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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
costly-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 slope 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. In this work, a set of analytical
approximations for the frequency-dependent attenuation and Raman gain coefficient is presented,
providing an effective balance between computational efficiency and physical fidelity. Through
extensive simulations covering C, C+L, and ultra-wideband U-to-E transmission scenarios, the accuracy
in reproducing the behavior of the power evolution and NLI profiles of fully numerical SRS models
with the proposed approximations is demonstrated.

Keywords: Inter-channel stimulated Raman scattering; Single-mode optical fiber; Frequency-
dependent loss coefficient; Raman-aware NLI estimation

1. Introduction

The growth in demand for IP data traffic is expected to continue steadily, with authoritative
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 Wavelength Division Multiplexed (WDM)
systems has become crucial to support the transmission 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 evolution of the optical fiber infrastructure is fundamental to maintain
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 cables 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
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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 the multi-band optical network scenario, an extension of the classical physical-layer trans-
mission models is necessary to incorporate the frequency dependence of the key fiber parameters,
i.e, attenuation, chromatic dispersion and effective area, which influence the strength of nonlinear
effects [5,9,13,24]. The dominant nonlinear mechanisms are the Kerr effect, responsible for nonlinear
interference (NLI) noise [25,26], and stimulated Raman scattering (SRS), which transfers optical power
from higher to lower frequencies by exciting inelastic resonances [19]. SRS plays the primary role in
inter-band interactions and has a stronger impact on multiband transmission performance than the
Kerr effect [10], 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 [12,19]. 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 [13] has been shown to hold even for low-dispersion fibers [14], perturbative NLI
models can be extended across the entire U-to-E-band spectrum and partially into the O-band [5].

In this work, we focus our analysis to U-to-E-band scenarios on ITU-T G.652D fiber 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 [11], 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 [27],
and it eventually breaks down completely when the spectral occupation exceeds the SRS efficiency
peak, located at roughly 13 THz [5]. For this reason, the set of ordinary differential equations (ODEs)
[12,16] 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 representa-
tion of the phenomenon [16], 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.

In this work, we address this need by systematically evaluating a set of Raman-gain approx-
imations, derived through different curve-fitting strategies of the fiber Raman gain spectrum, and
quantifying how these approximations impact the accuracy of the predicted power evolution along
both the frequency and spatial axes. By replacing the exact Raman gain function with its fitted counter-
parts 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 ultra-wideband optical networks.

In addition to the Raman gain spectrum, other fiber parameters, most importantly the frequency-
dependent attenuation, also require careful modeling across extremely wide spectral spans. Since
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the attenuation profile departs significantly from a flat behavior outside the C-band, this work also
considers simplified representations of the loss coefficient obtained either through parametric fitting
or by exploiting Taylor-series expansions around suitable reference frequencies. These approximations
offer an additional opportunity to reduce the overall computational burden, while preserving the
essential features required for accurate multi-band transmission analysis.

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 approxima-
tions for a(f) and gr(Af) 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 numerical results obtained for C, C+L,
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 ultra-wideband 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 a SSMF having frequency-dependent spectral characteris-
tics, 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 and bandwidth of each band composing the entire transmission scenario.

Band fmin (THZ) fmax (THZ) Bandwidth (THz)
U 180.710 185.510 4.800
L 186.010 190.810 4.800
C 191.310 196.110 4.800
S 196.610 206.210 9.600
E 206.810 221.210 14.400

2.1. Loss Coefficient Function

The fiber loss coefficient « 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 [17] the loss coefficient function vs. wavelength
can be expressed in logarithmic units (dB/km) by modeling each phenomenological component as
follows:

a(A) =~ as(A) +agy(A) +ar(A) +ar3(A) +a12(A) +apon(A), )
where:
ag(A) = AA"* 4+ B,

ayy(A) = Kyy - eCuv/?,
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() = Kjg - eC1*/%,
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a2(A) = A A Y Aje i ,
i—4

~(A=Apop)?

aporr(A) = Apope  *Pon

The parameters A, B, Kjg, A1, Kyv adopted in this work, namely A = 0.9192 dB - ym4 /km,
B = 0.0147 dB/km,Kg = 5.0-10'1 dB/km, A1 = 0.0043-1073, Kyjy = 1.4655-10~1¢ dB/km are taken
from [18], 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.
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Figure 1. SSMF wideband loss coefficient profile, a(f) [18].

