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Abstract.  We report the results of experimental and numerical 
studies of the maximum length of multi-span DP-QPSK DWDM 
communication lines (channel rate of 100 Gbit s–1) with 100-km-
long uniform and combined spans. The use of the combined spans 
(50 km of SSMF fibre and 50 km of NZDSF fibre) has allowed the 
maximum line length to be increased up to 6700 km, which is 60 % 
higher than in the case of homogeneous SSMF- and NZDSF-based 
spans.

Keywords: coherent communication lines, polarisation division 
multiplexing, numerical modelling, nonlinear Schrödinger equa-
tion.

1. Introduction

Nowadays, with the annual traffic increase to 40 %, the band-
width capacity of optical communication systems increases 
by only 20 % per year. In this scenario, in the next few years 
the amount of traffic would exceed the capacity of existing 
lines [1]. In recent years, next generation fibre-optic commu-
nication systems with data rates of 100 Gbit s–1 and higher 
have been intensively studied and developed. Next generation 
communication networks are based on such technologies as 
coherent detection, digital processing of optical signals and 
spectrally-efficient formats of signal modulation. A symbiosis 
of these technologies can provide a further development of 
fibre-optic communication systems. From this perspective, 
the coherent communication lines with electronic dispersion 
compensation and four-level phase format of signal modula-
tion with polarisation multiplexing [2 – 6] are to date the most 
successful in terms of commercial use.

The maximum operating range of fibre-optic communica-
tion lines is determined by several factors. One of them is the 
signal distortion caused by noise accumulation in amplifiers 
and by nonlinear effects. In the coherent communication lines 
with electronic dispersion compensation, a no less important 
factor is the maximum admissible accumulated chromatic dis-
persion, which is limited by the performance of available dig-
ital signal processors. In this respect, the design of fibre-optic 
communication lines (optimisation of dispersion maps, 
amplification schemes, etc.) has been and remains a highly 
important direction of studies.

In the present work, we have studied experimentally and 
numerically the transmission of information via a DWDM 
line with no optical dispersion compensation. In using the 
four-level phase modulation format with DP-QPSK polarisa-
tion multiplexing, the symbol efficiency constitutes 4 bits per 
symbol. At a symbol rate of 30 Gbaud, the total channel rate 
is of 120 Gbit s–1. The rate of useful information transmission 
through the channel is 100 Gbit s–1, 5 Gbit s–1 are used to 
transmit the service information and 15 Gbit s–1 provide the 
error correction circuit operation. The span length is 100 km, 
and we consider three different span configurations: uniform 
spans based on SSMF fibre, uniform spans based on NZDSF 
fibre and combined spans. A good agreement is shown 
between the results of numerical modelling and experiment. 
The use of combined spans allows one to increase the maxi-
mum line operation range by 60 % with an acceptable error 
level and thus to exceed the range of 6000 km. 

2. Experimental setup

The line under investigation is schematically shown in Fig. 1 
and incorporates an optical signal transmitter Tx, a multi-
plexer MUX for combining different spectral channels, 
100-km-long SSMF optical fibre spans (Fig. 1a), an erbium 
doped optical amplifier EDFA for compensating optical sig-
nal loss in the spans, a demultiplexer DEMUX for splitting 
the combined signal, an optical signal receiver Rx, a digital 
DSP processor for dispersion compensation and circuits for 
measuring the optical signal-to-noise ratio (OSNR). The per-
formance of the DSP processor used in the experiment pro-
vides electronic compensation for accumulated dispersion in 
the range of 0 – 70000 ps nm–1.

Basic parameters of SSMF and NZDSF fibres used in the 
line spans are given in Table 1. The limitation on possible 
electronic compensation for accumulated dispersion by the 
value of 70000 ps nm–1 entails the limitation on the maximal 
communication line length. Based on the parameters of 
fibres, the maximum line length with SSMF fibre is LSMF

=DSP  
4200 km, whereas for the NZDSF fibre L 17500DSF

=DSP  km.
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In order, on the one hand, to increase the range of the line 
with LDSP compared to the line with L

SMF
DSP , and, on the other, 

to reduce the influence of nonlinear effects typical of NZDSF 
fibre, we considered a communication line, the scheme of 
which is shown in Fig. 1b. This line is based on combined 
spans consisting of 50 km of SSMF fibre and 50 km of 
NZDSF fibre. The accumulated dispersion of a single span of 
such a line amounts to 1025 ps nm–1, which allows the line 
range restricted by the DSP processor performance to be 
extended up to 6800 km.

3. Results of laboratory experiments  
and numerical calculations

With the use of three line configurations (spans based on 
SSMF and NZDSF fibres and on combined SSMF + NZDSF 
spans) 1200 km in length, we performed laboratory experi-
ments and measured the dependence of the BER on the power 
Pin of radiation of one spectral channel, launched into the 
fibre. The experimental results are shown in Fig. 2. It can be 
seen that the curve with the highest values of the BER param-
eter, and hence with the worst signal quality at the receiver, 
corresponds to the configuration with NZDSF spans, which 
is due to its high nonlinearity. The results with the lowest 
value of the BER parameter – the best signal quality – are 
consistent with the configuration of SSMF spans, whilst the 
curve that corresponds to the communication line with com-
bined spans occupies an intermediate position and is located 
between the two curves.

