA, the signal is launched into free space
and received at the satellite station. Propagation through the
FSO channel is simply modeled as a lumped attenuation L.
The noise figure of the RX-side EDFA is Frx = 4dB. The
limited bandwidth of both TX- and RX-side opto-electronics
components (DAC, ADC, modulator and photoreceiver) is
accounted for by ideal rectangular filters Hrx (f) = Hrx(f)
with lowpass bandwidth B = 55GHz. The overall signal
bandwidth, including the pulse-shaping roll-off, is 1.05- R =
52.5 GHz, leaving a small margin (about 5%) for spectral

Setup B:

Setup C:

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in Journal of Lightwave Technology. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JLT.2026.3717366

broadening. At the RX-DSP, an optional NLPC—defined in
(12) and implemented with oversampling factor n as at the TX-
side—can be applied, followed by matched filter and sampling
at symbol time 1/R. The resulting samples—a noisy version
of the transmitted symbols—are compared with the transmitted
symbols to evaluate the generalized mutual information (GMI),
which quantifies the achievable information rate with ideal
FEC and bit-wise decoding [35], [36]. In our simulations,
the inverse DM and FEC decoding shown in Fig.5 are not
applied, since they are not required to compute the GMI. The
TX and LO lasers are assumed ideal (zero linewidth), as the
phase noise of typical telecom lasers at these baud rates can
be effectively compensated by standard carrier phase recovery
algorithms without performance penalty [37]. For a given
launch power P, the performance is measured in terms of
acceptable link loss, which is the maximum loss £ for which
a desired GMI can be achieved. Our metric is analogous to the
power budget—typically defined as the maximum allowable
loss for a desired pre-FEC bit error rate (BER)—but replaces
the pre-FEC BER threshold with a target GMI. Achieving
the target GMI (measured in bits/2D) ensures that, with an
ideal FEC, the system can operate with arbitrarily low error
probability at the corresponding bit rate R, = 2R - GMI,
where the factor 2 accounts for the two polarizations.* In our
setup, unless otherwise stated, we consider two cases: (i) a
target GMI of 3 bits/2D (corresponding to an achievable bit
rate R, = 600Gb/s) on the shaped 64QAM constellation
with shaping rate 4.5 bits/2D or with uniform (U)-16QAM or
64QAM; and (ii) target GMI of 5bits/2D (corresponding to
R, = 1Thb/s) on the 256QAM constellation with shaping
rate 6.5bits/2D or U-64QAM; the shaping rate has been
optimized offline. Clearly, the acceptable link loss depends on
the launched power P. It increases linearly with P until fiber
nonlinearity remains negligible (P < Pyt,), then reaches a
peak at the optimal power and decreases afterwards due to the
NLPR and spectral broadening induced by the nonlinearity.
Accordingly, we define the maximum acceptable link loss as
the peak value achieved at this optimal launch power.

B. Spectral Broadening

Fig. 6 illustrates the spectral-broadening effect occurring in
the HPOA (Setup A) for three different NLPC configurations:
(a) without NLPC, (b) with TX-side NLPC, and (c¢) with NLPC
evenly split between TX and RX. For each configuration, the
left panel shows the PSD of the transmitted signal before the
HPOA, while the right panel shows the PSD of the received
signal after the HPOA. In these examples, the transmit and
receive filters Hrx (f) and Hrx(f) are omitted so that the full
extent of the spectral broadening can be observed, while their
bandwidths are indicated by black dashed lines for reference.
Numerical simulations based on the split-step Fourier method
(SSFM), averaged over many realizations, are compared with
the analytical prediction based on (8). The results are obtained
for probabilistically shaped 64QAM signals at a launch power

of P = 43dBm (corresponding to ¢ ~ 1.1). Probabilistic

4For a specific realistic FEC, the target GMI can be replaced by the
normalized GMI threshold evaluated for that FEC scheme [38].
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Figure 6. PSD of the normalized transmitted (left) and received (right)

signals (100 GBd, ¢ =~ 1.1) obtained analytically from (8) or with numerical
simulations (MB or SpSh with N = 4): (a) without NLPC; (b) with TX-side
NLPC; and (c) with split NLPC.

shaping is implemented either through i.i.d. symbols with
an MB distribution, representative of ideal AWGN-optimal
shaping and practically achievable for large block lengths IV,
or through SpSh with block length N = 4, corresponding to
the simple LUT implementation shown in Fig. 4.

