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Abstract

The capacity of optical communication systems has shown an incred-
ibly thriving growth from their inception to the last several decades.
From the observations in traffic demand, the objectives of this the-
sis are to develop some key functions for improving the flexibility and
efficiency of wavelength division multiplexing (WDM) and optical divi-
sion multiplexing (OTDM) networks by using wavelength multicasting

technique.

Practically, at a photonic gateway, for the interconnection between
WDM and OTDM networks, an nonreturn-to-zero (NRZ)-to-return-to-
zero (RZ) waveform conversion is necessary due to the popular utiliza-
tion of NRZ and RZ formats in WDM and OTDM networks, respec-
tively. Moreover, if the waveform conversion combines with wavelength
multicasting, multiple RZ signals will be generated, resulting in an in-
crease of the throughput of network and the flexibility of wavelength
assignment. A desirable stage after these conversions is to aggregate
the higher bit-rates OTDM signals based on these lower bit-rates multi-
cast RZ signals. The pulsewidth is one of the parameters to determine
the bit-rates of OTDM signals. Therefore, to achieve the aggregate
OTDM signals with flexible bit-rates adapting to specific network de-
mand, it is necessary to manage the pulsewidth in a wide tuning range.
In the first work, a NRZ data signal is injected into an highly nonlin-
ear fiber (HNLF)-based four-wave mixing (FWM) switch with four RZ
clocks compressed by a Raman amplification-based multiwavelength
pulse compressor (RA-MPC). The pulsewidth of four multicast RZ

signals is adjusted in a continuously large range from 12.17 to 4.68 ps



by changing Raman pump power of RA-MPC.

In addition, the sampling of optical signal waveform is necessary to
monitor signals in optical network. The signals can always be analyzed
off-line by capture-and-process-later techniques. However, it is chal-
lenging that these techniques are not compatible with instantaneous
amplitude changes of signals as well as capturing the details and singu-
lar manners such as transient events which need real-time processing.
Therefore, in the second work, an effort to characterize the waveform of
signal in real-time using wavelength multicasting technique with mul-
tiwavelength sampling short-width pulses which are on the order of a
few picoseconds is implemented. Using the short pulsewidths of the
sampling pulses, it is possible to sample the signal precisely because
its waveform does not change significantly in the sampling time. An
all-optical waveform sampling of NRZ and RZ on-off-keying (OOK)
signals is focused. The 4x10 GHz WDM sampling pulses are com-
pressed with the pulsewidth which are less than 3 ps by RA-MPC and
then interact with the input signal under test using FWM effect in an
HNLF. Four obtained sampled signals result in a sampling rate of 40
GSample/s, therefore, the reconstructed waveforms are well-matched

with the input signal waveforms.

Moving to the phase-modulated signals, especially RZ-differential
phase shift keying (DPSK) signal, it is attractive for RZ-DPSK signal
due to its robust tolerance to the effects of some fiber nonlinearities,
and the support of high spectral efficiency. Moreover, all-optical pulse
compression has been widely investigated as one of the key elements
to enable high bit-rate signals overcoming electronics limits. So far,
pulse compression has often used before data modulation at the trans-
mitter to generate high bit-rate signals. Our work, on the other hand,
implements the pulse compression for RZ-DPSK signal for inline ap-
plications. A useful inline application of the data pulse compression is
to generate an aggregate high-speed data rate based on optical time

multiplexing of many channels with lower-speed data rates. The higher



bit-rates of aggregate signals depend on the pulsewidths of lower bit-
rate signals. Therefore, the compression of an inline 10 Gb/s RZ-
DPSK signal using a distributed Raman amplifier-based compressor
(DRA-PC) is done. The RZ-DPSK signal with pulsewidth of 20 ps
after 30 km standard single mode fiber (SSMF) transmission is com-
pressed down to in picoseconds duration such as 12, 7.0, and 3.2 ps.
The pulse compression of the inline signal is applied in two works.
In the first work, a compressed signal with the pulsewidth of 3.2 ps
is multiplexed to a 40 Gb/s OTDM signal and then successfully de-
multiplexed. The second application is wavelength multicasting of the
inline compressed RZ-DPSK signal to get multicast signals with short-
pulsewidths for increasing the throughput of network and wavelength
resource. The DRA-PC compresses the inline RZ-DPSK signal with
the obtained pulsewidths of 12, 7.0, and 3.2 ps which then interact
with two continuous waves (CWs) in an HNLF-based FWM switch.
Thus, the pulsewidths of the multicast signals were compressed down
to 12.5, 7.89, and 4.27 ps.

