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Abstract— 1In an elastic network paradigm, where the transceiver
is able to control several characteristics of the transmitted signal
according to the optical link quality and capacity demand, receivers
able to automatically detect the modulation format are fundamen-
tal to recover the transmitted signal without the necessity of head-
ers that reduce system capacity. This work presents a simulated
performance comparison of six methods for blind identification
of modulation format in high-capacity optical systems: k-nearest
neighbors (KNN), k-means, fuzzy c-means, deep neural networks,
support-vector machine (SVM) and peak-to-average power ra-
tio (PAPR). The transmitted channels were 64-GBd modulated
with the following modulation formats available at the transceiver:
QPSK, 16QAM, 64QAM, and 256QAM. The optical link was em-
ulated considering several impairments, as amplified spontaneous
emission from optical amplifiers, frequency and phase noise from
lasers, and polarization rotation and differential group delay from
the propagation. The support-vector machine algorithm presented
the most robust results.

Index Terms— digital signal processing, elastic optical networks, modulation
format blind identification.

I. INTRODUCTION

Optical networks are a key technology to support the global telecommunications backbone, especially
with the rising and large acceptance of on-demand high-quality video distribution, cloud computing, and
Internet of Things (IoT) applications. This new technological paradigm, besides increasing the capacity
demand in optical networks, drastically changes its requirements in some cases. Depending on the
application, there are different specifications in terms of throughput, latency, energy consumption, and/or
reach [1]. In specific, high-capacity optical systems usually rely on wavelength-multiplexing (WDM)
techniques, on which the specific frequency (or wavelength) of each transmitted channel is set in a fixed
grid. As defined by the International Telecommunication Union - Telecommunication Standardization
Sector (ITU-T recommendation G.694.1 [2]), one of the most usual channel grid defines a 50-GHz
spacing between channels, implicating that, fundamentally, each channel will occupy a 50-GHz fixed
slot, despite its actual spectral width. In that way, optical components and devices can be designed
to operate in specific and fixed frequency slots, diminishing costs and accelerating the development
process.

To support the increasingly higher and more heterogeneous demand for transmission capacity and to

improve optical systems spectral efficiency, the concept of elastic optical networks (EON) was intro-
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duced in 2012 [3]. In this new paradigm, the optical transceivers must be able to adapt their transmission
rate and modulation format, among other operational parameters, based on the optical channel quality
of transmission (QoT) and bit rate demand independently for each wavelength-multiplexed channel.
Several previous works in the state-of-the-art already demonstrated the advantages of elastic optical
networks, especially regarding the capital (CAPEX) and operational expenditures (OPEX) and the
network maximum transmission capacity [4], [5]. In this scenario, optical receivers with the capacity to
automatically identify the transmitted modulation format are a key technology to correctly implement
the digital signal processing (DSP) stack and, ultimately, to correctly decode the transmitted bit sequence
without additional headers, increasing the systemic net transmission capacity in an EON-based optical
network.

In this context, the recent development of machine learning (ML) based techniques in computer vision
and classification problems inspired its application in several areas, among them the blind modulation
format identification (MFI) problem specifically in high capacity optical networks. For that, several
machine learning based algorithms have been proposed to be applied directly on the received optical
constellation. In [6], the authors describe a modulation format identification method based on the k-
nearest neighbors algorithm, employing as inputs the histograms of the real and imaginary components
of the received optical signal sampled at one sample per symbol. In [7], the k-means is demonstrated
as a valid MFI method in optical communications, allowing the received constellation clustering,
which, based on the quantity and position of clusters, allows the modulation format identification.
In [8], the authors demonstrate that deep neural networks (DNN) are capable to effectively identify the
transmitted modulation format for different optical signal-to-noise ratios (OSNR) even in the presence
of other degrading phenomena, as frequency and phase deviations and nonlinear Kerr-related effects.
Alternatively, analytical methods can also be employed to blindly identify the transmitted modulation
format. Among them, some works had proposed to employ the received signal entropy [9] or peak-to-
average power ratio (PAPR) [10] to extract data about the transmitted optical constellation.

