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ABSTRACT

The exponential increase in transmission capacity triggered the era of fast and reliable data transfer techniques through fiber optic
networks. This has led to the exploration of new options in the field of spectrally efficient systems suitable for extremely high data
rates. Consequently, there is a gradual transition from existing systems with a 10 Gbps transmission rate to 40 Gbps optical systems
and even up to 100 Gbps. However, with the increase in network transmission capacity, the optical signal performance requirement is
also increased to ensure acceptable bit error rate (BER) in the receiver. However, increasing transmission power leads to a distortion
of the transmitted signal due to the nonlinear Kerr effects or interference between adjacent channels. These are the main limitations
that set the upper limit of the maximum effective SNR (Signal-to-Noise Ratio) of the optical link and limit the performance of the whole
system. On the other hand, linear effects such as chromatic dispersion (CD), optical SNR (OSNR), spontaneous photon emission,
optical fiber loss, or channel overlapping through long stretches of optical fibers are also important factors that need to be considered

when designing DWDM (Dense Wavelength Division Multiplexing) system.
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1. INTRODUCTION

Despite relatively reliable and efficient modulation
formats (intensity modulation), the spectral efficiency of
the DWDM system is heavily influenced by nonlinear
effects such as self-phase modulation (SPM), cross-phase
modulation (XPM) and four-wave mixing (FWM).
Nonlinear effects affect not only the backbone networks,
but also access fiber optic networks and their capacity and
transmission range itself. Dominant constraints in optical
access networks are embedded damping in passages of the
optical path with passive network components, linear
overlaps in multiplexing and demultiplexing devices, but
also attenuation in optical fibers [1-2].

To increase the spectral efficiency and energy
efficiency of the DWDM system, a wide range of
techniques has been proposed. One of these techniques is
efficient bandwidth management where the performance of
the DWDM system is controlled by increasing/decreasing
transmission rate per channel or by increasing/decreasing
the number of channels or inter-channel spacing. Another
technique that can increase the performance of the DWDM
system is the use of advanced modulation techniques that
not only improve the signal to noise ratio, but are also more
resistant to fiber nonlinear effects and chromatic
dispersion. Increasing the spectral efficiency and energy
efficiency of the DWDM system is also possible by
optimizing the design of the system - accurate analytical
modeling and simulation of the optical link, the use of
advanced algorithms for editing DSP-based signals, signal
reception equalization or Forward Error Coding (FEC).
Energy efficiency can also be improved by minimizing the
required average signal or OSNR at a given BER level.
Signal efficiency is measured in bit/s/Hz and can be
increased using different spectral-effective modulations,
which is also the focus of this work. The main aim of this
research work is to combine the above methods to increase
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the spectral and energy efficiency of the DWDM system by
means of spectral-effective optical modulation [3-5].

With the new 40 Gbps, 100 Gbps and 400 Gbps
DWDMs there is a need to increase spectral efficiency.
Such way is through the advanced optical modulation. The
optical DPSK (Differential Phase Shift Keying) modulation
is widely used in 40 Gbps DWDM systems. This approach
is a combination of mixed ASK (Amplitude Shift Keying)
modulation and PSK (Phase Shift Keying) modulation.

DPSK brings the increased spectral efficiency over
OOK (On-Off Keying), while still encoding 1 bit per
symbol. DQPSK (Differential Quadrature Phase Shift
Keying) encodes 4 bits per symbol. The digital coherent
transmission enabled encoding more bits per symbol which
reduces the spectral width of the signal. In the DWDM
systems with the transmission rate beyond 100 Gbps, there
is a need for even more capacity and spectral efficiency.
Reasonable solution is acoherent polarization (CP)
DQPSK (CP-DQPSK) which encodes 4 bits per symbol of
each polarization tributary [3][4].

In this paper we analyse the impact of fiber nonlinear
effects on a CP-DQPSK modulated Ultra-DWDM system.
The performance of the proposed simulation model is
mathematically analysed and BER values are calculated.

