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Modeling Nonlinear Interference With Sparse
Raman-tilt Equalization

Chiara Lasagni, Student Member, IEEE, Paolo Serena, Member, IEEE,and Alberto Bononi, Senior Member, IEEE

Abstract—We investigate the impact of accumulated stimulated
Raman scattering (SRS) on the nonlinear interference (NLI)
variance due to sparse gain-tilt equalization along the optical link.
We propose simple modifications to analytical models available in
the literature, such as the Gaussian noise (GN) or the enhanced
Gaussian noise (EGN) models, for reliable NLI estimation in the
presence of accumulated SRS. We additionally generalize closed-
form expressions of the NLI variance in a GN framework to the
new scenario. We validate the models through split-step Fourier
method simulations showing the importance of including the gain-
tilt equalization period in the model to preserve the accuracy. The
proposed model is then used to provide insights on the interplay
between the NLI and accumulated SRS.

Index Terms—Stimulated Raman scattering (SRS), Dynamic
gain equalizer (DGE), Gaussian noise (GN) model, enhanced
Gaussian noise (EGN) model.

I. INTRODUCTION

EXPLOITING the bandwidth of the optical fiber is the
first choice to increase the capacity of current optical

communication systems. In particular, a widespread solution
adopted by vendors is the deployment of multi-band C+L
systems [1]. Besides the technological problems, one of the
main challenges for the system designer is represented by the
estimation of the system performance, for which analytical
models stand out as the best low-complexity candidates. In
fact, accurate split-step Fourier method (SSFM) simulations
may become prohibitive due to the computational effort re-
quired to simulate the propagation of wavelength division
multiplexing (WDM) signals spanning the whole C+L band,
or even wider bandwidths, over long-haul links [2].

Perturbative analytical models, such as the Gaussian noise
(GN) model [3], are nowadays widely used to estimate the
nonlinear interference (NLI) arising along propagation and
the corresponding signal-to-noise (SNR) ratio. The GN model
represents a simple and fast tool, whose accuracy is further
improved by its modulation format-aware version, known as
the enhanced Gaussian noise (EGN) [4], [5] or nonlinear inter-
ference noise (NLIN) model [6]. Unfortunately, the reliability
of these models in ultra-wideband transmissions is undermined
by the presence of inter-channel stimulated Raman scattering
(SRS).

SRS is a nonlinear process for which higher signal frequen-
cies are depleted while amplifying lower frequencies, yielding
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a tilted signal power profile [7]. As a side effect, the strength of
the nonlinear Kerr effect changes, with an effect increasingly
important for increasing bandwidths.

An extension of the GN model to include inter-channel SRS
in a multi-span link was proposed in [8]–[10]. In particular,
the work in [10] used an analytical expression of the signal
power profile in the presence of SRS. This expression is
based on the triangular approximation of the Raman gain in
the frequency domain [11], [12] and the assumption that all
spans are identical, with Raman gain tilt on the signal power
perfectly equalized at the end of each span.

The GN model is able to estimate the individual contribu-
tions of self-phase modulation (SPM), cross-phase modulation
(XPM), four-wave mixing (FWM), cross- and multi-channel
interference (XCI, MCI), according to the NLI nomenclature
in [2]. Since SPM and XPM are generally dominant in highly-
dispersive links, several works concentrated on finding simple
expressions for SPM and XPM. Closed-form expressions
including SRS in a GN-framework were proposed in [13],
[14]. In [14], the authors also introduced the use of fitting
parameters to cope with non-uniform power profiles. In [15] a
correction term for XPM accounting for the modulation format
is presented. To fully include the impact of the modulation
format, the EGN model has been extended to account for SRS
in [2], [16].

The short computational time of Raman-aware GN models
enables addressing complex design problems, such as the
optimal signal power allocation at the transmitter side to
counteract the SRS effect, as done in [8], [17]. In both works,
the authors tackled the problem of optimal power allocation
in the presence of uncompensated SRS. These studies were
motivated by the fact that in practical systems the dynamic
gain equalizers (DGEs) for the compensation of the SRS on
the signal power are not placed after each span. For instance,
a compensation period value of 4-5 spans can be found in the
terrestrial systems literature [1], [8], [9].

In this work, we show that such a sparse DGE position-
ing has a relevant impact on the system performance, and
thus on the models’ accuracy. We extend the Raman-aware
EGN model of [2], [16] to scenarios where the SRS gain
equalization is not performed at every span. The proposed
model includes the interaction between nonlinear Kerr effect
and accumulated SRS in a modulation format-aware manner,
as well as a signal-power pre-emphasis at the transmitter side.
Finally, we extend the closed-form expressions of [14] to
include such sparse DGE positioning along the link. This work
is an extended version of [18] that includes all the needed
mathematical derivations.
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The remainder of this paper is organized as follows. In
Section II we review NLI models from the literature and we
propose a method to account for generic DGE placement in the
link. In Section III we propose approximated models which
aim at reducing the model complexity, including closed-form
expressions for the GN-term based on [14]. Section IV is
devoted to numerical results. Finally, in Section V we will
draw our conclusions.

