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APRESENTACAO

N&o héa padrbes de desempenho em engenharia elétrica e da computacao que sejam
duradouros. Desde que Gordon E. Moore fez a sua classica profecia tecnologica, em
meados dos anos 60, a qual o numero de transistores em um chip dobraria a cada 18
meses - padrao este valido até hoje — muita coisa mudou. Permanece porem a certeza de
gue nao ha tecnologia na neste campo do conhecimento que nao possa ser substituida a
qualquer momento por uma nova, oriunda de pesquisa cientifica nesta area.

Produzir conhecimento em engenharia elétrica e da computacao é, portanto, atuar
em fronteiras de padrbes e técnicas de engenharia. Algo desafiador para pesquisadores
e engenheiros.

Neste livro temos uma diversidade de temas nas areas niveis de profundidade
e abordagens de pesquisa, envolvendo aspectos técnicos e cientificos. Aos autores e
editores, agradecemos pela confianca e espirito de parceria.

Boa leitura
Joao Dallamuta
Henrique Ajuz Holzmann
Marcelo Henrique Granza
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CAPITULO 7

DATA REGENERATION 2R IN OPTICAL
COMMUNICATION NETWORK BASED ON MACH-
ZEHNDER INTERFEROMETER WITH ACOUSTIC-

OPTICAL FILTER AND HIGHLY NON-LINEAR
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ABSTRACT: In the present paper a numerical
analysis of the performance of all-optical 2R
regenerator (Re-amplification and Re-shaping)

Engenharia Elétrica e de Computagao Atividades Relacionadas com o Setor Cientifico e Tecnolégico

PHOTONIC CRYSTAL FIBER

based on Self-Phase Modulation (SPM)
was carried out through the Mach-Zehnder
Interferometer (MZI) communication system
with Acousto-Optic Filter (AOF) and Highly Non-
Linear Photonic Crystal Fiber (HNL-PCF). The
system performance analyzes were performed
according to the variation of input power (from
-10dBm to 10dBm) and the transmission length
(from 120km to 1200km). The results showed
that the regeneration scheme 2R proposed
here presented values of minimum bit error rate
(Min. BER) below the threshold of 10-9 and of
maximum quality factor (Max. Q-Factor) above
the threshold of 6, when compared to a system
without regeneration.

KEYWORDS: Regeneration 2R, Self-Phase
Modulation, Acousto-Optic Filter, Highly Non-
Linear Photonic Crystal Fiber, Mach-Zehnder
Interferometer.

REGENERACAO 2R DE DADOS EM REDE

DE COMUNICACAO OPTICA BASEADA EM

INTERFEROMETRO DE MACH-ZEHNDER

COM FILTRO ACUSTICO OPTICO E FIBRA

DE CRISTAL FOTONICO ALTAMENTE NAO
LINEAR

RESUMO: No presente artigo, realizou-se uma
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andlise numérica do desempenho do regenerador 2R totalmente 6ptico (Reamplificacdo e
Reformatagcao) baseada em auto modulagéo de fase (Self-Phase Modulation — SPM) através
de um interferémetro de Mach-Zehnder com filtro acustico éptico (Acousto-Optic Filter —
AOF) e fibra de cristal fotdnico altamente néo linear (Highly Non-Linear Photonic Crystal
— HNL-PCF). As analises do desempenho do sistema foram realizadas de acordo com a
variacao da poténcia de entrada (de -10dBm a 10 dBm) e o comprimento da transmisséo
(de 120km a 1200km). Os resultados mostraram que o0 esquema de regeneracdo 2R aqui
proposto apresentou valores de taxa de erro de bit minima (Min. BER) abaixo do limiar de
10-9 e de maximo fator de qualidade (Max. Q-Factor) acima do limiar 6.
PALAVRAS-CHAVE: Regeneracao 2R, Auto Modulagdo de Fase, Filtro Acustico Optico,
Fibra de Cristal Fotbnico Altamente N&o Linear, Interferémetro de Mach-Zehnder.

11 INTRODUCTION

Overtheyearsthe scientificcommunity as well as the telecommunications industry have
been engaged in designing and deploying ultrafast and high bit rate optical communication
systems to meet the growing demand for network flexibility, transparency, low cost, low
power consumption and high bandwidth (ALIPOOR; MIR; SHEIKHI, 2018; AZZAM; ALY,
2018; SHARAN et al. 2016). In this sense, it is also expected that these systems will be
able to reduce the latency between nodes and regenerate degraded signals due to the
noise accumulated during the transmission process.

