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Abstract. A recent global crisis associated with COVID-19 has encouraged millions
of people to work from home, thus causing a drastic increase in overall network
traffic, data-rate requirements and end network capabilities. This has also produced
more noise, cross-talk and undesirable optical-fibre nonlinearities, especially a four-
wave mixing (FWM) effect that deteriorates performance of dense wavelength-
division multiplexing (DWDM) systems. A presence of FWM in the DWDM
systems imposes increasing complexity and latency of networks, and decreases their
spectral efficiency. In its turn, this degrades efficient utilization of optical
bandwidth. To mitigate the above problems, we suggest a supervised regression
modelling (SRM). A relevant SRM-DWDM approach performs self-parametric
optimization of the DWDM systems with machine-learning techniques and finds
real trade-offs among various factors that affect the FWM. Our model reduces
complexity of modelling and computational time, resulting in accurate and reliable
prediction of parameter values. We also evaluate the performance of our SRM-
DWDM technique by comparing its data with the iterative results obtained for
different parameters (e.g., output signal-to-noise ratio, Q-factor, signal power and
noise power). Finally, we specify the procedures necessary for global optimization
of DWDM systems.
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1. Introduction
Fibre-optic systems with dense wavelength-division multiplexing (DWDM) provide high
transmission capacity, wide bandwidth and efficient use of bandwidth [1]. Now it is important to
ensure high reliability of DWDM systems to achieve high-quality data transmission in long-
distance communication networks [2]. Increasing number of channels in a DWDM system makes
its structure more complex and produces a number of linear and nonlinear issues [3]. One can
mention in this relation nonlinear light scattering, Kerr nonlinearities and parabolic nonlinearities,
along with amplified spontaneous emission. Moreover, there are such effects as stimulated Raman
scattering [4], four-wave mixing (FWM) and cross-phase modulation [5], which also affect data
transmission and optical signal-to-noise ratio (OSNR) in long-haul fibre-optic systems [6].

A presence of FWM in an optical DWDM system can affect notably the quality of signal
during its transmission. Various parameters such as OSNR, bit-error rate (BER) and Q-factor are
helpful to determine the effect of FWM and its influence on the system. Mitigation of the FWM in
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DWDM systems [7] has been discussed in relation to various system functions such as number of
channels [8], bit rate [9], channel spacing [8], modulation format [9] and duty cycle [10]. The
influence of FWM in many waveguide devices is observed while varying pump power and
detuning light wavelength [12]. A reduction of FWM achieved using different modulation formats
in long-haul DWDM transmission systems has also been discussed and the system performance
has been evaluated basing on the OSNR, the Q-factor and the BER [13]. A turn-to-zero (RZ)
modulation format has proven to be less affected by the nonlinearities. It can provide a better Q-
factor, lower distortion and lower noise [14]. Analysis of optical amplifiers for the DWDM
systems under conditions of different channel spacings, input powers, optical gains and optical-
fibre core sizes has provided estimation of such system factors as BER, Q-factor, OSNR and
output signal power. This also yields in quantitative measures for the nonlinearities and cross-talk
and predetermines the final values of guaranteed quality of transmission [16, 17].

Traditional methods employed for calculating optical networks require much time and
increase system complexity, which hinders their use while achieving global optimization [18, 19].
These limitations can, in principle, be overcome with novel approaches, e.g. the techniques based
upon artificial intelligence and machine learning (ML). The latter can provide superior solutions in
relation to the complexity issues [20]. Detection, identification and management of failures in
optical networks have already been studied using the ML techniques [21]. An ML-based reduction
of OSNR, input power and noise figures and estimation of the quality of transmission in the
DWDM networks have been discussed in Ref. [22]. The ML procedures and their efficiency for
various communication fields such as software-defined networks [23], Internet of Things [24],
wireless sensor networks [25], cognitive radios [26], wireless networks [27], computer networks
[28] and traffic classification [29] have been studied.

One can outline the following problems to be solved in this direction: (i) design of long-haul
optical DWDM systems with wider bandwidth and larger number of channels, which involves
complex-network management and difficulties in collecting data from enormous number of
monitoring points, and (ii) parametric optimization for mitigating fibre nonlinearities, especially
the FWM effect. Sometimes these problems represent real challenges and cannot be easily solved
through simple iterative simulations under diverse practical constraints. Therefore, a real-time
environment requires efficient ML-based prediction approaches for self-optimization of high-
capacity DWDM systems, following from user requirements, efficient network management and
avoiding of bandwidth crunch.

In this work, we suggest a self-parametric optimization via an ML-based supervised
regression model (SRM) for a high-capacity DWDM system in the presence of FWM. A so-called
SRM-DWDM technique is designed and verified. It achieves higher data rate and provides better
understanding of the parameters that influence the FWM. The suggested SRM-DWDM method is
analyzed for various FWM-influencing parameters such as input power, channel spacing,
modulation format, data rate and gain of optical amplifier. The final aim is user requirements of
larger bandwidth and efficient utilization of channel capacity. These tasks can be performed under
conditions of reduced system complexity and acceptable iterative runtime.

