ALL-OPTICAL 2R REGENERATOR BASED ON SELF-PHASE
MODULATION

SITI NURUL SHARINA BINTI MAT YAACOB

A thesis submitted in
fulfillment of the requirement for the award of the

Degree of Master of Electrical Engineering

Faculty of Electrical and Electronic Engineering

Universiti Tun Hussein Onn Malaysia

JULY 2020



| dedicate this thesis to my lovely husband,

Mohd Khairul Fahmi Bin Jusoh

To my beloved parents,

Hj Mat Yaacob Bin Mat Som and Hjh Hanisah Binti Hj Mohamed

To my dearest siblings,
Saripah
Shuhaimi
Sarimah
Sakinah
Miswary
Siti Shalwani
Mohd Khairul Aswan
Mohd Rizal
Siti Sarah

May this thesis will give inspiration to my adorable nieces and nephews

To my late grandmother, Lijah Binti Junuh...Al-Fatihah



ACKNOWLEDGEMENT

First of all, I would like to give my greatest thanks to ALLAH The Almighty, for His
countless blessings.

Secondly, my special gratitude goes to my supervisor, Dr. Nor Shahida Binti
Mohd Shah, for her kindness and guidance. | am deeply grateful for their willingness
in helping me out.

I would also like to thank the Research Acculturation Collaborative Effort
(RACE) Grant Vot143 and Centre Graduated Study (CGS), Universiti Tun Hussein
Onn Malaysia (UTHM) for providing me the scholarship and the opportunity to study
in UTHM.

Last but not least, | am greatly indebted to my family; my beloved parents
Hj. Mat Yaacob Bin Mat Som and Hjh. Hanisah Binti Hj. Mohamed, my loving
siblings and also my lovely husband for the support, encouragement and

understanding.



ABSTRACT

Nowadays, optical regeneration is getting popularity as it provides an effective way of
coping with transmission impairment. Transmission impairments degrade the quality
of optical signals and thus, ultimately limiting the achievable transmission distance.
Optical 2R regenerators provide an effective way of coping with transmission
impairments by restoring the quality of optical signals through re-amplification and
reshaping (2Rs), thereby enabling reliable transmission over long distances. In this
work, All-Optical 2R Regeneration which is based on self-phase modulation (SPM) in
a single highly nonlinear fiber (HNLF) with 2500 km length of transmission is
investigated. In addition, there are two types of modulation format namely, non-return-
to-zero on-off keying (NRZ-OOK) and return-to-zero on-off keying (RZ-OOK) were
investigated. Both of these modulation techniques were performed in two stages which
are the degradation and regeneration stages. The simulation results show that the NRZ-
OOK and RZ-OOK have significant improvement after the regeneration stage. For
NRZ-OOK, the maximum Q-factor before and after the regeneration stage are 3.751
and 5.859, respectively. The minimum bit error rate (BER) after the degradation stage
is 10 and is further improved to 10 after the regeneration stage. For RZ-OOK, the
maximum Q-factor before and after the regeneration stage are 4.514 and 6.768,
respectively. The minimum bit error rate (BER) after the degradation stage is 10 and

is further improved to 1072 after the regeneration stage.
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ABSTRAK