Several techniques have already been investigated through the design of fiber optic
communication systems based on non-linearities such as: Self-Phase Modulation (SPM),
Cross-Phase Modulation (XPM), Four-Wave Mixing (FWM) and Cross-Gain Modulation
XGM). Research by Azzam et al. (2018); Hui (2014); Oliveira et al. (2019) and Sousa et al.
(2018) demonstrate that these non-linear effects can be induced through the use of HNL-
PCF, Dispersion Compensated Fiber (DCF), HNLF and semiconductor optical amplifier
(SOA). Interferometer configurations such as Mach-Zehnder, Michelson and Sagnac have
been widely used for this purpose, as well as in other applications such as wavelength
conversion and remote sensing temperature, strain, mechanical stress and in techniques
for obtaining logic gates and signal regeneration in fiber optic communication system
(ALMEIDA et al., 2019; AMEL et al., 2015; KAMENEYV et al., 2014; SOUSA et al., 2019
and WANG et al., 2016).

Recently, the non-linear effects on optical fibers have been widely studied, such as
the effect of FWM in a Dense Wavelength Division Multiplexing (DWDM) integration with
Radio-over-Fiber (RoF) and optical double-side band modulation (ODSB), which was
investigated by Alipoor, Mir and Sheikhi, 2018.

Singh et al., 2017 presented an all-optical up-and down-wavelength converter has
been designed and investigated which is based on FWM effect in semiconductor optical

Engenharia Elétrica e de Computagao Atividades Relacionadas com o Setor Cientifico e Tecnolégico Capitulo 7




amplifier Mach-Zehnder Interferometer (SOA-MZI) using a bit rate of 60Gbps return-to-
zero on-off keying (RZ-OOK) modulated data, in which they obtained optimal Max. Q-factor
values.

And Abdollahi et al. 2014 presented the simulation of a photonic data regeneration
system with ultrafast and ultra-short Return to Zero (RZ) pulses generated through a
link All-Photonic DRoF (AP-DRoF), which was able to perform optical quantization and
wavelength conversion with power savings and improved performance.

Here, we investigated numerically the performance of all-optical 2R regenerator
based on Self-Phase Modulation through a Mach-Zehnder Interferometer communication
system with Acousto-Optic Filter and Highly Non-linear Photonic Crystal Fiber, which was
called a 2R-MZI-AOF regenerator. The results of the proposed system are evaluated as a
function of Min. BER and Max. Q-factor, optical signal to noise ratio (OSNR), eye height,
timing jitter and optical spectrum. The analysis was performed for signal output in the time
and frequency domain based on SPM and dispersion. In our work the structure of the
2R-MZI-AOF regenerator was described in the second part and then the analyzes and
discussions of the optical pulse results in time and frequency domain were presented in
the third part. And in the end the conclusion about the performance of the 2R-MZI-AOF

regenerator was presented.

2| SQUEMATIC THE PROPOSED MZI-AOF REGENERATOR 2R

The 2R regenerator proposed here is a pass-through scheme, based on a MZI
configuration with one arm containing an AOF and the other arm containing a HNL-PCF.
In Fig. 1 a block diagram of the proposed 2R-MZI-AOF simulation configuration is shown,
it is a single channel system with externally modulated laser source on a fiber optic link up
to 1200km in length 1550nm, which was developed and simulated using the OptiSystem
15.0 software in which the one-dimensional signal flow, the stimulated and spontaneous
Raman scattering (SRS), the Kerr non-linearity of SPM and the dispersion were taken into
account.

Our regenerator 2R-MZI-AOF was subdivided into three sections: transmission
section, degradation section, regeneration section, reception section and fibers section,
which will be described next.
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Degradation Section

20km EDFA GOF
Gain=12dB

)

Transmission Section

Mach-Zehnder Interferometer

Photodetector PIN BER Analyzer

Reception Section

HNL-PCF
1.3km

Regeneration Section

Figure 1 - Schematic of the MZI-AOF based on SPM.

2.1 Transmission Section

The numerical simulations of the proposed 2R-MZI-AOF regenerator were performed
at a 10Gb/s transmission rate using a Pseudorandom Bit Sequence (PRBS) generator
connected to a non-return-zero pulse generator (NRZ). The power source of the signal
was a Continuous Wave (CW) laser with a central wavelength of 1550nm, with initial
power of 0dBm and then varied from -10dBm to 10dBm. The amplitude of the signal was
electrically controlled by an external Mach-Zehnder (MZM) modulator with extinction ratio
of 30dB.

