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ABSTRACT

We extend the OCATA time domain digital twin to the frequency domain. It is shown that deep learning-based
models enable to predict the linear and nonlinear impairments affecting the optical constellations, whereas
analytical models are suitable to estimate the filter penalties affecting the optical spectrums. Illustrative results
show the benefits of the proposed approach for failure detection and identification.

Keywords: digital twin, failure management, optical networks.

1. INTRODUCTION

The term Digital Twin (DT) was first introduced by Michael Grieves in 2003 as a “virtual, digital equivalent to a
physical product” [1]. A DT can be defined as “a virtual simulation process that integrates multiple physical
quantities, multiple scales, and multiple probabilities using data from physical models, sensor updates, and
operational histories” [2]. DTs have been recently proposed to model optical communications where can be
defined as virtual replicas of the optical layer.

Examples of applications of an optical layer DT are intelligent fault management and misconfiguration
detection, where the real optical signal can be compared to the one generated by the DT to identify discrepancies
and estimate their root cause. Note that the same objective can be achieved by applying different methods, like
analytical models, simulation, or deep learning (see, e.g., [3]-[5]).

The authors in [6] firstly propose deep learning (DL)-based concatenation models to model linear interference
(LI) impairments arising in optical erbium doped fiber amplifiers (EDFA), optical fibers, and wavelength
selective switches (WSS), and created a DT for the optical time domain named OCATA [6]. Such DT is able to
reproduce the LI and non-linear interference (NLI) noise that impact on optical signals being propagated through
the different optical network components that support a lightpath by concatenating DL models of each
component. In our previous work [7], we analyzed illustrative use cases to show the application of the proposed
dual domain DT and showed its potential to increase the accuracy of the performance estimation for lightpath
affected from LI noise. In this work, we extend that analysis by analyzing the same illustrative use cases for a
lightpath affected by NLI impairments.

2. OCATA DIGITAL TWIN AND USE CASES

An illustrative network scenario with n ROADMs is represented in Fig. 1b. Each ROADM consists of two
wavelength selective switches (WSSs) and an EDFA (except the last one). The ROADMs are connected by
optical links which may consist of several fiber spans and inline EDFAs. We assume that the DT has access to
the spectral measurements collected from the optical spectrum analyzers (OSAs) in the ROADMs that the
lightpath traverses, as well as optical constellations collected from the coherent receiver in transponder (TP) B.

Figure 1b illustrates the proposed extension of the OCATA DT, consisting of the concatenated DNNs for the
time domain analysis of the transmitted data signal whereas analytical models are used for the frequency domain.
The DNNs model the propagation of constellation points (CP)s in the ROADMs and into optical links, whereas
analytical models are used to model the spectral impairments inside the ROADMs. Measurements collected from
the network can then be compared to the expected signals generated using the TF-DT.

Let us illustrate the application of the OCATA DT through the analysis of the use cases depicted in Fig. 2.
In this case, the configuration a) corresponds to the normal network operation, i.e., without any failure or
misconfiguration; b) corresponds to faulty WSSs in an intermediate node where there is Filter Shift (FS) that
cuts an edge of the optical spectrum; c) faulty WSSs in an intermediate node affected by Filter Tightening (FT)
which cuts both edges of the optical spectrum; d) illustrates the impact of having faulty EDFA at an intermediate
node introducing excessive amplified spontaneous emission (ASE) noise to the optical signal. To sum up we
consider two failures arising in the frequency domain and one failure generated in the time domain. The
objective of this analysis is to understand the benefit of a dual domain DT to detect and identify failures in
lightpath affected from LI and NLI impairments.
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Figure 1. The optical constellation and spectrum generated by an optical lightpath (a) and their virtual
replicas based on the OCATA dual time and frequency domain digital twin.

3. MODELS

Figure 1a shows the model of the envisioned TF-DT. In the time domain, the proposed DT predicts LI
impairments such as group velocity dispersion (GVD), fiber loss higher order dispersion, filter losses and ASE
noise and NLI impairments such as self-phase modulation (SPM) and cross-phase modulation (XPM).

