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Design principles for modern fibre-optic communication lines

V.A. Konyshev, O.E. Nanii, A.G. Novikov, V.N. Treshchikov, R.R. Ubaydullaev

Abstract. We discuss the design issues and characteristics of coher-
ent fibre-optic communication networks taking into account the
many physical effects that simultaneously influence signal propaga-
tion. Algorithms and easy-to-use ‘engineering’ techniques are pro-
posed that allow network performance to be predicted and the
design to be significantly simplified.
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nonlinear noise, Gaussian noise, LOGO principle, coherent trans-
mission system, line with chromatic dispersion compensators.

1. Introduction

The ongoing development of the information society, the dig-
italization of all spheres of life and the deployment of new
mobile communication technology (5G) lead a rapidly grow-
ing need for an increase in the amount and the rate of infor-
mation transfer at all levels of optical networks [1, 2]. To
increase the throughput of optical information transmission
channels, conventional long-haul communication systems
with data rates of 10 Gbit s~! using amplitude modulation are
replaced with coherent communication systems with data
rates of 100 Gbit s7! [3, 4].

Presently, 100G systems become dominant in long-haul
communication networks and there is a transition to data
rates of 200 and 400 Gbit s~!. At the same time, the spectral
efficiency and full capacity of DWDM communication net-
works increase.

The main difficulty that developers have to overcome
while increasing the bandwidth of optical communication
networks is the optical signal quality degradation due to the
accumulation of amplifier noise, as well as linear and non-
linear signal distortions [5—7]. Forward error correction
(FEC) and digital processing of received signals have begun
to play a key role in modern high-speed communication sys-
tems, ensuring an increase in the quality of the services pro-
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vided and reducing the cost of equipment and its operation
[8,9].

The propagation of informative optical signals is influ-
enced by many physical phenomena in different spans of
communication lines: attenuation and amplification, ampli-
fied spontaneous emission noise, chromatic dispersion, non-
linear distortion, stimulated Raman scattering, polarisation
effects, spectral filtering and more. Thus, efficient design of
cost-effective high-speed optical transmission systems and
optical networks with constantly increasing throughput and
geographical coverage is a major challenge. In this case, it is
necessary to take into account the possibility of using a vari-
ety of modulation formats and coding algorithms (the combi-
nation of multi-level modulation and FEC is commonly
called coded modulation).

Currently, the main physical phenomena that affect the
propagation of signals in fibre-optic communication lines
(FOCLs) have been revealed, and equations describing them
have been proposed. However, in most practically important
cases, the equations that determine the propagation of optical
signals in FOCLs do not have analytical solutions, and cor-
rect numerical simulation requires large computational
resources [10] and cannot always be used to design real net-
works and communication lines.

In addition, optical systems are gradually becoming more
heterogeneous. Multi-span lines contain, as a rule, spans of
different lengths, and different types of fibres can be used in
different sections of the same line. In the designed networks,
it is necessary to provide the ability to support transmission
systems of different generations using different types of mod-
ulation formats and various symbol transmission rates.

Thus, the effective design and optimisation of a complex
optical communication network is a very sophisticated, mul-
tifaceted and voluminous problem. Its solution includes the
selection of the necessary active and passive optical, electronic
and optoelectronic components, the optimal integration of all
components, nodes and subsystems into a single network and,
finally, the finding of the optimal operating parameters of all
components. The calculation of each configuration by solving
the equations of propagation of light signals in FOCLs
requires time-consuming calculations on supercomputers,
which makes multiparameter optimisation almost impossible.

It is impossible to cope with the complexity of design
without the use of relatively simple (suitable for analysis)
models and algorithms, which make it possible to obtain a
fair, general, approximate, but fairly accurate, estimate of
network performance, reliability and operating margin, as
well as the costs of putting it into operation.

In this paper, we analyse the well-known approaches to
the prediction of characteristics, discuss the areas of their
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applicability, within which the required accuracy is ensured,
and propose a consistent algorithm for designing fibre-optic
long-haul communication networks. The need for constant
verification of the accuracy and applicability of the models by
comparing them with the results of physical and/or numerical
experiments is shown.

