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Physical Layer Performance of Multi-Band Optical
Line Systems Using Raman Amplification

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

Abstract—Network operators are aiming at overcoming the
envisioned data traffic crunch by relying on the already in-
stalled fiber cables. So, multi-band optical line systems will
be the solution, starting from the extension to the C+L band
transmission. Such a bandwidth extension is also speeding up
network disaggregation to avoid an increase in costs. Thus, line
system (LS) controllers need Quality-of-Transmission Estimator
(QoT-E) modules able to quickly estimate the merit of lighpaths,
so analytical models for the transmission layer are mandatory.
We review the generalized Gaussian noise (GGN) model for
wideband prediction of nonlinear interference generation and
validate its accuracy by comparing C+L simulative results to
model predictions. Results are obtained in case of using hybrid
Raman and Erbium Doped Fiber Amplifier (EDFA) amplification
and display an excellent conservative accuracy. We also present
an experimental validation done on commercial equipment that
confirms how the GGN-model is the most feasible solution
for QoT-E modules in multi-band LS controllers, enabling a
frequency-resolved minimization of system margins.

Index Terms—Optical Line System, NLI, GGN-model, QoT-E,
Stimulated Raman Scattering, Multi-Band Optical System

I. INTRODUCTION

UALITY of transmission (QoT) estimation is a pivotal
Q element to successfully deploying disaggregated multi-
vendor optical networks. Such a request is driven by network
operators that have recently started to install white boxes in
their backbone infrastructure to lower network costs and to
speed up cycles of technology upgrades. However, to make
full network disaggregation a consolidated reality, operators
require device interoperability without losing performance,
i.e., capacity and reliability. Interoperability is needed to make
network elements from different vendors work together in
a unique infrastructure with reduced operational and control
complexity. To tackle this problem, open models for network
elements to be integrated into off-the-shelf software defined
controllers have been proposed by consortia of operators such
as the Telecom Infra Project (TIP) [1]], Open-ROADM |[2] and
OpenConfig [3]. To this aim, vendor agnostic QoT estimators
(QoT-Es) are needed to design and optimize disaggregated net-
work architectures. QoT-Es enable line system (LS) controllers
and orchestrators to rely on a quick-yet-accurate lightpath (LP)
feasibility calculation. To this end, some of the previously
mentioned consortia are spending large efforts to develop such
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QoT-Es. Furthermore, as operators require quick-yet-accurate
QOT-E modules, performance predictions via numerical so-
lutions of the nonlinear Shrddinger equation are not feasi-
ble, therefore analytical models for performance estimation
are usually adopted. Such models need to account for the
two major propagation impairments in optical communication
systems, i.e., amplified spontaneous emission (ASE) noise
generated by optical amplifiers, and nonlinear impairments
caused by the nonlinear Kerr effect [4].

For state-of-the-art transmission techniques based on multi-
level modulation formats exploiting polarization-division mul-
tiplexing with DSP-operated coherent receivers, it has been
widely shown that nonlinear impairments can be well summa-
rized by the accumulation of a noise-like Gaussian-distributed
disturbance named nonlinear interference (NLI) [|5]—[11]. This
is also the case with systems exploiting bandwidths exceeding
the C-band and with strong polarization mode dispersion
(PMD) [12]-[15]]. Therefore, the QoT metric that takes into
account these two effects is represented by the generalized
or effective signal-to-noise ratio (SNR) [5], [6] considering
both the accumulated ASE noise and NLI. The SNR is indeed
the metric determining the bit error rate (BER), given the
modulation format. Several analytical models to accurately
estimate the NLI accumulation noise have been proposed in
literature and extensively validated by experimental results
(60, 171, 191-[11], [16]-[18]]. The Gaussian Noise (GN) model
[6]], [7] with incoherent NLI accumulation is the most widely
adopted model as it represents an effective tool to get quick
and accurate conservative predictions of NLI, and it has been
successfully validated in commercial systems over the C-band
[19], [20].