II. NONLINEAR INTERFERENCE MODELING

Under a first-order perturbative approximation [19] of the
Manakov equation1, the received field of a generic optical-link,
after removing linear propagation effects, takes the following
expression at coordinate z

~A(z, ω) ≈ ~A(0, ω) + ~w(z, ω) + ~n(z, ω) (1)

where: ~A(0, ω) is the transmitted dual-polarization signal field
at angular frequency ω, ~w(z, ω) is the received amplified spon-
taneous emission (ASE) noise field due to optical amplifiers,
while ~n(z, ω) accounts for the nonlinear interference which,
neglecting signal-noise interaction, is:

~n(z, ω) = −j 8

9
γ

∫∫ ∞
−∞

η(ω, ω1, ω2) ~A†(0, ω + ω1 + ω2)×

~A(0, ω + ω2) ~A(0, ω + ω1)
dω1

2π

dω2

2π
. (2)

Here γ is the fiber nonlinear coefficient, † represents transpose-
conjugate, while η(ω, ω1, ω2) stands for the so-called fiber
kernel (also known as link function) weighting the FWM
interaction among signal frequencies. For a dispersion-
uncompensated link composed of N identical spans, each of
length L, such a fiber kernel can be written as [8]–[10], [13]

η(ω, ω1, ω2) =

N∑
k=1

ej∆β(k−1)L

∫ L

0

ej∆βζ×√
ρk(ζ, ω + ω1 + ω2)ρk(ζ, ω + ω1)ρk(ζ, ω + ω2)

ρk(ζ, ω)
dζ, (3)

where ρk(ζ, ω) is the frequency-dependent normalized power
profile from the transmitter up to the local coordinate ζ within
span k. The phase-matching coefficient ∆β is defined as

∆β , β(ω)− β(ω + ω1)− β(ω + ω2) + β(ω + ω1 + ω2)

= ω1ω2

[
β2 +

1

2
(2ω + ω1 + ω2)β3

]
(4)

where β is the propagation constant, and β2 and β3 its
second and third-order coefficients evaluated at the reference
frequency of the lowpass equivalent spectrum. Such a model
includes in the term ρk any positioning of the DGE along the
link.

In the following, NLI expressions based on different power
profiles are presented, starting from a literature review in Sec.

1The reasons for using the Manakov equation instead of the coupled
Nonlinear Shrödinger equation are discussed in e.g. [2, App. A].

II-A and II-B. These expressions serve as a starting point for
the computation of the NLI power spectral density [3, Eq. (1)],
[4, Eq. (5)-(26)], [5, Tab. 1], and variance [6, Eq. (25)].

A. Absence of SRS

With end-span lumped amplification and without SRS, the
signal propagating along the optical link undergoes fiber
attenuation and optical amplification. Assuming that each
amplifier perfectly recovers the fiber losses, the normalized
power profile in Eq. (3) can be written as

ρ(ζ) = e−αζ (5)

where α is the fiber attenuation, here assumed frequency-
independent. The assumption of ideal amplifiers yields a span
independent power profile, due to the absence of accumulated
losses from the previous spans, which coincides with the
power profile of a single-span link. With the substitution of
Eq. (5) in Eq. (3) the link kernel writes in the compact form

η(ω, ω1, ω2) = χ(ω, ω1, ω2)η1(ω, ω1, ω2) (6)

where η1 is the single-span kernel, which accounts for the
local NLI and is defined as

η1 ,
∫ L

0

e−αζej∆βζdζ =
1− e−αLej∆βL

α− j∆β
, (7)

and χ is the following phased-array term [20]:

χ ,
N∑
k=1

ej∆β(k−1)L =
1− ejN∆βL

1− ej∆βL
, (8)

which accounts for the NLI accumulation span-by-span for
identical spans [3].

B. Presence of SRS and DGE at every span

In ultra-wideband transmissions, the interplay between SRS
and Kerr effect cannot be neglected. The inclusion of SRS
in the NLI model calls for a frequency-dependent power
profile, due to the nature of the Raman scattering process.
An analytical expression of the normalized power profile in
the presence of SRS was derived in [12] under the triangular
approximation of the Raman gain [11] and the assumption of
a frequency-independent fiber attenuation coefficient.

With ideal DGEs and amplifiers after each span, both the
SRS gain and the fiber loss are perfectly recovered at the span
end. Hence, the normalized power profile becomes

ρ(ζ, ω) = Υ(Leff(ζ))e−αζe−PtCrLeff (ζ)ω (9)

where: Cr is the slope of the linear approximation of the
Raman gain, Pt is the WDM signal power, and the effective
length is defined as Leff(ζ) = 1−e−αζ

α .
The factor Υ in Eq. (9) is defined as [12]

Υ(Leff(ζ)) ,
Pt∫∞

−∞GTX(ν)e−PtCrLeff (ζ)ν dν
2π

(10)

where GTX is the power spectral density (PSD) of the trans-
mitted WDM signal. The normalization term Υ ensures that
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Fig. 1. Sketch of: a) generic link stucture with ND sections having a
variable number of spans Ns(d) each, and b) WDM PSD tilt evolution due
to accumulated SRS in a link section with Ns = 3 spans.

the total power decreases exponentially along the fiber length,
namely Pt(z) = Pt(0)e−αz . Similarly to the previous section,
the normalized power profile is span-independent.

With an ideal DGE after each span the kernel can still be
expressed as the product of two terms

η(ω, ω1, ω2) = χ(ω, ω1, ω2)ηR
1 (ω, ω1, ω2) (11)

where χ is the phased-array term defined in Eq. (8), while ηR
1

is a generalization of the single-span η1 to the case with SRS,
equal to [10]

ηR
1 =

∫ L

0

Υ(Leff(ζ))e−αζe−PtCrLeff (ζ)(ω+ω1+ω2)ej∆βζdζ (12)

≈
(

1− S
)
η1 +

1− e2αLej∆βL

2α− j∆β
S (13)

where S , PtCr(ω+ω1+ω2)
α , and η1 is given in Eq. (7). The last

approximation has been derived in [14] and is justified when
the power is uniformly distributed across the WDM bandwidth
and SRS is weak. Note that in this framework Υ ≈ 1.

