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Abstract. The article reviews existing approaches to network analysis, taking into account the topological properties
of networks. A sequential analysis from a network link to the properties of a set of network links is carried out. The
network link is analysed as a set of optical channels, and an analytical description of the transmission quality in such a
channel is carried out. A model for calculating crosstalk in the paths of information and communication optical networks
is proposed. As can be seen from the results, for an optical fibre of a given length, there is a number of steps for selecting
the input polarisation ellipse for which the efficiency of the method is maximised. Also, with an increase in the number
of steps, we observe a decrease in the efficiency of this compensation method. So, for an optical fibre of a given length at
constant dynamics, there is a number of input signal polarisation ellipses for which the polarisation-mode dispersion will
be minimal. For a particular fibre, this parameter (the number of input signals) must be selected, because this value is
different for different fibres (within the range of 15-30 points).
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Introduction

Network analysis plays a crucial role in the design
of optical information networks - it is thanks to the
analytical apparatus that it becomes possible to draw a
conclusion about the effectiveness of a particular
network solution and identify mechanisms that can
improve existing optical networks. In turn, a modern
information and communication network is built using
multi-channel optical paths, which are rather complex
systems.

Therefore, there is a need to apply a consistent
integration approach, starting with an analytical
description of critical and important elements of the
network structure and then summarising their properties
in a global analytical description of the network.

Thus, it is necessary to form models of the links of
the global network structure - tools for their study,
considering the peculiarities of optical networks. It would
also be useful to consider the approaches to analysing the
link-network layer used in global backbone networks.

The analysis of an optical path link involves
consideration of the entire set of influence parameters -
both dispersion effects and nonlinear phenomena, noise
and interference.

Consideration of existing approaches to network
analysis is impossible without taking into account the
topological properties of networks.

Analysis of the network path

The network path is an integral element of any
network design. The main technical parameters of
networks depend on the capacity of the network path.

Modern backbone networks have gradually
replaced radio relay communication lines, copper
symmetrical and coaxial cables as information channels
due to a sharp increase in requirements for
transmitted/received information.

It should be added that the requirements for the
reliability of the transmitted information are increasing in
proportion to the requirements for the volume of
transmitted information.

Analysing the path capacity is an important
technical task. In this article, we analyse paths with time
and spectral compression of information, which are
widely and actively used in backbone networks in most
countries of the world and Ukraine.

In time compression, the dispersion properties of
fibres impede high and ultra-high data transmission rates.
The article discusses the main methods of dispersion
control and proposes a method of its compensation.

To analyse the spectral compaction, a complex of
nonlinear effects arising in the guiding system - optical
fibre - is considered. A generalising mathematical model
of the optical channel transmission quality of a group
optical path of a DWDM system is derived.

The methodology for calculating the network
structure congestion based on its topology, proposed in
[1, 2], makes it possible to determine the level of
interference in an optical system implemented using the
technology of all-optical networks.

Topological analysis also made it possible to create
a new toolkit - the flow structure - and manage it within
the capabilities of high-level network management
technologies.

Quiality aspects of information transmission
in DWDM systems

Q-factor is the Electrical Signal-to-Noise Ratio
(ESNR) at the input of the receiver's decisive circuit. ITU
Recommendation 0.201 is intended to the measurement
of Q-factor. The relationship between Q-factor and BER
(bit error rate) is described in ITU G. Sup. 39.

According to 0.201, the Q-factor is defined as:
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where p; and p, - transmission voltage levels "1" and
"0"; g, and g, - are deviations of the noise distribution
at levels "1" and "0"; u is the position of the decision
threshold of the receiver logic circuit.

Q-factor is a system parameter that is determined
by statistical patterns at the receiving end of the system
when making decisions about the signal strength at any
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given time. To ensure that the quality of information
transmission over a fibre optic transmission system
channel is determined, these patterns must consider all
the noise (and, consequently, interference) in the system.

Therefore, the Q-factor is one of the main
parameters that characterises the optical channel of a
transmission system, regardless of whether it is a
spectrally compressed or single-channel system.

The main system parameter that characterises the
quality characteristics of a system with a digital method
of information transmission is the reliability of
information transmission. The main system parameter
that characterises the quality characteristics of a system
with a digital method of information transmission is the
reliability of information transmission. In digital
transmission systems, the reliability of information
transmission is characterised by the K error rate (BER)
or the Pe error probability arising in the process of
transmitting a certain number of messages (bits of
information). In general, Per can be interpreted as a

function of the signal-to-noise ratio (S/N), i.e.