Without NLPC (Fig. 6(a)), the PSD of the transmitted
signal is solely determined by the pulse shape p(t), inde-
pendently of the adopted shaping scheme, and remains fully
contained within the TX bandwidth. After propagation through
the HPOA, however, significant spectral broadening occurs,
causing part of the signal spectrum to extend beyond the
available RX bandwidth and reducing the in-band PSD. In
this condition, RX-side NLPC can mitigate, but not fully
compensate, NLPR, since the out-of-band spectral components
are irreversibly lost after detection. For i.i.d. MB symbols,
the spectral broadening is more pronounced and closely fol-
lows the analytical prediction of (8). By contrast, SpSh with
N = 4 exhibits reduced spectral broadening due to the
strong correlation among the amplitudes of the four quadrature
components within each DP symbol, an effect not captured by
the analytical model. This observation suggests that reducing
the PAS block length may help mitigate spectral broadening,
although such behavior is not described by the simplified
analytical expression in (8), which assumes i.i.d. symbols.

With TX-side NLPC (Fig. 6(b)), spectral broadening could
be virtually removed from the RX signal, but at the expense of
inducing a comparable broadening on the TX signal. There-
fore, under symmetric TX and RX bandwidth constraints, TX-
side and RX-side NLPC are expected to experience similar
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bandwidth limitations and provide comparable performance.
In this scenario, the impact of spectral broadening could be
reduced by evenly splitting NLPC between TX and RX, as
illustrated in Fig. 6(c).

C. System Performance

First, we analyze system performance for different modula-
tion formats with uniform or shaped distributions. Fig. 7 shows
the acceptable link loss versus launch power P for a target
GMI of 3bits/2D without NLPC, comparing U-16QAM, U-
64QAM, i.i.d. symbols with MB distribution (an ideal bench-
mark distribution that is nearly optimal in the linear regime),
and SpSh with very short (N = 4) and very long (/N = 256)
block lengths [28]. In all cases, PAS is implemented using
4D serial mapping: the N amplitudes generated by the same
DM instance are mapped sequentially onto the quadratures
and polarization components of the transmitted symbols. As a
result, each DM instance generates N/4 4D symbols, meaning
that a DM with block length N = 4 generates a single 4D sym-
bol [25], [39]. The figure shows that (i) in the linear regime,
ideal MB shaping achieves the best performance, closely
approached by SpSh with N = 256; (ii) performance drops in
the nonlinear regime due to HPOA-induced nonlinearity; and
(iii) in the nonlinear regime, ideal MB shaping performs worse
than uniform constellations, while SpSh with a very short
block length provides the best performance despite its large
rate loss in the linear regime. This behavior arises from a trade-
off between linear shaping gain and robustness to nonlinear
effects for the different formats. For a given average symbol
energy, the linear shaping gain increases with the constellation
entropy, reaching its maximum with MB shaping, whereas
nonlinear effects grow with the energy variations among the
constellation symbols—being absent in a 4D constant-energy
constellation, lower for uniform constellations, and largest for
MB. SpSh with N = 256 closely approximates MB shaping,
while SpSh with N = 4 provides the best trade-off between
linear gain and nonlinear robustness. The advantage of SpSh
with N = 4 is also evident in Figs. 6(a-c), which show its
reduced spectral broadening compared to MB shaping.

A deeper analysis of the behavior of different shaping
strategies is reported in Fig.8, which shows the maximum
acceptable link loss (at optimal power, taken at 1dB steps) for
different DM block lengths N for a target GMI of 3 bits/2D
and without NLPC. The figure compares the performance of
ideal i.i.d. symbols with MB distribution, SpSh, shell mapping
[25], constant composition distribution matcher (CCDM) [27],
and one example of hierarchical DM (HiDM) [29], [30].°> The
figure shows that all techniques converge to the MB perfor-
mance for long block lengths, with SpSh outperforming shell
mapping, which in turn outperforms CCDM. This behavior,
also observed in conventional fiber systems, is due to the rate
loss of the considered DMs, largest for CCDM and smallest for
SpSh. By contrast, in this scenario, the optimal block length
for SpSh and shell mapping is much shorter (N = 4) than

3The HiDM structure is made of 3 layers, with output amplitudes [4, 4, 4],
input bits [1, 13, 12] and alphabet size [4, 64, 64] and has been optimized to
have minimum rate loss under reasonable constraints and block length.
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Figure 7. Performance of different uniform and shaped modulations (target
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in conventional fiber systems [25], [40], [41], highlighting
the importance of correlations between the four quadratures
of a single 4D symbol rather than among adjacent symbols.
Conversely, CCDM achieves its best performance with very
long block lengths, due to the high rate loss incurred at
short block lengths. The optimal SpSh with N = 4 can be
implemented with a LUT with 32 entries, sketched in Fig. 4,
containing the sequences of N = 4 amplitudes with lowest
energy. Finally, HiDM (also implemented with LUTSs) provides
a good nonlinear performance, obtained with a longer block
length N = 64, which may provide advantages in terms of
rate granularity (by steps of 1/N) and linear performance.
Further optimization of HIDM may provide larger gains. In
the following, unless otherwise stated, SpSh with block length
N = 4 is considered as a shaping scheme and is simply
referred to as NL shaping.

