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Abstract The closed form approximation of the ISRS GN model is extended to include the multi-channel 
interference and accurately operate in the zero-dispersion regime. The derived equations are validated 
via comparisons with the split-step Fourier method and the integral form of the model. ©2024 The Au-
thor(s) 

Introduction 
In recent years, wideband transmission has 
emerged as a serious candidate system to facili-
tate the ever-growing need for more bandwidth. 
In addition to the expansion to bands located next 
to the C-band, coherent transmission in the O-
band has shown promising potential since it can 
be achieved over a bandwidth that rivals that of 
S-C-L transmission with the use of a single type 
of bismuth doped fiber amplifier (BDFA) [1-4]. 
The zero-dispersion regime of O-band also low-
ers the complexity of the digital signal processing 
modules in the transceiver due to the absence of 
the dispersion compensation feature. However, 
this comes at the cost of significantly higher non-
linear interference (NLI) and, hence, requires the 
estimation of non-linear distortion.  

The Gaussian noise (GN) model and the ex-
tended works that followed it [5-8] have been 
proven to be reliable tools albeit the focus so far 
has ranged from C-band-only to S-C-L WDM sys-
tems. In these works, the four-wave mixing 
(FWM), or multi-channel interference (MCI) as it 
is called in the GN model papers, has been 
mostly neglected due to the high dispersion pre-
sent in these bands. A recent work, however, has 
demonstrated two significant points [9]. Firstly, 
the GN model remains valid in O-band when 
compared to split-step Fourier method (SSFM), 
and secondly, it is possible to calculate the inte-
gral form of the intra-band stimulated Raman 
scattering (ISRS) GN model within seconds by 
exploiting parallel computation in a cluster of 
powerful GPUs. Nevertheless, a closed form ap-
proximation of the model that considers MCI and 
the ISRS is still needed since it could be useful 
for fast NLI assessment and throughput optimiza-
tion that could run on a moderate and accessible 
hardware. 

This paper extends [8] by introducing a new 

𝜂MCI coefficient that estimates the MCI part in the 

presence of ISRS. The updated model is then 

compared to the integral form of the ISRS GN 

model, as well as to a SSFM simulation. 

Phase mismatch in O-band 
The GN model describes the accumulation of the 
NLI over the link via its link function and one of 
the critical terms in that function is the phase mis-
match of the interfering frequencies. The closer 
to zero the mismatch, the more efficient the FWM 
becomes, leading to a higher level of NLI. The 
Taylor expansion of the propagation constant 𝛽 
at the zero-dispersion frequency provides some 
insight to that term in the O-band. In particular, 
the phase mismatch term Δ𝛽  centered at the 
CUT becomes [5,8,10] 

 Δ𝛽 =  −4𝜋3𝛽3(𝑓1 + 𝑓2 − 2𝑓0)𝑓1𝑓2. (1) 
Equation (1) shows that phase mismatch be-
comes zero not only in terms of 𝒇𝟏 and 𝒇𝟐, but 
also for 
 𝑓1 + 𝑓2 − 2𝑓0 = 0, (2) 

where f0 is the location of the CUT with respect to 

the zero-dispersion. Figure 1 shows how the 

zero-dispersion causes the emergence of a third 

high FWM efficiency axis on the frequency plane, 

given by Eq. 2 and represented in this figure by 

the dashed line. To estimate the total MCI that 

affects the center frequency of the CUT, the link 

function must be integrated on all the rhombus-

like islands that are not intersected by axes 𝑓1 =
0 and 𝑓2 = 0. Equation (1) can be rewritten as  

 
Fig. 1: The zero-dispersion frequency in this scenario is 
within the channel under test (dark blue island). The NLI con-
tribution of each integration island is mostly determined by its 
closest high FWM efficiency axis. For example, green, red, 
and yellow islands are mostly affected by the 𝑓1 + 𝑓2 = 0, 𝑓1 =
0, and 𝑓2 = 0 axes, respectively. 
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 Δ𝛽 = −4𝜋3𝛽3(𝛥𝑓1 + 𝛥𝑓2 − 2𝑓0 + 𝑓3
′) 