Py :f(S/N)-

For binary digital communication channels, this
function is the Crump function, which is tabulated and
widely used in engineering calculations. Thus, the
calculation of Pe is equivalent to the calculation of the
signal-to-noise ratio, which, in turn, is determined by
analysing the total system channel noise, which includes
crosstalk, equipment noise, and fibre noise.

Accounting for nonlinear effects
of optical components

Stimulated Raman Scattering (SRS) is a much
lesser problem when compared to Stimulated Brillouin
Scattering (SBS). Real fibre-optic links (FOCLSs) allow
the use of an optical amplifier (EDFA) with a level of
about 25 dBp or several amplifiers with a lower output
level. SRS is similar in nature to SBS but is caused by
different physical phenomena.

SRS is frequency-dependent and is more
pronounced at short wavelengths than at long
wavelengths (i.e., at higher frequencies). It can be noted
that short-wave channels have a much lower amplitude
compared to long-wave channels, i.e., there is a change
in signal amplitudes for each channel. At the same time,
it is the shorter-wave (high-frequency) channels that are
subject to greater attenuation. In WDM systems, the
effect of this type of scattering is to redistribute power
from short-wave to long-wave channels. In this case, this
phenomenon works like a Raman amplifier and the long-
wave channels are amplified at the expense of the short-
wave channels if the difference in wavelengths lies
within the Raman gain band. This phenomenon can occur
in quartz fibre, where gain can result from using a
channel spacing of 200 nm.

Short-wave channels are the most impoverished, as
their power can be simultaneously pumped into many
channels at the same time. This redistribution of power
between channels can be determined by the
characteristics of the system because it depends on the

nature of the bit arrangement - amplification occurs only
when binary "1" are presented in both channels at the
same time. Such amplification leads to an increase in
power fluctuations, which increases the receiver's noise
level and worsens its performance. Raman crosstalk can
be avoided if the channel powers are so small that the
gain is negligible along the entire length of the fibre.
When Raman amplifiers are used in DWDM systems, it
is necessary to consider the fact of crosstalk caused by
the presence of several signals transmitted at different
wavelengths.

SRS can occur in systems that use both single and

multimode fibre. To observe SRS in the presence of only
one channel, without the use of an optical amplifier, it is
necessary to have a signal level of about +30 dBp. The
literature [5,6] indicates that the threshold at which a 1
dB degradation is observed in a multichannel system
caused by the presence of Raman radiation can be
estimated from the inequality:
P, AL-Lg <40[mW.-nm-Mm], (1)
where Py — total capacity of all WDM channels (mW);
AL — the optical spectrum band (nm) in which these
channels are distributed; Les— effective length, measured
in megameters (Mm), which is defined as:

4,343
Lett =——

where a - fibre attenuation coefficient (dB), L - fibre
length (km).
According to (1), (2) we write from:

Bt +4,343-A4
40-a

The SRS threshold for systems using G.653 fiber is
slightly lower than for systems using G.652 fiber due to
the smaller effective area of G.653 fiber. SRS has
virtually no degradation in single-channel systems. The
SRS effect actually limits the light output in the channel.

When using single-channel systems, unwanted
spectrum regions can be eliminated by using filters. For
WDM systems, there are currently practically no
techniques that would allow to eliminate the SRS effect.
However, the impact of SRS can be decreased by
reducing the input optical power.

SBS (Stimulated Brillouin Scattering) sets an upper
limit on the level of optical power that can be transmitted
by an optical fibre. When a certain level of optical power,
called the SBS threshold, is exceeded, an acoustic wave
is generated in the OF, which changes the refractive
index n. Changes in n cause light scattering, which leads
to additional generation of acoustic waves. To excite the
Mandelstam-Brillouin scattering, the spectral density of
the initial radiation should be much higher than for
Raman scattering - 10 mW in the frequency band 10-50
MHz. As a result of this effect, a wave with a shifted
frequency (Stokes wave) propagates in the opposite
direction to the light source, which reduces the useful
transmitted optical power. This limits the maximum
achievable power that can be transmitted by the
transmitter into the line. For example, at a wavelength of

(1_ e—0.23aL), (2)

Ksrs (1-e2%)0Bp). (3
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1550 nm, the scattered light is shifted to the right by
approximately 11 GHz. This scattering (SBS) has the
lowest threshold power. It has been shown that the SBS
threshold can vary depending on the type of fibre and
even depending on the specific fibre. The threshold is on
the order of 5 to 10 mW for narrowband externally
modulated lasers. For directly modulated lasers, this
power can be around 20-30 mW. For G.653 fibres, the
SBS threshold is slightly lower than for G.652 systems.
This is due to the smaller effective area of G.653 fibres.
It can also be said that this is true for all the nonlinear
effects considered. The SBS threshold is sensitive to the
spectral width of the radiation source and the radiated
power level. However, it does not depend on the number
of WDM channels.