Finally, for networking between OTDM and WDM networks, an
OTDM-to-WDM conversion is crucially required. However, it is given
that in some cases, different WDM channels are expected to be gen-
erated in order to connect to each tributary of OTDM signal. In this
work, a 20 Gb/s OTDM RZ-DPSK signal is converted to 4x10 Gb/s
WDM RZ channels. One tributary of OTDM signal is converted to
2x10 Gb/s WDM RZ signals at two FWM products.
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Chapter 1

Introduction

From the beginning of optical communication links in the late 1970s, their growth
capacities exponentially enable the unprecedented huge services for the global
telecommunication through the internet. To satisfy the continuing demand for
high capacity, optical technologies have to master the challenges for increasing
speed-rate channels. Multicast is understood that one data signal is converted
into many signals with the same data information. Currently, this functionality
is realized in internet protocol (IP) digital routers. In future, it will be desirable
that all-optical networks may take a lot of advantages by all-optical multicast
function. Basically, optical multicast will be required for circuit-switching data
at the fixed given wavelength by power splitters. However, two popular solu-
tions to increase the capacity of optical networks by multiplexing signals are
wavelength division multiplexing (WDM) and optical time division multiplexing
(OTDM). Therefore, it is required that the initial signal is multicast to differ-
ent wavelengths using wavelength multicasting technique. Moreover, it is also
expected that OTDM signals could be multiplexed again by WDM technique in
order to improve capacity transmission in optical fiber systems. The bit-rates of
OTDM signals depend on the pulsewidths of the signals before multiplexing. In
this thesis, all demonstrations use wavelength multicasting technique to generate
many multicast signals at different wavelengths to increase wavelengths resource
and capacity of the networks. Furthermore, in different scenarios adapting to

traffic demand and network conditions, for instance, in order to multiplex these



1. INTRODUCTION

multicast signals into higher bit-rate OTDM signals, the pulsewidths of these
signals should be short and can be changed. The generations of multicast signals
with short-pulsewidths also provide the other applications, such as all-optical
sampling and OTDM-to-WDM conversion, which will be mentioned in detail in
the motivation of the thesis. On top of that, the purpose of the research is the
investigation of wavelength multicasting technique in the aforementioned appli-
cations with the short-pulsewidths of multicast signals. This chapter introduces
the contribution of fiber-optic communication in telecommunication network and

emphasizes the motivation

1.1 Fiber-Optic Communication in Telecommu-

nication Network

A questionnaire is that how optical fiber communication entrenches in future
telecommunication networks by the support for other means of communications.
Optical communication strongly supports the modern and vast communications
networks, especially the global internet network. Indeed, there would be no global
high-speed internet without the optical long-haul backbone. From the first of 2005
to the end of 2020, the digital universe value has been estimated 307-fold growth,
up to 40 trillion gigabytes. From 2015 until 2020, it is expected that the digital
universe will double every two years [1].

Figure 1.1 illustrates an example of an architecture of telecommunication net-
work. The topology of the lowest layer in access network generally is a tree-like
graphic. This layer uses means of transportation such as copper, coaxial, wireless
and optical fiber. Nowadays, with the evolution of optical fiber communication,
the Fiber-to-the-X (FTTX) where X is home, or building has emerged as a main
media of transmission which provides services such as high-definition television
(HDTV) by cable television (CATV) or internet protocol television (IPTV) [2-4].
All the access networks from the different end-users such as residential, business,
or mobiles are transported over metro networks. The topology of the lowest layer

of the metro network could be a mesh-like or a ring-like structure. The metro
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Figure 1.1: An example of an architecture of telecommunication network.

networks use time division multiplexing (TDM), and optical multiplexing tech-
nologies at the lowest layers. The largest network which connects to many metro
networks is the core network. The tendency structure of core network is to have
a mesh-like topology at the lowest layer. The reason comes from the fact that the
economical connection among many different cities are aggregated by physical
diverse routes where a lot of traffic is transported on core network. The core
network aims to connect metro networks together through the exchange nodes.
However, it is noted that the core networks differ significantly in their struc-
tures due to geography areas. For instance, European core networks have smaller
distance limitations so that there are different technologies and graphical struc-
tures compared to the United States network [5]. The technologies at the lowest
layer of core networks seem likely those of metro networks. However, the core
network provides services which are different from the metro networks regarding

provisioning requirements, quality of service (QoS). Therefore, concerning with



1. INTRODUCTION

impact to the industrial telecommunications structure, the optical communica-
tion systems is the greatest potential means of transmission in huge capacities

over long distances such as metro and core networks.