The triangular approximation of the Raman gain holds
for bandwidths not exceeding ≈ 15 THz [11]. For larger
bandwidths, not only the triangular approximation of the
Raman gain fails, but also the frequency dependence of the
attenuation must be included [21].

C. Presence of accumulated SRS

In this scenario, the Raman gain-tilt is not recovered at
every span by a DGE. As a result, the SRS accumulates
between two DGEs undermining the assumptions that lead to
Eq. (13). Moreover, the absence of gain equalization at the end
of each span allows other residual gains/losses to accumulate
from span to span. Fig. 1(a) sketches an example. The link is
composed of ND link sections, identified by the presence of
a DGE at the end of each section. In the most general case,
the sections can have a different number of spans Ns each. To
highlight the effects of the SRS accumulation across the spans,
Fig. 1(b) sketches an example of the signal PSD evolution in
the first section of a link with Ns = 3 spans.

Similar scenarios were considered in [8], where the accu-
mulation of Raman scattering was included by numerically
solving the power evolution. Here we propose an analytical
expression of the power profile.

Let us focus on a given link section. The PSD of the signal
at the input of the kth span, k ∈ (1, . . . , Ns), should account
for the accumulated SRS and any extra gain/loss Λ(ω):

Gk(ω) = GTX(ω)e−PtCr((k−1)Leff (L))ωΛ(ω)(k−1). (14)

Please note that Λ(ω) reduces to 1 when a DGE is placed at
the end of each span. The normalization factor should change
accordingly:

Υk(Leff(ζ)),
Pt∫∞

−∞Gk(ν)e−PtCrLeff (ζ)ν dν
2π

(15)

where ζ is the local coordinate within the kth span. In
this framework, the normalized power profile between two
neighboring DGEs can be written as

ρk(ζ, ω)=Υk(Leff(ζ))Λ(ω)(k−1)e−αζ× (16)

e−PtCr(Leff (ζ)+(k−1)Leff (L))ω.

It is worth noting that Eq. (16) does not hold with a
frequency-dependent attenuation α(ω), since the signal power
profile has been derived with a frequency-independent loss
[12]. As an approximation, Eq. (16) can be used as well by
forcing a constant α(ω) ≡ α only in the attenuation profile at
local coordinate ζ, while its full profile α(ω) can be left in
the accumulated gain/loss term Λ(ω). Contrary to the previous
cases, the power profile in Eq. (16) is span-dependent.

The substitution of the new power profile Eq. (16) in Eq.
(3) yields the link kernel expression

η =

ND∑
d=1

ej∆β(d−1)LNs(d)

Ns(d)∑
k=1

ej∆β(k−1)Lg(ω, ω1, ω2)
k−1

2

× e−PtCr(k−1)Leff (L)(ω+ω1+ω2) ηR
k (ω, ω1, ω2) (17)

where d is the index of the link section between two DGEs,
Ns(d) is the number of spans in the dth link section, k is
the span index within a section, and the term g(ω, ω1, ω2)
collecting extra gains/losses is defined as

g(ω, ω1, ω2) =
Λ(ω + ω1)Λ(ω + ω2)Λ(ω + ω1 + ω2)

Λ(ω)
. (18)

The single-span kernel generalizes to:

ηR
k =

∫ L

0

Υk(Leff(ζ))e−αζe−PtCrLeff (ζ)(ω+ω1+ω2)ej∆βζdζ (19)

with the main difference with Eq. (12) that the normalization
factor depends on the span index within the link section, as
per Eq. (15).

Since the exponential SRS in Υ includes also the accumu-
lated gain, the weak SRS assumption used in [14] yielding
Υ ≈ 1 may not be justified in this more general scenario
with sparse DGEs. As a direct consequence, the z-integral in
Eq. (3) cannot be expressed in closed-form and requires to
be evaluated through numerical integration. For this reason, in
this work we refer to this model as the integral model.

Contrary to Sections II-A and II-B, it is not possible
to simply identify a phased-array term accounting for the
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accumulated effects between spans, since the spans are not
all identical due to the absence of a DGE at some spans.

The outer summation over d in Eq. (17) accounts for the
dispersion accumulated in the previous link sections. Note that
there is no accumulated SRS from previous link sections since
each section ends with an ideal DGE. The inner summation
over k, on the other hand, accounts for both dispersion and
SRS accumulated within the section.

We note that the proposed model can be easily generalized
to account for a non-uniform power allocation. For instance, a
power pre-emphasis might be applied to the transmitted signal
in order to counteract the SRS effect [8], [9], [17]. We find
convenient to investigate a pre-emphasis in the form of an SRS
gain with opposite sign, namely

P (0, ω) = PTX(ω)
Pte

kPtLeff (L)Crω∫∞
−∞GTX(ν)ekPtCrLeff (L)ν dν

2π

(20)

where PTX(ω) is the signal power at the transmitter before
the pre-emphasis. Using this notation, the pre-emphasis is
governed by the factor k which indicates the amount of SRS
that is pre-compensated, expressed in number of spans. As a
consequence, the link kernel in Eq. (17) can be applied verba-
tim after the following substitution in the Raman exponential:

(k − 1)
with−−−−−−−→

pre-emphasis
(k − k − 1) (21)

where k − k plays the role of an equivalent span index.
Examples of the model generalization to include power pre-
emphasis will be showed in Section IV.