In addition to the effect of reducing the useful
power, noise occurs (the relative noise intensity (RIN)
increases, for example, from -155 dB/Hz to -138 dB/Hz),
which worsens the BER (probability of error)
characteristics. It is especially important to control SBS
in high-speed transport optical systems, necessarily using
external modulators and CW (Continuous Wave) laser
sources.

The resulting acoustic wave is hypersonic in nature,
and its frequency spectrum can be located in the band up
to 10...13 THz (10 Hz). SBS limits the level of light
energy that can be transmitted by the fibre. The level of
input power introduced into the fibre, at which a sharp
increase occurs, is defined as the SBS threshold, and is
described by the formula:

Pth _o1. KAeff . AUp AUB l (4)
Olett Avg

where g — Brillouin gain coefficient, 4e — effective core
area, K is a constant determined by the degree of
polarisation state freedom, for G.652 - K = 2.

Avg idvp are variables representing the spectral
width of the Brillouin band and the pumping source,
respectively; Le — effective length.

The degradation caused by SBS does not occur in
systems where the line width of the radiation source is
significantly greater than the Brillouin bandwidth or
where the signal power is less than the SBS threshold
power.

It can be assumed [5] that if the theoretical
threshold (4) is exceeded, the KSBS degradation will be
approximately 10 dBp per channel, which is absolutely
unacceptable.

Four-wave mixing (FWM) occurs if two signals with
different frequencies and sufficiently high intensity are
introduced into the channel - the spectrum of the scattered
signal will contain components with four frequencies
(taking into account Rayleigh-Mandelstam scattering),
and in the case of superposition of two of the frequencies
on each other, which is quite possible, photons with
frequencies that differ from the carrier appear

v,=v, —20,.

The frequency spectrum of the scattered radiation
is expanded, and some of the components can be
enhanced by suppressing others. Given N optical carriers,

the number of components resulting from the FWM is
determined by the ratio (5):

0,5N?(N -1). (5)

The FWM can also occur with a single optical
signal that transmits information by amplitude
modulation, i.e., its spectrum consists of three main
components: the central frequency and side frequencies;
at high transmission rates, the side frequencies are very
far apart from the central frequency, so each of them is
an independent carrier from the point of view of the
FWM. The effect of FWM on transmission is manifested
as additional crosstalk, inter-symbol interference at high
transmission rates, and impoverishment of the power of
signals from some channels due to the influence of
signals from other channels.

The effectiveness of the FFS is also sensitive to the
total optical power in the fibre. An approximate formula
for calculating the FWMP efficiency for SMF-28, taking
into account the frequency spacing of N channels ds can
be written as:

FWM [0B]~ 57 +101g (ﬁj L1120 (6)
df ) df

Thus, for an 8-channel CWDM with a frequency
spacing of df = 200 GHz (192.4 - 193.8 THz), the FWMP
will be ~ -46.7 dB, and for a 16-channel CWDM with a
frequency spacing of 100 GHz, the FWMP will be ~
37.7 dB.

Recall that the electrical equivalent of FWMP is
equal to twice the optical efficiency of FWMP and for the
latter case will be equal to -75.4 dB.

FWM has the greatest parasitic effect in FOCs in
which the optical path is built on G.653 DSF zero-
dispersion shifted fibre; FWM is practically not
manifested in single-mode standard G.652 SMF fibre.
Experiments have shown that for G.653 fibres, this
interference is unacceptable (up to 20 dBp), while for
G.652 it is practically absent.

In order to adequately suppress the generation of
FWM products, the industry has proposed the use of
fibres with a minimum permissible but non-zero
dispersion in the gain region of optical amplifiers. As an
alternative, it is proposed to use alternating spans with
opposite dispersions. Of course, it is possible to provide
an increase in the channel spacing and the existence of an
uneven spacing between them, thereby reducing the level
of interference from the FWM.

Active components of optical systems
with spectral channel compression

If certain DWDM specifications require
compliance with a small emission bandwidth (0.01...0.5
nm) G.692, G.957, not all emitters provide it.