2.2. Loss Coefficients Approximations

While the full analytical expression of the loss coefficient a(A) reported in Equation (1) provides an
accurate description of all physical contributions to fiber attenuation, its direct adoption in numerical
simulations may lead to a substantial computational overhead. To mitigate this issue, two simplified
yet effective approximations have been adopted in this work: a piecewise-linear fitting of the loss
profile, and a Taylor-series expansion of each analytical term. Both strategies offer a significant
reduction of the computational load while preserving the essential spectral behavior of (1), making
them well suited for wideband propagation modeling.

2.2.1. Piecewise-Linear Approximation
In the first approximation, the measured attenuation profile is reconstructed as the sum of a set of

linear segments. Let {(A;, ;) }f\i 1 be a set of sampling points of the loss coefficient. The piecewise-linear
approximation &py (A) is defined as:

N Wiy — &
apr(A) = a;+ (A= Ay), A€ A, A, ®)
/\1+1 - AI
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This representation can be interpreted as the sum of independent linear basis functions (segments),
each active over a different wavelength interval. Despite its simplicity, the model closely matches the
measured attenuation profile and is particularly suited for simulations requiring frequent evaluations
of a(A), such as wideband GN-model computations.

Figure 2 shows the agreement between the measured loss coefficient curve and the attenuation
profile obtained through Piecewise-Linear Approximation.
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Figure 2. SSMF attenuation profile obtained through Piecewise-Linear Approximation

2.2.2. Taylor-Series Approximation

A second approximation is obtained by expanding each analytical component of the attenuation
model into a Taylor series around a reference wavelength A (typically chosen near the center of
the operating band). For a generic contribution g(A) (e.g., Rayleigh scattering, UV absorption, IR
absorption), we consider:

$(1) ~ g(A0) + 8 (Ao) (A~ Ao) + 38" (M)A~ Ao 4+, ®

retaining the first two or three terms depending on the smoothness of the underlying function.
The overall Taylor-based approximation of the attenuation is then:

. 1
drs(A) = ) |8k(Ao) + 8(A0) (A = A0) + 58k (A0) (A — A0)?|, 4)
k
where the index k spans all physical contributions included in the full model.
This approach produces a smooth analytical approximation (see Figure 3) that is computationally
lightweight and particularly advantageous when a(A) must be evaluated inside integrals or differential
equations.
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Figure 3. SSMF attenuation profile obtained through Taylor-Series expansion of the analytical components in
Equation (1)

2.3. Effective Area

The effective area is the parameter governing the strength of non linear interactions in optical
fibers [12], as it quantifies the spatial confinement of the propagating mode. It is directly related to the
nonlinear coefficient through (5):

B 27Ny
"= XA ®)

where 11, denotes the nonlinear refractive index of silica andA( 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.

Typically, in SSMF A, ff 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 w, A.¢s can be
computed as A, = nw?, withw = a/ /1 n(V), where a represents the fiber core radius and V is the
normalized frequency, which can be expressed with relation (6). In the case of minor relative index step
at the core-cladding interface, A ~ M, where 17 and 7. represent the core and the cladding radius
respectively. In this work a and n; are assumed to be equal to a = 4.2um and 1, = 2.6 - 10~2%m? /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(A) = )\Z(Zf)anl\/zﬁ, 6)

2.4. Raman Gain Efficiency

The SRS is the principal nonlinear effect arising during multi-band transmission [20]. 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 [12]. The Raman gain coefficient, gr, quantifies the coupling between the
higher frequency (f,) and lower frequency (fs) channels, which are referred to as pump and Stokes

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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wave respectively, and whose frequency shift is equal to Af = f, — fs. The power evolution of a signal
propagating at frequency f; in the presence of SRS can be expressed through Equation (7),