The continuous growth in data traffic [21] is pushing ven-
dors and operators to explore new optical transmission tech-
nologies to overcome a possible capacity crunch in backbone
networks [22]]. A firm requirement is on the use of already
installed cables to maximize CAPEX returns. Thus, exploiting
the optical transmission bandwidth beyond the conventional
C-band is the proposed solution to achieve this goal [23].
Nowadays, C+L LSs enabling 200 LPs on the 50 GHz Dense
Wavelength Division Multiplexing (WDM) grid are gaining
traction, and commercial systems with these characteristics
are already available on the market [24]]. In such a novel
transmission scenario, the interplay of nonlinear propagation
effects with wideband phenomena — mainly Stimulated Raman
Scattering (SRS) — needs to be understood, and the joint
impairments properly addressed in QoT-Es. SRS enables a
power transfer from higher- to lower-frequency spectral re-



gions with a maximum efficiency roughly at 100 nm (13
THz) of spectral separation. So, the spectral tilt across the
WDM channel comb may induce considerable effects when
the entire C+L bandwidth — 1530 to 1625 nm — is exploited,
as different channels undergo different loss/gain profile as a
function both of the propagation distance z and the spectral
axis f. SRS also enables distributed amplification — Raman
amplifiers (RA) — by using depolarized high power pumps,
co- or counter-propagating, with LP carrying data traffic [25].
RAs are extensively used for the L-band either as unique
amplification method or together with EDFA to implement
hybrid Raman-Erbium amplifiers. RA exacerbates the inter-
play of nonlinear effects with gain/loss variations with z and
f because it induces a frequency-dependent distributed power
enhancement.

The GN-model has been extended to include distributed
amplification [26], [27]], but the joint effects of frequency
and space variations were not fully addressed. Recently, the
generalized Gaussian noise (GGN) model has been proposed
(28], [29] to model how spatially and frequency distributed
power variations affect the generation of NLI. The GGN-
model has been experimentally validated in [28], [30] and
compared to other approaches to NLI modeling, including the
GN-model.

In this paper, we extend the results presented in [30]]
by performing the additional analyses, mainly considering
Raman amplification. We compare the GN- vs. the GGN-
model accuracy for estimating the QoT of C+L line systems
including hybrid Erbium-Raman amplifiers using full split step
simulations as reference. In Sec. [lI} the GN- and GGN-model
for NLI prediction are reviewed. In Sec. for the first
time to the best of authors’ knowledge, we show how the
GGN-model is a conservative option for frequency-resolved
NLI modeling over the entire C+L bandwidth, so enabling
a multi-band QoT-E. In Sec. we present a comparison
over the experimental setup of [30], relying on a number
of measured points increased from 3 to 7 across the WDM
spectrum that better show the need for the GGN-model for
NLI prediction, also in case of larger uncertainties, as in
experimental scenarios. Finally, in Sec. [V] conclusions are
drawn and future evolution is addressed.

II. WIDEBAND NLI MODELING APPROACHES FOR QOT-E

The QoT-metric, i.e. the signal-to-noise-ratio (SNR), is the
key parameter to evaluate the overall performance of the
physical layer and it is composed of a linear factor, which takes
into account the ASE noise and a nonlinear one quantifying
the NLI. These two phenomena are quantified by the linear
signal-to-noise ratio (SNRyx) for ASE noise and the nonlinear
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SNR (SNRyy ) for the NLI. These quantities can be combined
together to get the generalized SNR as reported in (T).

-1

1 1
= |SNRuw | SNRay
The linear SNR is calculated taking into account ASE noise

generated by each amplifier. Thus, it can be computed as
follows:

SNR (D

P ch P ch
SNRuv = Paxse  NFhf(G—1)B @
In this equation, Py, is the per-channel power and Pagg is
ASE noise power, NF is the amplifier noise figure, h is the
Planck constant, GG is the amplifier gain, B is the reference
bandwidth and f is the frequency at which Pagg is evaluated.
The nonlinear SNR, instead, can be expressed as:

P, ch P, ch P, ch
SR = B T B Ty Gw(fdf
where Pyrp is the equivalent power of the nonlinear dis-
turbances and it can be computed by integrating the power
spectral density of the NLI, Gnii(f), on the signal frequency
slot Bg,. As discussed in the introduction, several models have
been proposed to compute Gnpi(f). For this work, we will
model NLI noise by means of the GN model [7] and its
generalized version — the GGN — (proposed in [29], [31]], [32]).
The GGN model formula is reported in (@), where - is the fiber
nonlinear coefficient, Grx (f) is the transmitted power spectral
density in z = 0, B3 and (5 are the dispersion coefficients, L
is the span length and p(z, f) is the overall signal gain/loss
which takes into account both the fiber attenuation and the
stimulated Raman scattering along the fiber vs. propagation
distance z and frequency f.