The article is organized as follows. Section 2 discusses in detail the related work on the
subject. Section 3 provides the fundamentals of FWM and its influence on the DWDM systems. In
Section 4 we describe a conventional (iterative) simulation setup for DWDM systems. Detailed
information on our SRM-DWDM approach and the processes involved in its operation is gathered
in Section 5. In Section 6 we report on the tests of our SRM-DWDM system and parametric
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observations of various system functions and factors mitigating the FWM effect. Finally, Section 7
concludes and discusses a future scope.

2. Related work

There are several nonlinear impairment factors that deteriorate the efficiency of DWDM due to
their uncertainty. To estimate these uncertainties, the quality of transmission and design
considerations must be considered. The design considerations derived from either a simple
analytical model or an advanced DWDM-designing techniques can be used. Channel spacing,
modulation format, input power, data rate and some other influencing parameters are required to
estimate the quality of transmission through a DWDM system. The introductory studies have
shown that such parameters such as the OSNR, the noise power, the signal power and the Q-factor
reveal exponential dependences on the channel spacing, the input power and the modulation
format at high data rates. For example, Ref. [22] mentions fluctuations in the quality of
transmission that affect the spectral characteristics and thereby introduce deviations in the optimal
values of FWM-mitigating factors.

The authors [7] have analyzed a case of low channel spacing and small number of input
channels, when the utilization of bandwidth and the channel capacity are limited. In Ref. [8] it has
been shown that a larger number of channels (a case of 80 channels) and ultra-narrow channel
spacing (0.25 nm) make the design much more complex. The work [6] has discussed a DWDM
system with chromatic dispersion, which achieves 1.28 Tbps data transmission with some limited
factors such as channel spacing and transmission distance. Unlike this work, a 0.2 nm channel
spacing with high inter-channel nonlinearities has been analyzed in Ref. [17]. It can achieve the
gain ripple 1.70 dB and the noise figure 4 dB. The author [3] has suggested a radio-over-fibre
system, where optimization is achieved using an 8-channel WDM transmitter, a 75 GHz channel
spacing, a 0 dBm input power and a 4 dBm FWM power. Different modulation formats with
variable duty cycle for various channel spacings in an EDFA structure have been discussed in
Ref. [10].

The work [1] has studied different FWM-influencing parameters and a real trade-off between
reduced FWM and low bandwidth accompanied with low channel capacity. The author [12] has
constructed a DWDM system with high conversion efficiency but difficulties in attaining phase-
matching condition. A DWDM model has been proposed in Ref. [2] with a coherent modulation
format and 3R system, which consumes about 90% transmission power at the receiver end. The
author [16] has achieved the quality factor 30 dB, the gain 29.4 dB and the eye closure 0.9 dB in
the presence of serious inter-symbol interference. In the work [4] an efficient wavelength-division
multiplexing system has been suggested for the case of symbol rate 50 Gbaud, quadrature phase-
shift keying and a 16-QAM modulation format. Unfortunately, this system has a reduced
effeciency at above 100 Gbaud and 16-QAM, and the nonlinear compensation becomes difficult to
perform. The model [9] for the 1000 km wavelength-division multiplexing system with non-RZ
and RZ modulation formats reveals a relatively low quality of data transmission and a significantly
low signal power. The work [13] has presented a DWDM design with 25 dB reduction of the
FWM power, which has limited value in choosing modulation formats with optical filters. The
author [14] has proposed a DWDM design characterized by low distortion, high quality factor and
low BER. It is less affected by the fibre nonlinearity, although the computational method is time-
consuming in performing iterative simulations. In Ref. [15], a hybrid DWDM with FWM
suppression has been demonstrated. It has high enough gain and low input power, which have
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been achieved using circular polarization of light. This system shows that the light-polarization
state also affects the system efficiency.

In summary, the problems of taking into account the FWM effect in the DWDM systems
using the quality-of-transmission predictions and performing self-parametric optimization based
on the field requirements need their further investigations along the direction of ML approaches.
The understanding of FWM-influencing parameters would enhance the quality-of-transmission
parameter and reduce the uncertainty for reconfigured DWDM systems applied in the future
communications with high data rates. Therefore, it would be useful to explore the ML-based
supervised parametric prediction models. Here the understanding of the FWMe-influencing
parameters and the corresponding mitigating factors, as well as achieving of appreciable reduction
in the FWM, should be obtained using training databases of well established data points.

Of course, the optical DWDM networks of future generations with good performance and
secured data transfer need larger number of channels, lower channel spacing and higher input
power. These constraints imposed upon the DWDM system introduce challenging nonlinear
impairments exemplified well by the FWM effect, which degrades the system performance and
reduces both the bandwidth utilization and the channel capacity. Furthermore, these DWDM
limitations require a complex design of the system structure and make the systems difficult to
implement. In the present work, we discuss a SRM algorithm based on ML, which avoids the
complexity peculiar for the conventional parametric simulation approaches. Moreover, we design a
self-optimized high-capacity DWDM system operating at 2.56 Tbps, which offers real parametric
trade-offs and a reduced FWM. Finally, we quantify our SRM-DWDM model by comparing its
results with the exact results.

