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On the Interplay of Nonlinear Interference
Generation with Stimulated Raman Scattering for
QoT Estimation

M. Cantono, Student Member, OSA, D. Pilori, Student Member, OSA, A. Ferrari, Student Mem-
ber, OSA, C. Catanese, J. Thouras, J.L. Auge, Member, OSA, and V. Curri, Member, IEEE

Abstract—To effectively operate multi-vendor disaggregated
networks, performance of physical layer needs to be assessed by a
quality-of transmission estimator (QoT-E) delivering quick results
with a given reliability range. Current state-of-the-art WDM
channels are based on multilevel modulation formats relying on
DSP-operated coherent receivers, propagating on uncompensated
and amplified optical links. In this transmission scenario, beside
ASE noise accumulation, nonlinear propagation impairments are
well summarized by the accumulation of a Gaussian-distributed
disturbance: the nonlinear interference (NLI). When exploiting
a transmission bandwidth exceeding the C-band, the interaction
of NLI generation with the stimulated Raman scattering (SRS)
must be properly considered. We present the derivation of the
generalized Gaussian noise (GGN) model for NLI generation,
including the SRS and, in general, a spectral and spatial variation
of gain/loss. We validate its accuracy by comparing performances
predicted by a QoT-E based on the GGN-model with measure-
ments on a testbed exploiting commercial equipment, including
100 Gbps transponders. Considering that operational parameters
of commercial equipment are known with a large range of
uncertainty, an excellent agreement with errors within 0.5 dB
on the generalized SNR is shown, demonstrating that the GGN-
model can be used for QoT-E in multi-vendor network scenarios.
Moreover, the GGN-model has shown the capability to predict
the spectral tilting due to SRS in SNR performances, enabling its
application to evaluate the impact of linear pre-tilting for SRS
pre-compensation and NLI generation.

Index Terms—NLI, GGN-model, coherent optical systems

I. INTRODUCTION

HE need for optical performance modeling is a request

of operators to lower the cost of optical networks by
deploying multi-vendor disaggregated optical networks, sup-
porting white boxes and interoperability, while maintaining
high performances. To make this effort successful, besides
common control models for network elements to be integrated
into off-the-shelf controllers, a vendor-agnostic assessment of
optical performance is needed to allow controllers to take
reasonable decisions. For this reason, operators and vendors
are working together to develop vendor-agnostic quality-of-
transmission estimators (QoT-Es), as it is demonstrated by
consortia such as the Telecom Infra Project (TIP) [[1] and
Open-ROADM |[2]. In fact, the development of these QoT-
Es needs to be driven by both operators, vendors and system
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integrators, as many design and operation aspects need to be
agreed on. Such activities have the potential to change the
way optical networks are designed and managed, enriching
the capabilities of both operators and vendors. Operators will
be able to simplify network design deployment by planning
for vendor-neutral implementations. Vendors will be able to
assess the performance of their products against a tool that
is agreed on by the optical community. Practical examples
of applications of such QoT-Es include physical-layer control
plane definition in multi-vendor and disaggregated optical
networks [3|] and design, management and orchestration of
elastic networks [4], [S]. As for this operations, quick QoT
assessments will be needed, performance predictions via nu-
merical solutions of the nonlinear Shrodinger equation are not
feasible.

For state-of-the-art transmission techniques based on multi-
level modulation formats exploiting polarization-division mul-
tiplexing and relying on DSP-operated coherent receivers, it
has been extensively shown that nonlinear impairments can
be well summarized by the accumulation of a noise-like
Gaussian-distributed disturbance named nonlinear interference
(NLI), also when exploiting bandwidths exceeding the C-band
[6]-[9]. Several models giving an accurate estimate of the NLI
accumulation have been proposed in the technical literature
and extensively validated by experimental results [[10]—[18].
One of the most adopted options for NLI modeling is the
Gaussian Noise (GN) model [12], [18] that has been shown
to be an effective method to get a quick, yet accurate, conser-
vative prediction of NLI accumulation in commercial systems
[5]. For these reasons, the GN-model has been identified as
a suitable candidate to be implemented for such QoT-E tools
within the TIP consortium [5[], [19].

The continuous growth of traffic demand is leading the
investigation on optical transmission technologies enabling
the increase of the core networks’ capacity. In particular, the
enlargement of the optical transmission bandwidth beyond
the C-band has been proposed as a possible solution to
achieve this goal [20]. Nowadays, C+L band systems close
to 200 channels on the 50 GHz DWDM grid are gaining
traction, and commercial systems with these characteristics are
already available on the market [21]. In such ultra-wideband
transmission systems — as C+L optical systems — the inter-
channel crosstalk due to stimulated Raman scattering (SRS)
may induce relevant spectral tilting to be properly considered
and compensated for, both taking into account the Amplified



Spontaneous Emission (ASE) noise accumulation and the
nonlinear propagation impairments.