III. SIMULATIVE INVESTIGATION

In this section, the GN and GGN models are compared
over a simulation of a wideband C+L transmission link with
hybrid EDFA-Raman amplification. Simulations are performed
by solving the nonlinear Schrédinger equation via full time-
domain split-step Fourier method with the FFSS library as
described in [33]].

A. System setup

A high-level schematic of the simulated setup is shown in
Fig. |I} The system transmits 161 WDM channels in the 50-
GHz DWDM grid, divided among the C-band (83 channels)
and L-band (78 channels). Between the two bands, there is a
300-GHz guardband, which makes the total optical bandwidth
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Figure 1. Simulation setup.
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Figure 2. Simulation transmitted C+L spectrum (a) and received constellation
after 10 spans (b). L-band channels are depicted in yellow, while C-band
channels are depicted in green.

equal to 8.3 THz. Fig. 2a shows the normalized optical

spectrum of the transmitted signal, divided into the C- (green)
and L-band (yellow).

Each WDM channel is modulated with a 32-GBaud PM-
16QAM signal with 15-% roll-off root raised cosine spectrum,



and it is propagated through 10 spans 80-km long of single
mode fiber (SMF), whose parameters are summarized in table
Given the large transmission bandwidth, attenuation was
not considered constant for all frequencies, but it changed
according to

of) = a0+ on(f — fo) + gaol7 — fo)? [dB/km] )

with parameters summarized in table [l Since the simulation
of dispersion slope introduces considerable computational
overheads, we did not include such feature in our analysis.
Nevertheless, its impact on NLI generation in the considered
scenario is limited within 0.4 dB of estimated extra NLI [34]).

For this particular scenario, we considered a flat transmitted
WDM spectrum, with a per-channel transmitted power of —3
dBm, which gives a total launch power of +19.1 dBm. At the
end of each span, an ideal (without insertion loss) Wavelength
Selective Switch (WSS) equalizes the per-channel power to
recover the original transmitted spectrum.

Amplification is achieved using counter-propagating Ra-
man pumps and an EDFA amplifier with 4-dB noise figure.
Frequency and power of the pumps are shown on Table
The Raman gain at end of each span generated by the SRS
interaction between the pumps and the signal is shown on Fig.
Notice that the Raman gain is non flat across the frequency
spectrum, with an average tilt of ~ 8 dB. We assume that
EDFA and WSS are able to recover for the remaining span loss
and equalize the channel powers to achieve span transparency,
i.e. the power spectral density of the signal at the beginning of
each span is always constant. Given the typical required SNR
for PM-16QAM, interactions between ASE noise and NLI are
negligible [[18]]. Therefore, to simplify the simulation, ASE
noise was not added in-line, but it was added at the receiver,
taking into account both EDFA noise figure and the effective
noise figure of Raman amplification.

Fig. [3b| shows the power evolution of three channels spread
across the WDM comb, highlighting how different frequencies
undergo different power variations. For all channels, first,
power decreases due to fiber attenuation, then, towards the end
of the span, it increases due to the effect of Raman pumps.
L-band channels achieve transparency. The C-band channel,
instead, does not fully achieve transparency, as they get
depleted by SRS, transferring power to the L-band channels.

At the receiver, 10 channels-under-test (CUT), spaced
across the full WDM spectrum, are filtered and received
with a coherent receiver. The frequencies of the CUT are
fo = [187.7 189.65 191.55 191.85 193.9 195.95]
THz. The CUT are generated with 6 repetitions of different
214 PRBS sequences, while the other channels are generated
with random PM-16QAM symbols. The receiver uses a fully-
data-aided 17-tap fractionally-spaced LMS adaptive equalizer,
followed by the evaluation of the SNR directly on the received
constellation.

An example of a received constellation, without ASE noise,
is shown in Fig. 2b] Since lasers are assumed ideal, no phase
recovery is applied, which explains the slight amount of phase
noise that is caused by NLI. Nevertheless, in presence of ASE
noise, this small phase noise does not significantly change
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Figure 4. Comparison of simulation results vs GN model estimation after 5
spans (blue) and after 10 spans (red).
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Figure 5. Comparison of simulation results vs GGN model estimation after
5 spans (blue) and after 10 spans (red).

noise statistics, keeping reliable the SNR estimation on the
constellation [[18]).

