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Abstract We derive a wide-band approximation of the stimulated Raman scattering formula and show
its application to Gaussian noise (GN) model closed-form expressions for transmissions even beyond

the C+L band. ©2022 The Author(s)

Introduction

Optical systems exploiting multi-band transmis-
sions represent an appealing technique in terms
of potentially offered capacityl’l. For such sys-
tems, quick analytical tools to assess the system
performance in the presence of wide-band effects
such as stimulated Raman scattering (SRS)# are
crucial to avoid extremely time-consuming numer-
ical simulations!¥, and for real-time management
and optimization of an optical network®l, To this
aim, the Gaussian noise (GN) modell®7 for the
estimation of the fiber nonlinear interference (NLI)
variance was extended to include SRS inl8hl,

An SRS-aware closed-form GN model was de-
rived inl'% by using the Christodoulides-Zirngibl
SRS formulal™l2l that postulates the Raman
gain as linear in frequency with a frequency-
independent loss. While a linear approximation is
justified when the wavelength division multiplex-
ing (WDM) bandwidth is below ~15 THz, i.e., up
to the C+L band, it over-estimates the Raman
gain for larger bandwidths. To overcome this lim-
itation, extended closed-form formulas based on
fitting parameters have been proposed inl'3h14l

By leveraging a triangular approximation of the
Raman gain, we propose a simple extension of
the SRS model in}12l which enables a gener-
alization of the GN model formulas in'® to multi-
band transmissions even beyond C+L band.

Theory

The evolution along the fiber-optic distance z of
the ith WDM channel power P; is governed by the
following ordinary differential equation (ODE)E
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Fig. 1: Raman gain profile (interpolated from[2) vs frequency
shift with linear fittingl'!}'2 and triangular approximation(
imposing zero gain after a cut-off shift A fc..

where v; is the carrier frequency of the ith chan-
nel, f; is its low-pass frequency in a reference
system centered at the WDM central frequency,
N is the number of channels, « is the fiber loss
coefficient, and g is the Raman gain, as reported
in Fig. [T].

An analytical solution for the ODE was pro-
posed int12 by assuming v, /v; ~ 1, approxi-
mating the fiber loss with a constant value o(f) =
@, and the Raman gain with a linear function of
the frequency shift Af, namely gr(Af) =~ C,Af.
Under these assumptions, Eg. was solved
in'2) optaining for P;, i = 1,..., N:

e~ CrLest(2)r(fi)—0z p
Pi(z) = PA0)=p - :
Zk:l Py(0)e CrLets (2)r(fr)

where: P, =}, P is the total power of the WDM
signal, while Leg(2) = (1 — e~ %) /ais the fiber ef-
fective length. The function r(f) expresses the
SRS shaping profile and, under the linear ap-
proximation of the Raman gain (see Fig. [1]), is
r(f) = P.f at any frequency f.

Figure [1] suggests that such a linear approxi-
mation is justified when the maximum frequency
shift between channels is less than ~15 THz, as
the Raman gain starts to vanish at wider spac-
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Fig. 2: Sketch of the two-sided triangular Raman window (green line) of width 2A f., centered at a generic CUT frequency f; for
the scenarios in Eq. . The WDM central frequency is 0 by assumption.

ing. For larger bandwidths, the Raman gain is
better described through the so-called triangular
approximationt’ where the gain is treated as a
linear function up to a cut-off shift A f,, and forced
to zero for higher frequencies, as sketched in Fig.
[ Under this approximation, the ith channel inter-
acts with the neighboring ones only within a Ra-
man window with two-sided bandwidth 2A f.,, ex-
periencing amplification/depletion from the high-
er/smaller frequency channels, respectively.
Unfortunately, with the triangular approximation
of g, the total power within the Raman window
does not decay anymore with the loss profile, thus
breaking one of the main properties of the model
int1L121 - Assuming that the total power in the Ra-
man window is undepleted by SRS, we forced an
exponential decay with the loss of the channel
under test (CUT). We thus extended the theory
in 12l to g triangular g, profile by still exploiting
the linear shape within a window. The solution
maintains the formal structure of Eq. while,
for uniform power allocation, the Raman shaping
profile »(f;) generalizes to:

Fifi case (1)

0 case (2)
riJ:)= 2 2 2 3
(f) Bﬂl % 7f1f1+ I'n QAfCO) CaSG@ ( )

2 2_Af2
Alinfi— 5 - L) case®

where the cases are sketched in Fig. [2. The ex-
tended r(f) takes different expressions depend-
ing on the power density in the Raman window
around the CUT. In the simplest case, the Ra-
man window of the CUT encompasses the whole
WDM bandwidth B;. Therefore, for these chan-
nels, the Raman gain can be safely approximated
as linear and the term r(f;) reduces to P. f; (case
(1), as in the original theory!™. On the other
hand, if the Raman window covers only an inner
portion of the WDM bandwidth, r( f;) balances out
to zero (case (2)). For all the other scenarios, the
term r(f;) takes one of the expressions labeled
with 3) or (4 in Eq. (3), depending on the posi-
tion of the CUT within the WDM.