Considering the several different modulation format identification approaches proposed in the lit-
erature, this work aims to directly compare different supervised and unsupervised machine learning
proposals with an analytical method as a performance reference. For that, in order to assess each
implementation performance in different scenarios, a simulation setup was employed, allowing to
directly compare each implementation accuracy, depending on the degrading imposed by different
impairments. In the proposed simulation, 64-GBd optical channels are transmitted with constellations
following the QPSK, 16QAM, 64QAM, and 256QAM modulation formats. To assess each considered
method’s resilience to different transmission effects, the simulation setup includes degrading sources as
additive white Gaussian noise (AWGN), phase noise, residual frequency deviation, polarization rotation,
and differential group delay. Based solely on the data acquired by a coherent receiver, algorithms based
on deep neural networks (DNN), support-vector machine (SVM), k-nearest neighbors, k-means, and
fuzzy c-means are employed to identify the transmitted modulation format. On one hand, the DNN,
the k-nearest neighbors, and the SVM algorithms are employed to identify and classify patterns on the
received data. On the other, the clustering methods (e.g., k-means and fuzzy c-means), allow one to find
the optimum number of clusters on the received data. As a comparison metric, the analytical method
based on peak-to-average power ratio (PAPR) is also considered.

This work aims to offer a comprehensive performance comparison between several artificial intelli-
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gence based modulation format identification techniques in the context of the next-generation optical
communication systems. All the investigated techniques were previously proposed in the technical
literature for this specific application or classification problems in general. However, they had to be
adapted and optimized to maximize their accuracy considering modulation formats up to 256 symbols
with 64-GBd symbol rate. Furthermore, the proposed simulation-based investigation allows one to assess
the individual accuracy penalty due to several optical transmission impairments for each technique. The
present work is an extension of the results presented in [11], including the performance analysis of two
more MFI algorithms (fuzzy c-means and SVM) and the dynamic equalizer optimization (in terms of its
update step, number of filter taps, and the duration of the convergence) to ensure a better compensation
of polarization rotation and differential group delay. It is divided as follows: in Section II the methods’
implementations are reviewed with the definition of its hyperparameters; in Section III the simulation
setup is described with the definition of each transmission scenario employed in the comparative
analysis; in Section IV the obtained results are discussed; finally, in Section V the work conclusions

are presented, allowing the definition of future works related with the carried out investigation.

II. METHODOLOGY

The proposed digital signal processing (DSP) stack for coherent optical transceivers with modu-
lation format identification is represented in Fig. 1, encompassing the following blocks: (1) channel
conditioning; (2) chromatic dispersion (CD) compensation; (3) timing error correction; (4) optical
carrier frequency deviation compensation; (5) channel dynamic equalization; (6) optical carrier phase
deviation recovery. As the operation of many of these blocks are independent from the transmitted
modulation format (as the case for blocks 1, 2, 3, and 4), they can be executed before the modulation
format identification algorithm, simplifying the MFI implementation and increasing its performance.
Therefore, as highlighted in Fig. 1, the MFI algorithms must be placed between blocks 4 and 5.
As previously discussed, the performance of MFI approaches based on k-nearest neighbors (KNN),
k-means, fuzzy c-means, deep neural networks, support-vector machine (SVM), and peak-to-average
power ratio (PAPR) algorithms will be compared. All ML-based methods were implemented in Python
employing the scikit-learn (KNN, k-means, DNN and SVM) and skfuzzy (fuzzy c-means) toolboxes.
The configuration parameters and kernel functions were selected through cross-validation. Each hyper-
parameter was optimized separately. Starting at the default value, the value was increased/decreased
until reaching a maximum identification accuracy at the training data. If more than one hyper-parameter
had to be selected for a function, the search for the maximum was done by successive approximations
(i.e., each parameter was optimized at a time) considering the optimal value found in previous iterations
for the other parameters. This iterative process was repeated until convergence of the optimal values.