Pada masa kini, pertumbuhan semula isyarat optik menjadi lebih popular kerana
kelebihannya yang menawarkan cara yang lebih berkesan bagi mengatasi kemerosotan
penghantaran isyarat. Kemerosotan penghantaran isyarat merendahkan kualiti isyarat
optik, dan akhirnya menghadkan pencapaian jarak penghantaran. Penjanaan semula
isyarat optik 2R menyediakan cara yang lebih berkesan dalam menangani kemerosotan
penghantaran dengan memulihkan kualiti isyarat optik melalui penguatkuasaan
semula dan pembentukkan semula (2Rs), sekaligus membolehkan penghantaran
dicapai pada jarak yang lebih jauh. Dalam kajian ini, pertumbuhan semula isyarat optik
2R berdasarkan fasa modulasi sendiri di dalam gentian optik tidak linear dengan
2500 km jarak penghantaran telah di kaji. Tambahan pula, terdapat dua jenis teknik
modulasi yang digunakan dalam kajian ini iaitu isyarat tidak kembali kepada sifar
(NRZ-OOK) dan isyarat kembali kepada sifar (RZ-OOK). Teknik modulasi ini
dilaksanakan dalam dua peringkat iaitu peringkat degradasi dan peringkat
pertumbuhan semula. Keputusan simulasi menunjukkan bahawa NRZ-OOK dan
RZ-OOK mempunyai peningkatan yang ketara di peringkat pertumbuhan semula
isyarat. Bagi NRZ-OOK, maksimum faktor-Q sebelum dan selepas pertumbuhan
semula masing-masing adalah 3.751 dan 5.859. Manakala kadar minimum ralat bit di
peringkat degradasi adalah 10 dan meningkat kepada 107 di peringkat penjanaan
semula. Bagi RZ-OOK pula, maksimum faktor-Q sebelum dan selepas pertumbuhan
semula adalah 4.514 dan 6.768 manakala kadar minimum ralat bit adalah 10° di

peringkat degradasi dan meningkat kepada 102 di peringkat penjanaan semula.
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CHAPTER 1

INTRODUCTION

1.1 Fundamental of Optical Communication Systems

Optical communication system different from other communication systems in term
of the frequency range of the carrier used to carry the information. The optical carrier
frequency typically 100 THz, compared to the microwave carrier frequency of 1 to 10
GHz [1]. Figure 1.1 shows a general block diagram of an optical communication
system. It consists of an optical transmitter, communication channel and optical
receiver. Optical communication systems can be classified into two categories which
are guided and unguided. In guided light wave systems, the optical beam emitted by
the transmitter remains spatially confined and this is achieved by using optical fiber
[1].

While, unguided optical communication systems, the optical beam emitted by
the transmitter spreads in space in a similar manner to radio wave. However, unguided
optical systems are less suitable in broadcasting applications than microwave systems
because optical beam spreads mainly in the forward direction. In general, the purpose
of optical communication will transfer information from one point to another point [2].
The telecommunication application can be widely classified into two categories which
are long-haul and short-haul. Long-haul communication systems need high-capacity



trunk lines and benefit most from the use of fiber optic light wave system while short-
haul telecommunication applications cover intercity and local loop traffic [1]. Such

systems normally operate at low bit rates over any distances that is less than 10 km

2].

Optlcgl —) COMMUNIcation ChanNg| e Optl_cal
Transmitter Receiver

Figure 1.1: A general block diagram of an optical communication system [2]

1.2 All-Optical Signal Regeneration

Optical transmission is the greatest way to transmit high capacity information in a
long-haul transmission systems. The growth of transmission speed and capacity
encouraged through the advanced development of optical transmission technologies.
The signal degradation becomes more dominant as the optical transmission system
moves to higher bit rates and more advanced technologies have evolved since then.
All-optical signal regeneration is appropriate to various modulation formats and can
work in an ultrafast manner. 2R stands for reamplifying and reshaping the signal while
3R adds retiming of the signal [3]. 2R and 3R regeneration systems can enhance the
degraded signals and improve the transmission performance.

The nonlinear properties can be obtained by injecting a sufficiently high light
intensity inside the materials, such as fiber [4-5], semiconductor [6-7], and silicon [8-
9]. Silica-based highly nonlinear fiber (HNLF), which has a long communication
length and high confinement in the waveguide structure, is an attractive nonlinear
medium for high bit rate all-optical signal processing [10]. For fiber-based signal
regeneration, there are many types of nonlinear effects that can be used which are self-
phase modulation (SPM) [10-13], cross-phase modulation (XPM) [14-15], four-wave
mixing (FWM) [16-17], and stimulated Raman scattering (SRS) [18]. Detailed
discussions on these nonlinearities and their abilities for signal regeneration are

discussed in Chapter 2.