3. Fundamentals of FWM
Let us consider an optical system where light propagates at three different wavelengths, with the
corresponding frequencies being equal to F;, F; and F}. Let an optical medium be characterized by a
third-order susceptibility, which generates a fourth wave, of which frequency can be expressed as
Fy =F+F;+F, . (1)
Here F}, is the inter-modulated signal, or a FWM, which degrades the system function. Using a
Taylor expansion, one can represent the combined fifth-order effects of the FWM as follows:
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where d /dQ =1 is the propagation delay per optical length, Q—Q, the frequency deviation,
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1/d* the fourth-order dispersion factor, and B, the initial Taylor propagation factor. Since 7
produces some phase delay, which does not influence the interference signal, it can be neglected.

The phase-matching factor is defined as
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where A stands for the wavelength, A  the chromatic dispersion in fibre, Af'a function of channel
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spacing, A a function of delay, and Ac a function of chromatic dispersion. Numerically, the FWM
power can be easily expressed in terms of the input powers p,, p, and p, at the frequencies F,,

F, and F_, and the effective length of optical fibre:

brwy = difk VzLﬁ_[fPiP jpkmjke% , “4)
where L denotes the length of fibre, d, is either the degeneration factor (at the condition i = k) or
the non-degenerative factor (at i # k), L, the effective length, v the nonlinear coefficient, and
1, the efficiency.

The nonlinear coefficient v reads as
o 2T ’
Ay 2
where 7, is the refractive index of fibre core, 4, the effective area of fibre, and 4, the operating

)

wavelength (1550 nm in our case). The efficiency for the long-haul fibre due to FWM can be
found from the relation

= 1+
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where o denotes the attenuation factor, An the variation of refractive index and B;, the phase-

matching factors at the frequencies numbered as i, j and k. From the above relation, the product
term with the exponential decay has no practical impact. So the simplified efficiency of the long-

haul system is given by
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where Ap,, denotes the phase-matching coefficient. As specified by the International Tele-

Mgk = (7)

communication Union for the DWDM systems with equal channel spacing, Ap,, takes discrete

[}

values, which are multiples of 0.4 nm. Then the phase-matching coefficient can be written as
AB, = n(izj AAA2. )
dv

Hence, the FWM efficiency depends upon the nonlinear refractive index n,, the channel

spacing A4, the dispersion coefficient 6 and the effective area 4,, as follows:

Uyl

e Ay (82)8 2
Even the simplest analysis of the FWM testifies its importance and influence on the DWDM
systems. This provides basic considerations of the need in mitigating the FWM for a conventional
DWDM setup, provided that the DWDM functions such as channel spacing, optical gain, input
power, data rate and other factors are known. Section 4 will explain the corresponding simulation
setup, with detailed specification of all the procedures needed to perform the conventional

simulation methodology.
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4. Conventional simulation setup

Fig. 1 shows a schematic diagram of a DWDM system. At a transmitter end of this system, a
pseudo-random bit generator acts as a data source and the rate 10 Gbps is used. The data of
pseudo-random bit generator is converted into short electrical pulses through an electrical pulse
generator, and a Mach—Zehnder modulator modulates these pulses. A DWDM multiplexer
combines the input channels with the modulated optical signals and transmits them over a single-
mode fibre having the dispersion 16.75 ps/nm/km and the attenuation 0.2 dB/km. The optical
signal from the single-mode fibre is transmitted through an EDFA amplifier. In this Section, we
suppose that the amplification process is performed and the amplified signal is accumulated with a
greater amplified spontaneous-emission noise. The amplified signal passes through the dispersion-
compensating fibre characterized by some attenuation and dispersion parameters. Here nonlinear
properties of the optical fibre and the dispersion-compensating fibre are actuated.

DWDM Transmitter i )

Nonlinear optical N/W
PSEUDORANDOM  NRZ PULSE | oo mmm——————— T - -y
: EIT GENERATOR GENERATOR 11 1 I I__I/__;ﬁ::]_I r——__ __: r_______‘ I
Bt | jacamon P P !
o1 J_Eﬂ N Tommmm T
] H 1 : 11 DCF OPTICAL 1
Rl Bl I\ AMPLIFIER
! I ———————————————— -

Fig. 1. A basic scheme of optical DWDM network: SMF is a single-mode fibore and DCF a dispersion-
compensated fibre.

At a receiver side, a DWDM demultiplexer splits the demultiplexed signals into individual
channels. The output signal emergent from demultiplexer passes through a PIN photodetector
where conversion of optical signal into electrical one is performed. Then a converted electrical
signal passes through a low-pass Bessel filter. Finally, the spectrum of the output signal in the
form of a so-called ‘eye characteristics’ is detected by a BER analyzer.