 × (𝛥𝑓1 + 𝑓1
′)(𝛥𝑓2 + 𝑓2

′), (3) 

where 𝛥𝑓1 and 𝛥𝑓2 are the frequency separations 
between the CUT and the corresponding interfer-

ing channels, |𝑓3
′ | = |𝑓1

′ + 𝑓2
′ | ≤ 𝐵/2 and 

|𝑓1
′|, |𝑓2

′| ≤ 𝐵/2  with 𝐵  being the symbol rate of 
the channels. One of the key steps in obtaining 
the extended closed form model (CFM) is restrict-
ing the double integration within an island to a 

single variable among 𝑓1
′ , 𝑓2

′  and 𝑓3
′ , chosen 

based on its proximity to the nearest high FWM 
efficiency axis, as shown in Fig. 1. The closest 
axis is found by 
 min{|𝛥𝑓1 + 𝛥𝑓2 − 2𝑓0|, |𝛥𝑓1|, |𝛥𝑓2|}. 

Furthermore, as in [5,11], the integration of 

the link function is taken over squares that have 

equal area and the same geometric center as the 

rhombus shaped islands. This approach is also 

applied to the equations of XPM from [8] since 𝛽3 

is extremely low and taking larger integrating 

area can lead to significant error. This leads to a 

redefinition of the integration domain limits to 

|𝑓1
′|, |𝑓2

′|, |𝑓3
′| ≤ √3𝐵 4⁄ . 

Approximating the power profile of the MCI 
components 

The second key point for the derivation of the 

CFM is the accurate estimation of the MCI com-

ponents’ power profile. In the presence of ISRS 

with uneven attenuation or a transmission band-

width that exceeds the effective window of 15 

THz, which in O-band are both true, a numerical 

method is required to provide fitted parameters 

that matches each channel’s power profile. 

These parameters are then used as input in ex-

isting CFMs [8,12]. However, in the case of MCI, 

where three or four different channels are in-

volved, it is computationally expensive to apply 

the same approach for each MCI component, 

considering that the total number of MCI terms is 

much larger than 𝑛2, where 𝑛 is the number of 

channels in the WDM signal. Instead, we present 

another method that provides an excellent ap-

proximation to the actual profile. 

Along the lines of [8,12], the normalized power 

profile of a frequency 𝑓 can be approximated as 

 𝜌(𝑧, 𝑓) = 𝑒𝑔(𝑧,𝑓), (4) 

 𝑔(𝑧, 𝑓) = −𝑎(𝑓) ⋅ 𝑧 + 𝐶(𝑓)
1−𝑒−𝑎̅(𝑓)𝑧

𝑎̅(𝑓)
, (5) 

where 𝑎(𝑓), 𝐶(𝑓) and 𝑎̅(𝑓) are the fitted parame-

ters for that frequency 𝑓. Furthermore, by apply-

ing the ISRS GN model it can be shown that 

 𝜌′(𝑧, 𝑓, 𝑓1, 𝑓2, 𝑓3) = √
𝜌(𝑧,𝑓1)𝜌(𝑧,𝑓2)𝜌(𝑧,𝑓3)

𝜌(𝑧,𝑓)
, (6) 

where 𝜌′(𝑧, 𝑓, 𝑓1, 𝑓2, 𝑓3) is the power profile of the 

MCI component for the corresponding frequen-

cies 𝑓, 𝑓1, 𝑓2, 𝑓3 . Assuming the power profile of 

each MCI can also be expressed as in Eqs. (4) 

and (5), we can define the corresponding param-

eters of an MCI term as 𝑎̂, 𝑎̃, and 𝐶′. Furthermore, 

assuming that the fitted parameters of each inter-

fering channel in Eq. (6) are known in advance 

through a numerical method, the MCI parameters 

can be obtained by applying Eq. (6), for three dif-

ferent points in a fiber span of length 𝐿, specifi-

cally 𝑧 = 0 , 𝑧 =  𝐿 2⁄ , and 𝑧 = 𝐿 , and subse-

quently solving the system of equations. 