2. Signal degradation due to amplified
spontaneous emission noise and nonlinear effects

In linear propagation mode, the quality of the optical signal is
degraded due to the accumulation of amplified spontaneous
emission (ASE) noise in erbium-doped fibre amplifiers
(EDFAs). The transmission range is limited by the fact that as
the ASE noise power increases, the optical signal-to-noise
ratio OSNR; in the line decreases and at a maximum range it
is compared with the maximum allowable OSNRy value. In
the absence of nonlinear distortions, OSNRy is the same as
OSNRgtp (the OSNRy value in the back-to-back configura-
tion). Linear distortions (chromatic dispersion and polarisa-
tion mode dispersion) practically do not affect the perfor-
mance of coherent communication systems, since such distor-
tions are compensated for by digital signal processing in a
coherent receiver.

The value of OSNRy in the real line is noticeably greater
than that of OSNRgrg. The difference between OSNRy in a
real line and OSNRgrg (both values are expressed in decibels)
is called the ‘OSNR penalty’ for that line. The reason for the
occurrence of this penalty is the degradation of the optical
signal under the influence of nonlinear effects.

The nature of the action of nonlinear effects in FOCLs is
significantly different in lines containing dispersion com-
pensators at the physical level (DC lines), and in modern
coherent lines without compensators (NDC lines). In short
and long FOCLs with dispersion compensators, nonlinear
effects are manifested mainly in the form of distortions in
the shape of the transmitted optical signals. In lines without
optical compensation of chromatic dispersion, the mecha-
nism of nonlinear signal degradation turns out to be signifi-
cantly different and can be described as the occurrence and
accumulation of nonlinear interference noise. The design of
FOCLs with dispersion compensators using receivers with
direct detection and channel rates of 10 and 40 Gbit s™! is
extensively described in the literature reviewed in [1, 11].
However, the methods presented in this literature are not
applicable to coherent communication systems with rates of
100 Gbit s! or higher, using optical lines without dispersion
compensation.

In fibre-optic information transmission systems without
periodic dispersion compensation, the optical field becomes
random due to dispersion effects, leading to a spatial overlap
of many transmitted symbols. Due to the large accumulated
dispersion, the influence of nonlinear effects is weakened,
becomes random, and manifests itself as nonlinear noise dur-
ing detection [12-16].

The method for calculating ASE noise in optical commu-
nication lines with EDFAs is well known [1]. The signal pow-
ers and ASE noise at the EDFA output are related to the sig-
nal powers and ASE noise at its input by the expressions:

Pout=PinG» (1)

Prspou = PaspinG + (FG — 1) hvB, @)

where P;, and P, are the signal powers at the input and
output of the EDFA; Pagg i, and Pasg o are the noise powers
at the input and output of the EDFA in a reduced bandwidth
B, which is considered to be equal to 12.5 GHz; G and F are
the EDFA gain and noise factor; v is the carrier frequency;
and / is Planck’s constant. The optical signal-to-noise ratios
at the input (OSNR; ;,) and output (OSNR; ) of the EDFA
in the bandwidth B are related by the expression

1 _ 1 1
OSNR,., _ OSNR.,, T OSNRuprr’ 3)
where
B __h
OSNRora = 753 (F—1/G) ~ hBF" )

With large accumulated dispersion, the nonlinear interac-
tion in a FOCL span generates nonlinear noise with a power
Py [9-13], which is additively added to the ASE noise. The
power of accumulated nonlinear noise, recalculated at the
entrance to the span, is proportional to the cube of the signal
power at the entrance to the span:

Py = ’7P3, ®)

where 7 is the nonlinearity coefficient, depending on the fibre
and signal parameters.

Similarly to the above-introduced OSNR; value, related
to the ASE noise power, we introduce the OSNRy; value
related to the nonlinear noise power:

OSNRy, = %. (6)

3. Required OSNR value and OSNR margin

For the quantitative determination of the stability of a com-
munication system to the degradation of FOCL characteris-
tics, most telecom operators use the concept of OSNR mar-
gin, the value of which, OSNRy,, is determined by the expres-
sion

_ OSNR,
= OSNR;’ @)

where the OSNRy value is called the required OSNR and is
measured as follows. First, the OSNR at the end of the
DWDM line (OSNRy value) is measured with a spectrum
analyser (Fig. 1). Then, ASE noise is added to the line until
the line stops working. The OSNR in the line, measured using
a spectrum analyser, is called the required OSNR (OSNRR).

The OSNR margin measurement scheme includes: two
BER testers (BERT1 and BERT2), the first of which forms a
reference test sequence, and the second receives it and deter-
mines the signal error rate; transponders (TP1 and TP2); a
multiplexer and a demultiplexer (MUX and DEMUX); a
DWDM line consisting of erbium-doped fibre amplifiers
(EDFAs) and sections of optical fibre; a source of amplified
spontaneous emission (ASE); an optical spectrum analyser
(OSA); a variable optical attenuator (VOA); and splitters
(90x 10 and 99x1).