PG o)+ ¥ gnlf- PERE - ¥ Egrlf - HREPRE, 0
dz fi>fs fj<fsfl

where a(f) is the frequency-dependent attenuation coefficient.
Given a reference pump at the frequency f,.r, the whole Raman gain coefficient can be modeled
with Equation (8)

£y AZLAS, fep)

$R(Af.fy) = ks fer) 7 G a7 ®)
where
(Af fref) ’)’R(Af fref) (9)

on (Af fref)

is the Raman gain coefficient profile for a single fiber in terms of optical power, depending on ‘g,
the Raman gain coefficient in terms of mode intensity, and A”U (A f, fref) 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 [18].
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Af[THZ]
Figure 4. SSMF Raman gain coefficient profile for each frequency of the considered wideband scenario [18].

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 decaying 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(Af) 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 [15]. The accuracy of the result depends on the number of parameters and on the fitting band-
width, making it possible to choose the suitable compromise between complexity and precision. Each
approximation is incorporated in the SRS solver [22] and combined with the different approximations

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.1423.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 16 December 2025 d0i:10.20944/preprints202512.1423.v1

8of 17

of a(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:

N 2
Af —
Sc(Af) =) Ax-exp [(fsz)] , (10)
k=1 %k

where the set of parameters (Ay, jik, 0%) 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 2. The ratio between the area of the fitted curve and that
of the reference Raman-gain profile differs by only 0.07%, confirming the ability of Gaussian
components to accurately reproduce both the main peak and the extended spectral tail.

Gaussian fitting

1.0 —— Experimental data

—— Gaussian fitting

0.8 1

0.6 1

0.4 1

Normalized Raman Gain

0.2 1

0.0 1

T
a 10 20 30 40
Frequency shift (THz)

Figure 5. SSMF Normalized Raman gain coefficient profile approximated through Gaussian decomposition

Table 2. Sets of parameters (A, py, 0y ) describing the eleven Gaussian basis functions

Ak .uk (THZ) O (THZ)
1.40 x 1071 2.64 1.17
248 x 1071 5.54 1.99
834 x 1071 11.21 2.64
4.06 x 1071 13.84 1.39
2.35x 1071 14.56 0.30
1.34 x 107! 15.25 0.30
1.85 x 1071 18.41 0.99
1.14 x 107! 24.00 1.14
537 x 102 25.00 431
471 x 1072 32.29 0.93
3.01 x 102 36.36 1.89

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

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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1 Tk
T 27
(8f = )2 + (3T)

where again the set of parameters (y, I'y), representing the peak position and the full width at

N
sL(Af) =)

k=1

(11)

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 3). The
resulting approximation closely matches the reference Raman-gain curve, with an area deviation
of only 1.09 - 10~2 %, demonstrating that Lorentzian bases also provide a flexible and accurate
analytical representation of both the peak region and the long spectral tail.

Lorentzian fitting

1.0 —— Experimental

—— Fitting

0.8 1

0.6 1

0.4

Normalized Raman gain

0.2 A

0.0 4

0 10 20 30 40
Frequency shift [THz]

Figure 6. SSMF Normalized Raman gain coefficient profile approximated through Lorentzian decomposition

Table 3. Sets of parameters (yy, I'y) describing the nine Lorentzian basis functions.

,uk (THZ) Fk (THZ)
3.1771 3.0137
0.2363 4.1563
10.0000 2.0315
0.2283 3.2216
12.0761 1.3648
0.1858 2.6805
13.2623 1.0037
0.1129 1.8794

14.6135 1.4891
0.2264 1.1439
18.4901 1.0539
0.0689 1.8113
241727 1.2816
0.0665 2.5900
32.2231 0.7614
0.0132 2.0680
36.6635 10.0000
0.6144 10.0000
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2.6. Numerical SRS Solver

Optical power propagation along the fiber is numerically solved through the first-order differential
equation modeling the SRS in the presence of fiber attenuation. For a single channel i, the differential
equation can be expressed as Equation (12):

dP;(z)
dz

= —a;P(z) + ) _CijPi(z)Pj(z), (12)
j

where

*  P;(z) = i-th channel power at distance z,

e u; =i-th channel attenuation coefficient,

* (= Raman coefficient accounting for the power transfer from channel j to channel i
* Y GijPi(z)Pj(z) = Raman gain induced on channel i from the other channels.

