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Abstract

The constant growth of IP data traffic, driven by sustained annual increases surpassing
26%, is pushing current optical transport infrastructures towards their capacity limits.
Since the deployment of new fiber cables is economically demanding, ultra-wideband
transmission is emerging as a promising cost-effective solution, enabled by multi-band
amplifiers and transceivers spanning the entire low-loss window of standard single-mode
fibers. In this scenario, an accurate modeling of the frequency-dependent fiber parameters
is essential to reliably model optical signal propagation. In particular, the combined impact
of attenuation variations with frequency and inter-channel stimulated Raman scattering
(SRS) fundamentally shapes the power evolution of wide wavelength division multiplexing
(WDM) combs and directly affects nonlinear interference (NLI) generation, as well as the
amount of ASE noise. In this work, we review a set of analytical approximations, based on
phenomenological approaches, for frequency-dependent attenuation and Raman scattering
gain, and analyze their impact on achieving an effective balance between computational
efficiency and physical fidelity. Through extensive analyses performed with the open-source
software GNPy (version 2.12, Telecom Infra Project) on an optical line system exploring
multi-band scenarios spanning C+L+S, C+L+E, and U-to-E transmission, we demonstrate
that the proposed approximations reproduce the reference SRS power evolution and NLI
profiles with root mean square errors (RMSEs) consistently below 0.03 dB, and down
to the 10−3–10−2 dB range for the most accurate configurations. Although the current
implementation does not yet provide a direct reduction in computational time, the proposed
framework lays the groundwork for future developments toward closed-form or semi-
analytical solutions, enabling more efficient modeling and optimization of ultra-wideband
optical transmission.

Keywords: inter-channel stimulated Raman scattering; single-mode optical fiber; frequency-
dependent loss coefficient; Raman-aware NLI estimation; multi-band networks

1. Introduction
The growth in demand for IP data traffic is expected to continue steadily, with authori-

tative mid-term forecasts indicating a compound annual growth rate of 18–27% worldwide
over the decade 2023–2033, and even higher values in specific network segments [1]. The
deployment of coherent dual-polarization optical technologies in conjunction with wave-
length division multiplexed (WDM) systems has become crucial to support the transmission
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of such volumes of information beyond traditional core and metro networks, for 5G x-haul
transport [2], and for inter- and intra-datacenter connectivity. In this context, the evolu-
tion of the optical fiber infrastructure is fundamental to maintaining the increasing traffic
load while minimizing the need for new deployments, which would require substantial
investments in CAPEX due to the high cost of new cable installation [3].

The standard single-mode fiber (SSMF) made of purified glass (ITU-T G.652D fiber) [4]
is currently the most deployed fiber variety, since it exhibits low attenuation (below
0.4 dB/km) within the single-mode transmission window and no pronounced water-
absorption peaks. This infrastructure covers the U-, L-, C-, S-, E- and O-bands, providing
an available spectral window exceeding 50 THz, which represents an attractive solution to
increase the overall transmission capacity while maximizing the return on existing CAPEX
investments [4,5].

Currently, the C-band is the most widely used by commercial systems, providing
5 THz of the usable transmission bandwidth, while both showing the minimum attenuation
of the SSMF and supporting erbium-doped fiber amplification (EDFA). However, C+L
multiband solutions are already available [6], supported by Raman amplification and
modern EDFAs extended to the L-band, allowing the exploitation of an additional 5 THz
bandwidth [7].

In multi-band optical network scenarios, an extension of the classical perturbative
physical-layer transmission models [8,9] is necessary to incorporate the frequency depen-
dence of the key fiber parameters, i.e., attenuation, chromatic dispersion and effective
area, which influence the strength of nonlinear effects [5,10]. The dominant nonlinear
mechanisms are the Kerr effect, responsible for nonlinear interference (NLI) [8,9], and
stimulated Raman scattering (SRS), which transfers optical power from higher to lower
frequencies by exciting inelastic resonances [11]. SRS is the key phenomenon for inter-
band interactions [12], therefore an accurate modeling is essential to find the optimum
working point.

Raman scattering arises from the inelastic interaction between the optical field and the
vibrational modes of the silica lattice [11,13,14]. In its spontaneous form, individual photons
can transfer part of their energy to molecular vibrations, generating scattered light at lower
frequencies (Stokes components). Even though each event is weak, in a WDM system, the
aggregate effect over long propagation distances leads to spectral power tilt, with high-
frequency channels acting as energy donors while low-frequency channels accumulate
additional power. At high optical powers the effect becomes relevant, contributing both to
nonlinear noise and Raman amplification.

SRS must be studied with respect to both the frequency and the propagation axis z,
as the SRS-induced modification of the fiber loss/gain profile vs. z, for each frequency
f, significantly affects the amount of NLI noise. Since the approximation of nonlinear
propagation impairment as additive Gaussian noise [8] has been shown to hold even for
low-dispersion fibers [15], perturbative NLI models can be generalized across the entire
U-to-E-band spectrum and partially into the O-band [4,5,8,16,17].

In this work, we focus our analysis on U-to-E-band scenarios supposing propagation
on purified-glass standard single-mode fiber—the ITU-T G.652D fiber type—where the
perturbative modeling for the NLI is solidly usable.

When transmission is limited along the C-band, SRS can be modeled as a spectral
tilt [8,18], with the powers involved in the process decreasing proportionally to the total
power. However, this approximation becomes increasingly inaccurate as the transmission
bandwidth is expanded [19], and it eventually breaks down completely when the spectral
occupation exceeds the SRS efficiency peak, located at roughly 13 THz [5]. For this reason,
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the set of ordinary differential equations (ODEs) [14,20] representing the SRS mathematical
model must be solved numerically with non-negligible computational cost.

Despite the substantial progress made in modeling Raman interactions in optical fibers,
accurately predicting the SRS-induced power evolution in wideband WDM transmission
remains computationally demanding. Numerical integration of the full set of coupled
ODEs provides a high-fidelity representation of the phenomenon [20], but its complexity
poses a challenge for real-time optimization, online quality-of-transmission estimation, and
large-scale network control. As multi-band systems extend well beyond the C+L-bands and
approach the full U-to-E operational window, there is a growing need for simplified, yet
reliable, analytical approximations capable of retaining physical accuracy while reducing
computational cost.