Next, we study the performance of the proposed NLPC
technique, investigating its dependence on the splitting ratio
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x between TX and RX, on the TX and RX bandwidth, and
on the oversampling factor n. Fig.9 reports the maximum
acceptable link loss as a function of the splitting ratio x, for
different bandwidth values B, with n = 8 and a target GMI
of 3bits/2D. As discussed in Section III-B, the effectiveness
of NLPC is limited by two factors: bandwidth limitation,
which acts symmetrically at the TX and RX, and signal-noise
interaction, which primarily occurs at the RX. In principle, the
first impairment can be mitigated by increasing the bandwidth
and/or by evenly splitting the NLPC between TX and RX,
whereas the second can be reduced by shifting the NLPC
toward the TX. As a result, for a narrow bandwidth of
B = 55 GHz, the optimal splitting ratio is k ~ 0.6 (i.e., an
almost even split), yielding a gain of about 3 dB relative to the
baseline (without NLPC). When the bandwidth increases, only
TX-side NLPC improves, whereas RX-side NLPC remains
limited by signal-noise interaction. Consequently, the optimal
splitting ratio shifts toward the TX, resulting in improved
performance.

From a practical standpoint, however, increasing the band-
width is generally not a viable option, as it would require
allocating additional spectral resources solely to facilitate
NLPC. In fact, such additional bandwidth could be exploited
more efficiently by increasing the symbol rate, as shown later
in this section. Therefore, larger bandwidths are considered
here mainly to provide insight into the operating principles
and fundamental limitations of the technique.

On the other hand, splitting NLPC between TX and RX is
a viable implementation option, albeit at the cost of increased
RX complexity. This aspect is particularly relevant in satellite
systems, where onboard processing resources are typically
constrained. Therefore, TX-side NLPC with limited bandwidth
represents the simplest solution. Although suboptimal, it still
provides a significant gain exceeding 2 dB.

Figure 10 shows the dependence of the performance on
the oversampling factor n (bottom axis) for different NLPC
configurations: TX-side NLPC (x = 1), split NLPC with
optimal splitting (x = 0.6), and TX-side NLPC without
bandwidth limitations. For each value of n, the corresponding
complexity, evaluated from (13), is reported on the top axis.
The figure shows that the performance of both TX-side and
split NLPC saturates at n = 2 samples/symbol when the
55 GHz bandwidth limitation is included. In this case, the com-
plexity of each NLPC is low, amounting to only 11 RM/2D.
As expected, when DAC and ADC bandwidth limitations are
removed, the performance further improves with increasing
n. A similar behavior is observed for target GMIs of 3 and
5 bits/2D.

Next, Fig.11 compares the performance of the different
strategies proposed in this work, considering various shaping
and NLPC configurations: (i) uniform (U) QAM constella-
tions, (ii) constellation shaping based on PAS optimized for the
nonlinear regime with N = 4 and LUT implementation (NL-
shaping), (iii) NL shaping with TX-side NLPC, and (iv) NL
shaping with NLPC split between TX and RX with k = 0.6,
all under a 55 GHz bandwidth limitation and with n = 2. As
expected, the acceptable link loss at a GMI of 3 bits/2D is sig-
nificantly higher than at 5 bits/2D—approximately 6 dB in the
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linear regime and up to 10dB in the nonlinear regime—since
a lower SNR is required. Compared to uniform constellations,
NL shaping provides a gain of up to 1dB in the nonlinear
regime, while yielding approximately the same performance
in the linear regime, as the conventional linear shaping gain is
offset by the large rate loss due to the short block length. On
top of this, NLPC provides additional improvements beyond
NL shaping. In particular, TX-side NLPC yields an extra gain
of more than 2dB at a GMI of 3 bits/2D, and more than 4 dB
at 5 bits/2D, relative to NL shaping alone. These gains can be
further increased by about 1dB when adopting split NLPC.
So far, assuming DAC and ADC bandwidth limitations of
B = 55GHz, we have considered a fixed symbol rate R =
100 GBd, with target GMI values of 3 bits/2D or 5 bits/2D,
corresponding to overall bit rates R, = 2R - GMI of 600 Gb/s
or 1Tb/s, respectively. However, the same bit rates can also be