1.2 Motivation and Significant Contributions of
Thesis

Nowadays, the ever-increasing of high-bandwidth point-to-multipoint demands
such as real-time streams high-definition television (HDTV), big-data sharing,
and data center migration services have required the need for improving the net-
work throughput and decreasing the blocking probability in optical networks. For
instance, in data center, migration operations which transfer a huge amount of
client data from one center to others is necessary. Among of a variety of optical
signal processing in fiber optical communications, optical wavelength multicast-
ing has been arising such a promising technique to copy data information of initial
signal to many signals at different wavelengths, leading the increase of wavelength
network resources. Thanks to wavelength multicasting technique, the wavelength
throughput of network could increase efficiently and flexibly, therefore, the ca-
pacity of optical networks also could increase. However, it is considered that
the increased capacities of optical networks depend on the number of multicast
signals. If the pulsewidths of multicast RZ signals are short, the higher bit-rate
signals could be composed from the lower bit-rate multicast RZ signals by using
optical time multiplexing technique, which is a next potential stage after wave-
length multicasting process. Therefore, in this thesis, the effort aims to obtain
multicast RZ signals with short-pulsewidths which are on the order of some pi-
coseconds with the assistance of pulse compression. Arguably, the most valuable
up-to-date application of short-width optical pulses has been considered in ultra-
high-bit-rate optical telecommunications systems. This thesis aims to develop
mainly some key functions for monitoring signal, increasing network capacities
and improving the flexibility and efficiency of WDM and OTDM networks us-
ing wavelength multicasting technique. The overview of the proposed functions

taking into account the limitation of different past works are described as follows.
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e The first demonstration is waveform conversion and wavelength

multicasting with multicast tunable short-pulsewidth signals.

It is well-known that nonreturn-to-zero (NRZ) and return-to-zero (RZ)
are two widely waveforms used in WDM and OTDM networks, respectively.
The NRZ-to-RZ format conversion would be one of the main processes to
implement all-optical networking for interfaces between WDM and OTDM
networks. The first demonstration is the NRZ-to-RZ conversion to obtain
multicast short-pulsewidth RZ signals with the assistance of and wavelength
multicasting and pulse compression techniques. This work aims to increase
efficiently the wavelength resources in WDM and OTDM networks and in
the networking between them thanks to the multicast short-pulsewidth RZ
signals. It is desirable to generate higher bit-rate signals based these RZ
signals by optical time multiplexing. The bit-rate of multiplexed OTDM sig-
nals depends on the pulsewidth of the lower bit-rate RZ signals, therefore,
it is required that the pulsewidth should be tunable to provide the flexibil-
ity of the bit-rate of multiplexed signals. As the aforementioned reasons,
NRZ-to-RZ conversion and wavelength multicasting with multicast tunable
short-pulsewidth RZ signals are realized. Different approaches have been
demonstrated to achieve NRZ-to-RZ on-off keying (OOK) and wavelength
multicasting with the consideration for pulsewidth tunability of the con-
verted RZ signals [6], [7]. In detail, Refs. [6] and [7] have reported 4x10
Gb/s wavelength multicasting and NRZ-to-RZ with the tunable pulsewidth
range from 17.9 to 22.2 ps and from 33 ps to 67 ps, respectively. How-
ever, it is importantly noted that the point-to-multipoint structure should
be able to adapt flexibly to the aggregate channels from different lower rates
channels during transmissions to different destinations depending on traffic
demand through the networks. For instance, with the obtained pulsewidths
in Refs. [6] and [7], it is challenging for multiplexing these signals into
higher bit-rate OTDM signals to increase the speed of multicast signals af-
ter NRZ-to-RZ conversion and wavelength multicasting, such as 40 Gb/s.
Therefore, the schemes in Refs. [6] and [7] are not able to convert NRZ

signal to multicast short-pulsewidth RZ signals which are crucial for the
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pulsewidth requirement of OTDM streams considered as a potential applica-
tion after waveform conversion and wavelength multicasting. It is, therefore,
necessary that the process of waveform conversion is implemented simulta-
neously with the replica of information of input signal to different signals
with short-pulsewidths. The waveform conversion and wavelength multi-
casting with tunable short-pulsewidth using a Raman amplification-based
multiwavelength pulse compressor (RA-MPC) is investigated. An NRZ data
signal is multicast to four RZ data signals in a continuously wide range from
12.17 to 4.68 ps. The short-pulsewidths are required for the generations of
many aggregate higher bit-rate signals from lower bit-rate multicast signals

based on optical time multiplexing technique.

e The second demonstration is all-optical waveform sampling in real-

time.