2.2 Degradation Section

The modulated signal emitted by the CW laser was sent to a Sigle-Mode Fiber (SMF)
and then the losses were compensated by an EDFA with gain of 20dB and noise figure
of 6dB. The distorted signal due to the ASE noise emitted by the first EDFA was filtered
by a Gaussian Optical filter (GOF) with a bandwidth of 500GHz. Chromatic dispersion
was compensated using a post-compensation scheme with compensated fiber dispersion
(DCF). Another EDFA with gain of 12dB and noise figure of 6dB and another Gaussian
filter with bandwidth of 500GHz, again with the objective of rejecting the noise of ASE. In
the proposed 2R-MZI-AOF regenerator, we use a loop control to increase the transmission
link distance by up to 10 times in order to degrade signal performance.
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2.3 Regeneration Section

In order to perform all-optical 2R (Reshaping and Re-amplification) regeneration, we
use an interferometric MZI-type wavelength converter with an AOF with 100GHz bandwidth
and the same wavelength as the CW laser and a HNLF-PCF on the lower arm.

In the regeneration section the signal was divided symmetrically in two paths, using a
3dB fiber coupler. That is, half of the light was injected into the AOF that had the function of
selecting the wavelength corresponding to the input signal, where in the region of interaction
within the AOF the acoustic field acted on the optical fields converting the polarization
signal TE to TM and vice-versa on one of the two output ports of the beam splitter. The
other half of the light was injected into the HNL-PCF which produced spectral amplification
induced by SPM as a function of the peak power intensity. Subsequently the light beams
were recombined in the second 3dB coupler. At the output of the MZI, another additional
Gaussian filter with a bandwidth of 62.4GHz was used to perform signal reshaping.

2.4 Reception Section

The signal was received in the reception session by the photodetector PIN which
converted the optical bit stream into electrical bit stream and finally a low pass electric
Bessel filter with a cut-off frequency of 7.5GHz was used to filter that bit stream. The
responsivity of photodetector PIN is 1A/W, and the dark current is 10nA. In order to analyze
the optical signal at different stages of the optical link, the optical spectrum analyzer (OSA),
the optical time domain visualizer and the BER analyzer were used to evaluate the signal
in the time and frequency domain.

2.5 Fibers Section

In the 2R Regenerator design, three types of optical fibers were used, both with non-
linear refractive index of 2.6x10%°m?/W and a reference wavelength of 1550nm. A SMF
with attenuation (a) of 0.22dB/km, dispersion (D) of 17ps/km-nm2 and dispersion slope
(S) of 0.08ps/nm?/km at 1550nm, and core effective area of the fiber (A ;) as 80um>. The
DCF segment used in each span has a of 0.5dB/km, D of -85ps/km-nm, S is -0.45ps/nm?/
km and A, of 30um?. And a HNL-PCF with a of 9dB/km, D of -0.5ps/km-nm, S of 0.01ps/
nm?/km and Aeff of 1.81um?2. Initially the total length of the system was segmented into 1:
5 and 1:28 ratios, ie 17km DCF and 1.3km HNL-PCF respectively, for 83km SMF.

3 | SIMULATIONS AND DISCUSSION OF NUMERICAL RESULTS

The performance analysis of the 2R-MZI-AOF regenerator was performed through an
interactive search of solutions of equation (1) as a function of the variation of the power
parameters of the input signal and fiber length. Thus, the initial power of the CW laser was
0dBm and then varied from -10dBm to 10dBm and the transmission length ranged from
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120km to 1200km. In this sense the results were collected according to eye diagrams,
optical spectra in the frequency domain and time domain waveforms at the exit of each
section of the 2R-MZI-AOF regenerator. The values of Max. Q-Factor, Min. BER, eye
height, timing jitter and OSNR were the metrics used to determine the performance of the
system in order to investigate signal amplitude and phase distortions and the deficiencies
caused by SPM and ASE noise in the transmission and reception processes.

Figure 2 shows the NRZ wave form in the time domain with 0dBm output power at the
output of the transmitter, at the output of the degradation section (after 1200km transmission
length) and in the regeneration section respectively. In figure 2 (b) it is possible to note that
the signal has ASE noise, amplitude and phase distortions and also suffered attenuation
and dispersion which resulted in loss of power in a good part of the signal.