Several approximation strategies have been proposed in the literature to simplify the
modeling of frequency-dependent inter-channel stimulated Raman scattering (ISRS). In
particular, linear approximations of the Raman gain spectrum have been shown to provide
satisfactory accuracy within the conventional C-band [5,21].

However, as transmission bandwidth extends beyond the C-band into L-, S-, and
ultra-wideband regimes, these linear approximations become increasingly inefficient. The
spectral variability of both fiber attenuation and Raman gain grows significantly across
wide frequency spans, leading to non-negligible modeling errors when linear fits are
applied over extended bandwidths.

More sophisticated representations of the Raman gain spectrum based on multi-peak
Gaussian or Lorentzian basis functions have also been proposed in the literature, enabling
high-fidelity reconstruction of the measured Raman response of silica fibers over wide
frequency ranges [22]. These approaches are primarily aimed at accurately reproducing the
physical Raman gain profile and are typically validated at the spectral level.

In contrast, in this work we do not focus on proposing new fitting methodologies for
the Raman gain spectrum. Instead, we provide a systematic evaluation of how different
fitting strategies, i.e., Gaussian and Lorentzian, affect end-to-end system metrics, including
nonlinear interference and channel power evolution, across ultra-wideband transmission
scenarios along both the frequency and spatial axes.

By replacing the exact Raman gain function with its fitted counterparts within the
numerical SRS solver, we assess the resulting power error for a wideband multi-band
scenario. This enables us to identify simplified descriptions of Raman interactions that
preserve the essential physics while offering substantial reductions in complexity—thus
providing a practical and efficient modeling tool for future multiband optical networks.

In addition to the Raman gain spectrum, other fiber parameters, most importantly
the frequency-dependent attenuation, also require careful modeling across multi-band
spectral usage. The attenuation profile departs significantly from a flat behavior out-
side the C-band due to the fundamental limits given by Rayleigh scattering and infrared
absorption [14,23–25], as well as resonances due to residual water contamination. So,
this work also considers simplified representations of the loss coefficient based on phe-
nomenological approaches [26] either through parametric fitting of physics phenomena
or by exploiting novel Taylor series expansions around suitable reference frequencies.
These approximations offer a novel additional opportunity to reduce the overall compu-
tational burden while preserving the essential features required for accurate multi-band
transmission analysis.

In the present study, the numerical solver operates by directly reading the fitted
representations of the Raman gain and attenuation profiles, and therefore no immedi-
ate reduction in computational time is achieved with respect to the reference modeling
based on measurements. The reduction in computational complexity should instead be
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regarded as a prospective benefit, to be realized in future work by explicitly embedding
the proposed approximations within the differential equations governing power evolution.
This approach opens the possibility of deriving closed-form or semi-analytical solutions,
which could significantly accelerate system-level simulations and network optimization
procedures in ultra-wideband transmission scenarios. The results show that the most
accurate configurations achieve root mean square errors (RMSEs) in the 10−3–10−2 dB
range for both power and NLI profiles, while fully approximated models remain below ap-
proximately 3 × 10−2 dB even in U-to-E-band transmission. In particular, piecewise linear
fitting of the attenuation profile combined with Lorentzian decomposition of the Raman
gain coefficient provides the best overall performance across all bandwidth scenarios. The
error values are fully comparable with those reported in previous studies for C-band and
C+L-band transmission, where modeling inaccuracies typically fall within the −0.02 to
0.02 dB range [21].

The remainder of this paper is organized as follows. In Section 2, we introduce
the frequency-dependent single-mode fiber model adopted in this work, detailing the
analytical description of the loss coefficient, effective area and Raman gain efficiency, and
we present the proposed phenomenological approximations for α( f ) and gR(∆ f ) based
on piecewise linear and Taylor series fitting for attenuation and Gaussian/Lorentzian
decompositions for the Raman gain. The numerical SRS solver, the considered multi-
band transmission scenarios, and the error metrics used for validation, including RMSE
on both power and NLI profiles, are also described. Section 3 reports the assessment of
fiber propagation effect obtained by the open-source software GNPy [27–29] for C+L+S,
C+L+E, and ultra-wideband U-to-E transmission, comparing the different approximation
strategies against the fully physical reference model in terms of power evolution and NLI
accuracy. In Section 4, these results are critically discussed, highlighting the trade-offs
between model complexity and accuracy and identifying the most effective combinations
of attenuation and Raman gain approximations for wideband QoT estimation. Finally,
Section 5 concludes the paper by summarizing the main findings and outlining how the
proposed modeling framework can support efficient physical-layer design, performance
evaluation and network planning in future multiband optical networks.

2. Materials and Methods
In the following subsections, the main fiber parameters are presented, particularly

highlighting their frequency dependence during optical propagation in a generic wideband
transmission scenario.

The analysis assumes transmission over an SSMF having frequency-dependent spec-
tral characteristics, i.e., attenuation, chromatic dispersion, effective area and Raman gain
efficiency. The frequency bounds of each band composing the entire transmission scenario
are presented in Table 1.

Table 1. Frequency bounds of each band composing the entire transmission scenario.

Band fmin (THz) fmax (THz)

U 180.710 185.510

L 186.010 190.810

C 191.310 196.110

S 196.610 206.210

E 206.810 221.210
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2.1. Loss Coefficient Function

The fiber loss coefficient α models the power loss that affects the propagation of
optical signals. It is obtained as the sum of different contributions deriving from the fiber
composition and the manufacturing process, i.e., Rayleigh scattering, violet and infrared
absorption, OH-ion absorption and phosphorous absorption in the fiber core. According
to [26], the loss coefficient function vs. wavelength can be expressed in logarithmic units
(dB/km) by modeling each phenomenological component as follows:

α(λ) ≃ αS(λ) + αUV(λ) + αIR(λ) + α13(λ) + α12(λ) + αPOH(λ), (1)

where:
αS(λ) = Aλ−4 + B,

αUV(λ) = KUV · eCUV /λ,

αIR(λ) = KIR · eCIR/λ,

α13(λ) = A1

Aa

A1
e
−(λ−λa)2

2σ2
a +

1
A1

3

∑
i=1

Aie
−(λ−λi)

2

2σ2
i

,

α12(λ) = A1

 1
A1

5

∑
i=4

Aie
−(λ−λi)

2

2σ2
i

,

αPOH(λ) = APOHe
−(λ−λPOH )2

2σ2
POH .