Specifically for the k-nearest neighbors, as proposed in [6], 10000 signal samples after decimation are
considered to compose amplitude histograms (AH) for its real and imaginary components. The frequency
value for each histogram interval is an input parameter to the model. To reduce its computational
complexity and improve the algorithm resilience, the authors propose to slice the signal real and
imaginary components in 100 intervals from —1.5 up to +1.5 and defining F; as the frequency for
each interval ¢. As proposed by the authors, the parameter effectively sent to the model will be: 0 if
F; < 32; 32 if F; > 256; and F;/8 for the other cases. Finally, the model considers a uniform weight

equal to 5 for the 6 neighbors with shortest Euclidean distances.
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Fig. 1. Block diagram representing a conventional coherent receiver with the main DSP stack blocks. In the figure, E's and
FEro stands for the received signal and local oscillator electromagnetic fields, respectively.

Following, for the k-means implementation considering one sample per received symbol, as proposed
in [7], the authors implemented a pre-processing stage for both = and y optical polarizations, mapping

them into the Stokes space as follows:

So |22 + |y[?
S 1 2 _ 2
g - 1 _ 1 || |y‘7 ‘ (1)
Sa 2| 2-real(xy)
Ss3 2 - imag(zy)

The clustering is carried out in the three-dimensional space defined by vectors 57, S2, and S3 normalized
by Sp. As a consequence, the QPSK modulation format will be defined by 4 clusters in the Stokes space,
the 16QAM by 60, the 64QAM by 972, and the 256QAM by 15720. However, with this approach, the
number of clusters in the Stokes space for the higher-order modulation formats is impractical, demanding
a large number of samples to be processed and, as a consequence, an undesirable increase in system
latency. Alternatively, in this work, the clustering is carried out based solely on the received signal,
reducing the number of clusters to the number of constellation points. The model was implemented
following the Elkan algorithm [12] with aleatory initial centroid positions and a maximum of 300
iterations. The Silhouette score [13] was employed to select the optimum number of clusters for each
signal following the description of [14].

The clustering based on the fuzzy c-means method was also performed directly on the received signal
and the Silhouette coefficient was used to select the optimum number of clusters, following the proposed
in [14]. The method was implemented as proposed in [15] with aleatory initial centroid positions and
a maximum of 100 iterations. The k-means and fuzzy c-means have the advantage of not requiring any
prior training as they are examples of ‘lazy-training’ methods. However, for this reason, they require
more online calculations and, therefore, a higher latency.

For the MFI based on deep neural networks, as proposed in [8], amplitude histograms (AH) obtained
from the absolute values of each transmitted symbol are divided in 80 intervals, which frequencies
are the inputs for a deep neural network with two hidden layers. These layers are composed of 30
and 10 neurons, respectively, and operate as autoencoders with a rectified linear activation function
(ReLU). Following, the output layer is a perceptron layer with softmax activation function. The ADAM
optimization algorithm was employed with a constant learning rate equal to 0.001 and minibatch size
equal to 200.

Finally, the support-vector machine was implemented using the SVC classifier of the scikit-learn

Python toolbox. The kernel function used was the rdf with parameters v and ¢ equal to 0.0001 and
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1, respectively. Its inputs are the same amplitude histograms used by the DNN and KNN methods but
with its frequencies normalized, since the SVM method is highly scale dependent.

As a comparative reference, the peak-to-average power ratio was also employed as an analytical
method to identify the transmitted modulation formats. One major limitation from this approach is
related to the fact that the PAPR depends on the level of noise present in the received signal and, as
a consequence, the decision thresholds must consider the received signal optical signal-to-noise ratio
(OSNR). In this work, the decision thresholds were selected as the intermediate point between the
PAPR of each modulation format, as presented in [10]. There are several proposals in the literature
to estimate the received signal OSNR [16], however, for simplicity, in this work, it is assumed that
the OSNR value is always fully known. Even though the PAPR solution is the most computationally
simple, the additional complexity of the OSNR estimator must be considered for the selection of the
best MFI solution.