For the signal of figure 2 (c) showing the waveform after the regeneration section, it is
possible to notice a considerable difference in relation to the waveform of the degradation
section shown in figure 2 (b), in this case the noises of ASE were filtered by the GOFs and
also the signal was reamplified and reformatted, so the regenerated output waveform is
almost the same as the input waveform.
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Figure 2 - (a) Initial signal NRZ at the output of the transmitter, (b) Degraded signal at the output of the
degradation section and (c) Signal regenerated at the output of regeneration section 2R.
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Figure 3 - Optical spectrums at (a), (b), and (c) both after HNL-PCF (signal amplified by SPM induced
due to variation of input signal power).
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In the spectra after the HNL-PCF shown in figures 3 (a), (b) and (c) it is possible to
note that a signal widening occurred due to the increase of the SPM induced within the
HNL-PCF as a function of the power increase input. It is clear that the HNL-PCF used has
a normal dispersion coefficient (D<0), in this case, it served the purpose of the project,
where the amplification in the signal was performed to obtain mutual compensation of
Group Velocity Dispersion (GVD) and the non-linear effects of SPM induced.

The spectra after the AOF are shown in figure 4. In this case, a signal amplification
occurred as a function of the signal power variation, which influenced the improvement of
the Optical Signal Noise Ratio (OSNR) and the timing jitter. Signal Noise Ratio (OSNR) and
the timing jitter. Also, the results in the graphs of the eye diagrams of figure 5 presented
satisfactory values for the good performance of the 2R-MZI-AOF proposed for the signal
after the regeneration, when compared to the values of performance for the signal before
the regeneration.
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Figure 4 - Optical spectrums at (a), (b), and (c) both after AOF (signal amplified by SPM induced due to
variation of input signal power).

3.1 Signal Input Power Impact

The performance of the proposed 2R-MZI-AOF as a function of input power was
performed with a 120km transmission length and power was varied from -10dBm to 10dBm.
In this case, it was verified that with the increase of the signal power, the performance of
the system was compromised, where the quality factor reduced and the bit error rate
increased, this was due to the increase in the non-linear effects of SPM which resulted in
distortions in the signal.

Figure 5 compares the eye diagrams for the signal at the output of the degradation
section and also for the regeneration section as a function of the input power variation.

Figure 5 (a) shows that for the input power of -10dBm the Max. Q-factor was equal to 3.7
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and the Min. BER was equal to 1.02x10*. Other low performance values were also found
for 0dm and 10dBm, which obtained values of Max. Q-Factor equal to 4.5 and 5.4 and Min.
BER equal to 3.74x10° and 2.58x108 in figure 4 (b) and 4 (c) respectively. These results in
figures 4 (a), 4 (b) and 4 (c) refer to the performance of the system before 2R regeneration.
Therefore, through the use of AOF in the system, the chromatic dispersion of the fiber was
attenuated, which consequently reduced the bit error rate and increased the quality factor
as shown in the following sections.
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Figure 5 - Eye diagrams at, (a) and (d) - 10dBm input power, (b) and (e) 0dBm input power and (c) and
(f) 10dBm input power both before and after regeneration respectively.

However, by comparing with the regeneration session exit eye digrams shown in
figures 5 (d), (e) and (f) it is possible to observe a considerable contrast in the performance
results of the system, where the signal from the eye diagram at the output of the regeneration
section appear lighter than the eye diagrams of the degradation section. Thus, for the
input power of -10dBm the Max. Q-Factor equals 11.5 and the Min. BER equals 6x103'.
For the input power of 0dBm the best performance values were obtained, where the Max.
Q-Factor was equal to 17 and the Min. BER was equal to 1.22x10¢. And in figure 5 (f)
shows that for the input power of 10dBm the Max. Q-factor was equal to 8.32 and the Min.
BER equal to 3.6x10".
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Therefore, as shown in the graphs of figure 6, it can be stated that with these results
the 2R-MZI-AOF regeneration technique proposed here offered better performance for the
system, when compared to the system without regeneration, which obtained values of Min
BER above the threshold and Max. Q-Factor below the threshold.
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Figure 6 - Measurement Min. BER and Max. Q-Factor for 2R Regenerator in function of input power.

Time (bit period)

05

Figure 7 - Timing Jitter for degraded signal (a) and regenerated (b) for input power of 0dBm.