The line is operational when the condition

OSNR,,

OSNRy; > 1 (8)
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Figure 1. Scheme for measuring the OSNR margin in the line.

is met. However, when putting the line into operation, it is
necessary to fulfil a more stringent condition:

OSNRy > 2. 9)

4. Models of noise accumulation in a line
with optical amplifiers

If we assume that the nonlinear distortions are described by
nonlinear noise, which is additively added to linear noise,
then the total noise power in the line will be determined by the
expression

Py = Pasg *+ Pnic (10)
Dividing both sides of (10) by the signal power at a given
point P, we obtain

111
OSNRyx _ OSNR, T OSNRy’

(11)

where OSNRprr = P/Psy is the ratio that determines the bit
error rate (BER), which is measured by the transponder
before it performs forward error correction. The relationship
between OSNRggr and BER in this model is one-to-one and
is described by the transponder calibration curve. The cali-
bration curve refers to the dependence of IgBER on OSN Rggr,
obtained experimentally in the linear mode of line operation
(in this case, Py = 0, and therefore OSNRggr = OSNRy).
This dependence is used to determine OSNRgggr by the BER
level in the nonlinear mode. The method for constructing the
calibration curve is given in Section 4.

To describe a multi-span DWDM line, we introduce
some notations (Fig. 2). Conventionally, the line can be
divided into sections (total N spans), each of which consists
of a fibre span and an EDFA. Section n (n = 1, ..., N) is
characterised by the following parameters: P,, 4,, 7,, G,,
and F,, which are, respectively, the launched signal power,

transmission losses of the fibre, nonlinearity coefficient,
gain and noise figure of the amplifier for the nth sections of
the DWDM line.

Due to the additive addition of ASE noise from different
EDFAs, the expression for the total inverse OSNR in the line
due to ASE noise has the form [the first term in relation (11)]

(Fig. 2)

1 =i 1
OSNR, ~ 2« OSNR,, ~ .

N

=1 F n
Assuming that the nonlinear noise from different spans is
added additively, taking into account (5), we obtain the sim-
ple analytical expression for the inverse nonlinear OSNR in a
multi-span line (Fig. 2), convenient for calculating the com-
munication line [1, 12— 14]:

N N
1 _ 1 _ 2
OSNRy = 24 0SNRy, = 2Pi- (3)
Thus, OSNRggR is defined by the expression
| < [ hvBA,F, 2
OSNRgpr - n:]( P, P ) (14)

Formula (14) is very convenient for the design and opti-
misation of communication lines. The problem is reduced to
finding the minimum of the OSNRz4; function with varying
powers P, for fixed values of 4,,7,, G, and F,. From for-
mula (14), which is the sum of independent pairs of terms in
separate spans of the line, there follows the LOGO principle,
i.e. local optimisation leads to global optimisation. From
(14), it is easy to obtain an explicit analytical expression for
the optimal power in each span at which the minimum
OSNRyLy is achieved:

= (" (15)

P (hvBA,,F,, )”3‘
Adding a span or changing span parameters does not affect
the optimal power of the remaining spans.

The nonlinear additive (incoherent Gaussian) noise model
(IGN model) is very convenient for the design of communica-
tion lines, and it is advisable to use it whenever it provides a
given accuracy. For practical application of the model, it is
necessary to measure or calculate the nonlinearity coefficients
n, for spans. Due to the correlation between nonlinear distor-
tions generated in different spans, the additive model does not
give a very accurate result.

In a real line, noise grows faster with an increase in the
number of DWDM sections. A positive correlation in the
accumulation of nonlinear noise is taken into account by the
e-model, in which the total nonlinear OSNR in the line is
determined by the relation

A1 Az, 1> Ay, ny
(0) Gl’ F] @ Gz’ F2 @ GN’ FN
1 2 3 N N+1
° > o > ~— - - - - > o
Py=P Py P Py Pou=Py+

Figure 2. Parameters of components and optical signal of a multi-span line with EDFAs.
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1

OSNRy, — (16)

1 1/(1+5)1+5
o) |

where the dimensionless parameter ¢ is calculated experimen-
tally.

