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ABSTRACT The recent advances in modelling nonlinear interference of systems operating beyond the conven-
tional C-band are discussed. Estimation accuracy as well as computational complexity of current approaches
are compared and addressed.
Keywords: ultra-wideband transmission, nonlinear interference, inter-channel stimulated Raman scattering

1. INTRODUCTION
Lightwave transmission beyond the conventional C-band, exploiting the entire fiber bandwidth in installed
networks, is increasingly considered, as a cost-effective alternative to deploying new multi-core/-mode fibers.
However, for such ultra-wide bandwidths, the non-instantaneous nature of the nonlinear fiber response becomes
significant giving rise to inter-channel stimulated Raman scattering (ISRS). ISRS effectively transfers power
from high to lower frequencies within the same optical signal. Although the physics of the interaction between
the Kerr effect and ISRS are well established [1], [2], efficient low-complexity performance models for modern
coherent systems were (until recently) not available. Such models are key for efficient link design, real-time
optimization and physical layer aware networking. Recently, much attention has been drawn into the development
of such models, particularly by extending the modulation format independent Gaussian Noise (GN) model to
account for ISRS [3]–[11]. Extensions of the closed-form formalism for arbitrary, non-Gaussian modulation
formats have been reported in [12]. Experimental demonstrations on the interaction between Kerr effect and
ISRS followed up in order to validate the theoretical predictions [5], [6], [13], [14]. To date, a number of
modelling approaches exist in integral as well as in closed-form, varying in accuracy and complexity.

In this paper, an overview over the recently proposed approaches of modelling nonlinear interference in
ultra-wideband transmission is given. The estimation accuracies are compared to split-step simulations and their
mathematical and computational complexity are briefly discussed.

2. MODELLING APPROACHES IN INTEGRAL FORM
The GN model is a first-order solution with respect to the nonlinearity coefficient of the nonlinear Schrödinger
equation assuming Gaussian modulation [15]. The nonlinear interference (NLI) power is given as PNLI = ηP 3

i ,
with NLI coefficient η and channel launch power Pi. To extend the conventional GN model to account for ISRS,
it is assumed that the temporal gain dynamics of ISRS are negligible. This is motivated by the averaging of many
independently modulated channels that participate in the scattering process, smoothing the occurring ISRS gain
in time. As a resulting simplification, ISRS can be modelled as a frequency and distance dependent signal power
profile ρ (z, f), which is obtained by solving the continuous-wave Raman equations [2]. The validity of this
approach has been recently experimentally demonstrated in [13], [14]. Published approaches to include ISRS in
the conventional GN model can be categorized into two groups. The first approach, termed effective attenuation
approach, is to approximate ρ (z, f) with exponential decays, that have modified attenuation coefficients or
effective lengths [3], [5]. The second approach, termed ISRS GN model, is to fully rederive the conventional
GN model based on the precise signal power profile for higher accuracy but larger complexity [4]–[8].

2.1 The effective attenuation approach
The first approach to extend the conventional GN model for ISRS, was the introduction of exponential decays
with channel dependent attenuation coefficients or effective lengths to model the effect of ISRS [3], [5]. The
advantage of the approach is that the expressions of the conventional GN model, with its moderate complexity,
can be used. In [3], the use of channel dependent, effective attenuation coefficients αeff,i was proposed, that
resemble the actual effective length present in the fiber span, as

Leff,i =

∫ L

0

ρ(ζ, fi)dζ =
1− exp(−αeff,iL)

αeff,i
, (1)

where fi, Leff,i are frequency and actual effective length of channel i and L is the span length. The approach is
valid for lumped amplification in the weak ISRS regime, where the signal power profile is well approximated
by an exponential decay. The advantage of the approach is its minor additional complexity with respect to
the conventional GN model. The only additional complexity, to model ISRS, is to solve the Raman equations
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Figure 1: Absolute and deviation of NLI coefficient after 3 spans obtained by integral approaches Eq. (1-3).

and the perform regression operations to obtain the coefficients aeff,i. Both can be carried out within seconds,
yielding a low complexity prediction model. However, for large ISRS power transfers, the signal power profile
is not accurately modelled by exponential decays and approximation errors are expected.