The spectrum of the intensity-modulated signal
resembles that of an AM signal. It contains lateral
components, and the spectrum of the output signal must
be limited to the first harmonic of the signal clock.
Frequency instability for STM-64 at 10 GHz will cause
overlap with the frequencies of the neighbouring group
channel, unacceptable noise growth, signal suppression

173



Control, Navigation and Communication Systems. 2023. No. 4

ISSN 2073-7394

and system malfunction. For STM-256, even half the
tolerances of the STM-64 system are out of the question.
That is, the frequency stabilisation system must be of
very high quality. For STM-64, the width of the spectral
line should not exceed 0.08 nm at spectral intervals of 50
GHz. For STM-16 = £0.5 nm (G.957).

Exit from the specified frequency bands leads to the
appearance of unacceptable crosstalk. In principle, the
issue can be solved by introducing additional filters, but
this will entail a significant increase in the cost of the
system and the need to use additional amplifiers.

Let us calculate the noise figure of the radiation
source together with the photodetector using the analysis

formulas from [6-7]:
2q 12"
AL o
PS PS?

chan in

m?2
KN.RS+KN.FD:2AV [R

where m - channel optical modulation index, often
referred to as OMI (Optical Modulation Index).

It is usually expressed as a percentage, but a
dimensionless value, such as mp}/100, should be
substituted into the calculation formulas.

For example, m = 4% is equivalent to m = 0.04;
Av nan— channel noise band in a selected band; R —
relative intensity of noise RIN (Relative Intensity Noise),
which is calculated as the noise power reduced to a 1 Hz
band relative to the optical power of the unmodulated
carrier, dB/Hz; q — electron charge; S — sensitivity of the
optical module, which depends on the optical
wavelength.

Typical values of S are Si310 = 0.85 A/W and Sisso =
0.95 A/W for wavelengths of 1310 nm and 1550 nm,
respectively. Physically, the S parameter indicates the
current (in mA) that will appear at the output of the
photodetector when an optical power of 1 mW (0 dBp) is
applied to its input;

In is the equivalent noise thermal current of the
amplifier, measured in pA/Hz. A typical value of I, for a
transimpedance stage based on a GaAs field-effect
transistor is 7..8 nAl/Hz. Nowadays, amplifying
transistors with low noise and very high input impedance
have appeared, and they have an input noise current of up
to 5 ndl/Hz.

In addition, as the frequency band is limited, the
total useful power will decrease, and as it grows beyond
the limit, it will decrease due to redistribution to the
prohibited out-of-channel frequency range, thus
initiating a decrease in the signal-to-noise ratio, which, in
turn, is equivalent to a deterioration in the quality of
information transmission in the system.

Let us write down the interchannel interference
level coefficient of an optical signal, which characterises
power losses [5-6]:

_5Aunands

Kean = Poan € ", ®)

chan chan

where Pchan — optical channel power; Avpgnas —
frequency range allocated to a channel.

The optical amplifier increases the level of not only
the useful optical signal, but also the parasitic harmonics,

which, in fact, form the basis for crosstalk in optical
systems. In addition, optical amplifiers (both EDFA and
SRS) have their own noise.

The noise figure (NF) of an amplifier is caused by
amplified spontaneous emission (ASE). The ASE noise
figure is determined from the following expression [5]:

(9B), )

__ 2Pase
hveAv(Gp —1)

where Pse - power of amplified spontaneous radiation;
h - Planck's constant; v. - signal frequency.

PASE = ZnShVAVA(GA —1) s (10)

where ns - spontaneous emission rate.

The spontaneous emission factor can take on a
value from 1 to 10 for optical amplifiers with Ga >1. For
typical erbium amplifiers of modern fibre-optic
information transmission systems with Ga >10 dB, the
typical NF value is in the range of 3dB < NF < 6dB. If
the amplifiers are switched on in successive stages, it can
be shown that the noise figure of the first stage
determines the noise figure of the entire amplifier. The
noise figure NFr of a Raman distributed amplifier is
determined from the expression:

NFgr =2/InGg, (12)
where Ggr - is the coefficient of gain of the Raman
amplifier, which is determined from the expression:

grPL

Gg=e ' (12)

where gr — Raman coefficient; Py — pumping power;
Aet — effective cross-sectional area; L — fibre length.

We can assume gr = 7- 107 km/W. The actual
pumping power ranges from 0.5...0.8 W to several watts
[6]. Thus, we obtain the total noise figure of the optical
amplifier:

1
KN.OA:HAZ/[:KN.chan'(NFAM —Kay, ) (13)

where NFa - noise of a particular amplifier; K, -
coefficient of gain of the amplifier; Ky chan - Noise figure
of the transmission channel obtained before each optical
amplifier; M - number of amplifiers.