For numerical simulation of optical signal propagation in 
the optical fibre with regard to two signal polarisations, a sys-
tem of coupled nonlinear Schrödinger equations (NSE) was 
used 
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where AX, AY are the complex envelopes of the electromag-
netic field amplitude; z is the distance along the fibre; t is time; 
b2 and b3 are the second- and third-order dispersions; g is the 
nonlinearity coefficient; and a is the coefficient of optical 
losses. Erbium amplifiers are modelled as point devices, whilst 
a model of white Gaussian noise with the spectral polarisa-
tion density ( 1)eN h nEDFA

sp
L n= -

a
ASE  is used to describe the 

noise of the amplified spontaneous emission (ASE), where nsp 
is the parameter of spontaneous emission, h is the Planck con-
stant, n is the signal frequency, and L is the span length. The 
initial signal was formed using the four-level phase modula-
tion format based on NRZ DP-QPSK. In our calculations, 
we used random bit sequences of 216 bits for each polarisa-
tion. The numerical solution of the NSE system was carried 
out by the method of splitting into physical processes [7].

Figure 3 compares the results of numerical simulations 
and laboratory experiments for the 1200-km-long line. It can 
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Figure 1.  Configuration of communication lines with (a) uniform 
spans (SSMF) and (b) combined spans (SSMF + NZDSF).

Table  1.  Parameters of the fibres used.

Fibre D/ps nm–1 km–1 g/W–1 km–1 S/ps nm–2 km–1 a/dB km–1

SSMF 16.5 1.2 0.07 0.2

NZDSF 4 1.84 0.45 0.2
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Figure 2.  Experimentally measured dependences of the BER on the ra-
diation power launched into a span of a 1200-km-long line, consisting 
of NZDSF spans, SSMF spans and SSMF + NZDSF spans.
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Figure 3.  Comparison of numerical (solid lines) and laboratory (dashed 
lines) results of studying the dependence of the BER on the radiation 
power launched into a span of a 1200-km-long line.
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be seen that the use of the model described ensures good qual-
itative and quantitative agreement between the results.

Having obtained the coincident results in numerical and 
laboratory experiments for the 1200-km-long line and a single 
spectral channel, we performed numerical calculations of the 
maximum line range of all configurations for eleven spectral 
channels with the interchannel spacing of 50 GHz. The 
threshold value of the bit error rate BERFEC, which corre-
sponds to the operating capability of the modern schemes of 
forward error correction (FEC), amounts to 2 ´ 10–2 (here-
with the bit error rate after the forward error correction does 
not exceed 10–9). In accordance with the bit error rate obtained 
in numerical calculations, the maximal line range Lmax was 
determined. Figure 4 shows the results of numerical calcula-
tions of the dependence of the maximum line range on the 
radiation power that is introduced into the central spectral 
channel span. As can be seen from this Figure, for SSMF 
spans, the line range is limited by the DSP performance and 
constitutes 4200 km, although under the assumption of its 
performance being infinite, it can reach the value of 7500 km 
with the signal power of –1 dBm. For NZDSF spans, the line 
length is limited by the nonlinear signal distortion and does 
not exceed 3800 km, while the DSP processor power allows 
the range line to be more than 17000 km. Finally, for com-
bined spans, the maximum range amounts to 6700 km which 
is 60 % higher than the relevant results for the SSMF and 
NZDSF spans.

4. Conclusions

The linear and nonlinear distortions in multi-span DWDM 
communication lines with no optical compensation for chro-
matic dispersion have been experimentally and numerically 
studied by means of a coherent four-level phase format with 
polarisation division multiplexing (DP-QPSK format, the 
span length of 100 km). The qualitative and quantitative 
agreement between the results of numerical calculations and 
the experiment for 1200-km-long lines is demonstrated. 
Numerical simulations have shown that in using a low disper-

sion fibre (NZDSF, D = 4 ps nm–1 km–1), the maximum trans-
mission range (about 3800 km) is limited by nonlinear signal 
distortions and noise accumulation. In the communication 
lines based on standard fibre (SSMF, D = 16.5 ps nm–1 km–1), 
the maximum transmission range (approximately 4200 km) 
is limited to the value of maximum admissible accumulated 
dispersion (70000 ps nm–1), which is compensated for in real 
time with a digital processor. A numerical experiment has 
demonstrated that the use of combined spans (50 km of 
SSMF fibre and 50 km of NZDSF fibre) ensures a 60% 
increase in the maximum length of the DWDM communica-
tion line compared to the lengths of the lines employing sin-
gle-type fibre.
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Figure 4.  Calculated dependences of the maximum line range on the 
radiation power launched into a span at BER = 2 ´ 10–2. Dashed 
straight lines show the maximum length of the communication lines 
based on SSMF and SSMF + NZDSF spans.