To first approximation, a similar idea can be used even
for non-ideal DGEs by using a k(d). Here, k(d) indicates
the residual fraction of SRS at the beginning of the dth link
section, while k + k(d) stands for an equivalent span index.

III. APPROXIMATED MODELS

The numerical effort to evaluate the general kernel in Eq.
(17) with sparse DGEs is particularly heavy since the integrand
function is quickly oscillating, thus requiring many function
evaluations for an accurate result. For this reason, in this
section we introduce approximations of the z-integral in Eq.
(17), with big savings in computational time. For the sake
of simplicity and generality, we search for an approximation
yielding a link kernel in the same form as the one without
SRS accumulation, i.e.,

η(ω, ω1, ω2) ≈ χR(ω, ω1, ω2)ηR
1 (ω, ω1, ω2) (22)

where ηR
1 is the single-span kernel in Eq. (13) and χR is an

inter-span term. Note that Eq. (22) differs from the model
without accumulated SRS only in the term χR.

A. Simplified model

Removing the dependence of Υ on z yields great numerical
savings since the remaining integral can be evaluated in
closed-form. This idea was implicit in [14] where Υ was

approximated to 1, as a result of a weak-SRS assumption.
As commented before, this approximation does no longer
hold with sparse DGE positioning, hence it must be properly
adapted to the new scenario. Since Υ is a monotonic function
of Leff(ζ), it can be bounded by Υ(Leff(L)) ≤ Υ(Leff(ζ)) ≤
Υ(0). Hence, it seems reasonable to approximate the integral
in Eq. (19) by a weighted midpoint numerical quadrature [22].
To further increase the accuracy, we perform such an approx-
imation after making the change of variable Leff(ζ) = y,
namely:

ηR
k =

∫ Leff (L)

0

Υk(y)e−PtCry(ω+ω1+ω2)e−j
∆β
α ln(1−αy)dy

≈ Υk

(Leff(L)

2

)
ηR

1 (ω, ω1, ω2) (23)

where the exponential functions have been used as the weight-
ing function. ηR

1 (ω, ω1, ω2) is the single-span kernel without
accumulated SRS expressed in a closed-form as in Eq. (13).
The midpoint rule has an error scaling with O(Leff(L)3)
[22] hence is a good compromise between accuracy and
simplicity. As a result of the approximation, we thus propose
to approximate the local term Leff(ζ) in Eq. (15) with a
lumped factor 1

2Leff(L), obtaining the following midpoint
normalization factor

Υk ,
Pt∫∞

−∞GTX(ν)Λ(ν)(k−1)e−PtCr(k− 1
2 )Leff (L)ν dν

2π

. (24)

Thanks to this approximation, the link kernel in Eq. (17) can
be written as

η =

ND∑
d=1

ej∆β(d−1)LNs(d)

Ns(d)∑
k=1

ej∆β(k−1)Lg(ω, ω1, ω2)
k−1

2

× e−PtCr(k−1)Leff (L)(ω+ω1+ω2) Υk η
R
1 (ω, ω1, ω2) (25)

which can now be easily expressed in the compact form of
Eq. (22), where we defined

χR ,
ND∑
d=1

ej∆β(d−1)LNs(d)

Ns(d)∑
k=1

ej∆β(k−1)Lg(ω, ω1, ω2)
k−1

2

× e−PtCr(k−1)Leff (L)(ω+ω1+ω2) Υk. (26)

We call simplified model the NLI model based on the link ker-
nel of Eq. (25) which relies on the approximated normalization
factor defined in Eq. (24).

B. GN-term closed-form expressions
In this section, we generalize the closed-form expressions

of the SPM and XPM variance, first derived in [14] in a GN-
framework with DGE at every span, to the case of accumulated
SRS, i.e., sparse DGE positioning along the link.

For the reader’s convenience, we report here the single-span
variance expressions. The SPM variance for channel i can be
written as [14]

σ2
SPM,1(i) ≈ 4

9

P 3
i

B2
i

γ2π

φi3α2
×[Ti − α2

α
asinh

(φiB2
i

πα

)
+

4α2 − Ti
2α

asinh
(φiB2

i

2πα

)]
(27)
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with φi = 3
2π

2(β2 + β3ωi), Ti = (2α− PtCrωi)
2, and

ωi , 2πfi, with fi the lowpass carrier frequency of channel
i, referred, without loss of generality, to the reference system
centered at the WDM central frequency [14]. The XPM
contribution of the `th interfering channel to channel i is

σ2
XPM,1(i, `) ≈ 32

27

P 2
` Pi
B`

γ2

φi,`3α2
×[T` − α2

α
atan

(φi,`Bi
α

)
+

4α2 − T`
2α

atan
(φi,`Bi

2α

)]
(28)

with Bi the bandwidth of channel i, and φi,` = π(ω`−ωi)[β2+
1
2β3(ω` + ωi)]. The approximation is reliable if |ωi − ω`| �
2πBi [14].
The NLI accumulation of channel i along the link is usually
approximated through the simple scaling rules [3]

σ2
SPM,N (i) = N 1+ε

i σ2
SPM,1(i) (29)

σ2
XPM,N (i) =

∑
` 6=i

N` σ2
XPM,1(i, `) (30)

where the scaling factor is defined as N` , |χ(0, 0, ω`)|2inc and
the subscript inc indicates that only the incoherent contribution
is taken into account, i.e., correlations between different spans
are neglected. The coherent NLI accumulation along spans
has been included though the factor ε, which plays the role
of a coherence correction [3], [23], [24] whose expression in
absence of SRS can be found in [3]. As in [14], the coherence
factor is included only in the SPM accumulation in Eq. (29).