The time domain analyzer consists of three main blocks: i) a constellation generator with a transmitter model
that defines an input optical signal in the time domain and generates its optical constellation. Each constellation
point is then sampled and modeled with a Gaussian bivariate distribution. Then, for every optical constellation
X, a set of features Y that summarizes X is generated. The features Yy are extracted employing the Gaussian
mixture models (GMM)s and consist in the mean and covariance matrix.; i) a propagation model that uses Y as
features (inputs) of the DNNs modeling the LI impairments. Differently, the DNNs modeling the NLI
impairments received as input the NLI residual features AYyp; [S]. This model is a data-driven end-to-end
machine learning (ML) approach based on the concatenation of DNNs (i.e., the ROADMSs' and links' models)
which are trained, tested and validated with the synthetic data generated, in this work, using a MATLAB-based
coherent system simulator; and iii) a constellation reconstruction block that converts the propagated features into
a received optical constellation.

Differently, in the frequency domain, a theoretically calculated optical spectrum is generated to estimate
filtering penalties following the model presented in [4]. The frequency domain analyzer consists of two main
elements: i) a spectrum generator that generates an ideal square pulse shaped by a raised cosine filter and if) an
analytical model that emulates a WSS as proposed in [8]. The impact of the WSS filtering is modelled by
concatenating the WSS transfer functions, resulting in a noise-free version of the optical signal.

4. RESULTS

For the targeted test cases, a MATLAB digital coherent system simulator was considered to reproduce the
physical layer. The simulated scenario emulates a core optical network with ten ROADMSs (see Fig. 1b)
connected by 100km long optical fiber links, each
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Figure 3. Result analyzing (a) constellation, (b) spectrum considering only the LI impairments [7].
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Figure 4. Result analyzing (a) constellation and (b) spectrum when considering both LI and NLI impairments.

The cascade filtering penalties are considered employing measured transfer functions from a 1x4 WSS filter
with 75 GHz bandwidth. Finally, DSP blocks capable to perform an ideal dispersion compensation and phase
recovery are considered in the Rx. The filter failures are modelled assuming 8 GHz FS and 16 GHz FT whereas
the EDFA failure is modelled by adding 10 dB of extra ASE noise to the channel in the amplification process.

Figure 3 and Fig. 4 shows the average results as a function of the number of nodes (and distance) obtained after
20 PBRS simulations for each case. Figure 3 details the results when considering only LI impairments whereas
Figure 4 shows the results obtained considering LI and NLI impairments. The four use cases described in
Section 2 are evaluated using four different models: the OCATA DT [5] and the expected spectrum of the
OCATA digital twin. Figure 3a and Fig. 4a show the symbol variance of CP 1 versus the number of nodes.
As expected, the variance increases with the number of nodes (and distance). Figure 3b and Fig. 4b shows
the -3dB spectral bandwidth versus the number of nodes. As expected, the bandwidth decreases as the number of
cascade WSSs (2 WSS/node) increases.

Comparing the results in Figure 3 and Fig. 4, we observe that symbol variances and the spectral bandwidths of
the filter failures have a similar evolution considering NLI impairments or not. In fact, for both the link
modelling scenarios the filter failures can be clearly recognized analyzing symbol variance and spectral
bandwidth since both metrics go simultaneously to their maximum and minimum values, respectively, after the
signal crosses the faulty WSSs. In the case of EDFA failure, as expected it is not possible to detect excessive
ASE by analyzing the received signal bandwidth that remained mostly unchanged in Fig. 3b and Fig. 4b.
Differently, small changes in the variance of the received constellation points were observed when only LI
impairments are considered (see Fig. 3a). On the other hand, the additional noise power produced by the EDFA
failure induces SPM-induced NLI noise that clearly affects the optical constellation as shown in Fig. 4b (black
curve) where the symbol variance increases after the failure in the intermediate node. Therefore, the results
shown in Fig. 3a are overall in accordance with the results obtained in [7] and shown in Fig. 4a, where only LI
impairments are considered. However, failures causing an increase of the fiber transmission launching power can
be detected analyzing the optical constellations since these failures induce additional NLI impairments.

Therefore, taking into account NLI impairments all the three considered failures, i.e., FS, FT and noisy EDFA,
can be detected by analyzing the optical constellations and comparing the received features with expected ones
generated with the OCATA time domain digital twin.