Nowadays, high-bandwidth signals in communications are most widely
monitored by all-optical sampling techniques which are novel to perform
time-resolved measurements of optical signals at such high bit-rate signals
whose bandwidth is not able to be reached by conventional photo-detectors
attached before electronic sampling processor. In addition, the signals could
always be analyzed off-line by capturing their samples and processing later
called capture-and-process-later techniques. However, these off-line tech-
niques are not able to catch up instantaneous amplitude changes of such
high-bandwidth signals. Therefore, an effort to characterize such signals is
all-optical real-time waveform sampling which has emerged as powerful tools
for many applications such as monitoring signals, especially OOK signals in
this thesis, with aggregate rates that are desirable higher than practical
electronic processing rates. Some all-optical waveform sampling schemes
have been demonstrated using various effects in an electro-optic intensity
modulator (EOM) [8] or highly nonlinear fiber (HNLF) switch [9]. Mean-
while, some methods which copy sample signal (input signal) into many

replicas using wavelength multicasting technique before sampling process
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[10] in stead of using several sampling HNLF-switches [11] have been pro-
posed. Nevertheless, those sampling pulses in Refs. [8] and [9] are difficult
to use for sampling high-bandwidth signals so as to precisely capture wave-
form of signals due to their long-pulsewidths which are not on the order of
a few picoseconds. Indeed, for sampling waveform of high-bandwidth sig-
nals such as military radar, it is desirable to use sampling short-pulses in
order that the waveform does not change significantly through the sampling
time. Therefore, the use of multiwavelength sampling clocks with short-
pulsewidths which is less than 3 ps brings in the advantage of the proposed
scheme compared to the previous works [8], [9]. The other benefit is the
use of only one gate for sampling instead of more than one gate in Refs.
[10] and [11]. In the proposed setup, four 10 Gb/s sampled signals with
short-pulsewidths which are on the order of picoseconds are obtained after
multicasting and sampling simultaneously, leading a sampling rate of 40
GSample/s.

The third implementation is pulse compression and wavelength

multicasting of an inline RZ-differential phase shift keying (DPSK).

Moving to phase-modulated data signals, particularly RZ-DPSK sig-
nal, it is attractive to give attention owing to robust tolerance to the effects
of some fiber nonlinearities, and the support to high spectral efficiency.
The other obvious benefit of DPSK signal compared OOK signal is the 3
dB-lower optical signal-to-noise ratio (OSNR) required to reach a given bit-
error-rate (BER) associated with a balanced receiver. The balanced receiver
aside, the similarity equipment between the transmissions of DPSK and
conventional OOK signals bring in the feasibility of the commercial DPSK
system deploy without major overhauls of existing fiber infrastructure and
manufacturing base. In addition, for increasing the bit-rate of signals, the
investigation of all-optical pulse compression has been popularly studied as
one of the key elements to enable the high bit-rate signals overcoming elec-
tronics limitations. So far, the optical pulse compression has often used