Fiber propagation models of state-of-the-art transmission
techniques, such as the GN-model, have been derived without
considering the simultaneous effect of SRS and NLI genera-
tion. This approximation leads to limited inaccuracies typically
absorbed by system margins where limited bandwidths are
exploited and the spectrum is periodically equalized every
few spans, as in currently deployed systems. However, not
relying on a proper model of joint SRS and NLI generation
may cause large inaccuracies with the enlargement of the
spectral bandwidth, because of the larger NLI generation
in channels at lower frequencies — higher wavelengths —
receiving relevant pumping effects. This entails inaccurate
performance estimations across the WDM spectrum and an
unequal absorption of design margins across the WDM comb,
as shown in [22]]. Recently, the generalization of the GN-
model — the GGN-model — including the effects of SRS and,
in general, of a generic spatial and frequency distribution of
gain/loss on the generation of NLI in fiber propagation has
been proposed in [23]]. Other two independent derivations were
performed almost simultaneously by two different groups [24]],
[25] giving similar formulations as the one presented in [23],
but no experimental validation has been presented yet.

In this paper, we extend the work presented in [22] with the
aim of experimentally validating the use of the GGN-model
for QoT-E with commercially available systems, showing how
it can be used to safely assess optical performance while
taking into account the effect of SRS on NLI estimation.
Furthermore, we show an application example of the GGN-
model to assess the impact of amplifier tilting for system
performance estimation. The experimental results presented
in this paper show how the GGN-model can be effectively
used in vendor-neutral QoT-Es for the design and control
of multi-vendor disaggregated optical networks, as it delivers
consistent estimation of QoT performance across the whole
WDM spectrum, correctly predicting the slope of SNR vs
frequency within a small reliability range of the order of
+0.5 dB. We also show a comparison with simulative results,
where all system parameters are completely under control,
contrary to what happens in experimental validation efforts
with commercial equipment. This comparison shows that the
GGN-model delivers the added value with respect to the GN-
model of enabling conservative QoT-E on the entire spectrum,
with an overestimation margin that is the same for all wave-
lengths.

Note that the aim of the GGN-model is not to obtain NLI
estimations as close as possible to the real performance like it
is done in other models like the Enhanced GN (EGN) model
[26]. It indeed aims at being the core module of a quick and
safe QoT-E tool that operates across the full WDM spectrum
and that can be reliably used to design and control multi-
vendor optical networks, relying on optical systems operating
over the entire C-band, and beyond. The GN-model has been
proved to be reliable enough for this goal in the center channel
of the WDM comb, but it fails to do so across the full WDM
comb [22]]. This is exactly the gap that the GGN-model aims
at filling.
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The paper is organized as follows. In Sec. [l we present
a detailed derivation of the GGN-model, then in Sec. [l the
original and extended experimental validation of the GGN-
model is presented comparing model results to experimental
measurements on a testbed including 100-Gb/s commercial
transponders based on PM-QPSK at 32 GBaud. An excellent
agreement with errors within 0.5 dB on the generalized SNR
is shown for six measured channels. In Sec. we comment
on the application of the GGN-model to properly approach the
study of linear spectral pre-tilting to counteract the SRS effect
and its interaction with NLI generation.

II. THE GENERALIZED GN-MODEL

The Generalized GN-model (GGN) model has been pro-
posed in [23], [24], [27] to assess the interplay of NLI
generation with spatial and frequency power variations along
the fiber. The impact of such generic spatially and frequency
distributed loss/gain along the fiber on NLI generation is of
special interest when considering full C-band and beyond
systems, as SRS-induced inter-channel power crosstalk is not
negligible in such transmission scenarios. Specifically, as the
optical signal travels through the fiber, a power transfer from
higher to lower-frequency spectral components takes place,
yielding the well known SRS-induced tilt. For standard single
mode fibers (SMF), the efficiency of this phenomenon is maxi-
mized for optical signals that are placed approximately 13 THz
apart, but it is already visible for total spectral occupations of
the order of few THz, corresponding to WDM comb made
of at least 40 channels within the standard 50-GHz DWDM
grid. Similar spectral distortion effects can be caused by poorly
optimized Raman amplified links, where different frequencies
undergo different Raman gains, yielding a distortion of the
transmitted optical spectrum during propagation. The GGN-
model can also be of interest in such scenarios.

SRS in optical communication systems has been widely
studied over the last 40 years [28]]-[30], and it is well described
by a set of coupled differential equations in z — the so-called
“pump and probe” equations [29] — describing the power
transfer among two continuous wave signals at different fre-
quencies. These equations can be numerically solved to obtain
a gain/loss profile that describes how the optical spectrum
evolves along the fiber due to the impact of SRS. The same
equations can be used to evaluate the distributed spectral-
gain of Raman-amplified systems. Although pump and probe
equations do not consider modulated signals, they can be
safely used in this context as modulation transfer induced by
SRS is a second order effect that is averaged out by chromatic
dispersion [31]], [32]. From a system point of view, SRS-
induced effects are well described by normalized amplitude
profile functions in both space and frequency. Throughout this
paper, we will refer to this as p(z, f). As SRS is a nonlinear
effect that depends on the PSD of the optical signal, p(z, f)
depends as well on the PSD of the optical signal traveling
into the fiber. The normalized amplitude profile p(z, f) can
be expressed as a function of the loss/gain profile of the fiber
g(z, f) due to losses and SRS-induced effects as:

p(z, f) = oJo ac.ndc N
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Figure 1. Span equivalent block model for propagation impairment modeling.
The fiber attenuates the input PSD and adds NLI noise whose PSD can be
computed with the GGN-model.