Note that a high-power signal travels a long distance in a long-haul fibre-optic DWDM
system to reach a receiver and it is cumbered by the nonlinearities. The simulated optical DWDM
network must be designed with taking into account various system-dependent parameters,
including the data rate, the channel spacing, the modulation format, the input power and the
parameters of optical amplifier. In the presence of FWM, estimation of such factors as the
minimum bit error rate, the Q-factor, the OSNR, the output signal power and the noise power is
also necessary for any consistent analysis of DWDM performance. Analysis of the duty cycle, the
optical gain and the effective area of fibre core is required, too. Section 5 presents the SRM-
DWDM model suggested by us and its methodology. The SRM is used for reducing the
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conventional iterative runtime. Moreover, it provides many details necessary for calculating the
optimized network structure.

5. SRM-DWDM system

To mitigate the FWM effect, we implement the SRM via obtaining datasets from different
analyzers such as optical spectrum analyzer, BER analyzer and wavelength-division multiplexing
analyzer. Monitoring of these datasets demands different configurations of DWDM to achieve a
near-field accuracy. However, retrieving of data from different monitoring points is difficult.
Therefore, a reliable ML model which employs a regression-modelling method has to be
developed in order to identify the main FWM-influencing parameters (e.g., the channel spacing,
the input power, the data rate, the modulation format and the core size of fibre). An ML-based
SRM control unit (or SRM-CU) collects the required data from a long-term network monitoring.
Fig. 2 suggests possible approaches applied for collecting real data from the DWDM network.
They are used while developing the SRM.

INFLUENCING FACTORS
APPLICATION GOAL
1. INPUT POWER - - )
2. DATARATE N SRM MACHINE L SELF PARAMETRIC
3' gg._[-}[l\g:;ELLGSKI-]\\CDG N SEARNING 2.TRANSMISSION CAPACITY
S MODULATIONFoRMAT | sELFToNG A : PACTORS © | 3 BANDWIDTH UTILIZATION
Py . FACTORS - B J £ A
6. FIBRE CORE SIZE \ | v
T 4 1
1 SUPERVISED REGRESSION MODELLING
! CONTROL (R FWM - INFLUENCING
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Ir=-—=-=-=-=- (Y- de?pendent parameter, \ | 1. SIGNAL POWER
(I z By, B;- independent parameters, N\ 2. NOISE POWER
1 #y x-slope, 3. 0SNR
| o £-error), 4.Q-FACTOR
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1 g ’ >
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Fig. 2. ADWDM system with SRM suggested in the present work.

Fig. 2 illustrates functioning of our SRM-DWDM system (with a workflow used to retrieve
the dataset and train the SRM), which performs a self-parametric optimization and mitigates the
FWM. This setup analyzes the FWM-influencing parameters and the FWM-mitigating factors such
as the maximal Q-factor (or simply Max Q-factor), the minimal BER (Min BER), the noise power
and the OSNR from the long-term data-monitoring process. The appropriate aim is to develop the
SRM and perform the self-parametric optimization. The SRM is built for different system
functions and different factors that mitigate the FWM. Each factor is evaluated by a strength of
correlation and a corresponding R-value.

Our SRM-DWDM system is designed basing on real-time constraints. This design is tuned
via the FWM-influencing parameters: the input power, the data rate, the channel spacing, the
modulation format and the optical gain. Then we analyze their influence on a high-capacity
DWDM system. In this analysis, the FWM and its relationships with various influencing
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parameters are addressed. Their influence on bandwidth utilization and transmission capacity is
modelled through the SRM-DWDM approach.

The SRM-DWDM system is studied using various conventional parametric simulation
methods at different system functions and factors mitigating the FWM. The results are monitored
with the wavelength-division multiplexing analyzer, the optical spectrum analyzer and the BER
analyzer. The datasets are retrieved from the long-term network monitoring and fed into the SRM-
CU. The SRM-CU develops a knowledge database to perform the self-parametric optimization and
collect much enough data for training our SRM-DWDM system. Finally, the SRM-CU is trained
on different datasets from different configurations of the high-capacity DWDM system. The R-
value obtained through the SRM shows the correlation level between the system functions and the
mitigating factors. The R-values are also calculated in the SRM-CU.

Let us denote different values of the system variables (e.g., the input power, the channel
spacing, the optical gain, the duty cycle and the bit rate) as x. In SRM-CU, the mitigating factors
that influence the nonlinearities (e.g., the output signal power, the noise power, the OSNR, the eye
height and the Max Q-factor) are considered as y’s, with & being the error values. We collect n

such data points. Hence, our data points are {(xj, yj),where j=12,...... n} The supervised
regression equation for the data is given by

yi=Bo+xB;+e, (10)

where f3,’s are intersects and S, the slopes. By substituting the values obtained from simulations

based upon Eq. (10), one can derive the SRM for different factors. Various iterative simulations
are carried out by varying each of the system functions while keeping the others constant. The
SRM-CU gets different values obtained from these factors, performs averaging and develops the
SRM equation. The R-values achieved in this procedure show the correlations between different
factors and a given system function. The levels of these correlations, which are distinguished by
us, are shown in Table 1.