The parameters A, B, KIR, A1, KUV adopted in this work, namely A = 0.9192 dB·µm4/km,
B = 0.0147 dB/km, KIR = 5.0×1011 dB/km, A1 = 0.0043×10−3, KUV = 1.4655× 10−16 dB/km
are taken from [30], where they are obtained through a dedicated fitting procedure applied
to experimentally measured attenuation data. Figure 1 shows the comparison between the
measured loss-coefficient samples and the corresponding fitted attenuation curve.

Figure 1. SSMF wideband loss coefficient profile, α( f ) [30].
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2.2. Loss Coefficients Approximations

The full analytical expression of the loss coefficient α(λ), reported in Equation (1),
accurately accounts for all physical contributions to fiber attenuation. However, its direct
use in numerical simulations can be computationally expensive. To reduce this overhead
while preserving the essential spectral behavior, two novel simplified approximations
are adopted in this work: a piecewise linear fitting of the loss profile and a Taylor series
expansion of the analytical components. Both methods allow for efficient evaluation of
α(λ) in wideband propagation simulations.

2.2.1. Piecewise Linear Approximation

In the first approach, the measured attenuation profile is reconstructed using a set of
linear segments. Let {(λi, αi)}M

i=1 denote a set of sampling points of the loss coefficient. The
piecewise linear approximation α̂PL(λ) is defined as

α̂PL(λ) = αi +
αi+1 − αi
λi+1 − λi

(λ − λi), λ ∈ [λi, λi+1].

This representation can be interpreted as a sum of independent linear segments, each
active over a different wavelength interval. In this work, nsegments = 20 segments are used.
The segment boundaries (breakpoints) are chosen as uniformly spaced points between the
minimum and maximum frequencies of the dataset:

fedges = linspace( fmin, fmax, nsegments + 1),

where each segment covers the interval [ fedges[i], fedges[i + 1]], and a local linear fit is
performed within each segment. Despite its simplicity, it closely matches the measured at-
tenuation profile and is particularly suitable for simulations that require frequent evaluation
of α(λ), such as wideband GN-model calculations.

Figure 2 shows the agreement between the measured attenuation and the profile
obtained via the piecewise linear approximation.

Figure 2. SSMF attenuation profile obtained using the piecewise linear approximation.
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To determine an appropriate number of segments for the piecewise linear approxi-
mation of α( f ), a sensitivity analysis was conducted by varying the number of segments
between 5 and 21 and computing the corresponding RMSE and MAE values, reported
in Table 2.

Table 2. Number of segments and corresponding RMSE and MAE.

#Segments RMSE [dB/km] MAE [dB/km]

5 4.00 × 10−3 2.62 × 10−2

6 2.59 × 10−3 1.31 × 10−2

7 1.81 × 10−3 9.60 × 10−3

8 1.18 × 10−3 6.85 × 10−3

9 7.96 × 10−4 4.12 × 10−3

10 7.53 × 10−4 3.63 × 10−3

11 5.98 × 10−4 2.68 × 10−3

12 5.89 × 10−4 6.08 × 10−3

13 6.89 × 10−4 5.25 × 10−3

14 6.70 × 10−4 3.45 × 10−3

15 5.42 × 10−4 3.36 × 10−3

16 4.55 × 10−4 2.89 × 10−3

17 4.32 × 10−4 2.55 × 10−3

18 2.96 × 10−4 1.99 × 10−3

19 2.88 × 10−4 1.36 × 10−3

20 2.82 × 10−4 1.74 × 10−3

21 2.05 × 10−4 1.44 × 10−3

As expected, increasing the number of segments systematically reduces the fitting
error. However, the improvement is not linear. A rapid error reduction is observed
when increasing the number of segments from 5 to approximately 10, where the RMSE
decreases by nearly one order of magnitude. Beyond 15 segments, the reduction becomes
progressively marginal, indicating a saturation behavior.

In particular, increasing the segmentation from 18 to 20 segments reduces the RMSE
from 2.96 × 10−4 to 2.82 × 10−4 dB/km, corresponding to a relative improvement below
5%. Further increasing to 21 segments provides only a limited additional reduction. This
demonstrates that beyond approximately 18–20 segments, the gain in accuracy becomes
negligible compared to the increase in model complexity.

Therefore, 20 segments were selected as a balanced trade-off between approxima-
tion accuracy and structural simplicity, ensuring sub-10−3 dB/km RMSE while avoiding
unnecessary model over-parameterization.

2.2.2. Taylor Series Approximation

The second approach approximates each analytical component of the attenuation
model by expanding it in a Taylor series around a reference wavelength λ0, typically
chosen near the center of the operating band. For a generic contribution g(λ) (e.g., Rayleigh
scattering, UV absorption, IR absorption), we have

g(λ) ≃ g(λ0) + g′(λ0)(λ − λ0) +
1
2

g′′(λ0)(λ − λ0)
2 + · · · ,
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where only the first two or three terms are retained depending on the smoothness of the
function. In practice, retaining up to the second-order term provides a good compromise
between accuracy and computational efficiency for typical SSMF attenuation profiles.

The overall Taylor series approximation of the total loss coefficient is then

α̂TS(λ) = ∑
k

[
gk(λ0) + g′k(λ0)(λ − λ0) +

1
2

g′′k (λ0)(λ − λ0)
2
]

,

where the index k spans all physical contributions included in the full model. This produces
a smooth analytical approximation (Figure 3) that is computationally lightweight and
especially convenient when α(λ) is evaluated inside integrals or differential equations.

Figure 3. SSMF attenuation profile obtained through the Taylor series expansion of the analytical
components in Equation (1).

In this work, the Taylor series approximation is truncated at second order, which
provides sufficient accuracy over the considered wavelength range, as the higher-order
terms contribute negligibly to the overall attenuation profile. The reference wavelength
adopted is λ0 = 201 THz, because it is close to the center of the transmission bandwidth.