2.2 The ISRS GN model in integral-form
In order, to precisely account for arbitrary ISRS power transfers, as well as for distributed amplification, the
GN model has been rederived to account for an arbitrary signal power profile [4]–[7] as

η =
16γ2Bi
27P 3

i

∫
df1

∫
df2 STx(f1, f2, fi)

∣∣∣∣∣

∫ L

0

dζ

√
ρ(ζ, f1)ρ(ζ, f2)ρ(ζ, f1 + f2 − fi)

ρ(ζ, fi)
ejφ(f1,f2,fi,ζ)

∣∣∣∣∣

2

, (2)

, where γ is the nonlinearity coefficient, φ = −4π2(f1 − fi)(f2 − fi) [β2 + πβ3(f1 + f2)] ζ and STx =
GTx(f1)GTx(f2)GTx(f1+f2−fi) with GTx(f) is the power spectral density (PSD) of the signal at the transmitter.
Eq. (2) can be used for multiple spans be interpreting ρ (ζ, f) as the signal power profile of the entire link.

Eq. (2) is exact to first-order for arbitrary power profiles, enabling the modelling of strong ISRS transfers
and distributed amplification scenarios. The computational complexity is higher than the effective attenuation
approach 2.1, due to an additional integration dimension over distance ζ. Additionally, the Raman equations
have to be solved manually for every span along the transmission link and inserted in (2).

For lumped amplification and optical bandwidths of up to 15 THz, the ISRS GN model can be written in
analytical form, avoiding the necessity of solving the Raman equations, ease implementation and to provide
more insight in the underlying parameter dependencies. This is enabled by an approximate solution of the Raman
equations [2]. This dramatically simplifies the description of ISRS which can then be parametrized by only a
single parameter Cr, which is a linear regression of the Raman gain spectrum. The NLI coefficient can then be
written as [7], [8]

η =
16γ2BiG1(fi)

27P 3
i

∫
df1

∫
df2

∣∣∣∣∣
n∑

k=1

∫ Lk

0

dζSk (f1, f2, fi)
P̂ke

−αζ−P̂kCrLeff(f1+f2−fi)
∫
Gk(ν)e−P̂kCrLeffνdν

ejφ(f1,f2,fi,L̃k+ζ)

∣∣∣∣∣

2

(3)
where Gk and P̂k are the signal PSD and total power launched into span k, L̃k is the accumulated distance of
span k, Leff = 1−exp(−αζ)

α and Sk =
√

Gk(f1)Gk(f2)Gk(f1+f2−fi)
Gk(fi)

. Eq. (3) can be conveniently used to model
the NLI in point-to-point transmission with different launch power distributions per span due to non-ideal gain
equalization as well as for complex ultra-wideband network scenarios [8]. The computational complexity of (3)
is comparable to that of (2).

2.3 Comparison to split-step simulations
To compare the accuracy of the modelling approaches, a split-step simulation was performed for 119× 85 GBd
Nyquist-spaced channels, occupying the entire C+L band (10.11 THz), centered at λref = 1570nm. Transmission
over 3 standard single mode fiber based spans were considered, with parameters α = 0.2 dB

km , D = 18 ps
nm·km ,

S = 0.067 ps
nm2·km , γ = 1.2 1

W·km , Aeff = 81.8µm2 and Cr = 0.0236 1
W·km·THz . ISRS was implemented by
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a frequency dependent loss at each simulation step, according to the power profile ρ (f, ζ) and ideal gain
equalization was performed. A sequence length of 217 symbols was considered and four data realizations were
averaged to increase simulation accuracy. In order to accurately benchmark the proposed models, Gaussian
symbols were used for transmission. The NLI coefficient as a function of channel frequency and as a function
of ISRS power transfer are shown in Fig. 1a) and b), respectively. The ISRS power transfer is defined as the sum
of the ISRS gain/loss in decibel of the most outer WDM channels. The ISRS GN model in semi-analytical form
(2) and in analytical form (3) have a negligible error with respect to the split-step simulations. The effective
attenuation approach is in very good agreement with simulations despite the exponential decay approximation;
with a maximum mismatch of 0.1 dB for 4 dBm launch power. However, this mismatch increases for increasing
ISRS power transfers as ISRS does not strictly resemble an exponential decay.

