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Abstract:  We provide a closed form approximation of the four-wave mixing interference
in O-band accounting for arbitrary modulation format, span length and fiber loss. The ex-
pressions are validated via comparisons with the split-step Fourier method.
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I. INTRODUCTION

Coherent transmission in O-band is expected to play a pivotal role in facilitating the explosive growth of the
inter-data center traffic [1,2]. The advent of bismuth doped fiber amplifiers (BDFAs) combined with the absence
of chromatic dispersion compensation renders coherent transmission in O-band an appealing choice over con-
ventional intensity modulation-direct detection (IM-DD) and S+C+L-band transmission systems [2]. At the same
time, an accurate estimation of the nonlinear interference in O-band becomes crucial since it can be much stronger
compared to other bands [1,2]. The prior work on Gaussian noise (GN) model [3] was further extended in [4], to be
applicable in the zero-dispersion regime, accurately accounting for the four-wave mixing in the presence of inter-
band stimulated Raman scattering (ISRS). Nevertheless, the case study considered Gaussian modulation format
and 80 km spans. Accuracy for short span links is a feature that can be very important and can find applications
to existing infrastructure since the inter-data center links can be as short as 10 km. On the other hand, ultra-low
loss is an expected feature of future hollow core fibers [5]. In this paper, a two-fold extension of [4] is provided as
shown in Fig. 1. Firstly, it includes a modulation format correction for a fraction of the four-wave mixing (FWM).
Secondly, it supports short spans and ultra-low fiber loss.

II. THE CLOSED FORM FOR ARBITRARY MODULATION FORMAT, SPAN LENGTH, AND FIBER LOSS

One of the most common metrics for evaluating the quality of transmission is the generalized signal-to-noise ratio
(SNR). It can be broken down into the various sources of impairments as SNR~! = SNR{I{X + SNRZéE + SNR;H{I,
and SNR{&X, SNR;éE, and SNR;H{I are the SNRs due to the transceiver noise, the fiber amplifier noise, and the
nonlinear interference (NLI), respectively. The total NLI power can be expressed as the sum of three types of
interferences NLI = SPM + XPM + FWM where SPM, XPM, and FWM are the self-phase modulation, cross-
phase modulation and four-wave mixing, respectively. In this paper, due to space limitations, we will provide the
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Fig. 1: Evolution of the ISRS GN model.
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closed form model (CFM) expressions only for the case of FWM. The SPM and XPM parts can be calculated as
shown in [6]. As in [4], each FWM interfering term, caused by two or three channels, is assumed to have its own
power profile that is described by parameters d, @ and C as
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The equations used for calculating these parameters are shown in [4] [Eq. (12)-(14)]. Herein, additional parameters
are introduced to support arbitrary span length and fiber loss and are derived with the same methodology as in [5]
and [0]
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Then, the power of a FWM term caused by channels i, j and k such that f; + f; — fi = f is given as
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where f is the center frequency of the channel under test, f;, f;, and f; are the respective center frequencies of
the interfering channels, S;,5,, and S3 are elements of the sorted set {|Af; +Af; —2fo|, |Afil, |Afj|} such that
81 <8 < 83, Af; and Af; are the frequency separations between the CUT and the corresponding interfering
channels, fp is the spectral distance from the zero-dispersion frequency, P;, P;, and Py are the respective launch
powers of the interfering channels, Ry is the symbol rate of the channels, ¥ is the nonlinear coefficient, 35 is the
third order dispersion, and & is the excess kurtosis of the transmitted modulation format. The parameter n takes
values O or 1 depending on whether a modulation format correction is applied or not. It is equal to 1 only for the
cases where f; = f; and modulation format correction is required and O for all the rest. The total FWM interference
in a given channel with center frequency f is the sum of all FWM,; ; ; terms.

III. ACCURACY OF CLOSED FORM APPROXIMATION

For the evaluation of the extended closed form approximation’s accuracy, comparisons were made with data from
a split step Fourier method (SSFM) simulation. The parameters used in the simulation are given in Table 1. Three
modulation formats were examined, QPSK, 16 QAM and 64 QAM for three different launch powers of 0, 2 and
4 dBm. The span length was set at 20 km. The plotted results which display the SNRny; are shown in Fig. 2.
Results show excellent accuracy of the provided closed form approximation. The maximum errors were in the
range from 4 to 6 dB and appeared at the edge of the transmitted WDM spectrum where the SSFM displays a
sudden increase of the SNR. The reason for that large discrepancy in the longest wavelength is under investigation.
The mean channel-wise errors in dB were 0.84, 0.68 and 0.66 for the cases of QPSK, 16 QAM, and 64 QAM,
respectively.
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Table 1: System parameters.

Parameter Value
Nonlinear coefficient y [1/W/km] 2
Dispersion slope [ps/nm?/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] 1303
Center wavelength of WDM [nm] 1303
Length of span [km] 20
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Fig. 2: Results of the comparison between the closed form and the SSFM for three modulation formats. The data
of the closed form is displayed as a continuous line and the SSFM as a dashed one.

IV. CONCLUSIONS

We presented a novel extension of the closed form of the inter-band stimulated Raman scattering Gaussian noise
model in the zero-dispersion regime accounting for arbitrary modulation format, span length, and fiber loss. Com-
parison with the simulation results showed excellent overall agreement with the split step Fourier method which
validates its accuracy and proves that it can be a reliable tool in modelling the fiber’s nonlinearity in O-band. The
next step would be to explore its accuracy in experiments.
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