2.3. Effective Area

The effective area is the parameter governing the strength of nonlinear interactions in
optical fibers [14], as it quantifies the spatial confinement of the propagating mode. It is
directly related to the nonlinear coefficient through Equation (2),

γ( f ) =
2πn2

λ( f )Ae f f ( f )
, (2)

where n2 denotes the nonlinear refractive index of silica and λ( f ) the wavelength associated
with the optical frequency f . A smaller effective area leads to higher optical field intensities,
thereby enhancing Kerr-induced effects as well as Raman interactions.
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Typically, in SSMF, Ae f f is not constant across the transmission bandwidth and exhibits
a slow frequency dependence, which becomes particularly non-negligible in wide-band
transmission regimes.

If the modal profile can be approximated by a Gaussian function with radius ω, Ae f f

can be computed as Ae f f = πω2, with ω = a/
√

ln(V), where a represents the fiber core
radius and V is the normalized frequency, which can be expressed with Equation (3). In
the case of a minor relative index step at the core-cladding interface, ∆ ≃ (n1−nc)

n1
, where n1

and nc represent the core and the cladding radius, respectively. In this work a and n2 are
assumed to be equal to a = 4.2 µm and n2 = 2.6 · 10−20 m2/W, as for common SSMF, while
the cladding refractive index and the refractive index difference with respect to the core are
fixed at 1.45 and 0.31%.

V(λ) =
2π

λ( f )
an1

√
2∆, (3)

2.4. Raman Gain Efficiency

The SRS is the principal nonlinear effect arising during multi-band transmission [31].
It originates from the inelastic interaction between the propagating electromagnetic field
and the fiber’s dielectric medium. During Raman scattering, light incident on a medium is
converted to a lower frequency. The energy difference of the signals at the two different
frequencies determines the frequency shift and the Raman gain curve [11,13,14]. The Raman
gain coefficient, gR, quantifies the coupling between the higher frequency ( fp) and lower
frequency ( fs) channels, which are referred to as pump and Stokes waves, respectively, and
whose frequency shift is equal to ∆ f = fp − fs. The power evolution of a signal propagating
at frequency fs in the presence of SRS can be expressed through Equation (4) [21],

dPs(z)
dz

= −α( fs)Ps(z) + ∑
f j> fs

gR( f j − fs)Ps(z)Pj(z)− ∑
f j< fs

fs

f j
gR( fs − f j)Ps(z)Pj(z), (4)

where the following apply:

• α( f ) is the frequency-dependent attenuation coefficient.
• Ps(z) is the optical power of the Stokes signal at position z.
• Pj(z) is the optical power of the j-th channel.
• α( f ) is the frequency-dependent fiber attenuation.
• fs and f j are the frequencies of the Stokes and interacting channels.
• gR(∆ f ) is the Raman gain coefficient for the frequency shift ∆ f .

Given a reference pump at the frequency fre f , the whole Raman gain coefficient [30]
can be modeled with Equation (5)

gR(∆ f , fp) = kps
pol g0(∆ f , fre f )

fp

fre f

Aov
e f f (∆ f , fre f )

Aov
e f f (∆ f , fp)

, (5)

where the following apply:

• kps
pol accounts for the polarization alignment factor between pump and Stokes waves.

• g0(∆ f , fref) is the Raman gain coefficient at the reference frequency.
• Aov

eff(∆ f , f ) is the effective mode-overlap area between pump and Stokes waves at the
given frequency.

The reference Raman gain g0(∆ f , fref) is defined as

g0(∆ f , fre f ) =
γR(∆ f , fre f )

Aov
e f f (∆ f , fre f )

,
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where γR is the Raman gain coefficient in terms of mode intensity, and Aov
e f f (∆ f , fre f ) is the

effective area overlap between the pump and the Stokes wave.
In this work, the fused silica Raman gain coefficient curve reported in Figure 4 is used,

with a reference frequency of 206.185 THz [30].

Figure 4. SSMF Raman gain coefficient profile for each frequency of the considered wideband
scenario [30].

2.5. Raman Gain Approximations and Fitting Strategies

The Raman gain coefficient is characterized by a broadband and highly asymmetric
spectral profile, as shown in Figure 4, with a main peak around 13 THz and a slowly decay-
ing tail extending beyond 20 THz. The choice of a proper, accurate, and computationally
efficient representation is fundamental when solving the SRS equations because it directly
influences the inter-channel power transfer in wideband WDM systems.

In this work, several approximation strategies for gR(∆ f ) are investigated, aiming to
reduce numerical complexity while preserving physical fidelity. By exploiting analytical
fits, the measured spectrum is approximated using parametric functions, i.e., combinations
of Gaussian and Lorentzian profiles [22]. The accuracy of the result depends on the number
of parameters and on the fitting bandwidth, making it possible to choose the suitable
compromise between complexity and precision. Each approximation is incorporated in the
SRS solver [28] and combined with the different approximations of α( f ) to investigate the
resulting power evolution across frequencies and space, and the error with respect to the
reference model.

Two families of fitting functions are considered:

• Gaussian decomposition
The Raman gain profile is approximated as the sum of a set of Gaussian functions,

gG(∆ f ) =
N

∑
k=1

Ak · exp

[
− (∆ f − µk)

2

2σ2
k

]
,

where the set of parameters (Ak, µk, σk) is obtained through least squares procedure.
Figure 5 illustrates the fitting result obtained using a set of eleven Gaussian basis
functions, whose parameters are shown in Table 3. The ratio between the area of
the fitted curve and that of the reference Raman gain profile differs by only 0.07%,
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confirming the ability of Gaussian components to accurately reproduce both the main
peak and the extended spectral tail.

Figure 5. SSMF Normalized Raman gain coefficient profile approximated through Gaussian decom-
position.

Table 3. Sets of parameters (Ak, µk, σk) describing the eleven Gaussian basis functions.