To study the interplay between these power-variation phe-
nomena and NLI generation in an analytical modeling frame-
work, we extend the well-known Gaussian Noise (GN) model
[12], [18]], that has been shown to give reasonably conservative
predictions to the NLI generation on the center channel
well beyond full C-band occupation [6]—[8]]. Starting from
the GN-model derivation [33]], we generalize its formulation
considering a generic normalized amplitude profile p(z, f) for
the optical field, that is a function of both the fiber spatial
coordinate z and of frequency f. A similar problem has been
addressed in [27], where the authors proxies the impact of
p(z, f) on NLI by introducing a frequency-dependent effective
length used to scale the amount of NLI generated by a fiber
having a frequency-flat loss profile. This strategy represents a
relatively simple engineering approach to propagation impair-
ment modeling, but it ultimately lacks in precision as recently
shown in [22]] since the impact of p(z, f) over the Four-
Wave Mixing (FWM) efficiency is neglected. To overcome
such limitation, we include p(z, f) in deriving the GN-model
as shown in Appendix [A] The main result of this is what we
define as the GGN-reference formula, describing the power
spectral density of the NLI at frequency f at the end of a
fiber of length L, before amplification. The GGN reference
formula is described by Eq. [2| at the bottom of the page.
In Eq. Grtx(f) is the PSD of the transmitted channel
at frequency f, S2 and (3 are the dispersion parameters of
the fiber. The key differentiating element in the GGN-model
equation with respect to the GN-model is the expression of
the FWM efficiency, that in Eq. [2]is expressed by the absolute
square of the inner spatial integral made by the product of a
phase matching condition with a term expressing the gain/loss
at the different frequencies (f, f1, f2, f1 + fo — f) referenced
in the outer integrals. Eq. 2] can be integrated numerically in
few minutes over a standard CPU.

Similarly to the well-known GN-model [[18]] with incoherent

accumulation with fiber spans, Eq. [2] can be used to estimate
the total amount of NLI of multi-span links by incoherently
adding every single contribution of each span in the link.
To this purpose, it is useful to describe a span made of an
optical fiber followed by an amplifier and possibly by a power
equalization stage referring to the equivalent block scheme of
Fig. [T}

The optical fiber is modelled as a filtering block accounting
for both SRS-induced tilt and fiber loss, followed by an
NLI addition block. Thus, for each fiber we apply a block
attenuating the input signal PSD Grx(f) by a factor p(L, f)?,
followed by the NLI addition. The PSD of this NLI source
Gnui(f) is given by Eq. [2| The amplification stage is modeled
by a gain block with gain G followed by the ASE noise
addition. We define the PSD of the ASE noise as Gasg. If
span transparency is assumed, the amplifier has a gain equal
to the fiber nominal loss, i.e., Ggg = aggLs in dB units,
where agg is the fiber attenuation coefficient in dB/km. All
frequency-dependent characteristics of the amplifier such as
gain ripple and tilt are not considered for sake of simplicity,
but they can be easily integrated into this block model. Finally,
the optional power equalization stage is modeled as a filter
with transfer function H(f). If such filter recovers the ratio
between the fiber transfer function p(Ls, f)? and its nominal
loss, then |H(f)]? = (10_%‘3%)p(L8, f)~2. This equivalent
block scheme will be used as reference throughout this paper,
both for the experimental validation of the GGN-model and
the application example.

III. EXPERIMENTAL VALIDATION

The experimental validation of the GGN-model was per-
formed over the Orange laboratory testbed, depicted in Fig.
It consists of 20 spans of 80-km Corning SMF-28e+® optical
fiber and is typically used for the performance evaluation of
the transponders deployed in Orange networks. A total of 58
channels were configured, 3 of them being current generation
32-Gbaud 100-Gb/s PM-QPSK commercial transponders. The
remaining 55 channels are generated from a comb of lasers
modulated by two 28 GBaud 100-Gb/s PM-QPSK laboratory
transmitters to modulate the odd and even interfering chan-
nels. A Wavelength-Selective Switch (WSS) is used at the
emission to combine the channel comb with the commercial
transponders over the standard 50 GHz DWDM grid and 2
additional equalizers are used during transmission every 6
spans to “flatten” the propagating spectrum. No amplifier pre-
tilt or WSS pre-emphasis is applied for the first measurements
reported in this section.

Real-time measurements of Q-factor before forward
error correction were performed with the commercial

+oo

p(z, [)° / o

16 ,

Gnu(Ls, f) =577

L,
/O exp(+5472(fr — )(fo — F)[Bs + 785 (f1 + f2))0)2

Grx(f1)Grx(f2)Grx(f1 + fa — f)
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Figure 3. Back to back (B2B) Q-vs-OSNR response of the transponder for
all measured frequencies, showing significant performance differences of the
commercial devices vs frequency.