Table 1. R-values and their distinguished correlation levels.

# R-value Correlation level
1 1>R>0.8 High

2 0.7>R>0.5 Moderate

3 04>R>0.3 Low

4 0.2>R>0.1 Very low

5 Negative R value No

The above calculations have been performed for the training dataset received from the SRM-
CU. For example, one of the equations obtained for the 1.28 Tbps DWDM network configuration
is as follows:

output signal power = [-0.4729] x [bit rate] + [10.2464],

with the R-value being equal to 0.9362. From the above study, the correlation between the output
signal power and the input power can be highlighted by the R-value. The figure 0.9362
demonstrates that the correlation between the input power and the output signal power is strong.
On the other hand, we have

OSNR = [-0.2555] x [bitrate] + [51.4391],
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with the R-value = 0.4269. This proves that there is a low correlation between the input power and
the OSNR.

In Section 6, we will compare the estimated parameters of our SRM-DWDM model with
their true values, in particular for the Q-factor, the noise power, the OSNR, the signal power and
the eye height. Then the accuracy of the SRM-DWDM model can be estimated by a difference
between the estimated and true values, which is treated as an error.

6. Testing of SRM-DWDM system and parametric observations

The self-parametric optimization is performed through a trained knowledge database acquired
from the SRM-CU block mentioned in Fig. 2. Prioritization of the nonlinear effects occurring in
the DWDM system enhances its performance and reduces its complexity. Our model is developed
basing on the SRM, which provides the correlation levels for the relationships among the FWM-
mitigating factors and the system functions (e.g., the channel spacing, the input power, the bit rate,
the modulation format, the core size of fibre and the optical gain). Notice that high-capacity
DWDM systems with higher-order modulations are more sensitive to the FWM. Our model can
also be used for the higher-order modulated DWDM systems, thus providing basic understanding
of the FWM-influencing factors. Here the correlation level of a given mitigating factor shows how
much this factor can influence a given system function. This helps in building dynamically a self-
optimized system using the SRM-DWDM approach. The corresponding equations developed from
the SRM-DWDM are used to find the correlations of different factors with the system functions.
We have developed the supervised regression models for the particular cases of 1.28 Tbps
and 2.56 Tbps data rates. Since the efficient high-capacity DWDM systems must involve a high
input power, a large number of channels, low channel spacing and a low-distortion modulation
format, we have modelled our DWDM as being operated at the data rate 10 Gbps, the narrow
channel spacing (50 GHz), the input power 10 dBm, the fibre-core size 80 um and the RZ

modulation format with the duty cycle 0.25%. To perform the SRM, every of these parameters is
varied while keeping the other parameters invariable. The conventional iterative results, i.e. the
true results, are gathered with the simulations performed via OptiSystem. These true iterative
results are considered as a trained database. They we feed the SRM-CU with these values to train
it. The number 7 of those iterations is large enough.

Table 2. Conventional iteration results obtained for the 1.28 Tbps system at different bit rates.

o IS);ervlg B AeSe POWEL OSNR,dB  Max Q-factor Min BER  Eye height
25 9339 42314 51654 29743 227E-195 0.00271
50 7.864 42218 50082 64760 0 0.00207
75 5910 ~41211 47121 71760 0 0.000756
100 6.050 ~44.462 50512 77761 0 0.000924

The regression-model equations have been built for our SRM-DWDM system. So, when the
input power is 10 dBm in the 1.28 Tbps system, we obtain
output signal power = [0.999] x [input power] + [16.271],
with the R-value 1.000. From Table 2, the bit rate and the output signal power are correlated.
Issuing from the R-value, the relationship between the input power and the output signal power is
significant. The ‘true’ value 26.231 dBm and the estimated value 26.261 dBm are obtained for this
mitigating factor, with a low marginal error of 0.0298. Similarly, for the other FWM-mitigating

20 Ukr. J. Phys. Opt. 2021, Volume 22, Issue 1



Supervised regression

factor in the same DWDM configuration and the input power 10 dBm we have
eye height = [0.0011] x [input power] + [0.0064],

with the R-value 0.0865. It is seen from Table 2 that the bit rate and the other FWM-mitigating
factors such as the output signal power and the eye height are also correlated. There is very weak
relationship between the input power and the eye height, since the R-value is very low.
Furthermore, wide marginal errors are obtained for the true (0.0263) and estimated (0.0174) values
of the eye-height factor. In other words, the true and estimated values of the eye-height factor
reveal high marginal deviations. The similar results can be observed with the probability plots for
the eye-height characteristics. Obviously, much larger numbers of trained datasets are needed to
achieve higher accuracy and lower marginal errors for the eye-height factor.

In a quite similar manner, the regression-model equations have been developed for the other
combinations of the influencing parameters to understand their effects on the FWM. This is
necessary for structuring well our high-capacity SRM-DWDM so that it met the global
optimization requirements.