This thesis is focused on all-optical 2R regeneration. All-optical 2R
regeneration reamplifying and reshaping can improve the degraded signals resulting
from fiber loss, dispersion, nonlinearity, and Amplified Spontaneous Emission (ASE)
noise [19-21]. Moreover, 2R regeneration is a key technique in minimizing
impairments and attaining long-haul transmission distance, scalability and flexibility
[22-23]. Figure 1.2 shows the schematic operation of an optical 2R regeneration. It

comprises of a transmitter, degradation and regeneration stages.

Transmitter Degradation Regeneration
Stage ' Stage ' Stage

Figure 1.2: Schematic diagram of an optical 2R regeneration [9]

1.3 Problem Statement

Nowadays, the regeneration of all-optical signal must be compatible with the
technology of data transmission. Some of the issues in optical transmission systems
are signal distortion and fiber losses especially when the signal is transmitted by long-
haul transmission system. In addition, the signal is attenuated during transmission
because of the inherent properties of optical fiber which will cause considerable
reduction of the signal power in the receiver. In addition, signal performance in terms
of maximum Q-factor, minimum bit error rate (BER) and bit error rate pattern are poor.
As a solution, 2R regenerator (reamplifying, and reshaping) is proposed because it can
directly handle degraded signals resulting from fiber loss and distortion. Besides that,
the 2R regenerator preserves quality of the signal and allows long-haul transmission
system. There are several stages which need to be fulfilled in order to develop the 2R

regenerator.



1.4 Objectives

The major objective of this work is to improve the performance of degraded signals
resulting from fiber losses and distortion. Specific objectives are as follows:

1. To develop and optimize optical 2R Regeneration based on self-phase
modulation.
2. To evaluate the performance of the signal in terms of the maximum

Q-factor, minimum bit error rate and bit error rate pattern in All-Optical

2R Regeneration.

1.5 Scope

The scope of this work are:

1. Develop an optical 2R Regeneration by using Optisystem 12.0 software.
2. Regenerate 10 Ghit/s signal by using all-optical regeneration in a single
channel both of NRZ-OOK and RZ-OOK moulation format.

3. Regeneration is based on a self-phase modulation.

1.6 Thesis Outline

This thesis contains five chapters. In Chapter 1, the introduction of this thesis is
presented. This is followed by literature review in Chapter 2. Chapter 3, discusses the
methodology that is used in the development of 2R regeneration in optical
communication. The simulation results are shown and analysed in Chapter 4. Finally,
Chapter 5 concludes this thesis and discusses the main issues in the regeneration

scheme with suggestions for future work.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

2R regeneration is the key technique for minimizing impairments and attaining long-haul
transmission distance, scalability and flexibility. This chapter presents the theoretical
background of all-optical 2R Regeneration that includes optical transmitter, optical
receiver, NRZ signal modulation, RZ signal modulation and nonlinear effects. There are
many types of nonlinear effects that can be used in fiber-based signal regeneration, such
as self-phase modulation (SPM) [10-13], cross phase modulation (XPM) [14-15], four
wave mixing (FWM) [16-17], stimulated Raman scattering (SRS) [18] and stimulated
Brillouin scattering (SBS) [24].



2.2 Optical Transmitter

The role of an optical transmitter is to transform an electrical signal into optical form and
launch the resulting optical signal into the optical fiber. Figure 2.1 shows the block
diagram of an optical transmitter. An optical transmitter consists of an optical source,
modulator, and optical output. Semiconductor lasers are used in optical source because of
their compatibility with the optical-fiber communication channel. The optical signal is
produced by modulating the optical carrier wave. Although an external modulator is used
in certain cases, it can be omitted in most cases since the output of a semiconductor optical

source can be modulated directly by varying the injection current [1-2].

Electrical input

!