B. Results and discussion

Fig. @] and Fig. 5| compare the SNR resulting from the
numerical simulation against estimations computed using both
the GN model (Fig. @) and the GGN model (Fig. [5). Diamond
dots of FigH] and Fig. [5 show simulation results, while
continuous lines represent model predictions. Light color bars
represent 1-dB margin, which are positive-only since the GN
model slightly overestimate NLI power [7] due to its signal
Gaussianity hypothesis, making GN model-based non-linear
SNR predictions conservative.

All the results are reported after 5 and 10 spans, in blue and
red, respectively. Results show higher NLI in the L-band with
respect to the C-band. This is due to SRS, causing the L-band
channels to experience less attenuation than C-band channels,
enlarging their power and thus, enhancing NLI generation. On
the other end, ASE noise is higher in the C-band with respect
to L-band, “balancing” the difference in NLI. This effect is
due to the difference in effective noise figure of Raman and
EDFA amplification.

Comparing GN and GGN predictions, GN model predic-
tions are close to the simulation results, especially in the C-
Band (as shown in Fig. El]) However, the GN model does
not predict the correct frequency dependence of the SNR due
to Raman effects. Furthermore, even if it overestimates NLI
power, it is conservative only in the C-band, while, in the
L-Band, NLI is underestimated. This is due to the fact that
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the GN model does not take into account any frequency/space
distributed variation of power levels along the fiber. On the
contrary, the GGN model, shown in Fig. [5] gives a good and
conservative prediction on the SNR across the full WDM
comb, and all results are inside the 1 dB margins. Most
importantly, the GGN model properly predicts the shape of
the SNR variation across the spectrum, delivering consistent
QoT estimations across the full channel comb. Notice also
that, for both GN and GGN models, simulation results are
closer to model predictions for the 10 spans case, as the signal
gets closer to being Gaussian-distributed due to chromatic
dispersion.

IV. EXPERIMENTAL INVESTIGATION

After comparing the GN and the GGN-models in the
fully-controlled environment of numerical simulations, in this
section the same comparison will be performed in an experi-
mental setup with commercial transponders. We remark that,
in the context of numerical simulations, any mismatch between
simulations and models is caused by modeling inaccuracies.
On the other hand, in real world experiments, inaccuracies
between model predictions and actual measured performance
can be attributed to several factors, including:

o Lack of knowledge of system parameters (e.g. actual fiber
parameters for each fiber of the setup, amplifier working
points etc.);

o Uncertainties associated with measurement procedures
and equipment;

o Modeling inaccuracies (e.g. simplified modeling hypothe-
ses);

All these effects are jointly affecting the estimations and mea-
surements, therefore when comparing analytical predictions
and measurements, an uncertainty bar needs to be considered.
In the results presented later, such uncertainty bar is set around
+0.25 dB around a baseline modeling estimation.

A. Experimental Setup

Fig. [ shows the experimental setup, which is the Or-
ange laboratory test-bed, typically used for the performance
evaluation of the transponders deployed in Orange networks,
consisting of 20 spans of 80-km Corning SMF-28e+® optical
fiber.

58 WDM channels in the C-band were transmitted, and
3 of them are the CUT, modulated by 32-Gbaud 100-Gb/s
PM-QPSK current-generation commercial transponders. The
remaining 55 channels are generated from several lasers
modulated by two 28 GBaud 100-Gb/s PM-QPSK laboratory
transmitters, modulating alternatively odd and even interfering
channels. At the transmitter, a WSS is used to combine the
CUT and interfering channels over the standard 50 GHz
DWDM grid and 2 additional equalizers are used during trans-
mission every 6 spans to equalize the power of the channels.
No amplifier pre-tilt or WSS pre-emphasis is applied, in order
to exacerbate the effect of SRS.

Real-time measurements of pre-FEC Q-factor were per-
formed on the three CUT. To measure more than three chan-
nels, the transponders were tuned over 7 different frequencies

[192.95;193.35; 193.65; 194.00; 194.35; 194.75; 195.15] THz
so that the Q-factor is evaluated uniformly across the C-
band. In order to map the measured Q-factors to the general-
ized SNR, the back-to-back curve is characterized for every
transponder over each of the 7 frequencies under test at a
constant received power of —17 dBm.