32-GBaud transponders, that are typically deployed
in Orange networks. The Q-factor is measured by
tuning the transponder over 6 different frequencies
[192.95;193.35;193.65; 194.00; 194.35;194.75] THz  so
that the influence of SRS-induced tilting is characterized
across the whole C-band. In order to map the measured
Q-factors to the generalized signal-to-noise ratio (SNR),
the transponder back-to-back response is characterized for
each of the 6 frequencies under test at a constant received
power of —17 dBm. Results are shown in Fig. 3] where it is
shown the measured Q-factor as a function of the measured
OSNR. The absolute values of the x-axis are not shown
due to nondisclosure agreements with the card manufacturer.
Even though the same transponder was used at different
laser frequencies, we record significant (up to 0.5 dB)
differences in their back-to-back response across the C-band,
because of the physical response vs frequency of device
components. This emphasizes the need for a well-calibrated
setup and controls when assessing performance variation due
to propagation impairments over different channels across the
full WDM spectrum.

The WDM channel comb was propagated through the
20 x 80 km link, and the channel power excursions were
recorded before each span at the amplifier monitoring port

((1e)
80Kkm

17
80km

using an Optical Spectrum Analyzer (OSA) (Fig. ). For this
setup, the nominal channel power was close to 0.4 dBm
(+18 dBm amplifier power), and no power pre-emphasis was
applied. The power excursions for all the 58 channels along
the first six spans of the testbed are reported in Fig. fal The
power variations for 3 of the channels under test along the full
link are displayed in Fig. @b} SRS-induced power transfer from
higher to lower frequencies is clearly visible as a linear tilt (in
dB). Amplifiers ripple are also visible on the side channels of
the WDM comb as a nonlinear power variation superimposed
to the linear SRS-induced tilt.

In details, measured Q-factors from linecards’ interfaces
were mapped to generalized signal-to-noise ratio (SNR), which
includes both ASE noise and NLI contributions, exploiting
the back-to-back characterization of transceivers. While NLI
has, in general, a phase-noise component [34], it was found
that, under normal operating conditions, such phase noise has
a long correlation [26] so that it can be almost completely
compensated for by phase recovery circuits implemented in
the transponder DSP. This justifies the use of the generalized
SNR as a performance metric for fiber propagation impair-
ments, even if it assumes Gaussian-distributed independent
NLI components in-phase and quadrature on both polarization
states. The nonlinear SNR, SNRy; is defined as:

P, ch
Py
The experimental values of SNRyp; were derived by sub-

tracting the OSNR contribution from the generalized SNR as
follows:

3)

SNR™! = OSNR ™' + SNRy}, (4)

where the OSNR, which considers only ASE noise, is mea-
sured using an OSA outside signal bandwidth. While the
absolute accuracy of the OSNR measurement is difficult to
assess, its repeatability was found to be very good with less
than +0.1 dB variation thanks to automated software control.
Also, the validity of the OSNR measurement is good due to
the relatively large WDM channel spacing (32 GBaud over a
50 GHz grid), that enables reliable ASE noise probing when
the channel under test is turned off. This is also backed up by
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Figure 4. Power evolution due to SRS and amplifier ripple along the Orange testbed.
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Figure 5. Experimental OSNR, nonlinear SNR and generalized SNR for the
6 measured frequencies. the relative gap between OSNR and nonlinear SNR
is non constant due to the interplay between SRS and NLI generation.

the fact that NLI is mainly located in-band with respect to the
WDM channels [18]], allowing for reliable estimation of ASE
noise in between channels. Thus, turning off the channel under
test makes ASE noise level estimations even more reliable.

The experimental results for generalized SNR, nonlinear
SNR and OSNR are reported in Fig. 5] where noise is evalu-
ated over an equivalent optical bandwidth of 0.1 nm (~ 12.5
GHz). Values of nonlinear SNR show that higher frequency
channels benefit from SRS-induced power depletion, which
reduces the amount of generated NLI. The opposite happens
with lower-frequency channels. The central channels are the
best performing ones, even though they are not at the optimum
Locally-Optimized Globally Optimized (LOGO) [3] power,
being the OSNR equal to the nonlinear SNR, while it should
be 3-dB higher. This is caused by these channels experiencing
more nonlinear interactions from adjacent channels than those
at the edge of the spectrum. This justifies the need for
modeling frameworks taking into account SRS-induced tilt
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(b) Power per channel evolution for three channels (blue, green and red)
at the beginning of each span of the Orange testbed.
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Figure 6. Comparison of experimental and modeled nonlinear SNR. Diamond
markers represent experimental results, whereas the solid blue curve is the
GGN-model assuming 0.75 dB connector loss. The shaded blue region
around the estimations of SNRny of approximately +0.5 dB represents an
uncertainty interval mainly caused by connector loss uncertainty.

in the nonlinear SNR calculation, to derive a more general
optimal power settings.