Note that the scaling rules in Eq. (29) and (30) require
the accumulated effects to be factored out by the term χ.
Unfortunately, the NLI model in the presence of accumulated
SRS proposed in Section II-C cannot be cast in this form. On
the other hand, the simplified model presented in this section
can be expressed in such a form as in Eq. (22). Therefore, the
simplified model opens the path to closed-form expressions in
the presence of accumulated SRS.

For a single-span, ηR
1 in the simplified model coincides

with the closed-form expression of the single-span z-integral
derived in [14], therefore the single-span SPM and XPM
variance expressions in Eq. (27) and Eq. (28) still hold in this
framework. On the other hand, in a multi-span link the term
N must be modified to account for sparse DGE positioning
along the distance, as summarized in Tab. I. Note that this
term simply reduces to the number of spans N when there
is no accumulated SRS, including the absence of local SRS,
as in [3] and [14]. Please note that although the summations
in the novel simplified model cannot be expressed in closed-
form, they can be quickly evaluated numerically. Moreover, the
outer summation simply reduces to ND if all the link sections
are equal.

As observed for the integral model, both the simplified
model and the closed-form expressions can be generalized
to include SRS pre-compensation through an equivalent span
index as in Eq. (21).

TABLE I
SCALING FACTOR N` FOR NLI ACCUMULATION WITH SPANS.

Case Scaling factor N`

Ns = 1 N

Ns > 1
ND∑
d=1

Ns(d)∑
k=1

Υ2
kΛ(ω`)

2(k−1)e−2PtCrLeff (L)ω`(k−1)

simplified model

Ns > 1 not available
integral model

After SRS gain equalization on the desired signal at the
receiver, the SNR of a generic WDM channel centered at
frequency ν can be written as

SNR =
P

σ2
NLI + σ2

ASE

(31)

where σ2
NLI is the channel NLI variance and σ2

ASE is the ASE
noise variance. For a system with all identical devices and
fibers, such variances take simple expressions. In the absence
of SRS the NLI variance scales with P 3 [25], [26], while the
ASE variance at the end of a link composed of N identical
amplifiers with frequency-flat gain G and noise figure F is
equal to σ2

ASE = N × hνFGB, where h is the Planck’s
constant, and B is receiver noise equivalent bandwidth.

In the presence of SRS, σ2
NLI does not scale anymore with

P 3 since the fiber kernel depends on the total power, while
the ASE variance can be generalized as follows:

σ2
ASE = hνFGB

ND∑
d=1

Ns(d)∑
k=1

ρNs(d)−k

ρNs(d)
(32)

where ρ is evaluated at the span end and at frequency ν as
per Eq. (16). Namely, the ASE noise introduced by the kth
amplifier in the dth link section is affected by SRS in each of
the subsequent Ns(d) − k spans (hence the factor ρNs(d)−k)
and by the DGE frequency response at the end of the link
section (factor ρNs(d)). Since the main focus of this work is
the impact of accumulated SRS on the NLI, in the following
we will concentrate mainly on the NLI variance.

IV. NUMERICAL RESULTS

We implemented both the integral and the approximated
model by adopting the link kernel expressions in Eq. (17) and
Eq. (25), respectively, in the EGN model [2], [16]. Throughout
this section, we will refer to the respective EGN models
with the labels integral DGE-SRS-EGN and simplified DGE-
SRS-EGN model. In particular, in both models, the frequency
integrals involved in the variance computation are performed
by means of Monte Carlo integration [2], [27], and all the
nonlinear effects (SPM, XPM, FWM, XCI and MCI according
to the nomenclature in [2]) are included. The z-integration
of the integral model is implemented by means of Filon’s
quadrature method [28] for oscillating integrands. On the
other hand, the simplified DGE-SRS-EGN model relied on
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Fig. 2. NLI variance σ2
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channels, 10 × 100 km with DGE period Ns = 1, 2 or 5 spans. Solid line:
SSFM simulations. Markers: Integral DGE-SRS-EGN. Dashed line: simplified
DGE-SRS-EGN model.

the closed-form expression of the single-span kernel, as well
as the GN-term closed-form expressions.

The links under test were dispersion-uncompensated, com-
posed of single-mode fibers (SMFs) and based on ideal end-
span lumped amplification with frequency-flat gain. The SRS
gain on the signal was recovered by ideal DGEs, with variable
number and position along the link. The SMFs had length
L = 100 km, frequency-flat attenuation α = 0.2 dB/km,
dispersion D = 17 ps/(nm·km), dispersion slope S = 0.057
ps/(nm2·km), and nonlinear coefficient γ = 1.26 1/(W·km).
The slope of the triangular approximation of the Raman gain
of the fiber was Cr = 0.028/(2π) (THz·rad·km·W)−1.

While the EGN model relies on the triangular approximation
of the Raman gain, in the SSFM simulations we used a polyno-
mial interpolation of the experimental gain [2], accounting for
both the real and the imaginary part of the Raman spectrum.