The numerical solver implements the discretized equation, obtained via explicit Euler method,
according to Equation (13):

Pl‘(Z + Az) = Pi(Z) L(Z), (13)

1+ (—D&i + ZC”P](Z)) Az
j

where L(z) accounts for the lumped losses and Az is the spatial step.

The coefficients in Equation (13) with the approximations described in the previous sections. In
particular. The Raman interaction term is computed either using the experimental data or one of its
analytical decompositions. Each approach generates a matrix of Raman coefficients which is directly
injected in the solver without modifying the numerical scheme.

The same procedure is also applied for the attenuation coefficient a( f), which can be evaluated
using either the full physical loss model or one of its simplified representations.

As aresult, the solver provides a unified framework in which different analytical models of both
Raman gain and fiber attenuation can be consistently compared in terms of their impact on the power
evolution along the span.

2.7. Simulation Setup

To test the errors induced by different approximations on both the received power profile and
the amount of NLI, transmission systems using multiple bands have been analyzed by using the
open-source tool GNPy [21,23]. As a reference, fiber loss and SRS profile from experimental data have
been used, then the same analyses have been performed by feeding GNPy with the analyzed analytical
approximations.

The numerical analysis is performed considering a multi-band WDM transmission system com-
posed of 10 fiber spans 70 km long. The setup, illustrated in Figure 7, considers five spectral bands,
ie., U-, L-, C-, 5-, E-band, with all the channels carrying an independent WDM signal. Reconfigurable
optical add & drop multiplexers (ROADMs) are used to combine all the channels at the transmitter side,
and then to launch the signal into the fiber spans. At the end of each span, channels are demultiplexed
and signals are amplified through band-specific optical amplifiers. ROADMSs are used again at the
receiver side to route each wavelength to its dedicated optical receiver chain.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 7. Scheme of the implemented optical line system architecture

2.8. Validation Metrics and Error Definition

In order to quantify the accuracy of the proposed approximations of «(f) and gr(f, z), the error
profiles on both the power and the Non Linear Interference (NLI) profiles have been computed
according to respectively Equations (14) and (15):

ot o (15 0
SRR (SR A

where Py, and Papprox represent respectively the reference and the approximated power profile,
while nli,, i and nlizpprox 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:

2
RMSEp = \/Nlez ;Z[Pref(flz)dB - Papprox(frz)dB} , (16)

1 , . 2
RMSEy; | = NN, Zz[nllref(flz)dB - ”llapprox(flz)dB] , (17)
f z

where Ny and N; 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, Equa-
tion (13) has been solved using the experimentally measured fiber attenuation «( f) and Raman gain co-
efficients 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 transmis-
sion scenarios have been investigated considering a constant step of 0.8 m, and an injected input power
per channel equal to 1 mW:

e (C-band,
e L+C-band,
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e L+C+S-band,
e L[+C+E-band,
e  U+L+C+S+E-band.

Then the reference profile has been compared with all the solutions obtained considering the
following different combinations of the approximations of a(f) and gr(f,z):

e CASE 1: Piecewise-linear approximation of a(f), experimental gr(f,z)

e CASE 2: Taylor expansion of a(f), experimental gz (f, z)

e CASE 3: Experimental a(f), gaussian fitting of ¢r(f, z)

e CASE 4: Experimental a(f), lorentzian fitting of gr(f,z)

e CASE 5: Piecewise-linear approximation of a(f), gaussian fitting of ¢r(f, z)
e CASE 6: Piecewise-linear approximation of a(f), lorentzian fitting of gr(f,z)
e CASE7: Taylor expansion of a( f), gaussian fitting of gr(f,z)

e CASE 8: Taylor expansion of a( f), lorentzian fitting of ¢r(f, z)

The RMSE of the power profiles has been computed and reported in Table 4:

Table 4. RMSE of the power profiles computed in the different transmission scenarios expressed in dB.