The experimental measurements are plotted in Fig. [6] as
red diamond markers, to be compared to the GGN-model
predictions. Contrary to validations with simulations or with
experimental setups based on research equipment, comparing
QoT estimations with measures on a setup made of commer-
cial equipment entails a non-negligible degree of uncertainty
in accounting for the exact values of system parameters,
such as output power levels, amplifiers working points etc.
This is indeed the most challenging aspect of such scenarios,
as current generation commercial devices do not provide
rigorous characterization data of their operational parameters,
nor convenient software interfaces to access this information.
Passive devices like optical fibers are even more challenging to
characterize in an exact way, as active measurement devices



are needed. These issues get exacerbated also in real field
scenarios, where even the type of the deployed fibers might
be unknown. Consequently, as of today, a QoT-E based on an
analytical model to predict the NLI strength, can only generate
results within an inaccuracy bar whose width depends on the
precision in the knowledge of real system parameters.

For the considered experimental testbed, the most critical
piece of information is related to the power levels of each
channel at the input of each fiber due to the unknown value
of the fiber connector loss, having a typical value in between
0.5 to 1 dB. Characterizing the connector loss is impractical:
using FC-APC angular connectors, the loss may change every
time the connector is unscrewed for characterization. For this
reason, connector losses are not measured in the setup. An
uncertainty on the power levels entering the fiber entails an un-
certainty on the estimation of the NLI strength and SNRyy ;. A
degree of uncertainty is also associated with fiber parameters.
However, their impact on SNRyy; estimation error is smaller
than the one associated with power levels uncertainty. For
this comparison, we used datasheet fiber parameters for SMF-
28e+® with a polarization-averaged Raman efficiency [35]]
C, = 0.39 1/W/km. In order to take into account the strong
ripple effects exhibited by the line amplifiers (see Fig. [a)),
we inserted into Eq. 2] the exact spectrum levels derived from
OSA measurements. The measured power profiles were also
used to numerically estimate SRS crosstalk, deriving p(L,, f)?
for each span starting from the well-known pump-and-probe
equations describing SRS [29]. The estimated SRS tilt is well
matched with the experimental data. To understand the impact
of connector loss uncertainty on SNRyr;, we computed the
GGN-model for three different values of connector loss, i.e.
0.5 dB, 0.75 dB, and 1.0 dB. The value that best-matched the
GGN-model with the experimental SNRyy results is 0.75dB.
The GGN-model estimation for this connector loss value is
reported with the solid circle-marked curve in Fig. [6] The
other two values define a range around the best estimation
of approximately +0.5 dB that is reported in Fig. [] with the
blue shaded region, to visually convey the information of the
variability of the QoT estimations due to system parameters
uncertainty. From Fig. [f] it is evident how the experimental
results fall within the shaded region around the GGN-model,
that assuming a 0.75 dB loss yields an average estimation
error across the 3 different channels around 0.3 dB. The
most important characteristic of the GGN-model is however
represented by the fact that the slope of nonlinear SNR is
correctly estimated by the GGN-model, thus the GGN-model
can be safely used to estimate performance over the full
WDM-comb. It should also be highlighted in this scenario
the GGN-model estimations are not conservative with respect
to experimental data due to the aforementioned system pa-
rameters uncertainty eroding such conservative margin. Later,
in Sec. [Vl an example of application will be compared
against full split step simulation, where full control of system
parameters is possible. In this scenario, the conservative nature
of the GGN-model will emerge clearly.
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Figure 7. System setup for the GGN-model example of application.

Table 1
SIMULATED FIBER PARAMETERS

Parameter Value
Span length Ls = 100 km
Number of spans Ns =16

Attenuation agg = 0.2 dB/km
D = 16.7 ps/nm/km
v = 1.3 1/W/km

Cr = 0.39 1/W/km

Chromatic dispersion
nonlinear coefficient

Polarization Averaged Raman Efficiency [35]

IV. ASSESSING THE IMPACT OF POWER TILTING
STRATEGIES WITH THE GGN-MODEL

In this section, an example of application of the GGN-model
is presented. Specifically, we show how the GGN-model can
be used to assess the impact of power pre-emphasis through
amplifier tilting on channel performance in wide-band optical
communication systems. This effort is motivated by the fact
that experimental measurements performed over the Orange
testbed described in Sec. showed an improvement in
channel SNR when applying power pre-emphasis via amplifier
tilting. Specifically, a —1.2 dB tilt showed up to 0.3 dB gain
in SNR, even though amplifiers ripple gets worse as the gain
is non-flat anymore. Starting from this preliminary qualitative
results, we used the model to test the effectiveness of pre-tilt
in the generalized SNR.

For this task, we considered a system, different from
the experimental setup of the previous section, made of 81
WDM channels. Each WDM channel is modulated with a
PM-16QAM signal at 32 GBaud with raised cosine spectra
with 15% roll-off, and transmitted over 16 100-km spans of
standard SMF, with typical fiber parameters as reported in
Tab. [l The channels are spaced on the standard DWDM grid
(50 GHz), obtaining a total modulated optical bandwidth of
Bwpwm =~ 4 THz (full C-band). The nominal launch power per
channel is —0.8 dBm. At the end of each span, an EDFA with
noise factor F' = 5 dB fully recovers span loss and applies a
tilt to counteract the effect of SRS. No gain ripple is considered
in this section. Every 4 span a WSS equalizes the power of
each WDM channel.