The photodetector noise and, accordingly, the
coefficient Knchan are set based on the information
provided by the manufacturers.

K chan s also calculated based on the data provided
by the equipment manufacturers.

In practice, a 3 dB margin is taken into account in
terms of signal-to-noise ratio due to the frequency-
exchange coding (FEC) used in backbone fibre-optic
transmission systems. This margin is introduced as an
improvement of the signal-to-noise ratio at the
photodetector and is not the maximum possible.

Conclusions

In this article, we have considered a sequential
analysis from the network link to the properties of a set
of network links.
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The network link is analysed as a set of optical
channels, and an analytical description of the
transmission quality in such a channel is given.

A model for calculating crosstalk in optical
network paths is proposed.

As can be seen from the results, for an optical fibre
of a given length, there is a number of steps for selecting
the input polarisation ellipse for which the efficiency of
the method is maximised.

Also, with an increase in the number of steps, we
observe a decrease in the efficiency of this compensation
method. This is due to the fact that during the selection
of the minimum value, transmission is also carried out,
and the value of the differential group delay is not
minimal. Of course, with a decrease in dynamics (an
increase in the time during which the optical fibre does

not change), the efficiency of using the compensation
method increases.

So, for an optical fibre of a given length at constant
dynamics, there is a number of input signal polarisation
ellipses for which the polarisation-mode dispersion will
be minimal.

For a particular fibre, this parameter (the number of
input signals) must be selected, because this value is
different for different fibres (within the range of 15-30
points).

The speed of determining one value of differential
group delay at the output of the optical line path and
transferring this value to the transmitting side is fixed,
and therefore 20 measurements and 100 measurements
(for different numbers of input channels) also take this
time.
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Onrumizanis onTHYHUX
iHoxomyHikaniiiHNX Mepex

M. T. Crapoaybues, C. B. XpycransoBa, B. B. Hesmronosa, P. 10. Annaxsepanon

AHoTanifi. Y cTaTTi pO3rNITHYTO HAsiBHI MIAXOAM 0 MEPEKEBOTO aHANI3Y, 3 YPaxXyBaHHAM TOMOJOTIYHUX BIACTHBOCTEH
Mepex. [IpoBeeHo MOoCIiTOBHMI aHaIi3 Bl MEPEXEBO1 JJAaHKHU JI0 BIACTUBOCTEH CYKYITHOCTI MEepeXeBUX JIaHOK. [IpoaHanizoBaHO
MepeXKeBy JaHKy SK CYKYIHICTh ONTHYHUX KaHATIB, MPOBEICHO AHANITUYHUA ONMHUC SKOCTI IMepeAadi B TaKOMY KaHA.
3anporoHOBAaHO MOJENb JUI PO3PaxyHKy HEepeXpecHuX 3aBaj y TPakTax iHQOKOMYHIKalifHMX ONTHYHHUX Mepex. SIK BHIHO 3
OTPUMaHHX Pe3yNbTATIB, A ONTHYHOIO BOJIOKHA 3aJaHOi JOBXHMHH ICHY€ Taka KUIBKICTh KPOKIB BHOOPY BXiJHOTO ejirca
nosspu3anii, A1 AKoi eheKTHBHICTh METOJNy € MaKCHMalbHOW. Takox mpu 30UTBIIEHH] KiTBKOCTI KPOKIB MU CIIOCTEpiraeMo
naiHHs epeKTUBHOCTI BUKOPUCTAHHS TAKOTO MeTOoIy KoMneHcarrii. OTxke, st OB 3a1aHoi TOBXKHHH 3a IOCTIHHOT TUHAMIKH ICHY€E
Taka KiJIbKICTh NIICiB MOJsIpU3amii BXiTHOTO CHUTHAIY, U SKOI HOJIApH3alifHO-MOA0Ba Aucnepcisa Oyne MiHiManbHOIO. {7t
KOHKPETHOTO BOJIOKHA IIei mapaMeTp (KUTbKICTh BXIHUX CHUTHAIIIB) MOTPiOHO MoOHpaTH, 60 I pi3HUX BOJIOKOH II¢ 3HAUCHHS €
pizHUM (IepebyBae B Mexkax 15-30 ToUoK).

KawuoBi caoBa: Mepexa, ONTHUYHUHN KaHAI, MOJCIb.

175