2. FIBER NONLINEAR EFFECTS

There are three major nonlinear effects that occur inside
optical fiber — self-phase modulation (SPM), cross-phase
modulation (XPM) and four-wave mixing (FWM). All
these effects are governed by a nonlinear parameter y:

WoN;

¥y (wo) = 1)

CAeff

where wy is the frequency at which the pulse frequency is
centred, n, is the nonlinear-index coefficient, ¢ is the

ISSN 1338-3957 (online), www.aei.tuke.sk



22 On the Impact of Fiber Nonlinear Effects on the CP-DQPSK Modulated Ultra-DWDM System

velocity of light in vacuum and Ay is the effective mode
area. The effective mode area depends on the fiber design.
Thus, with the proper design y can be enhanced. The
nonlinear-index coefficient is fixed for each glass material
and it is third-order susceptibility related.

Mentioned nonlinear effects — SPM, XPM, FWM arise
due to the dependence of the refractive index of the optical
fiber core on the intensity of the light beam propagating in
the optical fiber [4]. This dependency is also called Kerr
effect. The refractive index of the optical fiber core can be
expressed as:

P
n=ng+n,- ff, )
e

where ny is the refractive index of the optical fiber core, n,
is the nonlinear refractive index, P is the power bound to the
optical fiber. Kerr effect is manifested in various forms. On
the basis of the shape and form of the input signal, it can be
shown as SPM, XPM and FWM. The origin and the creation
of fiber nonlinear effects is described by Singh in [4].

2.1. SPM

Self-phase modulation occurs through the dependence
of the refractive index in a nonlinear optical medium of the
light intensity bound to the optical medium. SPM is the
phenomenon that leads to the spectral broadening of optical
pulses. SPM describes frequency changes that are caused
by changes in optical power in one optical communication
line. The binary nature of the signal, which consists of the
maximum and minimum power, occurs as so-called
frequency chirp. This SPM-induced chirp affects the shape
of the pulse, leading to its widening at the output. The
intensity is highest at the peak of the impulse envelope, part
of the pulse reaches the highest refractive index and
consequently spreads more slowly than the front and end
portions of the pulse. In general, this phenomenon is
considered to be undesirable, but on the other hand we can
use it for soliton transmissions (using specially shaped
pulses that shape themselves by SPM).

The phase of the optical fiber propagated signal is
expressed as:

¢ = TnlL' (3)

where / is the wavelength of the optical pulse, n; is the
refractive index of the optical fiber core, and L is the length
of the optical fiber.

The intensity of the transmitted pulse is time dependent,
then the pulse phase @ will be time dependent. Changing
the pulse phase over time will cause a change in signal
frequency:

L
A(p = —2ﬂn1mP, (4)
e

where 7, is the refractive index of the optical fiber core, L is
the optical fiber length, A.4 is the optical fiber core area,
and P is the transmitted signal power. The phase shift of the
signal due to SPM is dependent on the power bound to the
optical fiber. The phase of the transmitted pulse affected by
the SPM can then be expressed as follows:
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where wy is the carrier optical frequency, 4y is the carrier
wavelength, n is the refractive index profile, and L is the
optical fiber length.

2.2. XPM

Dominant effects in multi-channel DWDM systems are
XPM and FWM combined with chromatic and polarization
dispersion. The effect of XPM is given by the ratio of power
bound to the optical fiber P and the effective surface of the
optical fiber core 4. Let’s consider the N-channel DWDM
system [5-7]. The phase shift of the i-th channel through the
XPM effect is then as follows:

N

¢7i1[=knll‘eff Pl-+ZZPn,

n=i+1

(6)

where k,; is the nonlinear propagation coefficient, L.y is the
effective length of the fiber and P is the power. The first part
of the equation (6) represents the contribution of the SPM
and the second part the contribution of the XPM. The second
part of equation (6) also expresses the nonlinear sensitivity,
and indicates that XPM is two times more efficient at the
same energy than the SPM [6-9].

2.3. FWM

FWM is the other dominant effect in multi-channel
DWDM systems. The influence of the FWM is independent
from the transmission rate. However, its influence is
critically dependent on the channel spacing between
adjacent channels and chromatic dispersion. FWM occurs at
the propagation of at least three signals with different
wavelengths. Due to the FWM, there is an interaction
between the three distributed signals of the frequency f;, f;
and f, and a new frequency signal is generated [5][10]. The
performance of the signal with respect to the length of the
optical fiber affected by the FWM is:

10247° P,(0)P,(0)P,(0) __
P.(L) = —z (Dy) - ]Ag AN @
(1 _ e—aL)Z
.

a

In this relation P;, P; and Py are the output powers of the
optical fiber coupled signals, Pr is the output of the newly
generated filament frequency signal, # is the optical fiber
refractive index, 4 is the wavelength, ¢ is the velocity of
light in the vacuum, a is the loss coefficient, L is the length
of the optical fiber, D is the degradation factor, and X is the
nonlinear susceptibility.
Further description of nonlinear effect is in [4-11].