In conclusion, the NLI estimates of all integral approaches are similar within 0.1 dB for powers up to 4 dBm
per channel. However, for stronger ISRS power transfers and higher required accuracy, the use of the ISRS GN
model is recommended at the expense of higher computational complexity.

3. MODELLING APPROACHES IN CLOSED-FORM
Although, the integral approaches above estimate the NLI with very good accuracy, they are not directly suitable
for real-time applications and network optimization where vast numbers of light paths must be evaluated. For
such scenarios, approximations in closed-form, that yield results within picoseconds, have been proposed for
the effective attenuation approach as well as for the ISRS GN model [3], [9]–[12].

3.1 The effective attenuation approach
A semi-analytical closed-form approach has been proposed in [3]. The approach is based on a closed-form
solution of the conventional GN model extended by the effective attenuation as in Sec. 2.1. The NLI coefficient
is approximated by

η ≈ 8

27
γ2
n1+εαeff,iL

2
eff,i

π|β2,i|B2
i

asinh
(

0.5π2|β2,i|B2
tot

αeff,i

)
, (4)

with β2,i being the GVD parameter of channel i. Eq. (4) is an approximatite solution for the NLI of the central
channel and approximation errors at the outer WDM channels are expected. The approach is semi-analytically,
as the Raman equations have to be solved and regression functions have to be executed to obtain αeff,i.

3.2 The ISRS GN model in closed-form
The first fully analytical closed-form approximation of the ISRS GN model has been derived in [9], [10].
The formula accounts for arbitrary launch power distributions, channel configurations, ISRS and wavelength
dependent attenuation and dispersion. The approximation relies on a first-order description of ISRS, introducing
approximation errors for large ISRS power transfers, and is given by

η ≈ 4

9

γ2

B2
i

πn1+ε

φiᾱ (2α+ ᾱ)
·
[
Ti − α2

a
asinh

(
φiB

2
i

πa

)
+
A2 − Ti
A

asinh
(
φiB

2
i

πA

)]

+
32

27

Nch∑

k=1,k 6=i

(
Pk
Pi

)2
γ2

Bk

n

φi,kᾱ (2α+ ᾱ)

[
Tk − α2

α
atan

(
φi,kBi
α

)
+
A2 − Tk

A
atan

(
φi,kBi
A

)]
,

(5)

with φi = 3
2π

2 (β2 + 2πβ3fi), A = α+ᾱ and Ti = (α+ ᾱ− PtotCrfi)
2 and φi,k = 2π2 (fk − fi) [β2 + πβ3 (fi + fk)].

A formula based on the same assumptions with a similar result has been presented in [11]. Eq. (5) enables
real-time NLI estimation in point-to-point links and mesh optical networks. Very recently, (5) has been extended
for arbitrary modulation formats [12].

3.3 Comparison to split-step simulations
The NLI coefficient as a function of channel frequency and as a function of ISRS power transfer are shown in
Fig. 2a) and b), respectively. While Eq. (4) shows some approximation errors towards the outer WDM channels,
it sufficiently models the change of the NLI coefficient for ISRS power transfers up to 3 dB with an maximum
error of 0.2 dB compared to simulations. The ISRS GN model in closed-form (5) shows very good agreement to
simulations throughput all channels with an average deviation of 0.1 dB at 4 dBm launch power. The maximum
deviation of (5) compared to the result in [11] was negligible (<0.1 dB) for the entire studied parameter range.

Although, (4) offeres some initial conclusions on the impact of ISRS on the NLI, the recently derived ISRS
GN model in closed-form (5) is superior in computational complexity as well as in accuracy. Therefore, we
recommend the use of (5) for the real-time modelling of ultra-wideband transmission systems.
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Figure 2: Absolute and deviation of NLI coefficient after 3 spans obtained by closed-form approaches Eq. (4-5).

4. CONCLUSIONS
Recently proposed approaches to account for inter-channel stimulated Raman scattering in nonlinear interference
modelling were discussed, in particular the effective attenuation approach and the ISRS GN model; both in
integral and in closed-form. When estimation accuracy is the priority, the ISRS GN model in integral form or
the less complex effective attenuation approach should be considered. For time sensitive applications, the ISRS
GN model in closed-form is recommended for almost instantaneous, but yet accurate, NLI estimates.
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