At first, we calculated the power profile spatial evolution
before each WSS caused by SRS crosstalk of the full WDM
spectrum without any EDFA gain tilting. To do so, we solved
numerically the pump-and-probe coupled equations [29] for
SRS. After 4 spans, the SRS-induced tilting was of the order
of 2 dB. We considered this measurement as the baseline
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Generalized SNR at the end of the link
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Figure 8. SNR vs pre-compensation percentage. Results obtained with the
GGN-model.
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Figure 9. Comparison between the GGN-model and a full split-step simulation
for 90% pre-compensation.

reference to compute tilt profiles for compensation. Then,
we considered different percentages of the inverse of this
tilt deriving different profiles to test. Each profile is equally
distributed across every EDFA in between two WSS. For
instance, 0% pre-compensation means that the EDFA gain
profile is flat and the SRS-induced tilting is compensated only
at each WSS. On the other end, 100% pre-compensation means
that each EDFAs pre-compensate 25% of the overall SRS
tilting, obtaining an almost flat power profile at the beginning
of each WSS.

On Fig. [§] we show the generalized SNR of 17 WDM
channels computed over a 12.5 GHz equivalent noise band-
width, equally spaced across the total WDM comb, with
different percentages of pre-compensation, estimated with the
GGN-model. It can be noted that with no compensation,
the generalized SNR shows approximately a 1 dB tilt in

SNR. As pre-compensation is applied, the SNR tilt reduces:
lower frequency channels undergo a decrease in generalized
SNR, whereas higher frequency ones an improvement. At
90% compensation, a 0.3 dB improvement in the worst SNR
channel is achieved. At 150% pre-compensation, i.e. with a
50% overcompensation, overall SNR flatness is reached, but
there is a slight decrease in minimum SNR with respect to the
130% case.

To validate these GGN-model results, we set up a numerical
split step Fourier method (SSFM) based simulation using the
Fast Fiber Simulator Software (FFSS) [36]. In order to simu-
late SRS, we modify the SSFM of the FFSS by introducing,
in each linear step a non-flat gain/loss profile to be applied to
the optical field. Such profile is obtained by solving the pump
and probe equations for SRS [29]]. This approach represents a
simplified way of taking into account SRS into an SSFM based
simulator, as it neglects all time-dependent related SRS effects
such as cross-gain modulation and relative intensity noise
transfer. Such assumption is however reasonable, considering
that time-dependent SRS effects can be well-modeled with an
equivalent noise transfer from high frequencies to lower ones.
The characteristics of such transfer are governed by a low-pass
transfer function with corner frequency much smaller than 500
MHz, as chromatic dispersion averages out higher frequencies
[31]], [32]. Thus, for channels with optical bandwidths much
larger than such frequency value, as the simulated ones, the
additional impairment is irrelevant. In particular, we focus
on the simulative validation of the GGN-model with a 90%
pre-compensation equally distributed across every EDFA in
between WSSs. The 17 WDM channels-under-test (CUT) were
generated with 12 repetitions of different 2'4 PRBS sequences,
while the other channels were generated with random PM-
16QAM symbols. At the receiver, each CUT is independently
filtered with a fully-data-aided 17-tap LMS adaptive equalizer,
then the generalized SNR is evaluated directly on the received
constellation. No phase recovery is applied since lasers are
assumed ideal.

Simulation results, compared with predictions of the GGN-
model, are shown in Fig.[9] The GGN-model once again is in
a good agreement with simulation results, correctly estimating
the slope of the SNR across all channels. It should be noted
that the model estimations show a conservative 0.2 dB gap
from simulation results across all WDM comb. This is due
to the well-known conservative assumption made by the GN-
models family of having Gaussian signals being propagated
along the fiber link [[18]]. As widely discussed in literature [[12],
[18], this is a conservative assumption, as at the beginning
of the optical link such hypothesis does not hold, therefore
the GN-models tend to moderately overestimate NLI at the
beginning of link propagation. As discussed in the Sec. [[I]
such conservative gap is displayed only in simulative results as
it is possible to exactly control all system parameters playing
a role in NLI estimation. Discussing optimality of different
compensation strategies is out of the scope of this paper, but
it is worth stressing that the GGN-model can be considered as
a key enabler to achieve such goal.



V. CONCLUSIONS

In this paper, we have first revised the derivation of the
generalized Gaussian noise model to properly estimate the NLI
accumulation within a QoT-E needed to effectively operate
disaggregated multi-vendor network. The GGN-model gener-
alizes the GN-model by taking into account the effect of SRS
and of spatial/frequency amplitude variations in the fiber in
modeling NLI generation, so it is needed when exploiting the
full C-band and beyond.

For the first time, we validated the use of the GGN-model
within a QoT-E by comparing its predictions to measure-
ments on six channels generated by commercial 100-Gb/s
transponders on the testbed at the Orange laboratories based on
commercial equipment. The validation has shown an excellent
agreement between the QoT-E predictions and measurements,
that quantitatively enables a QoT-E reliability range of +0.5
dB for all the measured channels. It means that in this setup,
exploiting the GGN-model-based Qot-E predictions, lightpaths
could be deployed with a margin limited to 0.5 dB, inde-
pendently of the spectral placement within the transmission
bandwidth. Therefore, results of the experimental validation
encourage the adoption of the GGN-model in QoT-E modules
needed in multi-vendor networks for design and orchestration,
as it is able to deliver QoT estimations that are consistent
across the full WDM spectrum. To this purpose, additional
work is needed to derive an approximated closed-form for
the GGN-model, following the same approach adopted in [[18§]]
used to obtain an approximation to the GN-model.