Optical source —»  Modulator —  OPtcal

output

Figure 2.1: Block diagram of an optical transmitter [2]

2.3 Optical Receiver

An optical receiver transforms the optical signal received at the output end of the optical
fiber back into the original electrical signal. Figure 2.2 shows the block diagram of an
optical receiver. It consists of photodetector and demodulator. Semiconductor
photodiodes are used as photodetectors because of their compatibility with the entire
system. The design of the demodulator relies on the modulation format used by the

lightwave system [1-2].



Electronics

—> Photodetector === Demodulator =
Optical input Electrical output

Figure 2.2: Block diagram of an optical receiver [2]

2.4 Modulation Format

There have been a number of optical modulation format in optical communication systems
which are binary signalling, non-return-to-zero (NRZ), return-to-zero and phase-shift
keying (PSK). The modulation format involved in this thesis are NRZ-OOK and RZ-
OOK.

2.4.1 NRZ Format and RZ Format

The unipolar non-return-to-zero (NRZ) code is the easier method for encoding data.
Unipolar means that a logic ‘1’ is represented by a light pulse that fills an entire bit period,
whereas, for a logic ‘0’, no pulse is transmitted as shown in Figure 2.3. From the figure,
the RZ code has an amplitude transition at the beginning of each bit interval when a binary

‘1’ is transmitted and no transition when a binary ‘0’ is transmitted [24].



NRZ Format

RZ Format

|

Figure 2.3: NRZ and RZ code pattern [24]

2.5 Nonlinear-Optical Effect

Optical nonlinearities can be categorised into two general categories. The first category is
nonlinear inelastic scattering processes which are stimulated Raman scattering (SRS) and
stimulated Brillouin scattering (SBS) [24]. The second category of nonlinear effects arises
from the intensity-dependent variations in the refractive index of a silica fiber, which is
known as the Kerr effect that includes self-phase modulation (SPM) [10-13], four-wave
mixing (FWM) [16-17] and cross-phase modulation (XPM) [14-15, 24]. Figure 2.4

illustrates the classification of optical nonlinearities.

Nonlinear Optical

[RUR R Ep—— o

Effect
Elastic Non-Elastic
v v y
Nonlinear Stimulated Stimulated Raman
refractive index Brillouin Scattering
(Kerr-effect) Scattering (SBS) (SRS)
v v '

Self-Phase Cross-Phase Four-Wave
Modulation Modulation Mixing

(SPM) (XPM) (FWM)

Figure 2.4: Classification of optical nonlinearities [25]




2.5.1 Self-Phase Modulation (SPM)

The refractive index, n of many optical materials has a weak dependence on optical
intensity, | and is given by:

n(l) = no + nal (2.1)

where ng is the ordinary refractive index of the material, ny is the nonlinear index

coefficient and I is the intensity of the pulse.

The Kerr nonlinearity is known as the nonlinearity in the refractive index [2]. It
gives upsurge to self-phase modulation (SPM), which converts optical power fluctuations
in the same wave in single-wavelength links. [26-29]. Main parameter is the nonlinear
coefficient, Y which shows the magnitude of the nonlinear effect for SPM. This parameter

IS given by:

— 2T M2
=T (2.2)

where 7 is a free space wavelength and 4 is an effective core area.

Figure 2.5 shows the effect inside the SPM. From the figure, the time axis is normalized
to the parameter, to which is the pulse half-width at the 1/e-intensity point. The edges of
the pulse represent time-varying intensity, which rises quickly from zero to maximum
value and then returns to zero. A time-varying signal intensity will produce a time-varying
refractive index in a medium with an intensity-dependent refractive index. Therefore, the

index at the peak of the pulse will be slightly distinct than the value in the wings of the
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pulse. The leading edge will observe a positive dn/dt, whereas the trailing edge will
observe a negative dn/dt. The temporally varying index change results in a temporally
varying phase change as shown in Figure 2.5. The consequence is that the instantaneous
optical frequency differs from its initial value vo across the pulse. Different parts of the
pulse undergo different phase shifts since phase fluctuations are intensity-dependent. It is
called frequency chirping. SPM effects are more noticeable for higher-intensity pulses

since the degree of chirping depends on the transmitted power.