Figure 7 shows the timing jitter of an eye diagram, measured at the cross-point of the
eye diagram, as the difference between the time values of points A and B. Figure 7 (a) and
(b) show timing jitter for signal before and after regeneration 2R. Thus, we highlight that
the simulation results for the input power of 0dBm show that for an ultra- short NRZ pulse
with a job cycle of 5% to 10Gbit/s using the proposed 2R-MZI-AOF regeneration system
it was possible to obtain a OSNR approximately equal to 43.8dB, reduce the timing jitter
by approximately 78.4% and also greatly improve the height of the eye diagram to about
8.2x10* compared to the height of the eye of the signal without regeneration which was
equal to 2.4x10*.

Obviously, by comparing the results for each individual case it can be stated that by
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increasing the power of the signal from -10dBm to 10dBm, the system OSNR decreases,
at min. BER increases and the Max. Q-Factor decreases, but the results of the signals
regenerated by 2R-MZI-AOF were considered favorable to the good performance of the
system.

3.2 Impact of Link Length

We also analyzed the performance impacts of the proposed 2R-MZI-AOF as a function
of the length of the SMF and DCF simultaneously. The length of the link was varied from
120km to 1200km for the input power of 0 dBm and with the length of the HNL-PFC fixed
at 1.3km. In this sense, in this section, the nonlinear effects such as chromatic dispersion
which are dependent on the fiber length is discussed.

Figure 8 shows the eye diagrams of the proposed 2R-MZI-AOF before and after
the regeneration section for different fiber lengths with 120km, 600km and 1200km,
respectively. Where the Max. Q-Factors before regeneration were 4.5, 0 and 0 and the
Min. BERs 4x10°%, 1 and 1. However, for the signal after regeneration the Max. Q-Factors
were 17, 12 and 9 and the Min. BERs were 1.2x10%, 5x102* and 1.7x10%. From figure 8
(a), (b) and (c), it is possible to state that, with the increase of the link length, there was
a reduction of the system performance for both cases, factor decreased and min. BER
increased. However, the results of figures 8 (d), (e) and (f) clearly show that the signal
after regeneration has significantly less phase noise and amplitude fluctuation than the
signal before regeneration. Therefore, the link with the proposed 2R-MZI-AOF regenerator
obtained a significantly better performance than the link without the 2R-MZI-AOF, as also
shown in the graph of figure 9.
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1200km fiber length both before and after regeneration respectively.
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Figure 9 - Fig. 9 Measurement Min. BER (a) and Max. Q-Factor (b) for 2R Regenerator in function of
length.

Figure 10 shows the calculated eye plots for the system with and without 2R-MZI-
AOF. It was observed that the system with 2R-MZI-AOF obtained values of Max. Q-Factor
above the threshold and also values of Min. BER below the threshold for all the measures
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of transmission used, so | was able to restore the deficiencies of non- linearity of the optical
link and consequently reduced Total Jitter to approximately 85% for the 240km transmission
system. The Total Jitter comparison is only possible for the system with a length of 120km
and 240km, because for the other values of transmission length the results of this metric
becomes impracticable due to signal degradation to the system without the 2R-MZI-AOF.
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Figure 10 - Timing Jitter for the degraded signal (a) and regenerated (b) for the transmission distance of
240km.

Although OSNR was degraded to 13dB after 120km of transmission to the system
without 2R-MZI-AOF, an improvement of the OSNR was achieved to 24.6dB by the 2R-MZI-
AOF system. Therefore, the system without 2R-MZI-AOF can be considered as impossible
to implement because the performance results were poor, where all the values of the Q.
Factor were below the threshold as well as all the values of Min. BER were above the
threshold, so from 240km up to 1200km of transmission the eye diagrams presented with
heights equal to 0 and completely stressed.

41 CONCLUSION

We present in this work a all-optical 2R-MZI-AOF regenerator based on SPM, which
made the signal more resistant to deterioration and addition of noises. The results of
the numerical simulations showed that there was a significant improvement of the signal
performance when compared to the results of the system without AOF. The HNL-PCF with
only 1.3km in length was able to produce substantial spectral widening through induced
SPM. It has also been demonstrated that the PMS phenomenon can be used to achieve
all-optical 2R regeneration in systems with 10Gb/s transmission rate through the use of an
AOF in an MZI scheme where excellent performance values have been achieved, which
proved the feasibility of operating the scheme in a broadband system. Therefore, our
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proposed 2R-MZI-AOF regenerator has the following advantages: (1) simple scheme, (2)
ease of achieving high performance, (3) high tolerance for signal power fluctuation and (3)
error-free detection. In this sense we can say that the 2R-MZI-AOF not only saved power,
but also improved the performance and quality of service of the system.
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