3. SIMULATION MODEL AND RESULTS

To analyze the impact of fiber nonlinear effects, CP-
DQPSK modulated Ultra-DWDM system was designed in
OptiSystem™.  OptiSystem™ is the state-of-the-art
simulation software used to design complex fiber
communication systems. The simulation is based on
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variable bandwidth model. Signals propagate in the network
as samples in a time domain with a user-selectable
bandwidth. The variable bandwidth simulation (VBS) can
be used with different fiber models: simplified model - takes
into account only damping (fiber loss) or attenuation and
dispersion (fiber linear effects). In both cases, the simulation
is strictly linear; advanced model - VBS takes into account
all fiber effects, both linear and nonlinear. This is the most
comprehensive and effective simulation strategy, but it is
more time consuming due to more complex mathematics
[12].

First, the CP-DQPSK optical modulator was designed.
The CP-DQPSK transmitter is based on 3 MZM (Mach-
Zehnder Modulator) DQSPK optical modulator shown in
Fig. 1. The structure of CP-DQPSK transmitter is shown in
Fig. 2. It is constructed of two optical DQPSK modulators
based on LiNbO3; Mach-Zehnder modulators. Both DQPSK
transmitters modulate two 100 Gbps data stream (in [ and Q
plane). Each wavelength channel is transmitting on the two
polarization states (combined by polarization combiner with
90° polarization angle) and thus the resulting capacity of
each wavelength channel is 400 Gbps [12].
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Fig. 1 3 MZM-based DQPSK modulator
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Fig. 2 CP-DQPSK transmitter

The block scheme of CP-DQPSK receiver/demodulator
is in Fig. 3. Received signal is divided by polarization
splitter with the polarization angle 90°, signals are then
demodulated in a 90° optical hybrid. Signal is finally
converted to electrical signal by PIN photodiode. Received
signal is analysed in electrical domain and from the
received samples, the BER and Q-factor is calculated:

L1
o, + 0y

Q= ®)

In the equation (8), ; is the mean value and oy is the
deviation of the pulse 1, /y is the mean value and oy is the
deviation of pulse 0. The bit error rate (BER) is calculated
as follows:
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The threshold for the BER value is 1.0e-10 and for Q-

factor 6.3613. The performance of proposed DWDM
system is not acceptable for BER higher than 1.0e-10.
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Fig. 3 CP-DQPSK receiver
3.1. Effect of SPM on the signal propagation

First, the impact of SPM on the signal propagation is
analysed. In order to fully analyse the level of signal
degradation caused by SPM we consider transmission
through the highly nonlinear optical fiber (HNLF). The
block scheme for modelling SPM is in Fig. 4. The source
frequency is 193.1 THz. Bit rate is set to 100 Gbps.
Chromatic dispersion is 16 ps/nm/km and it is compensated
using 10 km of dispersion compensating fiber (DCF).

\ 4
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50 km HNLF
@ EDFA @ EDFA
Optical sr,:eét'ru'm analyzer
L

Optical spectrum analyzer

10 km DCF

CP-DOPSK
MODULATOR)

Fig. 4 Simulation model for modelling SPM

SPM is highly power dependent. It means that the change
of optical power bound to the optical fiber result in a slight
frequency change of transmitted pulse. This SPM-induced
chirp affects the shape of the pulse, leading to its widening
at the output. Fig. 5 shows the change of the pulse shape
transmitted over 50 km of HNLF with the laser power set
to 6 dBm and 10 dBm.
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Fig. 5 SPM - change of pulse spectra for 6 dBm and 10
dBm launch power
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The second simulation is designed to change
transmission length by introducing another 50 km of HNLF
and EDFA (Erbium Doped Fiber Amplifier) in the optical
loop. By introducing another segment of HNLF and EDFA
SPM is induced. The signal level remains the same,
however, the spectra widens over longer distance. In
multichannel transmission, this widening may cause
serious damage, especially with tighter channel spacing.
Dependence of SPM on the transmission distance is shown
in Fig. 6.
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Fig. 6 SPM - change of transmission distance