Table 3. Mean, standard deviation, P-value and Anderson—Darling factor obtained for the
parameters that influence the FWM nonlinearity, using our SRM-DWDM system.

Anderson—Darling

Parameter Mean Standard deviation P-value
factor
. 17.11 10.68 0.367 0.371
Signal power, dBm
16.88 10.83 0.400 0.306
. -33.26 12.22 0.298 0.63
Noise power, dBm
-33.02 11.43 0.477 0.193
40.6 24.43 1.778 <0.005
Q-factor
41.31 24.49 1.677 <0.005
50.71 8.653 1.700 <0.005
OSNR, dB
49.78 8.452 1.216 <0.005
. 0.0104 0.0121 1.605 <0.005
Eye height
0.0229 0.0554 2.909 <0.005

The SRM equations applied in different ranges of the bit rate and the appropriate results
predicted for different mitigating factors in the 1.28 and 2.56 Tbps DWDM configurations are
qualitatively the same. The SRM-based estimated value in this case has also been verified after
simulating the same parameter, which is given as an input to the regression equation. Following
from the SRM-CU knowledge database, we conclude that the Q-factor, the signal power, the noise
power and the OSNR manifest very low marginal error differences between the estimated and true
values. On the contrary, the estimated values of the eye height show more deviations when
compared to the true values observed from the conventional iterations. To reduce this error
difference, a more trained dataset for the eye height must have been analyzed. In general,
validation process has yielded in very similar sets of results in the both calculations, which
demonstrates a remarkable accuracy of global optimization and offers real trade-offs among user-
based requirements.

The error difference parameters derived as explained above can be fitted well by the normal
probability distribution. Table 3 presents the mean and the standard deviation for both the true and
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estimated values in our SRM-DWDM system, as obtained for the cases of 1.28 and 2.56 Tbps bit-
rate fibre-optic systems.
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Fig. 3 shows the normal probability plots for the FWM-mitigating factors (the signal power, the
noise power, the Q-factor, the OSNR and the eye height), which have been obtained from the long-
term network monitoring and the SRM-DWDM modelling. It is evident that, except for the eye
height, all the remaining factors follow closely the ideal normal distribution. The Anderson—Darling
method receives the dataset from the SRM-CU, checks the flow of estimated values following the
true values and analyzes the distribution. The estimated values of the signal power, the noise power,
the Q-factor and the OSNR in the plots fall on straight lines as functions of the true values. Fig. 3
testifies that the SRM-DWDM-based distributions are close to the actual underlying distribution.
Except for the eye height, the distribution plots obtained for all the other parameters reveal no
enough evidence for extra deviations from the normal distribution. Unlike all the other parameters,
the deviations for the eye-height characteristic expressed in terms of the mean and standard deviation
are severe and do not follow the normal distribution (see Table 3). Further investigations must be
carried out to understand better the eye-height characteristic and reduce the error margins.

22 Ukr. J. Phys. Opt. 2021, Volume 22, Issue 1



Supervised regression

6.1. Effects of bit rate

Fig. 4 displays the spectral data obtained for the 256-channel network operating at different bit
rates, using our SRM-DWDM system. In this setup, the bit rate varies from 2.5 to 10 Gbps and the
remaining system parameters are kept constant.
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Fig. 4. Spectral analysis data obtained for 2.56 Tbps DWDM system at different bit rates.

One can see from this simulation results that the output signal power, the Q-factor, the BER
and the eye diagram have a direct impact on the FWM nonlinearity, which degrades the
performance of optical DWDM systems. Increasing the data rate stipulates higher dispersion
which introduces pulse broadening and creates more noise interference in the DWDM system. As
seen from the eye characteristic shown in Fig. 4, the output spectral characteristic at 10 Gbps
shows low eye height (~0.0009) and high enough pulse broadening in the output signal. Such
factors as the output signal power, the noise power and the OSNR also have their impact due to
occurrence of dispersion in the DWDM system, which affects the Q-factor. Simulations for the
SRM-based data obtained for the 128- and 256-channel capacities testify that the input power is
highly correlated with the output signal power, the eye height and the Max Q-factor, which is
seen from the corresponding R-values.

6.2. Effects of channel spacing

In this section we study SRM-DWDM results obtained at the channel spacings varying from 25 to
100 GHz in case of the 128- and 256-channel configurations. The channel spacing is a key
simulated parameter, which is inversely related to the system functions that mitigate the FWM in a
fibre-optic DWDM system. After analyzing the datasets from different configurations, one can
conclude that the system with 128 channels utilizes the channel spacing very well if compared to
the case of 256 channels. It is seen from Fig. 5 that the system with narrow channel spacing
(25 GHz) has a greater noise interference, which imposes a distorted eye height and a poor Q-
factor. The system with 100 GHz channel spacing shows a very good eye height, a high Q-factor, a
low BER and a very efficient eye characteristic. The OSNR and the Q-factor are closely correlated
and have a positive impact, irrespective of the channel spacing. The channel spacing is a real
trade-off factor, which needs to be optimized basing on user requirements (e.g., large number of

Ukr. J. Phys. Opt. 2021, Volume 22, Issue 1 23



Venkatesan K. et al

channels and extremely good bandwidth utilization). Finally, our SRM-DWDM technique reveals
that increasing channel spacing lowers the FWM and provides a sufficient Q-factor with a very

good eye height.
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Fig. 5. Spectral analysis data obtained for a 1.28 Tbps DW DM system at different channel spacings.