C-band L+C-band L+C+S-band L+C+E-band U+L;§1;S+E-
CASE 1 8.457 - 1073 5.096 - 103 1.256 - 102 2.357-102 2.105-102
CASE 2 3.886 - 102 4595-1072 42761072 9.440-1072 8.407 - 1072
CASE 3 2.655-1073 4236-1073 1.579 - 1072 8.286-103 1.328 - 102
CASE 4 1.230-1073 5.096 - 1073 1.349 - 102 7.846-103 1.253-102
CASE5 8.381-1073 1.767 - 1072 2.067 -1072 2.551-1072 2.461-1072
CASE 6 8.738-1073 1.824 102 1.882 - 102 2.548 - 1072 2.436-1072
CASE 7 3.799 - 1072 4.691-1072 4.829-1072 9.264-1072 8.434-1072
CASE 8 3.979-1072 43731072 4.603-1072 9.389 102 8.363-102

The RMSE of the NLI profiles has been also computed and reported in Table 5:

Table 5. RMSE of the Non Linear Interference (NLI) profiles computed in the different transmission scenarios
expressed in dB.

C-band L+C-band  L+C+S-band L+C+E-band U"L;;’;S*E'
CASE 1 1.034 - 102 2.062-1072 1.547 - 1072 2.663-1072 2.403-1072
CASE 2 5.025-102 5.801-102 5.359 - 102 1.108 - 10! 9.892-102
CASE 3 2.792-1073 4423-1073 1.606 - 102 8.442-1073 1.357 - 102
CASE 4 1.290-1073 5.321-1073 1.386 - 1072 8.073-1073 1.297 - 102
CASE 5 1.016 - 102 2.133-1072 2.283-1072 2.848-1072 2.726-1072
CASE 6 1.064 - 1072 2.195-1072 2.119-1072 2.856- 1072 2.712-1072
CASE 7 4.930-102 5.904-102 5.886 - 102 1.089-10°! 9.910-102
CASE 8 5.123-102 5.562 - 102 5.637 - 102 1.101-107! 9.841-1072

To complement the RMSE-based analysis, Figures 8 and 9 illustrate respectively the output signal
power output signal power and frequency-dependent Non-Linear Interference (NLI) power at the
end of the transmission system before final signal amplification, for CASE 5, 6, 7, 8, which combine
the approximations of both «(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 a(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.

Output Power profiles

. Piecewise-linear approximation of aff), gaussian fitting of gR(f,2)
s Piecewise-linear approximation of af), lorentzian fitting of gR(f,z)
s Taylor expansion of a(f), gaussian fitting of gR(f.2)

—— Taylor expansion of a(f), lorentzian fitting of gR(f,2)

== Reference Output Power profile

output power [dBm]

24

180 185 190 195 200 205 210 215 220
Frequency [THz]

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

NLI profiles

mmmm Piecewiselinear approximation of «(f), gaussian fitting of gR(f.2)
s Piecewise-linear approximation of a(f), lorentzian fitting of gR(f.2)
s Taylor expansion of a(f), gaussian fitting of gR(f.2)

—— Taylor expansion of «(f), lorentzian fitting of gR(f,2)

== Reference NLI profile

NLI [dBm]

180 185 190 195 200 205 210 215 220
Frequency [THz]

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 3D error maps provide a qualitative
representation of the deviation from the reference solution for the fully approximated models in
the U-,L-,C-,S-E-band transmission scenarios. Although such plots do not allow for fine-grained
quantitative comparison—owing to the inherent limitations of projecting dense numerical data onto a
surface—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.
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Figure 10. Power error [dB] along the line in the U-L-C-S-E-Band transmission scenario for the following cases: (a)
Piecewise-linear approximation of «(f), gaussian fitting of gr (f, z). (b) Piecewise-linear approximation of a(f),

lorentzian fitting of gr(f, z).

Taylor expansion of a(f), gaussian fitting of gR(f,z) Taylor expansion of a(f), lorentzian fitting of gR(f,z)

o
N

°
=
Power error [dB]

Power error [dB]

180
185 190

1:5 200 L.
"€quenc,, [Tz

(b)

(@)
Figure 11. Power error [dB] along the line in the U-L-C-S-E-Band transmission scenario for the following cases: (a)
Taylor expansion of a(f), gaussian fitting of gr(f,z). (b) Taylor expansion of a(f), lorentzian fitting of gr (f, z).