III. SIMULATION SETUP

The optical system simulation is based in a back-to-back link with amplified spontaneous emission
(ASE) loading to emulate the noise from optical amplifiers and to allow the ranging on the received
optical signal-to-noise ratio (OSNR), as depicted in Fig. 2. Besides the setup simplicity, it is suitable
to emulate signal degradation due to effects whose compensation requires algorithms that are affected

by the transmitted modulation format.
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Fig. 2. Simulation setup employing an amplified spontaneous emission (ASE) noise loading method to range the received
optical signal-to-noise ratio (OSNR).

At the transmitter, a pseudorandom binary sequence (PRBS) composed of 2!® bits is independently
generated to compose the data to be transmitted through each multiplexed optical polarization. Follow-
ing, the bit sequence is mapped into the selected modulation format, which, as previously discussed,
will be randomly chosen among QPSK, 16QAM, 64QAM, and 256QAM. The resulting symbols are
oversampled to 2 samples per symbol and filtered by a raised cosine shaping filter with a roll-off factor
equal to 0.1. The four modulating signals are converted to the analog domain by a digital-to-analog
converter (DAC) with sampling rate equal to 128 GSa/s, 3-dB electrical bandwidth equal to 36 GHz,
and 8-bits nominal resolution. The analog signals are linearly amplified by microwave drivers and
applied in the arms of a dual-polarization in-phase and quadrature optical modulator (DP-IQM). The
modulated optical carrier is generated by an external cavity laser (ECL) with its linewidth ranged to
assess the phase noise impact on the MFI algorithms performance.

Furthermore, to emulate the transmitted signal polarization state deviation, the polarization-multiplexed

optical modulated signal is multiplied with the Jones matrix:

Brazilian Microwave and Optoelectronics Society-SBMO received 29 Jan 2021; for review 29 Jan 2021; accepted 29 Apr 2021
Brazilian Society of Electromagnetism-SBMag © 2021 SBMO/SBMag O /ssy2179-1074



Journal of Microwaves, Optoelectronics and Electromagnetic Applications, Vol. 20, No. 4, December 2021

DOI: http://dx.doi.org/10.1590/2179-10742021v20i4254759 694
J_ cosh - e IT/2 _gen . IT/2 2
send - eI7/? cosf - eI7/? ’

on which 7 represents the differential group delay (DGD) and 6 the polarization rotation angle. Next, to
emulate the amplifiers’ noise in a conventional optical link, amplified spontaneous emission is loaded
into the transmitted signal to achieve the desired optical signal-to-noise ratio at the optical front-end.

The optical coherent receiver with polarization diversity has a 36-GHz bandwidth and is composed
of the combination of polarization beam splitters (PBS), optical couplers, 90° optical hybrids, a second
external cavity laser as the local oscillator, and a set of balanced photodiodes with transimpedance
amplifiers. The signals converted to the electrical domain are sampled by a 128-GSa/s analog-to-digital
converter (ADC) with 8-bits nominal resolution and 36-GHz 3-dB bandwidth. The resulting digital
signals are acquired to be post-processed by the DSP stack depicted in Fig. 1, employing each one of
the proposed MFI algorithms. The analyzed dataset is composed of 600 sequences for each modulation
format and received OSNR, each one being composed of 10000 symbols. To avoid the necessity of
knowing the received OSNR, all methods that require training were trained using 1/3 of the dataset
sequences at OSNR = 26.4 dB (i.e., 200 sequences for each modulation format, 800 sequences in total).
As a consequence, the MFI performance analysis was performed using 2/3 of the generated sequences
for all OSNR values (i.e., 400 sequences for each modulation format, 1600 sequences in total for each
OSNR point). The figure of merit selected to compare the performance of the MFI approaches is the
accuracy as a function of the OSNR. The accuracy for multi-class classification is calculated as the
average accuracy of the classifiers for each class, as given in [17]. The properties of this figure of
merit in terms of robustness to present an algorithm’s overall performance, without being affected by
the performance on a specific class, is well suited to the problem here analyzed, as the interest is to
evaluate if the algorithm is able to correctly identify the modulation format during the whole operation
of the device. The analysis is complemented by confusion matrices to get insights into the performance
of the per-class classification. The required OSNR value to achieve 100% may be used to predict the
maximum transmission distance based on perturbative models. The relation between required OSNR
and transparent transmission distance may be calculated using the GN model for C-band transmissions,
as have been done in [18], or, for multi-band scenarios, the Generalized GN model (GGN) [19] or the
ISRS GN model [20].