The total NLI coefficient 
Following the afore-mentioned steps and the as-
sumption that the power profile of a channel re-

mains constant across its bandwidth, it can be 
shown that in a WDM signal with fixed channel 
spacing and symbol rate, the 𝜂MCI coefficient for 
an MCI that occurs in a channel with center fre-
quency 𝑓 is as follows 

 𝜂MCI(𝑓, 𝑓1, 𝑓2, 𝑓3) =
16

27

√3𝛾2𝐾

8𝜋3𝛽3𝑆2𝑆3𝑎̃(2𝑎̂+𝑎̃)𝛣
, (7) 

where 𝑓1, 𝑓2, 𝑓3 are center frequencies of the inter-

fering channels such that 𝑓 = 𝑓1 + 𝑓2 − 𝑓3 , 𝑓 ≠
𝑓1 and 𝑓 ≠ 𝑓2 . 𝑆1, 𝑆2, 𝑆3 are elements of the sorted 

set {|𝛥𝑓1 + 𝛥𝑓2 − 2𝑓0|, |𝛥𝑓1|, |𝛥𝑓2|} such that 

 𝑆1 ≤ 𝑆2 ≤ 𝑆3, (8) 

 𝐾 = (𝑅/𝑎̂ − 𝑎̂){atan[𝜋3𝛽3𝑆2𝑆3(4𝑆1 + √3𝐵)/𝑎̂]  

 −atan[𝜋3𝛽3𝑆2𝑆3(4𝑆1 − √3𝐵)/𝑎̂]}  

 +(𝐴 − 𝑅/𝐴){atan[𝜋3𝛽3𝑆2𝑆3(4𝑆1 + √3𝐵)/𝐴]  

 −atan[𝜋3𝛽3𝑆2𝑆3(4𝑆1 − √3𝐵)/𝐴]}, (9) 

 A = (𝑎̂ + 𝑎̃), (10) 

 𝑅 = (𝑎̂ + 𝑎̃ − 𝐶′  )2, (11) 
 𝑎̂ = (𝑎1 + 𝑎2 + 𝑎3 − 𝑎)/2 (12) 

 𝑎̃ = − 2ln|𝐷/𝑇 − 1|/𝐿, (13) 

 𝐶′ = 𝐷𝑎̃/(1 − 𝑒−𝑎̃𝐿), (14) 
where 𝑎, 𝑎1, 𝑎2, and 𝑎3 are the respective atten-

uation rates of the corresponding center frequen-

cies. Here, we introduce parameters D and T as: 

 𝐷 = [𝐶1/𝑎̅1(1 − 𝑒−𝑎̅1𝐿) + 𝐶2/𝑎̅2(1 − 𝑒−𝑎̅2𝐿)  

 +𝐶3/𝑎̅3(1 − 𝑒−𝑎̅3𝐿) − 𝐶/𝑎̅(1 − 𝑒−𝑎̅𝐿)]/2, (15) 

 𝑇 = [𝐶1/𝑎̅1(1 − 𝑒−𝑎̅1𝐿/2) + 𝐶2/𝑎̅2(1 − 𝑒−𝑎̅2𝐿/2)  

 +𝐶3/𝑎3(1 − 𝑒−𝑎̅3𝐿/2) − 𝐶/𝑎(1 − 𝑒−𝑎̅𝐿/2)]/2, (16) 

where 𝑎̅, 𝑎̅1, 𝑎̅2, and 𝑎̅3 are the respective fitted 

attenuation parameters of the involved channels 

in the Eq. (6). 