Differently the OCATA frequency domain DT can be useful to perform failure identification. In fact, by
comparing the expected and received spectra and constellations it is possible to distinguish the considered EDFA
failure from the filter failures as the former one does not manifest itself in the frequency domain. Moreover,
analyzing the spectrum allows to distinguish between FS and FT. Figure 5 shows the average lower and higher
relative frequencies of the observed channel at -6 dB as function of the number of nodes. These features
represent the boundaries of the optical spectrum and thus allow to differentiate between FT and FS. In fact, after
the signal crosses the WSSs affected by FT there is a significant mismatch between the actual and expected
values of these features. Differently, in case of FS only one of two edges of the optical spectrum mismatch from
its expected value. In this sense, we can claim that developing a dual time and frequency domain DT has
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intrinsic advantages as enables to identify failures generated in the frequency domain analyzing the spectrum and
to identify failures generated in the time domain analyzing both the spectrum and the optical constellations.
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Figure 5. Benefits of the spectral features, i.e., minimum frequency (a) and maximum frequency (b).

5. CONCLUSIONS

The OCATA time domain digital twin is extended to the frequency domain to generate the virtual replica of an
optical signal. We show that by analyzing the time domain (constellation) and the optical spectrum OCATA can
detect and distinguish among several failures, thus overcoming several limitations of previously proposed
approaches.

ACKNOWLEDGEMENTS

This project has received funding from the European Commission Horizon 2020 MSCA-EID MENTOR (G.A.
956713), from the Smart Networks and Services Joint Undertaking under the European Union's Horizon Europe
research and innovation programme under Grant Agreement No. 101096120 (SEASON), from the MICINN
IBON (PID2020-114135RB-100) project and from the ICREA Institution.

REFERENCES
[11] M. Grieves, “Digital Twin: Manufacturing Excellence through Virtual Factory Replication”, White Paper
1,2014

[2] Y. Wang et al., “Digital twin and cloud-side-end collaboration for intelligent battery management system”,
Journal of Manufacturing Systems,” vol. 62,2022

[3] S. Barzegar et al, “Soft-failure detection, localization, identification, and severity prediction by estimating
QoT model input parameters,” IEEE TNSM, vol. 18, pp. 2627-2640, 2021.

[4] B. Shariati et al., “Learning from the optical spectrum: Failure detection and identification,” IEEE JLT,
vol. 37, pp. 433-440, 2019.

[5] D. Sequeira et al, “OCATA: a deep-learning-based digital twin for the optical time domain,”
IEEE/OPTICA JOCN, vol. 15, no. 2, pp. 87-97, Feb. 2023

[6] M. Ruiz, et al., “Deep learning -based real-time analysis of lightpath optical constellations [Invited],”
IEEE/OPTICA JOCN, vol. 14, pp. C70-C81, 2022.

[71 M. Devigili et al., “Dual time and frequency domain optical layer digital twin,” in Proc. IEEE/OPTICA
ECOC, 2022.

[8] C. Pulikkaseril ef al., “Spectral modeling of channel band shapes in wavelength selective switches,” Optics
Express, vol. 19, pp. 8458-8470, 2011.

[9] N. Bouguila and W. Fan, Eds., Mixture Models and Applications. in Unsupervised and Semi-Supervised
Learning. Cham: Springer International Publishing, 2020. DOI: 10.1007/978-3-030-23876-6.

4

Authorized licensed use limited to: UNIVERSITAT POLITECNICA DE CATALUNYA. Downloaded on August 25,2023 at 17:41:23 UTC from IEEE Xplore. Restrictions apply.




<<

  /ASCII85EncodePages false

  /AllowTransparency false

  /AutoPositionEPSFiles false

  /AutoRotatePages /None

  /Binding /Left

  /CalGrayProfile (Gray Gamma 2.2)

  /CalRGBProfile (None)

  /CalCMYKProfile (None)

  /sRGBProfile (sRGB IEC61966-2.1)