before data modulation at the transmitter to generate high bit-rate signals
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due to its simplicity. Indeed, this process has the benefit that the modu-
lated data signal with short-pulsewidth will be always obtained if the pulse
compression is successful. On the other hand, if the pulse compression is
used for the modulated data signal, it is necessary to consider the possibility
of data signal compression because of its dependence on the characteristics
of data signals. At intermediate nodes, it is necessary to compress the data
signal for inline applications such as the generation of the higher bit-rate
signal from aggregating lower bit-rate signals based on optical time multi-
plexing technique. Therefore, for inline applications, the pulse compression
of the phase-modulated data signal has brought in a desirable solution which
generates an aggregate high-speed signal based on many lower-speed signals
in order to efficiently facilitate routing and to optimize adaptive links with
different capacities. The required pulsewidths of lower-speed-rate signals
depend on the bit-rate of the aggregate signals. For example, the 10 Gb/s
signal with the pulsewidth of 10 ps could be multiplexed into a 40 Gb/s
OTDM signal. The compression of the inline RZ-DPSK signal is attrac-
tive owing to the aforementioned reasons for increasing network capacities.
The pulse compression of an OOK signal and multiwavelength OOK signals
has been also demonstrated [12], [13]. Different from the compression of
OOK signals, a concern in pulse compression-induced phase noises would
degrade the phase information of signal. Main reasons might be residual
phase noise due to self-phase modulation (SPM) or the accumulation of am-
plified spontaneous emission (ASE) noise through the compression process.
Therefore, an investigation of the possibility of the soliton pulse compres-
sors, particularly using DRA, for an inline RZ-DPSK signals is attractive.
In this work, after 30 km standard single mode fiber (SSMF) transmission,
the RZ-DPSK signal with the pulsewidth of 20 ps is compressed down to
various pulsewidths of 12, 7.0, and 3.2 ps with error-free operations. A 40
Gb/s OTDM signal is aggregated from 10 Gb/s RZ-DPSK signal with the
pulsewidth of 3.2 ps and then is successfully demultiplexed.

Furthermore, this compression is the first stage for wavelength multicas-

ting of the inline compressed RZ-DPSK signal. Many bandwidth-intensity
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services in the metro and access networks such as internet protocol tele-
vision (IPTV), video distribution, and tele-conferencing need multicast-
ing process for broadcasting. The purpose of wavelength multicasting of
an RZ-DPSK signal with short-pulsewidth is to aggregate each multicast
signal at lower speed-rate to higher speed-rate signals for supporting the
point-to-multipoint structure or the routing in wavelength-routed networks.
The wavelength multicasting of RZ-DPSK signal has been experimentally
demonstrated in nonlinear devices in a lot of works [14]-[16]. However, the
tunable short-pulsewidth multicast RZ-DPSK signals has not been demon-
strated so far. The demand of tunable short-pulsewidth signals for generat-
ing higher bit-rate signals is crucial to flexibly increase the overall capacity of
optical networks. For instance, the pulsewidths of 10 and 5 ps is required for
the aggregate OTDM signals with the bit-rates of 40 and 80 Gb/s, respec-
tively. Thus, the purpose of the work is to generate the multicast RZ-DPSK
signals with short-pulsewidths from an inline input RZ-DPSK signals with
long-pulsewidth. The pulsewidths of the multicast signals were compressed
in the range of 12.5 and 4.27 ps after wavelength multicasting process as-

sisted by pulse compression of RZ-DPSK signal.

The final work in this thesis is OTDM-to-WDM conversion with
multicast WDM RZ-DPSK signals.

Two widely multiplexing ways to increase the network capacity are
OTDM and WDM techniques. However, in wavelength routed-networks,
different wavelengths are expected to be available in order to connect all
the tributaries of OTDM stream. Therefore, it is beneficial to convert
a single-wavelength high-rate channel to different lower-rate channels us-
ing wavelength multicasting technique in order to obtain multicast WDM
signals providing the wavelength flexibility in routing and wavelength as-
signment. In conventional OTDM-to-WDM conversions, only one WDM
channel is converted from one tributary of OTDM signal [17]-[21]. There-
fore, it is still challenging for the previous reports concerning the number
of WDM RZ outputs. For example, the setups in Refs. [17]-[21] are not
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able to allow a double number of WDM-RZ channels compared to that of
tributaries of OTDM signal. The other concern is that in these schemes
[17]-]20], the phase-preserving is difficult to be obtained, thus, it is not able
to operate for phase-modulated signals. Hence, in this thesis, a realization
of OTDM-to-WDM conversion using wavelength multicasting technique to
obtain at the same time 4x10 Gb/s WDM RZ channels corresponding to 2
tributaries of 20 Gb/s OTDM signal. This OTDM-to-WDM conversion has
the advantage of improving the flexibility of wavelength selection and mod-
ulation format transparency. FError-free operations are achieved for 4x10
Gb/s WDM channels with power penalties within 2.5 dB compared to the
10 Gb/s baseband signal and small received power variations within 0.5 dB
among WDM RZ channels at BER of 1077.