Table 1: Simulation parameters 

Nonlinear coefficient 𝛾 [1/W/km] 2 

Dispersion slope [ps/nm2/km] 0.087 

Attenuation at 1305 nm [dB/km] 0.33 

Attenuation slope [dB/km/nm] −0.001 

Symbol rate [GBd] 96 

Channel spacing [GHz] 100 

Number of channels 101 

Zero-dispersion wavelength [nm] 1302.3 

Center wavelength of WDM [nm] 1302.3 

Length of span [km] 80 

 



  

𝐶, 𝐶1, 𝐶2, 𝐶3 are respectively derived from 

 𝐶𝑖 = 𝑃𝑇𝐶𝑟𝑖𝛥𝑓𝑐𝑖, (17) 

where 𝐶𝑟𝑖 is again the respective fitted parameter 

of the Raman gain slope [8], 𝑃𝑇 the total power of 

the WDM signal and 𝛥𝑓𝑐𝑖 the respective distance 

from a reference frequency used for the estima-

tion of the ISRS, usually located at the center of 

the WDM signal. 

The coefficient for the total MCI on a center 

frequency 𝑓 is 
 𝜂MCI = 

 ∑ 𝜂MCI(𝑓, 𝑓𝑖 , 𝑓𝑗, 𝑓𝑘)𝑖,𝑗,𝑘:𝑓𝑖+𝑓𝑗−𝑓𝑘=𝑓,𝑓≠𝑓𝑖,𝑓≠𝑓𝑗 . (18) 

Therefore, the coefficient of the total NLI is 

 𝜂NLI = 𝜂SPM + 𝜂XPM + 𝜂MCI, (19) 

where 𝜂SPM and 𝜂XPM are estimated as in [8]. 

Accuracy of the proposed CFM 

For the evaluation of the extended CFM’s accu-

racy, we compared it with the integral form of the 

ISRS GN model, a SSFM and the CFM’s version 

from [8] where MCI is not included. The parame-

ters used in the simulation are given in Table 1. 

The comparison data of the SSFM and the inte-

gral ISRS GN model, where Gaussian constella-

tion was assumed, were provided by UCL, using 

the same methods described in [9]. The fitted pa-

rameters were based on an actual Raman gain 

profile as in [9]. The plotted results are shown in 

Fig. 2. Results show a remarkable accuracy of 

the extended CFM compared to the integral ISRS 

GN model, especially in the shorter wavelength 

region. The mean absolute errors across the 

whole transmission bandwidth for three exam-

ined launched powers of 2, 4, and 6 dBm were 

0.35, 0.34, and 0.32 dB, respectively. Compared 

to the SSFM, the mean absolute error was 0.48, 

0.63 and 1.07 dB, respectively. 

Furthermore, it is worth noting the absence of 

a tilt along the wavelength axis, something that is 

apparent in bands where dispersion is high. This 

can be attributed to the combined effect of ISRS 

and the zero-dispersion regime. In the case of S-

C-L transmission the occurring NLI decreases 

when the spectrum distance from the respective 

interfering channels increases. However, in the 

zero-dispersion regime that’s not the case any-

more since NLI could still be large between dis-

tant channels as explained by Eq. (1). Both the 

integral ISRS GN model and the extended CFM 

managed to capture this phenomenon. 

Finally, the discrepancy with the SSFM as the 

launch power increases can be explained by the 

GN model’s derivation, which is based on the first 

order perturbation of the non-linear Schrödinger 

equation and the launch power as well as the 

non-linear coefficient are assumed to be low [9].  

Conclusions 
We presented a novel extension of the closed 
form of the ISRS GN model accounting for and 
around the zero-dispersion regime to allow its ap-
plication in the O-band. To the best of our 
knowledge this the first closed form approxima-
tion of the model where both the MCI and ISRS 
are considered. Comparison with the simulation 
results showed excellent overall agreement with 
the integral form of the model as well as with the 
SSFM for low to moderate launch powers. The 
next step would be to explore its accuracy in ex-
periments. 

  

 

 

 

Fig. 2 The NLI coefficients comparison includes data from the 

SSFM, the integral ISRS GN model, the CFM considering SPM 

and XPM only [8], and the extended CFM, for launch powers of 

2, 4, and 6 dBm. 
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