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 a(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
(CASE 1, 5, 6) systematically outperforms the Taylor-series-based approximation (CASE 2, 7, 8). This
suggests that the local linearization of a( f) is more suitable for capturing the frequency-dependent

25 by the author(s). Distributed under a Creative Commons CC BY license.
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attenuation behaviour over ultra-wideband spectra, especially in the presence of rapid spectral varia-
tions.

Regarding the Raman gain coefficient approximations, the Lorentzian fit (CASE 4, 6, 8) consistently
achieves lower RMSE values compared to the Gaussian fit (CASE 3, 5, 7). This outcome is aligned with
the intrinsic asymmetric shape and spectral tails of the experimentally measured Raman gain curve,
which are better reproduced by a Lorentzian model. This is also coherent with the area-overlap analysis
performed earlier, where the Lorentzian decomposition yielded a closer match to the measured gain
distribution.

Among all tested combinations, CASE 4, combining the experimental «(f) with a Lorentzian
fitting of gr(f, z), provides the highest overall accuracy for both the SRS power-profile prediction and
the corresponding NLI estimation across all bandwidth scenarios.

When extending the transmission bandwidth from C — L+C — L+C+S5 — L+C+E — U+L+C+5+E,
a consistent trend emerges across all configurations. First, both the SRS and NLI metrics exhibit a
general increase in RMSE. Second, the system becomes progressively more sensitive to the adopted
approximations, as the spectral profiles of a(f) and gr(f,z) become increasingly structured and
therefore more challenging to model accurately.

This behavior is expected: as the transmission bandwidth widens, the physical interactions,
particularly Raman coupling, occur across channels that are more widely separated in frequency. Con-
sequently, higher model fidelity is required to correctly capture the underlying frequency-dependent
Raman interactions.

The main error source is represented by the fitting of a(f), and this directly influences the power
evolution and, consequently, the NLI profile.

The overall behavior of RMSE is also confirmed by Figures 8 and 9, which show a marginal impact
of both the output power and the NLI. The deviations among the models remain below 0.1 dB, fully
consistent with the RMSE values reported in Tables 4 and 5, confirming that the solver retains high
accuracy even under aggressive approximation schemes.

Additionally, the figure shows a clear maximum of NLI around 186-188 THz, corresponding to
the region where the optical power is highest, and a progressive reduction of NLI towards the spectral
edges, consistent with reduced Raman efficiency and increasing fiber attenuation.

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 ap-
proximations. 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
non-linear interference. As expected, the spectral region around 186-188 THz shows the strongest
interaction, while the spectral edges experience lower power and reduced NLI levels. Overall, the
numerical results demonstrate the robustness of the proposed approximations and their suitability for
wideband optical fiber modeling.

5. Conclusions

In this work, a systematic evaluation of simplified analytical models for the frequency-dependent
attenuation «( f) and Raman gain coefficients g (f, z) in ultra-wideband optical transmission systems
is presented. Different combinations of approximations are tested and compared against a fully
physical reference model to quantify the accuracy and the impact on both power and non linear
interference evaluation of the novel methodologies.

The study validates all the approaches, showing, in particular, slightly better results when using
the piecewise-linear fitting of a(f) and the Gaussian decomposition of gr(f,z), especially when
expanding from the C+L bands to the full U-to-E spectrum.

Overall, the presented study provides a practical framework for selecting appropriate attenuation
and Raman approximations depending on the targeted operational bandwidth and accuracy require-
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ments. These results can support the development of more efficient tools for physical-layer modeling,
system optimization, and network-level planning in future ultra-wideband optical infrastructures.
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Abbreviations

The following abbreviations are used in this manuscript:

WDM  Wavelength Division Multiplexing
SSMF  Standard Single Mode Fiber

SRS Stimulated Raman Scattering

NLI Non Linear Interference

ODE Ordinary Differential Equations
GN Gaussian Noise

RMSE Root Mean Square Error
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