We have also shown an application of the GGN-model to
assess the impact of linear spectral pre-tilting to counteract
the SRS effect and NLI generation. Besides its use within the
QoT-E framework, the GGN-model could be fruitfully used in
future works to extend the concept of LOGO control plane [3|]
introducing a frequency dependent power setting. As a final
note, we remark that the GGN-model — as the GN-model —
is not aiming at the exact NLI prediction, but at a quick NLI
evaluation for QoT-E, to enabling deployment of lightpaths
with a predefined and reliable limited margin.
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APPENDIX
THE DERIVATION OF THE GGN-MODEL

The derivation of the GGN-model follows the method
already exploited in deriving the GN-model detailed described
in [33]], so assuming to analyze propagation of Gaussian
distributed spectral components. Then, in addition to [33]]
hypotheses, we suppose frequency/space variation of power
profile in fiber spans. As in [33]], we develop the model
exploiting the single-polarization wave equation in fibers
— the nonlinear Schrodinger equation (NLSE) — then, we
generalize the results including polarization relying on the
Manakov equation (ME), i.e., on the dual-polarization NLSE
with random birefringence — and consequent PMD effect
— averaged out. It has been shown that the ME can be
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reliably used far beyond its validity bandwidth in case of
propagation of Gaussian distributed and depolarized signals
[8] and for polarization division multiplexed channels with
multilevel modulation formats [9]]. This will be the validity
scenario for the GGN-model.

The nonlinear Schrodinger equation (NLSE), in the fre-
quency domain, has the following form:

azE(Z7f): [g(sz)_]ﬂ(f)] E(zvf)+QNLI(Zaf) (5)

where z is the propagation direction, E(z, f) is the Fourier
transform of the propagating modal amplitude, 0, is the partial
derivative of E(z, f) with respect to z, 8(f) is the dispersion
coefficient, g(z, f) is the profile of amplitude evolution of
modal amplitude that may vary with respect to both z and
f» @nui(z, f) is the nonlinear term determined by the Kerr
effect that is given by:

QNLI(Zaf):7]7E(Zaf)*E*(vaf)*E(Zaf) (6)

99,99

where ”x” is the convolution operator. according to the theory
of differential equation, the formal solution of Eq. [5] i.e., of
the evolution of the Fourier transform of the modal amplitude
vs. z, has the following form:

E(z, f) = "9 / TN QNG f)AC + FEDE, )
0

(N
where I'(z, f) is given by:

D)= [ =3B +9(C DA = ~iB(D=+ [ a6, D¢

0 0 ®)

We can subdivide E(z, f) solution of Eq. (7| as the sum

of two components: Fyn(z, f) considering linear propagation

effects only (g(z, f) — jB(f)), and Enpi(z, f) considering

the impairment of Kerr effect and its interaction with linear
propagation. Therefore,

E(z, f) = Exulz, f) + Eun(z, f) , )
where the linear component Eyn(z, f) is:
Eun(z, f) = "D E(0, f) (10)
and the nonlinear component Enp;(z, f) is:
Exu(z, f) = "D / e "¢, ¢ ()
0

In general, the formal solution of Eq. [/] for the modal
amplitude evolution is useful to observe the two contributes
— linear and nonlinear — to propagation impairments, but
cannot be practically exploited, because the unknown function
E(z, f) is also in the right side term of Eq. [7| being the cause
of Qnui(z, f) as clearly displayed by Eq. [6]

A. Perturbative Approach on the nonlinear Impairment

In silica fibers, the strength of Kerr effect is much less
intense of impairments of linear propagation, mainly given
by chromatic dispersion. So, we are legitimate to exploit
a perturbative approach for which Enpi(z, f) is indeed a
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perturbation of Fyn(z, f). Consequently, we may assume that
the nonlinear term defined in Eq. [6] is induced only by the
linear component Epn(z, f) of the modal amplitude E(z, f).
Such an approximation yields to not considering the second-
order effects, i.e., the nonlinear effects induced by Enpi(z, f).
So, practically, the perturbative approach implies to use the
following form for Qnui(z, f) in place of the exact one of

Eq. [6

Onu(z, f) = —3vEun (2, f) * Efin(z, = f) * Eun(2, f) -
12)
As the convolution operator is defined as:
z(t) « h(t) = / z(T)h(t — 7)dr (13)

we can expand Eq. [I2]in the following form:

Qnui(z, f) =
+oo
- l / el I EREN B (0, /)EX(0, fr — fdf

% [eﬂmE(o, f)] (14)
= —jry //+°° L) T (1= f2) D (2.~ f2)
E(0, f1)E*(0, fi — f2)E(0, f — f2)dfidf2 (15)
= —jy //+oo L fO)AT (2. fa = f2) 4T (2.~ f2).
E(0, f1)E*(0, f1 = f2)E(0, f — f2)dfrdf2 (16)
+oo
o
E(0, f1)E*(0, f1 = f2)E(0, f — f2)d frdf2 a7
where A(z, f) is:

A(Z7 f) =
o ( /0 i8R — B — f2) + B — f)l+

190G 1) + 9(C o — fa) +9(Co f — fz)]dC> L as)

Then, inserting Eq. [8]in Eq.[TT]we get the following expression
for the perturbation Enpi(z, f):

Exu(z, f) =
— i8Nz, [, 9(& A

z <
, / BN Jo 9D g ey
0

LI NI AL T

f) s

I(z, f) =

+o00
— iy / B0 1B 5 - 2B, - 1)

(19)
where I(z

/O T exp(+iB(F))

¢
A(C, f) exp <—/0 (Zl,f)d21> d¢dfidfz  (20)

Substituting in Eq. [19| the expression of I(z, f) we obtain the
following expression for the nonlinear perturbation introduced
by the Kerr effect:

Exui(z, f) =
_ efjﬁ(f)zefo g(C7f)dCI(Z,f)

+oo
iy / B0 B0 5 - 2B, - 1)
/0 exp(+3B(F)C)
¢
A, ) exp ( /0 oz, f)dzl> ddfidfs. @)

Note that Eq. 2] relies on the only approximation of Kerr

N effect being a perturbation of linear propagation and does

include frequency/space variations of loss and gain as ¢(¢, f)
in addition to frequency variations of the propagation constant

Bf)

B. NLI Power Spectral Density

In this section, we rely on the same signal form — depolar-
ized and Gaussian signals — and follow the same procedure
of [33]] to derive the power spectral density Gnpi(z, f) of
Exui(z, f), that is assumed to be a Gaussian random process.
Specifically, using Eq. 16 of [33]], one can write the NLI field
as

Exui(z, f) = _j’Yf(;%efjﬂ(f)Zefoz 9(C.f)de,

+o00o
> o(f —ifo)

i=—00

> VGrx(mfo)Grx(nfo)Grx (k fo)-

m,n,kGAVi
EnEit /0 exp[=T(C, (m — n+ k) fo) + T'(C, mfo)+

where fj is a divider of the symbol rate, £ is a complex Gaus-
sian random variable and 0(f) is the Dirac delta function. A;
represents the set of all triples (m,n,k) such that m—n-+k =1
and m # n or k # n. This set identifies all non degenerate
fourwave mixing components, as detailed in [33]]. Following
the same averaging procedure of Sec. IV (D) of [33]], one
obtains the following expression for the single polarization
expression of the power spectral density of the NLI noise, i.e.

exp [ / s f)dc} ‘2 -

Z 5 7’Lf0 ZZGTX mfo GTX(ka)

1=—00

Grx((m — i + k) fo) / exp|-T(Cifo) +
FT(Cmfo) £ TG (m— i + k) fo) + TGRS (23)

(22)

Gz, f) = 2925
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Similarly, considering a dual polarization signal, following Finally obtaining the following expression for the NLI PSD
the exact derivation of the previous section and the averaging that is the also the final expression of the generalized Gaussian
procedure of Sec.IV (E) in [33] one can write the PSD of the noise model for NLI generated by a single fiber span.

NLI noise generated by dual-polarization signals as
Gru(z, f) =

. 2 16 ,
Gnu(z, f) = ;37 f3 exp [/0 Q(C,f)dC} . =977 plz

: / €+jA5(fl’f2’f)<Ap(Z7f’fl,fz)dC dfidfs (28)
0

+oo
// GTX fl)GTX(fQ)GTX(fl‘FfQ*f)'

Z 5(f —ifo) ZZGTX mfo)Grx(k fo)-

i=—o0 k where Ap is given by

p(C, f1)p(C, fi+ fa = Fp(C, fa)
p(C, f)

The use of Eq. 28] in multi-span links is straightforward as for
the GN-model. and AS

Grx((m — i + k) fo) /0 Cexpl-T(C.ifo) +
LG mfo) + TG (m— i+ k) fo) + T(C kfo)C (24)

Ap(z7f7f17f2): (29)

Then, taking the limit of Eq. 24| for fo — 0, such expression

can be written as: AB(z, f, fr, f2) = [B(fr+ f2 = ) = B(fr) + B(f) — B(f2)]=
(30)

Gnui(z, f) = that can be further expanded as
o d nac|” AB(, f, J1. f2) = 4y — F)(fo = DBa + 7Ba(f1 + f2)]2
(€29)
Feo as detailed described in Eq. G.2 of [33]]. Eq. 28] can be also
' / - Grx(f1)Grx(f2)Grx(fr + f2 = ) expanded to be used with coherent accumulation with spans

inserting the “phased-array” factor or rely on the incoherent
accumulation simply adding up independently NLI generated

. / ¥ B+ fam D= BB -2
0 by each fiber span.

2
e+ f: 9(z1,f1)=9(21,£)+9(21,f2)+9(21, fr+f2—f)dz1 ¢
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