3.2. Effect of XPM and FWM on the signal
propagation

The simulation model for modelling XPM and FWM
(shown in Fig. 7) is based on the simulation model shown
in Fig. 4. In this case, two channel transmission takes place.
Channel frequencies are 193.0 THz and 193.1 THz, bitrate
is set to 100 Gbps.
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Fig. 7 Simulation model for modelling XPM and FWM

AWG Multiplexer

In the case of XPM and FWM the channel spacing is
crucial. Channel spacing of DWDM system is defined by
ITU-T G.694.1. Following figures (Fig. 8, Fig. 9, Fig. 10)
show the creation of the new spectral components caused
by combined effect of XPM and FWM using 25 GHz,
50 GHz and 100 GHz channel spacing between adjacent
channels. It is obvious that the level of the newly generated
spectral components due to the FWM depend on the
channel spacing.
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Fig. 9 Optical spectra using 50 GHz channel spacing

— Input spectra
—— Qutput spectra

-20

Power {dBm)
-0

60

80

-100

1.929e+014 1.93e+014 1.931e+014

Frequency (Hz)

1.932e+014 1.933e+014

Fig. 10 Optical spectra using 100 GHz channel spacing

As mentioned, XPM and FWM are dominant effects in
multi-channel DWDM systems combined with chromatic
and polarization dispersion. Fig. 11 shows the change in
optical spectra depending on the value of chromatic
dispersion. For chromatic dispersion of 0 ps/nm/km the
contribution of nonlinear effects increase. Optimal value of
chromatic dispersion for proposed DWDM system is
16 ps/nm/km.
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Fig. 11 The change of the optical spectra due to the
chromatic dispersion
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Finally, the change of the launch power of the two
channels is evaluated. Similarly, as SPM, the increase of
the launch power causes the widening of the optical spectra
as seen in Fig. 12.
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Fig. 12 The change of the optical spectra due to the laser launch
power

3.3. Evaluation of 32-channel Ultra-DWDM

The simulation model of 32-channel Ultra-DWDM
system is designed in OptiSystem™ simulation software.

The block scheme of the proposed simulation model is
in Fig. 13. The simulation model consists of three
subsections: transmitter section, optical distribution section
and receiver section. The general simulation properties are:
100 Gbps bit rate, time window is 2.56e-09 s, sample rate
320 GHz and sequence length 256 bit. The number of
wavelength channels is 32. The channel wavelengths are set
according to the ITU-T G.694.1. The channel spacing is
different throughout the various simulation setups: 200

ISSN 1335-8243 (print) © 2019 FEI TUKE

GHz, 100 GHz and 50 GHz. The simulation is done in an
optical C band (1530 — 1565 nm). To increase the capacity
of the whole DWDM system, optical CP-DQPSK is used at
each wavelength channel. Channels are then multiplexed by
32-channel arrayed waveguide grating (AWG) multiplexer
with the attenuation of 5.5 dB.

Optical distribution path consists of 50 km of highly
nonlinear single mode optical fiber (HNLF), two erbium
doped fiber amplifiers (EDFA) and 10 km of dispersion
compensation fiber (DCF). The optical distribution path is
placed in the loop component. The number of loops is 20
(1000 km). The advanced simulation model of SMF is used.
It means, that both linear and nonlinear effect are taken into
account. The attenuation is 0.25 dB/km, chromatic
dispersion is 16 ps/km-nm?, nonlinear refractive index is
np = 2.6e-20 m¥W and effective cross section area of the
fiber is Aer=80 um?. Chromatic dispersion is fully
compensated in DCF with dispersion set to -80 ps/km-nm?,
Channels are demultiplexed by AWG demultiplexer with
5.5 dB insertion loss.The maximum transmission distance is
set to 1000 km. Optical spectra of multiplexed signal at the
beginning of the transmission path for 100 GHz channel
spacing is displayed in Fig. 14. Eye diagrams of received
channel 5 are observed for three channel spacings: 50 GHz,
100 GHz and 200 GHz. The creation of FWM is the most
obvious in the 50 GHz spaced DWDM system. The way to
mitigate the influence of FWM is to increase the channel
spacing. However, the effect of XPM is more dominant in
this case. The XPM effect depends on the channels power
and channel spacing. With in-line EDFA amplifying the
XPM is induced. XPM has the strong phase influence on the
adjacent channels. This phase mismatch is crucial for the
successful detection and demodulation of CP-DQPSK
signal.
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Fig. 14 Optical spectrums of transmitted signal
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Fig. 13 Simulation model of 32-channel Ultra-DWDM system

The comparison of eye diagrams of 50 GHz and
100 GHz spaced DWDM are in Fig. 15. Lines in 50 GHz
eye diagram are thicker compared to the 100 GHz eye
diagram. This indicates the higher SNR (Signal-to-Noise
Ratio) in the current sample point for the given channel. It
is mainly caused by in-line amplifying and induced XPM
effect. The BER value calculated from eye diagrams shown
in Fig. 15 are: 1.89¢-10 (50 GHz) and 3.58¢-15 (100 GHz).