6.3. Effects of RZ modulation at different duty cycles

Fig. 6 displays the spectral characteristics obtained by our SRM-DWDM system at the RZ
modulation and different duty cycles (from 0.25 to 0.50). They all refer to the 256-channel
capacity. In long-haul DWDM data transmission, the RZ and NRZ modulation formats are widely
used. The RZ format is a key method used up to 2.56 Tbps, since it is characterized by higher
OSNR and peak power and lower BER than those typical for the other modulation formats. It is
also known that this format provides good immunity against the nonlinear effects in fibre-optic
systems and so is capable of mitigating the FWM effect.

Our SRM-based modelling has provided the R-values and the corresponding correlation
levels for the Q-factor, the BER, the output signal power, the OSNR and the noise power. The
noise power reveals a moderate correlation, with the R-value equal to ~ 0.678. The Q-factor and
the eye height show higher correlations at the RZ modulation and varying duty cycle, which
proves its high immunity against the FWM nonlinearities. As a consequence, the results of our
SRM-DWDM technique testify the fact of sufficient data transmission level, with high Q-factor,
low BER and good eye height.

One can see from Fig. 6 that the RZ modulation format with the duty cycle 0.3 has a good Q-
factor (~ 36.05), the eye height 8.86x107° and a narrow output pulse. The other duty cycles reveal
the occurrence of broadened output-pulse characteristics in the presence of nonlinearities. These
results are also directly reflected in the other FWM-mitigating factors such as Min BER, the
OSNR, the Q-factor, the output signal power and the noise power. This drops down the system
performance. One can conclude from the SRM analysis that the system with the RZ modulation
and variable duty cycle behaves better than the other compensation schemes. We observe marginal
correlations for the eye height, the output signal power and the noise power, which influence the
Q-factor and the parameter Min BER identically.
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Fig. 6. Spectral analysis data obtained for a 2.56 Tbps DWDM system at RZ modulation format and different
duty cycles.

6.4. Effects of input power

The input power is the most investigated and highly correlated system parameter that directly
affects all the factors influencing the FWM nonlinearities in fibre-optic DWDM systems. Fig. 7
shows the spectral characteristics obtained with our SRM-DWDM system at different input
powers (from 10 to —10 dBm). The resultant spectral characteristics confirm that variations in the
input power affect directly the FWM nonlinearities in the DWDM system. This phenomenon is
proven by the correlation analysis, which shows that the output signal power, the noise power, the
Q-factor, the BER and the eye diagram are highly correlated with the input power. In other words,
any variations in this power would influence hard all of these parameters and make high impact on
the nonlinearity. It would be useful to find the optimized input power to transmit data efficiently
over long distances.
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Fig. 7. Spectral analysis data obtained for a 1.28 Tbps DWDM system at different input powers.
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In general, the optimal input power varies depending on the transmission distance and the
other system parameters. It is evident from Fig. 7 that, for a 128-channel system, the OSNR
decreases with decreasing input power. One has the BER 6.6x10 "**, the eye height ~ 0.0003 and
the maximum quality factor ~ 24.6, which are larger than those obtained for a 256-channel system.
The input power is linearly related to the output signal power, the noise power, the Q-factor and
the eye height. The SRM-DWDM results associated with high R-values and good correlations
among the output signal power, the noise power, the Q-factor and the eye height prove that any
deviations in the input power influence notably the FWM, which can degrade the system

parameters.

6.5. Effects of core size of optical fibre

The effective area of the fibre-core size influences the FWM. Namely, increasing core size reduces
proportionally the effective core area and so results in diminishing the FWM. In our study, the
effective core radius varies from 80 to 160 um. The appropriate simulation results are presented in
Fig. 8. One can see that the effect of FWM is essential for large numbers of channels and high data
rates, which lowers the system performance. This is clearly visible from our SRM-based study,
which demonstrates that increasing effective core radius reduces the FWM.
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Fig. 8. Spectral analysis data obtained for a 2.56 Tbps DWDM system at different core sizes of optical fibre.

Our SRM-based results derived from the statistical data obtained by simulating the DWDM
system at different core sizes show that a variable input power is directly related to the noise
power. Then the increasing noise power influences the remaining parameters so that the complete
system performance degrades.