4 Optical power

Front / \ Back
+ dn/dt / \ - dn/dt
L 1 ] \\1 o

2 -1 0 I 2
t/to

7

4 Frequency chirp

do/dt b
-1/« 1\ -

= ) 2
\ / t/ to

Figure 2.5: Explanation of spectral broadening of a pulse due to self-phase modulation
[27]

2.5.2 Cross-Phase Modulation (XPM)

Cross-phase modulation (XPM) is identical to SPM, except that two overlapping but
distinguishable pulses (different frequencies or polarizations) are involved [24]. One pulse
will modulate the index of the medium, which then leads to the phase modulation of an

overlapping pulse. Thus, if phase encoding is employed or if intensity modulation is used



[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

REFERENCES

Agrawal, G. P. Fiber-Optic Communications Systems. Third Edition. vol. 6.
2002.

Agrawal, G. P. Fiber-Optic Communications Systems, Willey Series in
Microwave and Optical Engineering. 1993.

Leclerc, O., Lavigne, B., Balmefrezol, E., Brindel, P., Pierre, L., Rouvillain, D.,
& Seguineau, F. Optical regeneration at 40 Gb/s and beyond. J. Lightw.
Technol. vol.21, no. 11. 2003. pp. 2779-2790.

Feng, X., Monro, T. M., Petropoulos, P., Finazzi, V., & Hewak, D. Solid micro
structured optical fiber. Opt. Express. vol. 11, no. 18. 2003. pp. 2225-2230. 2.

Matsumoto, M. Fiber-based all-optical signal regeneration. J. Sel. Top.Quant.
Electron. (Rapid Post). IEEE. 2011. pp. 1-15. 2, 9, 18, 19, 26.

Simos, H., Bogris, A., & Syvridis, D. Investigation of a 2R all-optical
regenerator based on four-wave mixing in a semiconductor optical amplifier. J.
Lightw. Technol. Lett. vol. 22, no. 2. 2004. pp. 595-604. 2.

Scaffardi, M., Ghelfi, P., Lazzeri, E., Poti, L., & Bogoni, A. Photonic processing
for digital comparison and full addition based on semiconductor optical
amplifiers. J. Sel. Top. Quantum Electron. vol. 14, no. 3. IEEE. 2008. pp. 826-
833.2.

Salem, R., Foster, M. A., Turner, A. C., Geraghty, D. F., Lipson, M., & Gaeta,
A. L. All-optical regeneration on a silicon chip. Opt. Express. vol. 15, no. 12.
2007. pp. 7802-7809. 2.



[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

56

Almeida, V. R., Barrios, C. A., Panepucci, R. R., & Lipson, M. All — optical
control of light on a silicon chip. Nature. vol. 431, no. 7012. 2004.
pp. 1081-1084. 2.

Agrawal, G. P. Applications of Nonlinear Fiber Optics. 2nd ed. San Francisco,
CA: Academic. 2, 6; 2008.

Matsumoto, M. Efficient all-optical 2R regeneration using self-phase
modulation in bidirectional fiber configuration. Opt. Express, vol. 14, no. 23.
2006. pp. 11018-11023. 1.

Matsumoto, M. Optical Regenerators for Novel Modulation Schemes. Impact
of Nonlinearities on Fiber Optic Communications. Springer, vol. 7. 2011.
pp. 415-449. 2, 4, 62.

Her, T. H., Raybon, G., & Headley, C. Optimization of pulse regeneration at
40 Gb/s based on spectral filtering of self-phase modulation in fiber. IEEE
Photon. Technol. Lett. vol. 16, no. 1. 2004. pp. 200-202. 2.

Jinno, M. and Abe, M. All-optical regenerator based on nonlinear fibre Sagnac
Interferometer. Electron. Lett. vol. 28, no. 14. 1992. pp. 1350-1352. 2, 19.