The WDM was a comb of polarization division multiplexed
signals with channel spacing ∆f = 50 GHz. Each channel
was shaped with root-raised cosine pulses of 0.01 roll-off,
and modulated at the symbol rate 49 Gbaud. The number
of symbols was 67550, and the SSFM symmetric-step was
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Fig. 3. NLI variance σ2
NLI versus frequency shift. PDM-16QAM, 201

channels, 10 × 100 km with DGE period Ns = 1, 2 or 5 spans. Solid line:
SSFM simulations. Markers: Integral DGE-SRS-EGN. Dashed line: simplified
DGE-SRS-EGN model.
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spans. Markers: Integral DGE-SRS-GN. Dashed line: simplified DGE-SRS-
GN. Dotted: extended-closed forms.

updated according to the constant local error criterion with a
maximum tolerable FWM phase matching ∆φFWM= 10 rad
[29]. At the receiver, ideal chromatic dispersion compensation
was followed by a matched filter detection and a least-squares
equalizer with 1 tap that recovered the average polarization and
phase mismatch. The NLI variance in the SSFM simulations
was estimated as the variance of the difference between the
received and the transmitted sequence of symbols, in the
absence of ASE noise.

In a first test we investigated 64-quadrature amplitude mod-
ulation (64QAM) signals with a 0 dBm transmitted power per
channel, over a WDM bandwidth of 10 THz. Such a channel
power is close to the power maximizing the SNR of the central
channel in the absence of SRS and with noise figure F = 5
dB. Figure 2 shows the NLI variance versus the frequency
shift after 10 spans with DGE placed every 1, 2, or 5 spans.
We used solid lines for SSFM results, markers for the integral
DGE-SRS-EGN model, and dashed lines for the simplified
DGE-SRS-EGN model. It can be seen that both the integral
and the simplified EGN models proposed in this work correctly
estimate the impact of accumulated SRS on the NLI. Both
models exhibit an average error across the WDM bandwidth
smaller than 0.3 dB for each DGE placement configuration,
with the largest value concentrated at the bandwidth edges.
In particular, we verified with an extra-simulation here not
reported that the error of the integral DGE-SRS-EGN model
is mainly related to the underlying triangular approximation
of the Raman gain.

Most important, it can be seen that the NLI tilt is empha-
sized by the accumulation of SRS between DGEs, yielding
curves with Ns>1 far apart from the benchmark Ns =1 case
usually analyzed in the literature. For instance, even with a
DGE every two spans, i.e., Ns = 2, the gap with the curve
having a DGE at every span, highlighted by the double arrow
in the figure, is up to ≈ 2 dB.

Then, we verified the accuracy of the proposed models
for a 16QAM modulation, for the same set-up of Fig. 2.
Figure 3 shows a good agreement between theory and SSFM
simulations, with similar accuracy as that of the 64QAM case.
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DGEs. Variable pre-emphasis factor k, see Eq. (20). Solid: SSFM. Markers:
Integral DGE-SRS-GN model. Dotted: extended-closed forms by using Eq.
(20).

It is worth noting that simulating the transmission of 10
THz over 1000 km via SSFM had a nearly prohibitive cost in
terms of computational time, requiring at least 21 days for each
curve in Fig. 2 and 3 using graphical process units (GPUs).

As an example of the complexity reduction enabled by the
simplified model, we report the computational times required
to compute the NLI variance with the two models. Using a
server-grade architecture, the integral model required ≈ 50
min/channel to compute the NLI variance of Fig. 2. The
simplified model required less than 1 min/channel by using
the same number of Monte Carlo samples for frequency
integration.

The computational time can be further reduced by replacing
the Monte Carlo integrations in the frequency domain with
the closed-form expressions. Although such expressions can
be computed in a few seconds, it is worth noting that they
i) account only for SPM and XPM, ii) postulate a scaling
of SPM with the coherence factor ε, iii) use the same ε as
the case without SRS, and iv) assume Gaussian distributed
symbols. We thus investigated the reliability of such expres-
sions with Gaussian distributed symbols, while all the other
link and transmission parameters were those of Fig. 2. The
corresponding NLI variance, as well as its estimation by the
integral and the simplified model, are reported in Fig. 4. The
dotted lines represent the closed-form results, the solid lines
indicate the simplified Monte Carlo model while the markers
represent the σ2

NLI obtained with the integral model. The figure
shows that the average gap between the closed-form and its
Monte Carlo counterpart is less than 0.1 dB for all the DGE
periods, making the closed-form expression a fast reliable
alternative for estimations with Gaussian distributed symbols.
The closed-form expression accuracy is expected to decrease
when low-dispersion fibers or low symbol rates are taken into
account, due to the higher relative contribution of FWM.

A. Signal power pre-emphasis

We checked the validity of the model with signal power pre-
emphasis as per Eq. (20). Since SSFM simulations of 10 THz
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Fig. 6. NLI variance σ2
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channels, 5 × 100 km of ULL fiber with DGE period Ns = 1, 5 spans.
Solid line: SSFM simulations with α(ω). Dashed line: simplified DGE-SRS-
EGN. Makers: integral DGE-SRS-EGN.

over 1000 km are extremely time consuming, we focused on a
faster set-up by reducing the bandwidth and the link length. We
thus transmitted 51 channels, with the same frequency spacing
and symbol rate as in the previous figures, with channel power
P = 3 dBm.