IV. RESULTS

The accuracy for each MFI approach as a function of the received signal OSNR is presented in Fig. 3,
on which the signals were degraded only by the insertion of ASE emulated by loading AWG noise (i.e.,
in this particular case, the signals were not affected by phase, frequency, or polarization deleterious
effects). The dataset sequences acquired specifically to train the machine learning approaches were
also degraded only by the insertion of AWG noise with an OSNR equal to 26.4 dB. The presented
results indicate that the KNN, k-means, SVM, and PAPR algorithms have a similar performance in this
condition, achieving a 100% accuracy for OSNRs higher than 20.8 dB. Nevertheless, the deep neural
network required an OSNR 2 dB higher to attain 100% accuracy, while the fuzzy c-means was not able
to correctly identify the 256QAM modulation format, probably due to the great number of clusters.
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Fig. 3. Average accuracy of the MFI methods as a function of the received OSNR for the ASE-only scenario.

Following, the results presented in Fig. 4 consider also signal degradation due to lasers with uniformly

distributed residual frequency deviation and linewidth between 0 and 1 MHz and between 0 and

100 kHz, respectively. The frequency and phase distortions will induce undesirable rotations on the

received signal, misshaping the Gaussian shape of each symbol and, as a consequence, spreading the

acquired constellation points. Due to the nature of these distortions, the MFI approaches that are based

solely on the analysis of data obtained from the signals amplitude information (i.e., as the DNN, SVM,

and PAPR) are not affected by phase and frequency distortions and are not considered at this moment.

Thus, the results only present the comparative analysis between the k-means, fuzzy c-means, and KNN

algorithms, in all cases presenting the previously obtained results considering only ASE degradation as

a reference. Furthermore, the training sequences were obtained from signals with 26.4-dB OSNR and

with phase and frequency deviations ranging uniformly from O up to the maximum values considered on

the analysis presented in Fig 4 (i.e., 1-MHz residual frequency deviation and 100-kHz lasers linewidth).
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Fig. 4. Average accuracy of the KNN, k-means, and fuzzy c-means methods as a function of the received OSNR for the
scenario with ASE and with frequency offset (FO) and phase noise (PN).
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For both the KNN and k-means methods, it is shown a 5-dB penalty in the OSNR required to achieve
a 100% accuracy in comparison with the scenario in which the signals were only degraded by ASE
insertion. Meanwhile, the fuzzy c-means shows a penalty of 4 dB to attain its best performance, but it
never reaches 100% accuracy in the range of OSNRs of interest, similarly to the ASE-only analysis.
A possible solution to improve the performance of the methods in this scenario could be the creation
of k-means, fuzzy c-means, and KNN models based only on the amplitude histogram, ignoring the
phase and frequency data as is the case for the DNN, SVM and PAPR approaches. However, it would
make it impossible to differentiate modulation formats based solely on phase-keying techniques, such
as QPSK, 8PSK, 16PSK, among others.