Suzuki, J., Tanemura, T., Taira, K., Ozaki, Y., & Kikuchi, K. All-optical
regenerator using wavelength shift induced by cross-phase modulation in
highly nonlinear dispersion-shifted fiber. IEEE Photon. Technol. Lett. vol. 17,
no. 2. 2005. pp. 423-425. 2, 19.

Radic, S., McKinstrie, C. J., Jopson, R. M., Centanni, J. C., & Chraplyvy,
A. R. All-optical regeneration in one- and two-pump parametric amplifiers
using highly nonlinear optical fiber. IEEE Photon. Technol. Lett. vol. 15,
no. 7. 2003. pp. 957-959. 2, 24.



[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

57

Inoue, K. Suppression of level fluctuation without extinction ratio degradation
based on output saturation in higher order optical parametric interaction in
fiber. IEEE Photon. Technol. Lett. vol. 13, no. 4. 2001. pp. 338-340. 2, 6, 24.

Dahan, D., Alizon, R., Bilenca, A., & Eisenstein, G. Optical noise reduction in
inter-band Raman mediated wavelength conversion. Electron. Lett. vol. 39,
no.3. 2003. pp. 307-309. 2, 19.

Wen, F., Wu, B. J.,, Zhou, X. Y., Yuan, H.,, & Qiu, K. All-optical four-
wavelength 2R regeneration based on data-pump four-wave-mixing with offset
filtering. Opt. Fiber Technology. vol. 20, no. 3. 2014. pp. 274-279.

Yu, Y., Ingham, J. D., Rosas-Fernandez, J. B., Wonfor, A., Penty, R. V., &
White, I. H. Multi-channel return-to-zero signal regeneration using a single
phase modulator and an AWG. Opt. Fiber Commun. (OFC), collocated Natl.
Fiber Opt. Eng. Conf. 2010 vol. 1. 2010. pp. 4-6.

Shah, N. I. M. and Matsumoto, M. 2R Regeneration of time-interleaved
multiwavelength signals based on higher order four-wave mixing in a fiber.
IEEE Photonics Technology. Lett. vol. 22, no. 1. 2010. pp. 27-29.

Le, Q. T. Contribution to the study of optical functions for signal regeneration
in high-bit-rate transmission systems Saturable absorber for WDM-compatible
2R regeneration. 2010.pp. 1-25.

Matsumoto, M. Efficient all-optical 2R regeneration using self-phase
modulation in bidirectional fiber configuration. Opt. Express. vol. 14, no. 23.
2006. pp. 11018-11023.

Gerd.K. Optical Fiber Communication. 5" edition. Boston University and

Photonics Comm Solution. 2015.

Singh, S. P. and Singh, N. Nonlinear Effects in Optical Fibers: Origin,
Management and Applications. Prog. Electromagn. Res. vol. 73. 2007. pp.
249-275.



[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

58

Fereira, M. F. and Wiley, Hoboken, N. J. Nonlinear Effects in optical Fibers.
2011.

Forghieri, F., Tkach, R. W., Chraplyvy, A. R., Kaminow, P., & Koch, T. L.
Fiber nonlinearities and their impact on transmission system. Optical Fiber

Telecommunications I11. VVol. A, Academic, New York, 1997.

Chraplyvy, A. R. Limitations on lightwave communications imposed by
optical-fiber nonlinearities. J. Lightw. Technol. vol. 8. Oct 1990. pp. 1548-1557.

Kikuchi, N. and Sasaki, S. Analytical evaluation technique of self-phase
modulation effect on the performance of cascaded optical amplifier systems.
J. Lightw. Technol. vol. 13. May 1995. pp. 868-878.

Hui, R., Demarest, K. R., & Allen, C.T. Cross-Phase Modulation in Multispan
WDM Optical Fiber Systems. IEEE J. Lightw. Technol. 17:1018-1026(1999).