To test the impact of the pre-emphasis only, we esti-
mated the NLI variance after 300 km, without intermediate
DGEs. We considered both SMFs and non-zero dispersion-
shifted fibers (NZDSFs), with dispersion parameter D = 17
ps/(nm·km) and D = 4.5 ps/(nm·km), respectively. For the
sake of comparison, the NZDSF under test differed from the
SMF considered so far only in the dispersion coefficient. For
both cases, we report the NLI variance in the absence of SRS
pre-compensation (k = 0) and for two pre-emphasis choices
k=1, 3. We recall that, according to Eq. (21), a pre-emphasis
factor of k yields a frequency-flat signal power after k spans.

Figure 5 shows the NLI variance estimated with SSFM sim-
ulations, the integral DGE-SRS-EGN model and the closed-
form expressions modified according to Eq. (21). It can be seen
that the simulations are in good agreement with the theory.
In particular, the modified closed-forms exhibit a maximum
error of ≈ 0.25 dB with SMFs, and an average error across
the WDM bandwidth smaller than 0.1 dB. The maximum gap
slightly increases to 0.3 dB with NZDSFs, while on average
it is 0.2 dB. This can be mainly attributed to the absence of
FWM, XCI and MCI terms in the closed-forms, whose relative
contribution to the overall NLI increase at lower dispersion.

B. Frequency-dependent attenuation

In this section, we check the validity of Eq. (16) with a
frequency-dependent fiber attenuation. To this aim, we in-
cluded a frequency-dependent attenuation profile in the SSFM
simulations. Here we changed the fiber, a Corning ULL, for
which an experimental attenuation profile is available in [21]
and we approximated such a profile with a quadratic fitting
polynomial.
The link was composed of N = 5 spans with DGE repe-
tition every 1 and 5 spans. Each amplifier had a frequency-
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Fig. 7. For a 30× 100 km link with DGE repetition every Ns = 1 and Ns = 3 spans: (a) NLI variance tilt in dB (between the two edge WDM channels)
for QPSK (dash-dotted), 16QAM (dotted), 64QAM (solid) and Gaussian (dashed) transmissions versus WDM bandwidth; (b) ASE variance tilt in dB versus
WDM bandwidth; (c) SNR versus frequency offset from central channel at WDM bandwidth 10 THz.

independent gain restoring the nominal total power. Therefore,
a frequency-dependent residual loss accumulated up to a DGE.

Figure 6 shows the NLI variance estimated with SSFM
simulations, the integral and the simplified DGE-SRS-EGN
model with local fiber attenuation coefficient in Eq. (16) equal
to α = 0.162 dB/km. The average error across the WDM
bandwidth between simulations and theory is less than 0.3
dB for Ns = 1, meaning that neglecting the local effects of
the frequency-dependent fiber attenuation as in Eq. (16) has a
minor impact on the NLI, consistently with the discussion in
[10]. When the DGE period is increased to Ns = 5 spans, the
average error is ≈ 0.3 dB.

In particular, we note that the impact of a sparse DGE
positioning on the NLI variance is barely affected by the
frequency-dependent fiber attenuation. Figure 6 shows a max-
imum gap of ≈ 8 dB between the curves with Ns = 1 and
5 spans, which is comparable to the gap estimated with a
frequency-flat fiber attenuation.

C. Modulation format

We next investigate the joint impact of the modulation
format and the accumulated SRS on the NLI variance using
the simplified model. We considered the transmission of a
Bt = 0.05 × Nch THz WDM comb with variable band-
width Bt = (1, 2.5, 5, 7.5, 10) THz, associated to Nch =
(21, 51, 101, 151, 201) channels, respectively. The channel
power was fixed to 1 dBm.

We considered different modulation formats: Gaussian,
64QAM, 16QAM, and quadrature phase-shift keying (QPSK).
The link under test was composed of 30 spans of SMFs
with DGE placed every 1 or 3 spans. For each scenario, we
measured the tilt of the variance as the difference between
the value in dB over the first and the last WDM channel in
frequency.

Figure 7(a) shows the SRS-induced NLI variance tilt as a
function of the WDM bandwidth. It can be seen that, with a
DGE after each span, the NLI-tilt is almost independent of
the modulation format. This observation is consistent with the
results reported in the literature [15], [16]. On the other hand,
when the DGE period is increased to 3 spans, the tilt increases

significantly as the bandwidth increases. For the extreme case
of Bt = 10 THz, we estimated ≈ 2 dB of difference between
the tilt of PDM-QPSK and PDM-Gaussian transmission.

For the sake of completeness, we report in Figure 7(b) the
ASE variance tilt for the same link. Note that the ASE variance
undergoes an SRS-induced tilt with an opposite sign compared
to the NLI variance, yet not identical in absolute value.

We then estimated the received SNR by using frequency-flat
noisy amplifiers with noise figure 5 dB. Figure 7(c) shows the
SNR versus the frequency offset from the central channel at
Bt = 10 THz, with DGE placed every 1 and 3 spans. It can
be seen that the SRS-induced tilt on the SNR with Ns = 1
does depend on the modulation format although the NLI-tilt
is almost format-independent. Therefore, the error introduced
in the SNR estimation by neglecting the modulation format is
frequency-dependent.

Figure 7(c) also shows that the SNR non-flatness in fre-
quency is enhanced by the presence of accumulated SRS.
In particular, the SNR deviation across the WDM bandwidth
increases by ≈ 4 dB when the number of spans between the
equalizers increases from 1 to 3.