Lastly, the MFI algorithms performance in a system impacted also by a maximum of half-symbol
DGD and 45° polarization rotation is presented in Fig. 5 for the k-means and fuzzy c-means algorithms,
in Fig. 6 for the PAPR and DNN algorithms, and in Fig. 7 for the SVM and KNN algorithms.
The presented results also compare the impact of the constant modulus algorithm (CMA) [21] in
the MFI performance since it is commonly employed as a pre-convergence stage to adapt the dynamic
equalization filters. However, it is well reported in the literature that it presents a poor performance when
applied in systems based on high-order modulation formats since it rarely converges to its optimum
solution at this condition. Despite this limitation, as it does not require previous knowledge of the
transmitted modulation format, it can be employed in a stage allowing the DSP stack to separate the
transmitted signal optical polarization components before the MFI algorithm. In this case, the training
dataset was acquired considering signals degraded by AWG noise with an OSNR equal to 26.4 dB,
phase and frequency deviations ranging, uniformly, from O up to the maximum values employed in the
analyzed signals (i.e., 1-MHz residual frequency deviation and 100-kHz lasers linewidth), and DGD and
polarization rotation ranging from O up the values employed in the analyzed signals (i.e., half-symbol
and 45°, respectively). In the cases employing the CMA for pre-equalization, 30000 extra samples were
generated to be used to pre-converge the equalization algorithm with 12-tap filters and an update step
w equal to 0.001.
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Fig. 5. Average accuracy of the k-means and fuzzy c-means methods, with and without pre-equalization using the CMA
algorithm, as a function of the received OSNR for the scenario considering ASE noise, phase noise, residual frequency
offset, DGD, and polarization rotation.
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The results indicate that all algorithms were severely affected by the DGD and polarization rotation
effects, being unable to achieve accuracy close to 100% when the CMA pre-equalization is not
performed. Specifically for the k-means and fuzzy c-means, it is also possible to notice that the CMA was
not able to sufficiently compensate the DGD and polarization rotation degradation effects, degrading
the overall accuracy of both algorithms. The PAPR and KNN algorithms were also impacted by the
equalization errors and did not achieve 100% accuracy in the range of OSNRs of interest.
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Fig. 6. Average accuracy of the PAPR and DNN methods, with and without pre-equalization using the CMA algorithm, as a
function of the received OSNR for the scenario considering ASE noise, phase noise, residual frequency offset, DGD, and
polarization rotation.
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Fig. 7. Average accuracy of KNN and SVM methods, with and without pre-equalization using the CMA algorithm, as a
function of the received OSNR for the scenario considering ASE noise, phase noise, residual frequency offset, DGD, and
polarization rotation.

The deep neural network showed a penalty to the ASE-only scenario of 2.5 dB. Surprisingly, the
performance of the support-vector machine method does not seem to be impacted by the imperfect

equalization of polarization rotation and DGD. It achieved 100% accuracy at the same received OSNR
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as in the ASE-only scenario (i.e., 20.8 dB). Even though the required OSNR values were the same, to
claim that there was no penalty would require the simulation of many intermediate OSNR points. With
the present results, we can only state that the penalty suffered by the SVM in relation to the ASE-only
case was less than 2 dB. The results for an OSNR equal to 27.1 dB are summarized in the confusion

matrices presented in Fig. 8.
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Fig. 8. Confusion matrices at 27.1-dB OSNR for (a) k-means, (b) fuzzy c-means, (c) PAPR and (d) KNN algorithms.