Bigo, S., Billoti, G., & Chbat, M. W. Investigation of Cross-Phase Modulation
Limitation over Various Type of Fiber Infrastructures. IEEE Photon. Technol.
Lett. 11:605-607 (1999).

Shibata, N., Braun, R. P.,, & Waarts, R. G. Phase-match dependence of
efficiency of wave generation through four-wave mixing in a single mode
optical fiber. IEEE J. Quantum Electron. vol. 23. July 1987. pp.1205-1210.

Zeiler, W., Di-Pasquale, F., Bayvel, P., & Midwinter, J. E. Modelling of four-
wave mixing and gain peaking in amplified WDM optical communication
system and networks. J. Lightw. Technol. vol. 14. Sept 1996. pp. 1933-1941.

Toulouse, J. Optical nonlinearititiesmin Fiber: Review, recent examples, and

systems applications. J. Lightw. Technol. vol. 23. Nov 2005. pp. 3625-3641.

Kobyakov, A., Sauer, M., & Chowdhurry, D. Stimulated Brillouin scattering
in optical fibers. Adv. Opt. Photonics. vol 2, no.1. 2010. pp. 1-59.

Stolen, R. H. The early yearsnof fiber nonlinear optics. J. Lightw. Technol. vol.
26, no. 9. May 2008. pp. 1021-1031.

Boyd, R. Nonlinear optics. Academic Press. New York, 3" edition. 2008.



[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

59

Peucheret, C., Lorenzen, M., Seoane, J., Noordegraaf, D., Nielsen, C. V.,
Griner-nielsen, L., & Rottwitt, K. Amplitude Regeneration of RZ-DPSK
Signals in Single-Pump in Fiber Optic Parametric Amplifier. IEEE Photonics
Technology Letters. vol. 21, no. 13. 2009. pp. 872-874.

Hnaung, S. S. Design and Implementation of 10Gbps All-optical 2R
Regenerator. International Journal of Scientific and Research Publications. vol.
4, no. 6. 2014. pp. 3—7.

Ghafoor, S. and Petropoulos, P. Effect of Dispersiom Slope of Highly
Nonlinear Fibre on The Performance of Self Phase Modulation Based 2R-
Optical Regenerator. International Conference on Computer Technology and
Development. Proceedings. 2010. pp. 144-148.

T. Lakoba, T. and Vasilyev, M. A Comparative Study of Noisy Signal
Evolution in 2R All-Optical Regenerators with Normal and Anomalous
Average Dispersion Using an Accelerated Multicanonical Monte Carlo Method.
Optics Express, vol. 16, no. 22, 2008.

Wang, J., Ji, H., Hu, H., Christian, H., Mulvad, H., Galili, M., Palushani, E.,
Yu, J., Jeppesen, P., & Oxenlgwe, L. K. Simultaneous regeneration of two
160 Ghit / s WDM channels in a single highly nonlinear fiber. Optics express
vol. 21, no. 3. 2013. pp. 2862-2868.

Yu, Y., Ingham, J. D., Fernandez, J. B. R., Wonfor, A., Penty, R. V., & White,
I. H. Multi-channel return-to-zero signal regeneration using a single phase
modulator and an AWG. Optical Fiber Communication (OFC), collocated
National Fiber Optic Engineers Conference, 2010 Conference on
(OFC/NFOEC). vol. 1. 2010. pp. 4-6.

Yu, Y., Wonfor, A., Fernandez, J. B.R., Ingham, J. D. R., Penty, V., & White,
I. H., 8-channel 20 Gb / s Non-Return-to-Zero Signal Regeneration. 2010.
pp. 26-27.

Chung, S. H. C. S. H,, Tang, X. T. X., & Cartledge, J. C. All-optical 3R

regeneration at 40 Gb/s in a recirculating loop utilizing raman amplification,



[46]

[47]

[48]

[49]

[50]

[51]

[52]

60

nonlinear phase modulation, and offset filtering. 2009 35th Eur. Conference.
Opt. Communication., vol. 21, no. 23. 2009. pp. 1761-1763.