Ak µk (THz) σk (THz)

1.40 × 10−1 2.64 1.17

2.48 × 10−1 5.54 1.99

8.34 × 10−1 11.21 2.64

4.06 × 10−1 13.84 1.39

2.35 × 10−1 14.56 0.30

1.34 × 10−1 15.25 0.30

1.85 × 10−1 18.41 0.99

1.14 × 10−1 24.00 1.14

5.37 × 10−2 25.00 4.31

4.71 × 10−2 32.29 0.93

3.01 × 10−2 36.36 1.89

• Lorentzian decomposition
The Raman gain profile is approximated as the sum of a set of Lorentzian functions:

gL(∆ f ) =
N

∑
k=1

1
π

·
1
2 Γk

(∆ f − µk)2 +
(

1
2 Γk

)2 ,

where again the set of parameters (µk, Γk), representing the peak position and the
full width at half maximum, respectively, is obtained through the same least-squares
fitting procedure used for the Gaussian decomposition.
Figure 6 shows the Lorentzian-based fitting obtained with nine components (see
Table 4). The resulting approximation closely matches the reference Raman gain curve,
with an area deviation of only 1.09 · 10−3 %, demonstrating that Lorentzian bases also
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provide a flexible and accurate analytical representation of both the peak region and
the long spectral tail.

Figure 6. SSMF Normalized Raman gain coefficient profile approximated through Lorentzian decom-
position.

Table 4. Sets of parameters (µk, Γk) describing the nine Lorentzian basis functions.

µk (THz) Γk (THz)

3.1771 3.0137

10.0000 2.0315

12.0761 1.3648

13.2623 1.0037

14.6135 1.4891

18.4901 1.0539

24.1727 1.2816

32.2231 0.7614

36.6635 10.0000

2.6. Numerical SRS Solver

The propagation of optical power along the fiber is numerically solved using a first-
order differential equation that models stimulated Raman scattering (SRS) in the presence
of fiber attenuation. For a single channel i, the governing equation is given by

dPi(z)
dz

= −αiPi(z) + ∑
j

CijPi(z)Pj(z), (6)

where the following apply:

• Pi(z) is the power of the i-th channel at position z.
• αi is the corresponding attenuation coefficient.
• Cij is the Raman coefficient representing power transfer from channel j to channel i.
• ∑j CijPi(z)Pj(z) represents the Raman gain induced on channel i by all other channels.
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To solve Equation (6) numerically, the fiber is discretized into N segments of length ∆z,
such that zk = k∆z for k = 0, . . . , N − 1. The explicit Euler method is applied to advance
the solution along the fiber:

Pi(z + ∆z) = Pi(z)

[
1 +

(
−αi + ∑

j
CijPj(z)

)
∆z

]
L(z), (7)

where L(z) accounts for lumped losses occurring at discrete positions along the fiber.
The Euler method is conditionally stable. To avoid divergence or negative power

values, the step size ∆z must satisfy

∆z <
1

maxi

(
αi + ∑j CijPmax,j

) , (8)

where Pmax,j is an estimate of the maximum power in channel j along the fiber. In the
simulations presented here, a step size of ∆z = 0.8 m is used.

The initial condition is set as Pi(0) = Pin,i, representing the launch power of each
channel. No feedback is applied at the fiber end, and the solution is computed only along
the physical fiber span.

The Raman coefficient matrix Cij in Equation (7) can be obtained from experimental
measurements or analytical decompositions, which are directly incorporated into the solver
without modifying the numerical scheme. Similarly, the attenuation coefficients αi can be
computed using either the full physical loss model or one of its simplified representations.

This numerical framework provides a unified approach to compare different models
of Raman gain and fiber attenuation, allowing a consistent evaluation of their impact on
the evolution of optical power along the fiber span.

2.7. Simulation Setup

To assess the errors induced by different analytical approximations on both the re-
ceived power evolution and the nonlinear interference (NLI), multi-band optical transmis-
sion systems have been analyzed using the open-source tool GNPy [27,29]. As a reference
scenario, both the fiber loss profile and the stimulated Raman scattering (SRS) interaction
are derived from experimental data. The same analyses are then repeated by feeding GNPy
with the corresponding analytical approximations of loss and Raman gain, allowing a
consistent comparison under identical transmission conditions.

The numerical analysis considers a multi-band WDM transmission system composed
of 10 identical fiber spans, each 70 km long. The setup in Figure 7 includes five spectral
bands—U, L, C, S, and E—populated with uniformly spaced WDM channels. Each channel
carries an independent 400 G signal using dual-polarization 16-QAM at 64 GBaud, with a
fixed 75 GHz channel spacing across all bands.

At the transmitter side, optical multiplexers are employed to combine all channels
across the five bands and launch the resulting signal into the fiber link. At the end of each
span, the channels are demultiplexed and amplified using band-specific optical amplifiers,
whose assumed values of noise figure NF are reported in Table 5, thereby compensating
for span losses independently within each spectral band. At the receiver side, optical
demultiplexers route each wavelength to its dedicated coherent receiver chain.

The span length of 70 km corresponds to a standard design in terrestrial fiber networks,
balancing signal attenuation, amplifier spacing, and nonlinear impairments. The number
of spans was sufficient to accumulate nonlinear effects and stimulated Raman scattering
(SRS) while still allowing tractable numerical simulations.
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Table 5. Optical amplifier noise figure values used in the considered wideband scenario.

U L C S E

NF [dB] 6.0 6.0 5.5 7.0 7.0

It is worth noting that the spectral discretization described above refers exclusively
to the WDM channel grid and is independent of the spatial discretization adopted in the
numerical propagation, which is defined by a longitudinal step size ∆z as detailed in
Section 2.6.

Figure 7. Scheme of the implemented optical line system architecture

Table 6 summarizes the adopted frequency grid, explicitly reporting the channel
spacing and the number of WDM channels per band.

Table 6. Frequency bounds and bandwidth of each band composing the entire transmission scenario.

Band fmin (THz) fmax (THz) Bandwidth
(THz)

Number of
Channels

Channel
Spacing (GHz)

U 180.710 185.510 4.800 64 75

L 186.010 190.810 4.800 64 75

C 191.310 196.110 4.800 64 75

S 196.610 206.210 9.600 128 75

E 206.810 221.210 14.400 192 75

2.8. Launch Power Optimization

The optical line controller (OLC) determines the operating points of each amplifier in
order to optimize the GSNR of the optical line system (OLS). In particular, the optimization
strategy is based on enforcing a maximized and spectrally uniform GSNR distribution
within each transmission band. Accordingly, the launch power profile is selected to simul-
taneously maximize the average per-band GSNR while maintaining sufficient flatness both
within each band and across the entire transmitted spectrum.