The matrices of the DNN and SVM methods were omitted since the methods achieved an accuracy
equal to 100% and, therefore, the matrices are diagonal and do not add new information about their
performance. In general, the results show that the performance of the other MFI algorithms is worse
for high-order modulation formats. The classification errors are mostly caused by the imperfect blind
pre-equalization carried out by the CMA, whose performance is worse for higher-order modulation
formats. The k-means and fuzzy c-means are biased to selecting the QPSK for signals with a high
number of constellation points with imperfect equalization and noise. The tendency of the accuracy
curves in attaining a ceiling value indicates that they are mostly affected by the imperfect equalization
and the small Euclidean distance between the constellation points. Moreover, increasing the OSNR
even further will have a small effect on the average accuracy. For the PAPR, the highest number
of classification errors occurs for 64QAM signals that are identified as 256QAM, indicating that the
distribution of PAPR values for different realizations of the signal for a given modulation format may

not be Gaussian or the variance may be dependant on the modulation format. This statement indicates
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that the decision threshold values could be optimized, requiring further investigation. However, this
optimization does not affect the presented analysis as it is focused on the OSNR values in which the

methods attain 100% average accuracy. The behavior is similar for the KNN algorithm.

V. CONCLUSIONS

A simulation-based comparative performance analysis for six blind modulation format identification
(MFI) approaches were presented in the context of high capacity optical systems. The investigation
was performed considering methods based on the k-nearest neighbors (KNN), k-means, fuzzy c-means,
deep neural networks (DNN), support-vector machine (SVM), and peak-to-average power ratio (PAPR)
algorithms. In all analyzed scenarios, 64-GBd optical channels were transmitted, with the transmitted
bits sequence being coded following the QPSK, 16QAM, 64QAM, or 256QAM modulation formats.

For the first analyzed scenario, which considered optical signals degraded only by the insertion
of amplified spontaneous emission (ASE) from optical amplifiers, the best-performing methods were
the KNN, k-means, SVM, and PAPR, all requiring a received OSNR equal to 20.8 dB to achieve
100% accuracy on the modulation format identification. Still on the ASE-only scenario, the DNN
reached 100% accuracy at 22.8 dB and the fuzzy c-means was not able to correctly identify 256QAM
signals, therefore it never achieved values of average accuracy higher than 76%. Following, the MFI
algorithms performance was also characterized in a scenario considering signal degradation due to the
ASE noise insertion, residual frequency deviation, and lasers linewidth. As the algorithms based solely
on the analysis of the signal absolute amplitude information are not affected by phase and frequency
deviations, only the k-nearest neighbors, k-means, and fuzzy c-means results were presented. The first
two methods showed a 5-dB OSNR penalty to achieve the 100% accuracy, while the fuzzy c-mean
algorithm attains 76% accuracy with a penalty of 4 dB. Finally, for the more complex scenario, besides
the ASE insertion and phase and frequency deviation effects, the degradation due to differential group
delay (DGD) and polarization rotation was also considered. In this case, almost all algorithms were
impacted by the constant modulus algorithm (CMA) non-optimal performance, especially for higher-
order modulation formats, which was not able to compensate properly the degradation phenomena
included in this scenario closer to a real implementation. The only two algorithms that were able
to reach 100% accuracy in the range of received OSNRs simulated were the DNN and the SVM.
It is important to highlight that, besides being trained employing only sequences with OSNRs equal
to 26.4 dB, the DNN was able to achieve high mean accuracy for all OSNRs employed during the
validation stage. Nonetheless, the impact of training employing a wider range of OSNRs must be further
investigated in future works. The DNN presented a penalty to the ASE-only scenario of 2.5 dB, while
the required received OSNR for the SVM to get 100% accuracy is the same as in the ASE-only case,
although the simulation of intermediate OSNR values are required to precisely assess the performance
penalty. Comparing the complexity of both methods that achieved 100% accuracy, the SVM has fewer
parameters to be adjusted than the DNN and is, therefore, easier and faster to be optimized, making it
a good candidate for MFL. In addition, results for the most realistic simulation scenario show that the
SVM solution achieved 100% average accuracy at the lowest OSNR value and, consequently, could be
used for longer transmission links without the use of regenerators.

Future works related to the results here presented will also include a more detailed computational

complexity and latency comparison between the MFI approaches. The results of these investigations
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could present enough information to allow the definition of the best methods to perform the format

modulation identification in next-generation optical transceivers.
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