  /CannotEmbedFontPolicy /Warning

  /CompatibilityLevel 1.7

  /CompressObjects /Off

  /CompressPages true

  /ConvertImagesToIndexed true

  /PassThroughJPEGImages true

  /CreateJobTicket false

  /DefaultRenderingIntent /Default

  /DetectBlends true

  /DetectCurves 0.0000

  /ColorConversionStrategy /LeaveColorUnchanged

  /DoThumbnails false

  /EmbedAllFonts true

  /EmbedOpenType false

  /ParseICCProfilesInComments true

  /EmbedJobOptions true

  /DSCReportingLevel 0

  /EmitDSCWarnings false

  /EndPage -1

  /ImageMemory 1048576

  /LockDistillerParams true

  /MaxSubsetPct 100

  /Optimize true

  /OPM 0

  /ParseDSCComments false

  /ParseDSCCommentsForDocInfo false

  /PreserveCopyPage true

  /PreserveDICMYKValues true

  /PreserveEPSInfo false

  /PreserveFlatness true

  /PreserveHalftoneInfo true

  /PreserveOPIComments false

  /PreserveOverprintSettings true

  /StartPage 1

  /SubsetFonts false

  /TransferFunctionInfo /Remove

  /UCRandBGInfo /Preserve

  /UsePrologue false

  /ColorSettingsFile ()

  /AlwaysEmbed [ true

  ]

  /NeverEmbed [ true

  ]

  /AntiAliasColorImages false

  /CropColorImages true

  /ColorImageMinResolution 200

  /ColorImageMinResolutionPolicy /OK

  /DownsampleColorImages true

  /ColorImageDownsampleType /Bicubic

  /ColorImageResolution 300

  /ColorImageDepth -1

  /ColorImageMinDownsampleDepth 1

  /ColorImageDownsampleThreshold 1.50000

  /EncodeColorImages true

  /ColorImageFilter /DCTEncode

  /AutoFilterColorImages false

  /ColorImageAutoFilterStrategy /JPEG

  /ColorACSImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /ColorImageDict <<

    /QFactor 0.40

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000ColorACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000ColorImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasGrayImages false

  /CropGrayImages true

  /GrayImageMinResolution 200

  /GrayImageMinResolutionPolicy /OK

  /DownsampleGrayImages true

  /GrayImageDownsampleType /Bicubic

  /GrayImageResolution 300

  /GrayImageDepth -1

  /GrayImageMinDownsampleDepth 2

  /GrayImageDownsampleThreshold 1.50000

  /EncodeGrayImages true

  /GrayImageFilter /DCTEncode

  /AutoFilterGrayImages false

  /GrayImageAutoFilterStrategy /JPEG

  /GrayACSImageDict <<

    /QFactor 0.76

    /HSamples [2 1 1 2] /VSamples [2 1 1 2]

  >>

  /GrayImageDict <<

    /QFactor 0.40

    /HSamples [1 1 1 1] /VSamples [1 1 1 1]

  >>

  /JPEG2000GrayACSImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /JPEG2000GrayImageDict <<

    /TileWidth 256

    /TileHeight 256

    /Quality 15

  >>

  /AntiAliasMonoImages false

  /CropMonoImages true

  /MonoImageMinResolution 400

  /MonoImageMinResolutionPolicy /OK

  /DownsampleMonoImages true

  /MonoImageDownsampleType /Bicubic

  /MonoImageResolution 600

  /MonoImageDepth -1

  /MonoImageDownsampleThreshold 1.50000

  /EncodeMonoImages true

  /MonoImageFilter /CCITTFaxEncode

  /MonoImageDict <<

    /K -1

  >>

  /AllowPSXObjects false

  /CheckCompliance [

    /None

  ]

  /PDFX1aCheck false

  /PDFX3Check false

  /PDFXCompliantPDFOnly false

  /PDFXNoTrimBoxError true

  /PDFXTrimBoxToMediaBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXSetBleedBoxToMediaBox true

  /PDFXBleedBoxToTrimBoxOffset [

    0.00000

    0.00000

    0.00000

    0.00000

  ]

  /PDFXOutputIntentProfile (None)

  /PDFXOutputConditionIdentifier ()

  /PDFXOutputCondition ()

  /PDFXRegistryName ()

  /PDFXTrapped /False



  /CreateJDFFile false

  /Description <<





    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>

    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>

    /CZE <>

    /DAN <>

    /DEU <>

    /ESP <>

    /ETI <>

    /FRA <>







    /HUN <>

    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)

    /JPN <>

    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>

    /LTH <>

    /LVI <>

    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)

    /NOR <>

    /PTB <>





    /SKY <>



    /SUO <>

    /SVE <>

    /TUR <>



    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 6.0 and later.)

    /POL <>

  >>

>> setdistillerparams

<<

  /HWResolution [600 600]

  /PageSize [612.000 792.000]

>> setpagedevice