Optical wavelength multicasting technique used in this thesis requires nonlin-
ear interaction of four-wave mixing (FWM) in a nonlinear medium. It is normally
obtained with the utilization of nonlinear optical materials in which HNLF is one
of promising tools with femtosecond-scale response for the efficient optical signal
processing. Therefore, wavelength multicasting technique uses FWM process in
an HNLF is one of great solutions either to enhance the previous schemes or to
bring in new achievements which are experimentally demonstrated in this thesis.

Through all the thesis, optical wavelength multicasting technique is used for
the demonstrations of many important all-optical functions such as NRZ-to-RZ
conversion with tunable short-pulsewidth multicast signals, all-optical waveform
sampling in real-time, pulse compression and wavelength multicasting of an in-
line RZ-DPSK signal, and OTDM-to-OTDM conversion. The throughput and
capacity of networks are able to be increased owing to WDM multicast signals

with short-pulsewidths.

1.3 Objectives, and Structure of This Thesis

From observations on the challenges in the previous demonstrations and in the
trend of telecommunication networks in general and optical communication sys-

tems, in particular, the objectives of this thesis are to obtain optical wavelength
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multicast signals with short-pulsewidths in order to increase wavelength resourc
and capacity in WDM and OTDM networks using wavelength multicasting tech-
nique. A variety of applications in WDM and OTDM networks using wavelength
multicasting technique is shown in Fig. 1.2. As seen in Fig. 2, it also partly
shows the significant contributions and the transparency connection among the
applications demonstrated using wavelength multicasting technique through the
thesis.

Aside from chapter 1 which is a brief overview of the application of optical wave-
length multicasting technique on some key functions for efficient optical systems,
chapter 2 gives a brief basic theory of nonlinearities on fiber for wavelength multi-
casting and pulse compression. The first part of chapter 3 demonstrates waveform
conversion with multicast output signals using wavelength multicasting and pulse
compression techniques. Different materials, nonlinear processes, number and
type of pumps could be exploited for wavelength multicasting in previous works
[6], [7]. However, offering the tunability with the pulsewidths which are on the
order of a few picoseconds is still a technical challenge in these demonstrations. A
one-to-four wavelength multicasting with NRZ-to-RZ waveform conversion with
pulsewidth tunability in a wide range from 12.17 to 4.68 ps is experimentally
demonstrated in this chapter. This multi-functions features are highly desirable
at link and network levels such as optical network elements and access points.
The last part of chapter 3 realizes all-optical waveform sampling in real-time.
The key different feature of this proposed scheme is on the use of multiwavelength
sampling clocks with short-pulsewidths of around 2.5 ps which are required for
precisely capturing waveform of high-bandwidth signals.

The pulse compression and wavelength multicasting of an inline RZ-DPSK
signal are addressed in chapter 4. Firstly, an pulse compression using adiabatic
soliton pulse compressor based on a distributed Raman amplifier (DRA) for an
inline RZ-DPSK signal is presented. This proposed scheme gives a potential
solution for inline pulse compression, leading to a generation of several higher
bit-rate OTDM signals. The demand of short-pulsewidth signals for high bit-rate
signals is crucial to increase overall capacity of optical networks. However, the
tunable picosecond-pulsewidth for the multicast RZ-DPSK signals has not been
demonstrated so far. The 4x10 Gb/s multicast RZ-DPSK signals with tunable

11
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Figure 1.2: An example structure of optical networks with multi-functions
muti-outputs using optical wavelength multicasting technique assisted by

pulse compression.

pulsewidths using a DRA-based compressor (DRA-PC) and an HNLF are demon-
strated. The pulsewidths of multicast signals are compressed down to around
12.5 and 4.27 ps after wavelength multicasting process. Thus, this work gives
a potential solution for the generation of several higher bit-rate OTDM signals

with different wavelengths from the short-pulsewidth multicast RZ-DPSK signals.

Chapter 5 realizes a OTDM-to-WDM conversion of RZ-DPSK signal with
multicast WDM RZ signals using wavelength multicasting technique. Each 10
Gb/s tributary of the input 20 Gb/s OTDM signal is converted to 2x10 Gb/s
WDM RZ signals at two FWM products, leading 4x10 Gb/s WDM signals at

12
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four FWM products for two tributaries of 20 Gb/s OTDM signal. This pro-
posed scheme improves the network capacity and the flexibility of wavelength
assignment.