Finally, to capture the interaction between SRS

and the Kerr effect, we included the generalized
power evolution in the GN model theory ofl'% and
evaluated the variance of self-phase modulation
(SPM) and cross-phase modulation (XPM). The
generalized SPM and XPM variance closed-form
expressions relying on the novel power evolution
are formally identical to Egs. (10)—(11) oft' with
the main difference that the term indicated by T;
inl'% must be substituted with:

T, = (2a — CiP fi)* = (2 — Cor(f:))? . (4)

It is worth noting that the generalized SPM and
XPM variance expressions based on Eq. co-
incide with'® when the condition (1) of Fig. [2]is
met for all the WDM channels.

In the proposed framework, a simple (yet prac-
tically useful) pre-emphasis that equalizes a frac-
tion & of the span SRS gain can be included in Eq.
by substituting® L (z) with Let(z) —k Les (L),
L being the span length, while maintaining the
profile in Eq. . As aresult, the NLI variance af’e
of channel i due to channel ¢, including ¢ = i as
SPM, can be simply multiplied by e2C+kLett (L)r(fe),

Comparison with fully-numerical GN model

We tested the generalized closed-form expres-
sions against a fully-numerical GN model. Sim-
ilarly tol'/l, such a benchmark model is based on
a numerical solution of the ODE in Eq. for
each channel, exploiting the true Raman gain re-
ported in Fig. (1) and the attenuation coefficient in
Fig. 8] With such profiles, we next solved the fre-
quency/spatial integrals underpinning the numer-
ical GN model. They were solved by the Monte
Carlo methodl'® and the Filon’s method®, re-
spectively. The validity of a fully-numerical GN
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Fig. 3: Fiber dispersion coefficient (left-axis) and attenuation
coefficient (right-axis) vs wavelength.
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Fig. 4: NLI variance vs wavelength. From left to right: C+L, S+C+L, and E+S+C+L transmissions with channel power -1 dBm. 10
spans of SMF. Markers: fully-numerical GN model. Dashed lines: closed-form expressions inl'%. Solid lines: closed-form
expressions ofl1% extended through Egs. (8)-(4).

model has been assessed inl'l,

We considered a link composed of 10x 100 km
of single-mode fibers (SMFs) with lumped amplifi-
cation and ideal power equalization at each span-
end. The fiber had dispersion and attenuation co-
efficients reported in Fig. [3], and nonlinear co-
efficient v = 1.26 (W -km) . The transmitted
WDM comb was a multi-band signal composed
of channels modulated with Gaussian distributed
symbols at symbol rate 64 Gbaud with 75 GHz
spacing, and guard bands of 500 GHz.

At first, we considered the transmission of sig-
nals covering the C+L (=11 THz), S+C+L (= 20
THz), and E+S+C+L bands (~ 35 THz) at chan-
nel power -1 dBm. The results are shown in Fig.
where the markers indicate the fully-numerical
benchmark GN model, the dashed lines indicate
the GN model closed-form expressions of'% as-
suming a linear Raman gain, while the solid lines
are the generalized closed-form expressions of
this work. In both formulas, we adopted the
same channel-dependent attenuation coefficient
;. Figure[d](left) shows that in the C+L band the
novel variance expressions coincide with those
in™ " and accurately describe the SRS-induced
tilt on the NLI variance. In fact, the C+L trans-
mission is a special case of Eq. where each
f; meets the condition of case (1). On the other
hand, when the WDM signal covers the S+C+L
bands as in Fig. [4] (center), the generalized for-
mulas of this work are in better agreement with
the fully-numerical estimation, with a root-mean-
squared error (RMSE) of 0.4 dB against the 0.7
dB of the dashed line. In particular, treating the
Raman gain as linear beyond its cut-off frequency
results in an overestimation of the SRS for chan-
nels in the WDM edges. In fact, these edge chan-
nels are those for which case (3) or (4) in Fig.
applies, and hence are undergoing SRS only from
a portion of the overall channels. The linear ap-
proximation of the Raman gain becomes highly
detrimental for even wider bandwidths. In particu-

lar, for the E+S+C+L transmission in Fig. [ (right),
the proposed formulas allowed us to reduce the
RMSE from 2 dB to 0.6 dB.

Focusing on an S+C+L transmission, we next
considered different power allocations with fixed
total power 24 dBm: uniform power allocation
and signal-power pre-emphasis with shaping fac-
tor £ =0.2. The results of the fully-numerical GN
model are reported in Fig. [5]in blue circles for the
uniform allocation and red triangles for the pre-
emphasis. The power allocations are reported in
the inset, with the same color code. The figure
shows that the accuracy of the generalized model
for the two cases is comparable, with RMSE of
0.4 dB and maximum gap within 1 dB.
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Fig. 5: NLI variance vs wavelength for an S+C+L
transmission at total power 24 dBm with uniform power
allocation (blue) and signal power pre-emphasis (red) with
factor k = 0.2. Markers: fully-numerical GN model. Solid line:
extended closed-form expressions.
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Conclusions

We generalized the analytical expression of the
power evolution int1+12l to transmissions beyond
the C+L band by exploiting a Raman triangular
profile. We showed that, by leveraging such ana-
lytical expression, the GN model closed-form ex-
pressions oft'% can be extended to multi-band
transmissions. The extended formulas can be
computed in real-time and do not need extra fit-
ting parameters to capture SRS. They can be
used to analyze multi-band transmissions.
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