This optimization approach does not require additional hardware, as the optimal
launch powers are achieved by adjusting the gain (or output power) and tilt settings of
each optical amplifier. Consequently, the total number of optimization variables is twice the
number of bands, NB, in the considered multi-band scenario, corresponding to the gain–tilt
pair of each amplifier. The objective function to be maximized is defined as

max

(
1

NB

[
NB

∑
n=1

(
GSNRn − σGSNRn

)]
− σ{GSNR1...GSNRNB}

)
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where GSNRn denotes the average GSNR of the n-th band, σGSNRn is the GSNR standard
deviation within the n-th band, and σ{GSNR1...GSNRNB}

represents the standard deviation
across the set of all per-band average GSNR values.

The resulting optimization problem is solved using a stochastic heuristic method
based on an evolutionary approach, specifically the covariance matrix adaptation evolution
strategy (CMA-ES), as in [30].

2.9. Validation Metrics and Error Definition

In order to quantify the accuracy of the proposed approximations of α( f ) and gR( f , z),
the error profiles on both the power and the nonlinear interference (NLI) profiles have been
computed according to Equations (9) and (10), respectively,

εP( f , z) = 10log10

(
Pre f ( f , z)− Papprox( f , z)

Pre f ( f , z)

)
, (9)

εNLI( f , z) = 10log10

(
nlire f ( f , z)− nliapprox( f , z)

nlire f ( f , z)

)
, (10)

where Pre f and Papprox represent, respectively, the reference and the approximated power
profile, while nlire f and nliapprox represent the reference and the approximated NLI profiles.

Due to the limitations in representing error profiles that depend on both frequency
and distance along the link, an aggregated metric, the Root Mean Square Error (RMSE), has
also been computed to provide a single summary value of the approximation accuracy for
both the power and the NLI. The implemented formulas are

RMSEP =

√
1

N f Nz
∑

f
∑
z

[
Pre f ( f , z)dBm − Papprox( f , z)dBm

]2
,

RMSENLI =

√
1

N f Nz
∑

f
∑
z

[
nlire f ( f , z)dBm − nliapprox( f , z)dBm

]2
,

where N f and Nz represent the total numbers of frequency and space points along the link.
Although the RMSE does not capture all local variations of the errors across frequency

and space, it offers a useful averaged measure to assess the overall quality of the power
and NLI profiles across different transmission scenarios.

3. Results
To validate the results of the proposed approximations introduced in the previous

sections, Equation (7) has been solved using the experimentally measured fiber attenuation
α( f ) and Raman gain coefficients gR( f , z). This provides a reference two-dimensional
power profile in the frequency–distance domain, against which all the approximated models
are compared. The following different transmission scenarios have been investigated
considering an injected input power computed according to Section 2.8:

• L+C+S-band;
• L+C+E-band;
• U+L+C+S+E-band.

This choice aims at focusing the analysis on extended and ultra-wideband configura-
tions, as simplified and well-established approximation models for C-band and C+L-band
transmission have already been extensively studied in the literature and were introduced
in Section 1. Then the reference profile has been compared with all the solutions ob-
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tained, considering the following different combinations of the approximations of α( f )
and gR( f , z):

• Case 1: Piecewise linear approximation of α( f ), experimental gR( f , z).
• Case 2: Taylor expansion of α( f ), experimental gR( f , z).
• Case 3: Experimental α( f ), gaussian fitting of gR( f , z).
• Case 4: Experimental α( f ), lorentzian fitting of gR( f , z).
• Case 5: Piecewise linear approximation of α( f ), gaussian fitting of gR( f , z).
• Case 6: Piecewise linear approximation of α( f ), lorentzian fitting of gR( f , z).
• Case 7: Taylor expansion of α( f ), gaussian fitting of gR( f , z).
• Case 8: Taylor expansion of α( f ), lorentzian fitting of gR( f , z).

The RMSE of the power profiles has been computed and reported in Table 7.

Table 7. RMSE of the power profiles computed in the different transmission scenarios expressed
in dB.

L+C+S-Band L+C+E-Band U+L+C+S+E-Band

Case 1 1.256 × 10−2 2.356 × 10−2 2.104 × 10−2

Case 2 4.335 × 10−2 9.462 × 10−2 8.458 × 10−2

Case 3 7.800 × 10−3 4.739 × 10−3 7.808 × 10−3

Case 4 6.559 × 10−3 3.578 × 10−3 7.170 × 10−3

Case 5 1.494 × 10−2 2.457 × 10−2 2.261 × 10−2

Case 6 1.394 × 10−2 2.406 × 10−2 2.209 × 10−2

Case 7 4.562 × 10−2 9.400 × 10−2 8.503 × 10−2

Case 8 4.393 × 10−2 9.470 × 10−2 8.441 × 10−2

The RMSE of the NLI profiles has also been computed and reported in Table 8.

Table 8. RMSE of the nonlinear interference (NLI) profiles computed in the different transmission
scenarios expressed in dB.

L+C+S-Band L+C+E-Band U+L+C+S+E-Band

Case 1 1.490 × 10−2 2.639 × 10−2 2.353 × 10−2

Case 2 5.331 × 10−2 1.104 × 10−1 9.811 × 10−2

Case 3 8.071 × 10−3 4.858 × 10−3 7.992 × 10−3

Case 4 7.017 × 10−3 3.741 × 10−3 7.446 × 10−3

Case 5 1.709 × 10−2 2.744 × 10−2 2.509 × 10−2

Case 6 1.618 × 10−2 2.688 × 10−2 2.456 × 10−2

Case 7 5.549 × 10−2 1.097 × 10−1 9.852 × 10−2

Case 8 5.360 × 10−2 1.104 × 10−1 9.790 × 10−2

To complement the RMSE-based analysis, Figures 8 and 9 illustrate, respectively, the
output signal power and the frequency-dependent nonlinear interference (NLI) power at the
end of the transmission system before final signal amplification for the fully approximated
cases (Case 5–Case 8), which combine simplified representations of both α( f ) and gR( f , z).
These results provide a direct comparison between the most approximated models and
the fully physical reference solution, highlighting how the different representations of α( f )
and gR( f , z) influence the final system-level performance.
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In both figures, each curve corresponds to one of the approximation cases. The NLI
spectra allow quantifying how inaccuracies in the modeling propagate to the nonlinear
domain, while the output power profiles show the cumulative effect of Raman interactions
and attenuation along the span. The visual comparison enables identifying regions of
the spectrum that are more sensitive to modeling errors, and evaluating whether some
approximations introduce systematic deviations or only small perturbations with respect
to the reference profile.