Chong K. M. and Chen, L. K. Optical 3R regeneration for 10 synchronous
channels using self-phase modulation in a bidirectional fiber configuration,.
2009 14th Optoelectron. Communication. Conference. OECC 2009. 2009.
pp. 9-10.

Wang, J., Yu, J., Luo, J., Wang, W., Han, B., Wu, B., & Yang, E. 40-Gb/s
2-channel all-optical 3R regeneration using data-pumped fiber parametric
amplification based on HNLF. Asia Communication. Photonics Conference.
Exhibition. ACP. 2010. pp. 86-87.

Chung, S. H., Tang, X., & Cartledge, J. C. 40 Gb/s wavelength preserving
polarization insensitive all-optical 3R regenerator utilizing raman amplification,
cross and self-phase modulation, and offset filtering. LEOS Summer Top. Meet.
2009. pp. 99-100.

Wang, X., Xu,J., & Wong, K. K. Y. All-Optical 3R Regeneration Using Fiber
Optical Parametric Oscillator and Amplifier. National Fiber Optic Engineers
Conference. 2012. pp. 23-25.

Yaacob, S.N.S., Shah, N.S., & Shamsuddin, N. N. 10GB/s NRZ based on self-
phase modulation in all optical 2R regeneration,” ARPN Journal of Engineering
and Applied Sciences. 2015. pp. 8659-8662.

Talukder, H., Hussain, H., & Kibria, R. All Optical 2R Regeneration and
Optimization. International Journal of Photonics and Optical Technology.
2016. pp. 14-17.

Kajaree, D. and Behera, R. All-Optical 2R Regenerator Non-Linear Optic
Based on the Mamyshev Model,. International Journal of Innovative Research

in Computer and Communication Engineering. 2017. pp. 1302-1309.



[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

61

Atiya, S., Aysha, S., & Nasrin, S. Noise reduction in All-Optical 2R
Regenerator using self phase modulation. International Journal of Scientific
& Engineering Research. vol. 10. 2019. pp. 2229-5518

Miljkovi, G. S., Stojkovi, I. S., & Deni, D. B. Generation and application of
pseudo random binary sequence using virtual instrumentation. Automatic,
Control and Robotics. vol. 10. 2011. pp. 51-58.

Jiang, Z., Leaird, D. E., & Weiner, A. M. Width and wavelength-tunable optical
RZ pulse generation and RZ-to-NRZ format conversion at 10 GHz using
spectral line-by-line control. IEEE Photonics Technol. Lett. vol. 17, no. 12.
2005. pp. 2733-2735.

Herd, R. M., Dover, J. S., & Arndt, K. A. Basic laser principles. Dermatol.
Clin. vol. 15, no. 3. 1997. pp. 355-372.

Zuging, Z., Bo, X., Paraschis, L., & Ben Yoo, S. J. Experimental
Demonstration of an All-Optical Clock and Data Recovery Technology for 10
Gb/s NRZ-DPSK Signals BT. Photonics in Switching. vol. 1. 2007.
pp. 159-160.

Vlachos, K., Theophilopoulos, G., Hatziefremidis, A., & Avramopoulos, H. 30
Gb/s all-optical clock recovery circuit. IEEE Photonics Technol. Lett. vol. 12,
no. 6. 2000. pp. 705-707.

Morimoto, M., Morimoto, K., Sato, K., & lizuka, S. Development of a Variable
Optical Attenuator ( VOA ) Using MEMS Technology. Image (Rochester,
N.Y.). no. 23. 2003. pp. 26-31.

Lacanette, K. A Basic Introduction to Filters (Active, Passive, and Switched-
Capacitor). Appl. Note. 2010. pp. 1-22.

Properties, O., Length, F., Tolerance, F. L., Wavelength, C., & Area, E. Item #
HNLF Standard, HNLF Standard Highly Non-Linear Fiber Modules On
OFS.pdf. 2000. pp. 11-13.