Fig. 17 shows the dependence of different channel
spacings on BER value. The difference in the performance
between H and V polarization state of each simulation setup
is very small. It indicates that the influence of the
polarization mode dispersion (PMD) is small. The 200 GHz
spacing possesses the best performance, followed by
100 GHz and 50 GHz spacing. The maximum reach of 200
GHz spaced system is 800 km with BER: 5.51e-11 (H pol.)
and 6.37e-10 (V pol.). With the 100 GHz channels spacing
we can reach 640 km and BER: 1.82e-11 (H pol.) and
6.05e-10 (V pol.). The maximum reach of 50 GHz spaced
system is 560 km with BER: 1.89¢-10 (H pol.) and 1.00e-
10 (V pol.).

Eye Diagram for 50 GHz spacing, H polarization Eye Diagram for 100 GHz spacing, V polarization

400u
10m

Amplitude (a.u.)

200u

Time ib.it period)

Time (bit period)

Fig. 15 Eye diagrams of received signals over 550 km (11
loops) of optical fiber
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In the next experiment, the effect of increased CW laser
launch power on the creation of fiber nonlinear effects is
analysed. The transmission distance is set to 600 km
(12 loops). The CW laser launch power is linearly swept
from 0 dBm to 10 dBm. Again, the channel 5 is analysed
and BER is calculated. Fig. 16 shows the eye diagrams of
received channel 5 — for 100 GHz and 50 GHz channel
spacing and 6.66 dBm CW laser launch power.

Eye Diagram for 8 66 dBm, 100 GHz. H pal Eye Diagram for 6.66 dBm, 50 GHz, H polarization

Anpleste (Lx
Amplitude (o)
o

05
T p—

Fig. 16 Eye diagrams of received signals for 6.66 dBm launch
power

BER values calculated from eye diagrams shown in Fig. 17
are: 8.27e-009 for 100 GHz channel spacing and 1.08e-007
for 50 GHz channel spacing.

Fig. 18 shows the dependence of different launch level on
the signal transmission over proposed CP-DQPSK
modulated Ultra-DWDM system. Graphical dependence
for both polarization states is provided. The difference of
the performance between H and V polarization state is
small. Thus it indicates the small contribution of PMD. The
usable launch level of the proposed system is between 2 and
5 dBm for 50 GHz spaced DWDM, 1-6 dBm for 100 GHz
and 200 GHz spaced DWDM.
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100 Gbps CP-DQPSK DWDM - H polarization

100 Gbps CP-DQPSK DWDM - V polarization
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Fig. 17 100 Gbps CP-DQPSK DWDM - BER vs different channel spacings
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Fig. 18 100 Gbps CP-DQPSK DWDM - BER vs CW launch power

4. CONCLUSIONS

The 32-channel Ultra-DWDM system with CP-DQPSK
modulated signal and 400 Gbps transmission rate per
channel is analysed. In the simulation process we used the
advanced mathematical model of optical fiber which
enabled us to include nonlinear effects to the simulation
model. We demonstrate that it is possible to use 50 GHz
channel spacing in such high capacity Ultra-DWDM
system. The disadvantage is, of course, the lower
achievable distance, in this case 500 km. CP-DQPSK
modulated DWDM system performs better with 200 GHz
and 100 GHz compared to 50 GHz channel spacing.
Chromatic dispersion limits the transmission capacity when
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bit rate increases. It can be effectively compensated with
DCF to extend the reach and improve the quality of the
fiber optical line. The influence of fiber nonlinear effects is
inevitable in long-haul transmissions when in-line optical
amplifying is applied. To effectively transmit large number
of bits we have not only to deploy advanced optical
modulation technique such as CP-DQPSK, but also
optimize the transmission path in term of reducing the
effect of chromatic dispersion and fiber nonlinear effects.
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