Figure 8. Output power [dBm] at the end of the transmission system in the U-L-C-S-E-band scenario.

Figure 9. Output NLI [dBm] at the end of the transmission system in the U-L-C-S-E-band scenario.

Beyond the scalar RMSE indicators, it is instructive to observe how the approximation
errors distribute over the frequency–distance plane. The following heatmaps provide a
qualitative representation of the deviation from the reference solution for the fully approx-
imated models in the U-, L-, C-, S- and E-band transmission scenarios. Although such
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plots do not allow for fine-grained quantitative comparison, they offer valuable insight into
the spatial and spectral patterns of the modeling inaccuracies, making explicit where each
approximation tends to accumulate error along the span.

The execution time of the propagation and NLI computation routines was measured
for the different approximation cases under identical simulation settings, considering only
the physical-layer propagation block.

The average measured runtimes expressed in seconds are reported in Table 9.

Table 9. Simulation runtime expressed in seconds.

L+C+S-Band L+C+E-Band U+L+C+S+E-Band

Full model 0.1871 0.2958 1.2871

Case 1 0.2242 0.1238 1.6723

Case 2 0.1910 0.1088 1.4461

Case 3 0.1558 0.1191 1.3567

Case 4 0.1502 0.1008 1.3811

Case 5 0.1958 0.1157 1.5788

Case 6 0.2523 0.1625 1.3566

Case 7 0.2124 0.1268 1.2563

Case 8 0.1809 0.1038 1.2303

4. Discussion
The comparison between the approximated models and the fully physical reference

solution highlights the impact of the different decomposition and fitting strategies for both
α( f ) and gR( f , z) on the accuracy of the predicted power evolution and the resulting NLI
generation across all transmission bandwidths.

Overall, the results indicate that the piecewise linear representation of the attenuation
profile (Cases 1, 5, and 6) systematically outperforms the Taylor series-based approximation
(Cases 2, 7, and 8). Quantitatively, piecewise linear fitting yields power RMSE values below
2.5 × 10−2 dB across all scenarios, whereas Taylor-based approximations exhibit errors
up to approximately 9.5 × 10−2 dB in ultra-wideband conditions. This confirms that local
linearization is more effective in capturing the frequency-dependent behavior of α( f ) over
ultra-wideband spectra, particularly in the presence of strong spectral curvature outside
the C-band.

Regarding the Raman gain coefficient, the Lorentzian fitting strategy (Cases 4, 6, and 8)
consistently achieves slightly lower RMSE values than the Gaussian fitting (Cases 3, 5, and
7). Specifically, NLI RMSE values fall in the 3.7 × 10−3–7.4 × 10−3 dB range for Lorentzian
fits, compared to 4.9 × 10−3–8.1 × 10−3 dB for Gaussian fits. This behavior is consistent
with the intrinsic asymmetry and long spectral tails of the experimentally measured Raman
gain profile, which are more accurately reproduced by a Lorentzian model. In contrast,
Gaussian functions decay more rapidly away from the peak, leading to an underestimation
of long-range inter-channel Raman coupling and, consequently, to less accurate modeling of
power transfer across wide spectral separations. This interpretation is further supported by
the area-overlap analysis performed earlier, where the Lorentzian decomposition yielded a
closer match to the measured gain distribution.

Among all tested configurations, Case 4, combining the experimental attenuation
profile with a Lorentzian representation of gR( f , z), provides the highest overall accuracy
for both SRS-induced power evolution and NLI estimation across all bandwidth scenarios,
with RMSE values consistently in the 10−3–10−2 dB range.
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When extending the transmission bandwidth from L+C+S to L+C+E and ultimately to
the U+L+C+S+E scenario, a consistent trend emerges across all approximation strategies.
Both power and NLI RMSE values increase, and the system becomes progressively more
sensitive to the adopted modeling assumptions. This behavior reflects the increasing
spectral complexity of both α( f ) and gR( f , z) and the stronger Raman coupling between
widely separated channels in ultra-wideband systems.

The dominant source of modeling error is associated with the approximation of
the attenuation coefficient α( f ), which directly affects the power evolution and, in turn,
propagates into the NLI estimation. Approaches relying on Taylor expansion of α( f ) exhibit
the largest degradation in accuracy, particularly over the widest spectral spans.

The spatial and spectral distributions of the modeling errors are further illustrated by
the heatmaps in Figure 10, which confirm that the deviations remain smooth and bounded
across both frequency and distance. In all cases, the absolute errors remain well below
0.1 dB, fully consistent with the RMSE values reported in Tables 7 and 8, demonstrating
that the solver retains high accuracy even under aggressive approximation schemes.

(a) (b)

(c) (d)

Figure 10. Heatmaps of the power error [dB] along the line in the U–L–C–S–E-band transmission
scenario for the following: (a) piecewise linear approximation of α( f ) with Gaussian fitting of gR( f , z);
(b) piecewise linear approximation of α( f ) with Lorentzian fitting of gR( f , z); (c) Taylor expansion of
α( f ) with Gaussian fitting of gR( f , z); (d) Taylor expansion of α( f ) with Lorentzian fitting of gR( f , z).

In the cases based on piecewise linear attenuation (Figure 10a,b), the error remains
uniformly distributed along the fiber span, with only mild oscillatory patterns that do not
grow with distance. The deviations are primarily localized near the spectral edges (U- and E-
bands), where the attenuation profile exhibits stronger curvature. However, no progressive
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error accumulation along z is observed, indicating that the local linear approximation of
α( f ) preserves the power evolution stability across the entire propagation length.