5. Experimental determination of model
parameters

The experimental part of the work consists in performing a
series of measurements that make it possible to determine the
nonlinearity coefficients # of optical spans and other constants
included in the analytical formulas for calculating the parame-
ters of the communication line. The experimental setup is
shown in Fig. 3. It includes: a BER tester (BERT); a coherent
transponder (TP); a multiplexer and a demultiplexer (MUX
and DEMUX); input and output erbium-doped fibre amplifi-
ers (EDFA;, and EDFA,,) operating in a constant power out
mode; a multi-section model of a DWDM line, consisting of
coils of an optical single-mode fibre (A, loss) and erbium-
doped fibre amplifiers (EDFA,)) operating in a constant gain
mode; a source of amplified spontaneous emission (ASE); an
optical spectrum analyser (OSA); variable optical attenuators
(VOA,, and VOA ,qg); and splitters (90x 10 and 99x1).

When constructing the calibration curves, the communi-
cation line shown in square brackets in Fig. 3 was replaced by
a short length of fibre (a patch cord less than 3 m long). Using
VOA 4sg, the power of the additional ASE noise changes; in
this case, the transponder measures BER, and the spectrum
analyser measures OSNR; . The OSNR; value in the back-to-
back configuration is the same as the OSNRggr value. An
example of calibration curves for two transponders — Volga
and Kuban (T8 LCC), which differ in the shape of the radia-
tion spectrum, is shown in Fig. 4.

In determining the nonlinearity coefficient of the N-span
line, the ASE noise source was turned off. The dependence of
BER at the transponder on the input power P, at point 1 was
measured (Fig. 3). The power at this point was changed using
the digital variable optical attenuator VOA,,, which shows the
amount of introduced losses (previously, the power was mea-

lgBER
-1

1 1 1 1 1 1
12 14 16 18 20 22 24 26
OSNRpggr/dB

Figure 4. Calibration curves for (o) Volga and (o) Kuban transponders
(100 Gbit s~!, DP-QPSK modulation format). The solid curves are the
cubic approximation of the experimental data.

sured at point 1 by connecting the OSA at this point). The
EDFA,,; amplifiers operated in a constant gain mode, the
gain being chosen so as to compensate for the loss in spans
(spans of 100 km in length). This ensures that P;, powers
introduced across all spans are equal. The EDFA_,; ampli-
fier, in contrast, operated in a constant power out mode to
provide optimal power at the transponder input. Also, at
each step, the OSNR value in the line was measured using
OSA. Thus, the dependences of OSNRyl [OSNRy; =
OSNRgir (BER) — OSNR['] on P;, were constructed.

An example of the experimental determination of the non-
linearity coefficients # (the slope of the dependence of
OSNRy! on P2)) for a single-span line is shown in Fig. 5.

To verify the mathematical apparatus, the characteristics
of many configurations are experimentally measured, which
are compared with the characteristics obtained by calculation
using the mathematical apparatus.

X RX TX

\ 4
MUX

BER-to-FEC
function

DEMUX

A, N
EDFA,, VOA;, EDFA,
1
EDFAou'
99% Splitters 10% D
1% 90%
VOAAsE
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Figure 3. Experimental setup for determining the calibration curve of transponders and nonlinearity coefficients of the communication line.
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Figure 5. Dependences of OSNR]GIIA on Py, for the experimental deter-
mination of the coefficient 7 for (o) Volga and (o) Kuban transponders
(N=1, L=100km).

It was found that the deviations of the calculated values of
the required OSNR from the experimental values for all the
studied configurations are in a given range: a positive devia-
tion of 0.12-0. 76 dB, while for lines with spans 100 km long,
the ¢ value lies in the range 0.2—0.3.

Thus, the e model provides high accuracy of calculations;
however, the method for determining the parameter ¢ is a
sophisticated experimental problem, which complicates the
practical application of this model. Therefore, in all cases
when the required accuracy allows this, it is necessary to use
the additive model.

6. Conclusions

We have described simple design principles for complex het-
erogeneous FOCLs typical of terrestrial telecommunication
systems (regional, interregional, national and international).
The most effective strategy for planning fibre-optic lines and
communication networks is a two-stage design process.

It is advisable to carry out preliminary design and initial
comparative analysis of various options for the implementa-
tion of FOCLs using approximate calculation algorithms.
For this stage, the approximation of additive incoherent
Gaussian noise provides sufficient accuracy. The results
obtained at this stage can be used to assess the total cost of a
network that provides a given bandwidth and satisfies other
requirements and limitations.

When preparing the final design documentation, it is
advisable to analyse and optimise the technical and economic
characteristics of the FOCL using a more accurate € model.
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