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in Journal of Lightwave Technology. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/JLT.2026.3717366

—U-16QAM U-64QAM

NL shap. ——NL shap.+TX-NLPC NL shap.+split NLPC

78

76 pees
o GMI 3 bit/2D -
o 74
A
o 72
= 70
@
3 68
Q
@
8 66
< /J N

64 1 ¢ &

! :
62 L L
35 36 37 38 39 40 41 42 43 44
Launch power [dBm]
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5bits/2D (dashed) and 3 bits/2D (solid), with n = 2.

achieved by varying the symbol rate R and correspondingly
adapting the target GMI according to GMI = R,/(2R).
Reducing R allows better containment of spectral broadening
within the available bandwidth B, but requires operation at
higher GMI and therefore higher SNR. Conversely, increasing
R reduces the required GMI, but leaves less margin for spectral
broadening and may introduce intersymbol interference even
in the linear regime if the signal bandwidth exceeds B (which
occurs at R ~ 105 GBd).

Fig. 12 evaluates this tradeoff by showing the maximum
acceptable link loss as a function of the symbol rate for
target data rates of (i) 600 Gb/s and (ii) 1Tb/s. All results
are obtained with n = 2, while varying R and selecting the
target GMI accordingly.

The figure shows that the largest acceptable link loss is
achieved for symbol rates slightly above 105 GBd, meaning
that reducing the symbol rate to leave additional margin
for spectral broadening is not advantageous. Instead, it is
preferable to fully exploit the available DAC/ADC bandwidth,
and even slightly exceed it, in order to operate at lower
target GMI values and therefore reduce the required SNR.
Although part of the signal spectrum is filtered by the finite
DAC/ADC bandwidth in this regime, the benefit associated
with the reduced GMI requirement more than compensates
for the corresponding bandwidth penalty.

D. Performance Across Amplification Setups and Simplified-
Model Validation

The objective of this section is to compare the system
performance obtained with the different HPOA setups de-
scribed in Section IV-A with that predicted by the simplified
dispersionless model in Fig. 3, in order to assess both (i) the
validity of the simplified model and (ii) the effectiveness and
generality of the proposed DSP techniques across different
nonlinear propagation scenarios.

Fig. 13 shows the maximum acceptable link loss versus the
characteristic nonlinear power Py., = (Lefffy)*l. As expected,
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Figure 12. Performance of different DSP techniques as a function of the
symbol-rate with a fixed DAC/ADC bandwidth B = 55 GHz and n = 2.
The target GMI changes with the symbol rate to guarantee a fixed overall bit
rate of 1Tb/s (dashed) and 600 Gb/s (solid). The top axis reports the signal
bandwidth.

according to the simplified model (shown with a solid line),
the maximum acceptable link loss increases linearly with Py,
since nonlinear impairments depend only on the normalized
quantity P/PyL. Therefore, increasing Py allows a higher
launch power P and, consequently, a larger acceptable link
loss.

Interestingly, all considered HPOA configurations (markers)
follows the same trend predicted by the dispersionless model,
confirming that their system behaviour can be effectively
captured through the single parameter Py, despite their
different physical implementations. In this respect, amplifiers
characterized by a lower characteristic nonlinear power Pnr,
inherently achieve better performance; however, the proposed
DSP techniques remain generally applicable and provide ad-
ditional performance gains for each considered setup.

Overall, Fig.13 confirms the accuracy of the simplified
model in describing HPOA-based uplinks and its suitability
as a design and analysis tool, while also highlighting the
robustness of the proposed DSP strategies across different
amplification architectures.

V. CONCLUSION

This work has presented a systematic analysis of coherent
optical satellite uplink systems employing high-power optical
amplifiers (HPOAs). To the best of our knowledge, this repre-
sents the first comprehensive investigation of nonlinear effects
arising in the HPOA stage within this emerging application
domain. In contrast to long-haul fiber links, dispersion in the
considered scenario is negligible, and nonlinear distortions are
essentially instantaneous, manifesting predominantly as self-
phase modulation and spectral broadening. This fundamentally
alters the interplay between nonlinearity, noise, and bandwidth
limitations, leading to a distinct operating regime compared to
conventional fiber systems.
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In the ideal case of unlimited bandwidth, the instantaneous
nature of the nonlinear distortion enables, in principle, perfect
nonlinear compensation. However, in practical systems sub-
ject to bandwidth constraints, nonlinear spectral broadening
interacts with filtering and noise, making compensation more
challenging. To address these limitations, DSP techniques
inherited from optical fiber communications have been adapted
and optimized for the satellite uplink context.