6.6. Effects of optical gain

Our last simulations refer to the SRM-DWDM data obtained at varying gain of optical amplifier,
under condition that the rest of the parameters are constant. The SRM analysis reveals high enough
R-values for the output signal power, the noise power, the Q-factor and the eye diagram. Again,
we have good enough spectral characteristics and mitigation of the FWM effect. In other words,
such nonlinearity-influencing factors as the output signal power, the noise power, the Q-factor and
the eye diagram are highly subjected to changes in the optical-amplifier gain.
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The SRM-DWDM data at high optical gains implies high output power, along with high
FWM power. The simulation results also reveal a better performance of the 256-channel system,
which has a small improvement in the BER (5.03x107'®®), the eye height ~ 0.0267 and the Q-
factor 27.172, whereas the rest of the outputs remain similar, except for the OSNR and the output
signal power which become slightly improved. Our SRM-DWDM analysis yields in high R-
values, which shows strong correlations of all the parameters such as the output signal power, the
noise power, the Q-factor and the eye characteristic.
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Fig. 9. Spectral analysis data obtained for a 2.56 Tbps DWDM system at different optical gains.

7. Conclusions

In the present work, the self-parametric optimization of the high-capacity DWDM system is
performed through the ML-based SRM scheme under a complicated condition of FWM effect
present. According to our approach, the SRM-CU analyzes the dataset from the trained
knowledgebase and provides the R-value. Then the calculations are performed for different
combinations of the FWM-influencing parameters. We achieve a high enough accuracy to meet
the requirements for trade-off among such factors as the maximal Q-factor, the minimal BER, the
output power and the OSNR, in order to mitigate the FWM and cross-talks in the DWDM system.
In our SRM-DWDM method, the estimated values of the eye height deviate significantly from the
true values. Further investigations are needed to understand the eye-height characteristic and
reduce the corresponding error margins. In general, our SRM-DWDM approach makes the
DWDM design more reliable, easy and efficient. As a consequence, this can ensure higher quality
of data transmission over longer distances.

Hence, we declare a consistent design of high-capacity DWDM systems and solving a
complex problem of FWM nonlinearity, using the SRM-based analytical models. It also enables
deriving some input—output relations among the system functions and its desired output
parameters. The SRM can ensure extensive studies of the parameters and the factors that mitigate
the FWM effect. The SRM technique applied to high-capacity DWDM systems enables one to
understand and classify the data automatically and associate a streamline analysis for meeting
complex system-design requirements, thereby reducing the system complexity and the
computational runtime. A clear comparison of the estimated and true (iterative) results for any
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DWDM system provides a firm ground for both evaluation and verification of the SRM-DWDM
approach, which is based upon calculations of the accuracy levels through the marginal errors.
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Anomauin. Hewooasus enodanvua xpusa, nos’ssana 3 COVID-19, cnowykana minvilonu mooeti
npayiosamu 600Ma, WO CAPUYUHUILO Pi3Ke 30LIbUUEHHS 3a20IbHO20 Mepeiceso20 mpapixy, eumoe
00 wWeUOKoCcmi nepedayi OaAHUX ma KiHyesux moogicnueocmell mepedxci. Lle maxodc cnpuyununo
Oinble WyMI8, NEPexpecHux 3a6a0 I HeOANCAHUX HEeNIHIUHOCMEN ONMUYHO20 80JIOKHA, 0COONUBO
egpexmy  womupuxeunvboeoco  smiwyeanns (4X3), saxkuti  nocipuiye  pobomy  cucmem
MYTbMURIEKCY8AHHS 31 WibHUM noOiiom dosxcunu xeuni (MIIIX). Hasenicmo UX3 y cucmemax
MITIX cnonykae 3pocmarouy CKAAOHICMb MA IHEPYITIHICMb MEPENC | 3HUNCYE IXHIO CHEKMPATbHY
epexmuenicmo. Y ceolo uepzy, ye nocipuiye egexmugHe GUKOPUCAHHS ONMUYHOI cMyeu
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nponyckanns.  Lllo6u nom’skwumu 3a3HaueHi npobOnemu, MU NPONOHYEMO  pecpeciiiHe
Mmooemosanns 3 yuumenem (PMY). Bionosionuii nioxio PMY-MIITIX 30iticnioe asmomamu306any
onmumizayiio cucmem MIIIIX 3a 0onomoz2oio Memooié MAUWUHHOZO HAGYAHHA [ 3HAXOOUMb
peanvHi KomMnpomicu ceped pisHux paxmopis, wo enausaroms Ha YX3. Hawa modens nonuxcye
CKNIAOHICMb  CUCMeMU MA 4ac O0OYUCAeHb, WO NpugoouUms 00 MOYHO20 mMa HAOIIHO20
NPOCHO3Y6AHHS 3HAYeHb napamempie. Mu maxodc oyinuiu epexmuenicms memoouku PMY-
MIIIX, nopieniorouu i Oani 3 pe3yrbmamamu, 00EPHCAHUMU TMEPAYIUHUMU Memooamu OJis
Pi3HUX napamempis (Hanpukiao, O/l 6iOHOUWEHHs UXIOH020 cucHaly 00 wymy, Q-koe@iyienma,
nomysicHocmi  cuehany ma nomyd’cHocmi wiymy). Hapewmi, y pobomi onucano npoyedypu,
HeoOXiOHi 011 enobanvhoi onmumizayii cucmem MIITIX.
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