It is worth noting that such tilts on the ASE and NLI have
different implications on the system design. For instance, a
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frequency.
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1 dB variation in the NLI variance, ASE variance, or SNR,
corresponds approximately to a deviation of 1/3, 2/3, and
1 dB, respectively, in the system reach [30, p. 324]. The
same scaling laws apply even for the errors introduced by
the models.

In order to counteract this undesired imbalance in the SNR
and achieve similar performance on all the WDM channels, a
power pre-emphasis can be applied at the transmitter side [8],
[9], [17]. Figure 8 shows the SNR estimation versus frequency,
for the same setup of Fig. 7(c), with signal power pre-emphasis
as per Eq. (20). The pre-emphasis factor k̄ was optimized to
minimize the maximum SNR difference between two arbitrary
channels at fixed total power. Namely, the pre-emphasis factor
was k̄ = 1 for Ns = 1 and k̄ = 2 for Ns = 3. Please note
that a fast optimization of the pre-emphasis factor is possible
thanks to the proposed simplified DGE-SRS-EGN model.

In the absence of signal power pre-emphasis, in Fig. 7(c) we
measured up to 8 dB of SNR imbalance for the case having
Ns = 3, and up to 4 dB with Ns = 1. On the other hand,
Fig. 8 shows that the maximum SNR deviation in frequency
is ≈ 1.5 dB for Gaussian distributed symbols and ≈ 1.1 dB
for QPSK, with optimized pre-emphasis factor k̄.

Although the pre-emphasis through k̄ is sub-optimal and
counteracts only the SRS tilt, the simplicity of the generalized
simplified model and its approximated closed-form formulas
is remarkable. Such models can be used for fast predictions
of system performance closer to reality than existing models
unaware of pre-emphasis. More accurate predictions with
arbitrary pre-emphasis can be obtained by using the integral
model.

D. Self- and Cross-channel nonlinear effects

Finally, we investigate the accuracy of the simplified DGE-
SRS-EGN model on the estimation of SPM and XPM, using
the integral DGE-SRS-EGN model as a benchmark. We per-
form the exploration at variable symbol rates, thus extending
the main findings of [31] to SRS.To this aim, we considered
the transmission of a 16QAM WDM signal having Bt = 10
THz and Nch = (1601, 801, 401, 201, 101) channels with
symbol rate R = (6.125, 12.25, 24.5, 49, 98) Gbaud. The
relative channel spacing ∆f/R was fixed to 1.02 and the
total WDM power was Pt = 23 dBm. The link under test
was composed of 20 spans of SMFs with DGE placed every
4 spans.

The model predictions are depicted in Fig. 9. Figure 9 (a)
and (b) show the variance of the first and last WDM channel in
frequency, respectively, normalized to the cube of the channel
power. FWM is not reported since its variance was estimated
to be 6 dB smaller than XPM at 6 Gbaud, with an increasing
gap for increasing R. In both figures, it can be seen that the
difference between the simplified (dashed) and the integral
model (markers) is negligible over the entire symbol rate axis
for both nonlinear effects.

In the same figure we also show with dotted lines the same
curves in the absence of SRS. The figure shows that the
presence of SRS changes the balance between the nonlinear
effects in a frequency-dependent manner. For instance, the
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Fig. 9. NLI variance σ2
NLI of SPM and XPM, normalized to the cube of the

channel power, versus the symbol rate, estimated for the (a) first, and (b) last
WDM channel. PDM-16QAM, Bt = 10 THz, Pt = 23 dBm, 20 × 100 km
of SMFs with DGE period Ns = 4 spans.

SRS-unaware model predicts that the crossing point between
SPM and XPM on the first WDM channel occurs at R = 88
Gbaud. SRS moves such a point to 44 Gbaud by inflating more
SPM than XPM.

An opposite behavior occurs for the last WDM channel,
as shown in Fig. 9(b). In the absence of SRS the crossing
point is R = 91 Gbaud, slightly different from 9(a) because
of third-order dispersion. On the contrary, when SRS is taken
into account, XPM remains the main nonlinear impairment,
being the crossing point with SPM at R = 510 Gbaud.

V. CONCLUSIONS

We showed that the accumulation of the SRS along the
link due to sparse DGE positioning has serious implications
on the received NLI variance. We extended the EGN model
to account for accumulated SRS by modifying the link kernel.
The model is based on a signal power profile expression which
accounts for generic DGEs placement along the optical link.
However, the new link kernel integral cannot be approximated
using known simple closed-form expressions and thus results
in undesired additional computational complexity. To reduce
the computation time of the NLI variance, we proposed an
approximated model for the link kernel. We also proposed a
simple generalization of known closed-form expressions [14]
to preserve their accuracy in the presence of accumulated SRS.
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We validated the extended EGN model against 10 THz
SSFM simulations, observing an average gap within 0.3 dB in
the considered cases. The closed-form expressions were also
cross-validated against their integral counter-part, exhibiting
an average error below 0.1 dB. The novel expressions, beside
accounting for sparse DGE positioning, can also account for
signal power pre-emphasis.

We conclude that the presence of accumulated SRS in the
link due to sparse DGE placement cannot be neglected. Its
inclusion in the EGN model significantly increases its com-
plexity, which can be substantially reduced by the proposed
simplified model. The simplicity of the model can be leveraged
for fast optimization of wide-band systems design both in
terms of DGE placement along the link and signal power pre-
emphasis to counteract the SRS effect.
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