Finally, chapter 6 gives conclusions on the achieved results of all demonstra-

tions in this thesis. Some future works are also considered.
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Chapter 2

Chromatic Dispersion and
Nonlinearities for Pulse
Compression and Wavelength

Multicasting Techniques

At such high optical intensities, the refraction index of fiber is affected by the
existence of optical signals through the optical Kerr effect [22]. Then, signal-
induced refractive index variations translate into the phase shift of optical signals.
This phase shift, in conjunction with fiber dispersion, results in nonlinearities
which affect signal impairments, limiting the capacity and reach of fiber-optic
transmission systems. However, the optical nonlinearities turn out to be useful
and attracted many realizations of ultra-fast optical signal processing functions,
especially self-phase modulation (SPM), four-wave mixing (FWM). Furthermore,
stimulated Raman scattering is also applied in Raman amplification used for pulse

compression demonstrations in this thesis.
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2.1 Chromatic Dispersion

Chromatic dispersion results from the differences of frequencies traveling along
an optical fiber at different speeds. The different frequencies reach the end of
the fiber at different times, causing the spread of light pulse. This phenomenon
happens because the propagation constant $ depends on the optical angular fre-
quency w and the refractive index at frequency w (n(w)), therefore, different
spectral components disperse through propagation and desynchronized at the
end of fiber [22]. Mathematically, the effects of fiber dispersion are obtained by

expanding 8 in a Taylor series about the center frequency wqg of the pulse.

Bw) =n(w) % = B0+ f1 (w—wo) + %ﬁz (w—wo)+ ..., (2.1)
where i
Bm = (dw—m) » (m=0,1,2,..). (2.2)

e The zero-order term Sy describes a common phase shift.

e The first-order term (3 is the inverse of group velocity of the pulse, vy.

1 Ng 1 dn
_ -9 _ - 4o 2.3
o c c (n wdw) ’ (2:3)

where ng, vy, and ¢ are the group index, the group velocity, and the light

velocity, respectively.

e The second-order term (7 is the derivative of 31 with respect to frequency.

1/ d d? D)?
Pa=— (2—n + w—n) =— (2.4)

¢\ dw dw? o2me’

where D is the dispersion fiber parameter. Other speaking, (o is the deriva-
tive of the inverse of the group velocity with respect to frequency, and speci-
fies the variation in group velocity for different frequency components of the
pulse, leading to pulse broadening due to different frequency components

traveling with different velocities. This phenomenon is known as the group
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velocity dispersion (GVD), and g is generally referred to as GVD parame-
ter. The most notable characteristic is that the wavelength A at which the
value of (5 is equal to zero, is referred to as the zero-dispersion wavelength.

(2 is related to the dispersion parameter, D as follows

2mce
p=21_ X0 (25)

The unit of D is expressed in ps/km/nm. The dispersion can be divided
into two terms, the material and waveguide dispersion. The material dis-
persion happens because the fact that the refractive index of the optical
fiber depends on the frequency of optical signal. Meanwhile, the effect of
the waveguide dispersion to D is that the value of D depends on fiber-design
parameters. Therefore, dispersion-shifted fibers (DSF) [23] have been found

for applications in optical communication systems.

The third-order term (higher-order dispersion) (s is the derivative of [

with respect to frequency as follows

_ 4%

= 2.6
B3 T (2.6)
B3 is related to the dispersion slope § as following description:
dD  4mc o2me 2
gD _dre, (2 27
= ost(sz) B (2.7)

At the zero-dispersion wavelength, s is equal to zero and S is proportional
to ﬂg.

2.2 Self-Phase Modulation

A pulse of light, when traveling in a nonlinear medium, induces a varying re-

fractive index of the medium due to the dependence of refractive index on the

intensity of pulse light responsible for the optical Kerr effect. This variation in

refractive index produces a phase shift that is proportional to the intensity of

pulse, giving rise to the chirping of the pulse because the different components of
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the pulse undergo different phase shifts. This phase shift makes self-phase modu-
lation (SPM) arise. SPM strongly affects the signal quality of systems using the
high transmitted powers because the chirping effect is proportional to the power
of transmitted signal. To understand the effects of SPM, a normalized amplitude
U is related to the slowly varying amplitude of the pulse envelope A defined as
following [22]

A(z,7) =/ Poexp(—az/2)U(z, 1), (2.8)

where 7 is a normalized time scale measured by the ratio of the time T which is

measured in the frame of reference moving with pulse at the group velocity v,
and the initial pulsewidth Tj.

r= Tzﬂ _ Y IZ/UQ (2.9)