In contrast, for the Taylor series-based attenuation (Figure 10c,d), a clear spatial
accumulation of error is visible. The error magnitude gradually increases with propagation
distance, particularly in the outer spectral regions (S- and E-bands). This behavior can be
attributed to the polynomial nature of the Taylor expansion, which introduces a systematic
bias when extrapolated over a wide frequency span. Since the attenuation coefficient
directly affects the exponential power decay, even small spectral inaccuracies accumulate
monotonically along z, resulting in larger deviations at the end of the span.

From a spectral perspective, the largest errors consistently appear at the edges of the
ultra-wideband spectrum (U- and E-bands), in regions where the attenuation curvature
is strongest, and where Raman-induced power transfer is more pronounced due to larger
inter-channel frequency separations.

This confirms that the dominant source of modeling inaccuracy is associated with the
representation of α( f ), rather than with the Raman gain fitting, as already suggested by the
RMSE results in Tables 6 and 7.

Furthermore, the error patterns remain smooth and structured, with no localized
instability or divergence along the span. This indicates that the numerical SRS solver
remains stable even when simplified analytical models are used, and that the observed
deviations are systematic modeling effects rather than numerical artifacts.

Both the NLI and the output power profiles exhibit an excellent overlap across all
approximation models. NLI generation is primarily governed by the spectral structure of
the transmitted signal and by the power evolution along the link, rather than by the fine
details of the Raman and attenuation approximations. This confirms that the proposed
attenuation and Raman gain approximations preserve the physical power evolution along
the link and introduce only minor deviations in the computed nonlinear interference.
Overall, the numerical results demonstrate the robustness of the proposed approximations
and their suitability for wideband optical fiber modeling.

Beyond the individual accuracy assessment of each approximation, the comparison of
Cases 1–8 enables a broader evaluation of the trade-off between modeling accuracy and
structural complexity.

In this context, accuracy is quantified through the RMSE on both power and NLI
profiles, while complexity is evaluated in terms of parametric dimensionality and analytical
structure of the adopted approximations.

The results show three distinct regimes:

• High-accuracy configurations (e.g., Case 4), combining experimental attenuation with
Lorentzian Raman fitting, achieve RMSE values in the 10−3–10−2 dB range, at the cost
of maintaining part of the experimentally derived attenuation profile.

• Fully approximated configurations with piecewise linear attenuation (Cases 5–6)
provide slightly higher RMSE values (around 2 × 10−2 dB) while maintaining a fully
analytical representation of both α( f ) and gR(∆ f ). These configurations represent the
most balanced trade-off between structural simplicity and physical accuracy.

• Taylor-based attenuation models (Cases 2, 7, 8) exhibit the highest RMSE values,
particularly in ultra-wideband scenarios, indicating that polynomial expansions are
less robust when applied over extended spectral ranges.

Therefore, if maximum accuracy is required, Case 4 represents the optimal choice. If
instead a fully analytical and structurally simple model is desired—for example, to enable
future semi-analytical formulations—Case 6 (piecewise linear α + Lorentzian gR) provides
the best compromise between accuracy and complexity.
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Finally, the computational time analysis (Table 9) confirms that the different attenua-
tion and Raman representations do not significantly affect the overall execution time in the
present implementation.

This behavior is explained by the architecture of the solver. Both the experimental
profiles and the fitted approximations are pre-computed offline and stored in JSON format.
During the simulation, the solver reads the corresponding parameter values from structured
data files in the same manner for all configurations. Consequently, the cost of profile
evaluation is comparable across cases.

The dominant computational burden instead arises from the explicit integration of the
coupled SRS equations. Since this term largely outweighs the cost of reading or evaluating
α( f ) and gR(∆ f ), replacing experimental data with analytical approximations does not
yield noticeable runtime differences.

5. Conclusions and Future Work
In this work, a systematic evaluation of simplified analytical models for the frequency-

dependent attenuation α( f ) and Raman gain coefficients gR( f , z) in ultra-wideband optical
transmission systems has been presented. Different combinations of approximations have
been tested and compared against a fully physical reference model to quantify their accuracy
and impact on both channel power evolution and nonlinear interference estimation.

The study validates all the proposed approaches, showing that the most accurate
configurations achieve RMSE values below 0.03 dB across all bandwidth scenarios, and
down to the 10−3–10−2 dB range when combining piecewise linear fitting of α( f ) with
Lorentzian decomposition of gR( f , z). This combination consistently provides the best
performance in both power and NLI estimation, particularly when extending transmission
from the C+L-bands to the full U-to-E spectrum.

Importantly, the error levels are consistent with those reported in previous C-band
and C+L-band approximation studies, where typical deviations lie within the −0.02 to
0.02 dB range [21]. This confirms that extending the modeling framework to ultra-wideband
transmission does not compromise accuracy.

Notably, this work introduces a systematic assessment of phenomenological fitting
strategies for the fiber attenuation profile in ultra-wideband, SRS-aware transmission
modeling, which represents a novel contribution beyond existing Raman-focused approxi-
mation studies.

Overall, the presented framework provides practical guidelines for selecting appro-
priate attenuation and Raman gain approximations based on the targeted operational
bandwidth and accuracy requirements. While the current implementation does not yet
achieve a direct reduction in computational time, since the numerical solver directly reads
the fitted profiles, a significant decrease in computational complexity is expected in future
work. In particular, embedding these approximations directly into the governing differ-
ential equations may enable closed-form or semi-analytical solutions, paving the way for
faster system-level simulations, real-time optimization, and scalable network planning in
ultra-wideband optical infrastructures.
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The following abbreviations are used in this manuscript:

EDFA Erbium-Doped Fiber Amplifier
GN Gaussian Noise
GVD Group Velocity Dispersion
ISRS Inter-Channel Stimulated Raman Scattering
MAE Maximum Absolute Error
NLI Nonlinear Interference
NF Noise Figure
ODE Ordinary Differential Equations
OLC Optical Line Controller
OLS Optical Line System
PSD Power Spectral Density
QoT Quality of Transmission
RMSE Root Mean Square Error
SRS Stimulated Raman Scattering
SSMF Standard Single-Mode Fiber
WDM Wavelength Division Multiplexing
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