To this end, probabilistic shaping and nonlinear phase
compensation (NLPC) strategies have been investigated as
complementary approaches to improve system performance.
Probabilistic shaping provides nonlinear tolerance and rate
flexibility. Different shaping strategies have been analyzed,
showing that a simple LUT-based scheme achieves the largest
performance improvement with negligible complexity and
minimal memory requirement, providing up to 1dB of gain
over uniform constellations. This is achieved for a very short
block length, which reduces rate granularity. Adjusting the DM
block length trades off rate granularity and nonlinear shaping
gain, with HiDM structures offering a promising solution
for further investigation. NLPC enables additional mitigation
of Kerr-induced distortions with low complexity. It can be
implemented at the TX, at the RX, or split between the two
and requires only 11 real multiplications per 2D symbol.
Overall, the combination of probabilistic shaping and split
NLPC increases the acceptable link loss by about 4dB at
600 Gb/s and 6dB at 1 Tb/s.

The study also reveals that performance gains can be
consistently achieved across a wide range of amplification
configurations, despite their different physical implementa-
tions and nonlinear characteristics. Moreover, these results
can be effectively interpreted through a simplified model that
reduces the dependence on the detailed amplifier configuration
to a single equivalent parameter. This provides a compact
and accurate framework for performance prediction, enabling

straightforward system assessment and comparison without
requiring explicit modeling of the underlying amplifier com-
plexity.

Future work will extend the present analysis to wavelength-
division multiplexing (WDM) systems, where inter-channel
nonlinear effects and spectral coexistence will introduce addi-
tional design trade-offs.

APPENDIX

We collect the two polarization components of the input
field at times ¢t + 7 and ¢ in the four-dimensional circularly
symmetric complex Gaussian vector

21 ug (0, +17)
|z |uy(0,t+7)
P ug(0,¢) (14
Z4 uy(0,1)
with probability distribution
1
p(z) = W exp (—ZHC_lz) (15)

where C = E{zz"} is the covariance matrix and (-)* denotes
Hermitian conjugation. Assuming independent and statistically
equivalent polarizations, C has a simple block structure

_ _ RO RT
C_CQ®I27 C2 — |:R;k. RO:| (16)
where I,,, is the m x m identity matrix,
Ry 2 R(0,0), R, =2 R(0,7) a7

and ® denotes the Kronecker product [42, Chap. 4]. The
determinant and inverse of Cy are

Col = RE=IRP Gl = g {_RR% }éﬂ as)
Letting
A=Ax1,, A, = diag(1,—1) (19)
the autocorrelation at distance L reads
R(L,t) = E{z 2} exp(—joz Az)}
= %/zlzg‘ eXp(—zTDz)dz (20)

where we have collected the terms at the exponent in a single
quadratic form with matrix D = C~! + j$A. Exploiting the
block structure of C and A, we rewrite D = Dy ® I, with

- 1 [Ro+ jo|Csl —R,
D, =C;l + joA, = [ 0 " o
=GR T e R Ry jeloy)
(21
A direct computation gives
1+ ¢?|Cy|
Dy|=—"—-""= (22)
Dy Gyl
— 1 RO_J(E‘CZ| RT :|
D= ———— - 23
2 1+¢2|cg|{ R7 Ry + jo|Cof *)

Multiplying and dividing (20) by |D|, we can interpret it
as the expectation of 2725 under a Gaussian distribution
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with covariance matrix D~*, divided by the factor |C||D].
This expectation simply equals the corresponding term of the
covariance matrix D!, hence

(D iz (Dyhe
ICI[D]  |C2*|Dyf?

R(L.t) = (24)

where the second equality follows from the properties of the
Kronecker product. Replacing (18) and (22)-(23) in (24), we
eventually obtain

Ry
[1+¢2(R3 — R )]’

R(L,7) = (25

Finally, using (17) and noting that the normalization adopted
in the Manakov equation (2) implies Ry = R(0,0) = 1/2, we
obtain the expression (8) reported in the main text.

The analysis can be extended to the AM-mode version
of (2)—the so called generalized Manakov equation, which
applies for instance to the propagation in multi-mode fibers in
the strong coupling regime [43]. Defining a 2 -dimensional
Gaussian vector z with covariance matrix C = Cy @ Iy (M
independent and statistical equivalent modes), and following
a similar derivation (replacing Iy with I, everywhere), one
obtains

R(L,7) = _ R0, 7) o (26)
[1+@*((1/M)? = |R(0,7)[?)]

For M = 1, the well-known result for the scalar nonlinear
Schrodinger equation is recovered [44], [45, eq. (4.1.20)] .
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