B. Experimental Results

The WDM channel comb was propagated through the
20 x 80 km link, and the power excursions of each channel at
the end of each span was recorded exploiting the amplifier
monitoring port and an Optical Spectrum Analyzer (OSA)
(Fig.[7). Similarly, the linear SNR at the end of each amplifier
was measured. The total optical launch power was set to
18 dBm, corresponding to 0.4 dBm per channel. The power
evolution of all the WDM channels along the first six spans
are depicted in Fig. In addition to this, the power variations
for 3 of the channels under test along the full link are
represented in Fig. the linear tilt (in dB) induced by SRS
is evident. Amplifier ripple is clearly visible on side channels
as a nonlinear power excursion added on top of the linear
SRS-induced tilt.

We compare the GN and the GGN model for QoT estima-
tion without exploiting the exactly measured power profiles for
the WDM channel at the input of each fiber. Instead, we just
consider the nominal launch power value per channel, i.e. 0.4
dBm. We assume all fibers to have a 0.75 dB connector loss.
We consider Corning SMF-28e+® datasheet fiber parameter
values to compute the nonlinear SNR. We exploit the linear
SNR measurement at the end of each fiber span to compute the
generalized SNR. Thus, the only term of (I) that is modeled in
the next comparisons is related to the nonlinear SNR. Using
the aforementioned reference values for power settings and
fiber parameters, we compute a nominal SNR curve for the 7
channels under test.

We purposely consider nominal launch power levels to test
the validity of these models in the context of QoT estimation
for network operations, where only nominal channel power
values are often accessible. To take into account the errors and
uncertainties associated to both modeling and experimental
measurements, an uncertainty region of £0.25 dB around the
model predictions is set: if experimental measurements fall
inside this region, they should be considered good.

Results are depicted in Fig. [ and Fig. [0 Fig. [§] shows
the experimental results and the SNR predictions obtained
with the GN model. Fig. [9] shows the GGN-model predictions.
Comparing Fig. [§ and Fig. [0 it is immediately clear that the
GGN model is able to well predict QoT performance across
the full WDM comb. The GN model based prediction is good
in the middle of the WDM comb, but fails to obtain reliable
estimations away from it. This is evident especially for low
frequency channels for which the GN model overestimates
performance by ~ 0.8 dB. In the higher frequency portion of
the WDM spectrum, the estimation is good, as high frequency
channels are depleted by SRS, thus they are limited by ASE
noise: prediction errors in NLI noise are not as relevant there,
as NLI is negligible when compared to linear noise.
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nominal prediction curve and experimental measurements is
smaller than 0.25 dB for all points. The 193.35 THz channel
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shows the larger error as amplifier ripple is more significant
there, and using the nominal power levels for QoT estimations
yields larger inaccuracies. It should also be highlighted that, in
this scenario, the GGN-model estimations are not conservative
with respect to experimental data, due to the aforementioned
system parameters uncertainty eroding the conservative margin
that was evident in simulation results presented in Sec.
Fig. 0] shows that the GGN model enables reliable estimation
of QoT performance across the full WDM comb by correctly
taking into account the interplay between SRS and NLI
generation.

V. COMMENTS AND CONCLUSIONS

We have addressed the problem of estimating the transmis-
sion merit of lighpaths in disaggregated multi-vendor networks
relying on optical line systems deploying multi-band transmis-
sion and possibly Raman amplification. We have extended the
results presented in [30] by comparing the predictions of the
GN-model to the GGN-model’s for NLI evaluation using as a
reference simulative results for a C+L LS deploying hybrid
Raman and EDFA amplification. Results confirm that the
choice of the GGN-model for QoT-E guarantees a conservative
NLI evaluation on the entire C+L bandwidth with an excellent
prediction of the NLI spectral slope. Thus, planning and
signaling operations can be performed with minimum margin.
We have also presented a comparison of models’ predictions
over the experimental setup of [30], displaying a number of
measured points increased from 3 to 7 over the transmission
band. Also the experimental results performed over a limited
bandwidth and without Raman amplification show the need for
the GGN-model in QoT-E to implement frequency-resolved
and reliable performance estimation in a multi-vendor context
of disaggregated network.
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