Py is the peak power of the incident pulse and « represents fiber loss. F is

related to the nonlinear length Lj 7 which is defined by

1
Ly = —, (2.10)

vFo
where ~ is the nonlinear coefficient of fiber. Concerning in the normalized ampli-
tude U(z, T) defined by Eq. (2.8), the propagation equation could be described

by ignoring chromatic dispersion

U

P — 2
P LNLexp( az)|U|*U (2.11)

The solution of this equation is governed by

U(z,T) = U(0, Texp[jonc(z,T)], (2.12)

where U(0, T) is the field amplitude at z = 0 and
o Lefs
Lyt

where the effective length Ly is given by
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Legr = [1 —exp(—az)|/a (2.14)

Equation (2.12) indicates that SPM gives rise to an intensity-dependent phase
shift, but the pulse shape is remained. L.y is smaller than the propagated
distance z due to fiber loss. From Egs. (2.10), (2.13), and (2.14), it is seen that
the nonlinear phase shift ¢, is proportional to the fiber length, signal power and
the nonlinear coefficient. SPM-induced spectral broadening is the consequence of

the time dependence of ¢ . The difference in the frequency domain is given by
_99NL _
oT

In case of the incident signal is a super-Gaussian pulse with the incident field
U(0, T), SPM-induced chirp is

dw(T) =

d o Leff
—aT(IU(O,T)! )LNL (2.15)

2m Legp T T
= Sl 2 melgn (2 )2m) (2.16)

where m=1 for a Gaussian pulse. For the larger values of m, the incident pulse

becomes nearly rectangular and its leading and trailing edges have a steeper slope.

2.3 Four-Wave Mixing

In general, four-wave mixing (FWM) occurs when the lights of two or more
different frequencies are launched into a optical fiber [24], [25]. In this thesis,
wavelength multicasting technique uses FWM process in a highly nonlinear fiber
(HNLF) which is a widely way to generate multiple copies. Depending on dif-
ferent applications, the number of pump and probe signals is different from the
schemes. Two distinct kinds of FWM process which use single pump and multi-

pumps signals for the wavelength multicasting of input data signal are presented.

2.3.1 Four-Wave Mixing Scheme Using a Single Pump

Figures 2.1(a) and (b) illustrate the conceptual spectra of FWM scheme in case
of using only one pump. The number of the probe employed in this case could

be one or more than one as shown in Figs. 2.1(a) and (b), respectively. In
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Figure 2.1: (a) FWM scheme using one probe
(b) FWM scheme using many probes.

Fig. 2.1 (a), the power from a high-intensity pump is transferred to a probe,
while simultaneously generating a new FWM product (idler) located at frequency
described as follows [24]

fFWMZpr_fprobe:fp+Af (2'17)

where Af is the frequency separation between the pump and probe (Af = fp —
forove)- The electric field of the FWM idler is expressed as follows [24]

EFWM(t) X Ezump(t) ;robe(t)7 (2'18)

where Epump(t), and Epope(t) are the electric fields of the pump and probe,
respectively; * denotes the complex conjugate of the electric field. The power of
generated FWM idler (Ppwa) is generally calculated by the following expression
[26]-[28]

(1- exp(—am)?} e

Prwm (L) = n’yzp;gumppprobeeXp(_aL) l o2

20



2.3 Four-Wave Mixing

where 7, v, and « are the efficiency, the nonlinear coefficient of the fiber, and
the attenuation coefficient of the fiber, respectively; Ppymyp is the power of the
pump and P,.qp is the probe power. The efficiency n which depends on the phase
mismatch is expressed: [26]-[28]

o L+ 4 exp(—aL)sin?(ABL/2)
o+ Ap? (1 — exp(—al))?

n (2.20)
Af, so-called phase mismatch due to dispersion, is the differences of the prop-
agation constants of the different signals. When the wavelengths of pump and
probe are near the zero-dispersion wavelength of fiber and the effect of cross-
phase modulation (XPM) and the four-order dispersion is ignored, Aj is given

as follows
2\07 dD
T2 dh

where \o(=c/fo), and )\, is the zero-dispersion wavelength and the wavelength

(fp - fprobe)Q(fp - fO)a (2'21>

of the pump, respectively; ¢ is the vacuum light speed; dD/d\ is the dispersion
slope. The conversion efficiency is defined as the ratio of the power of FWM
idler (Prw (L)) and the power of the probe (Pyrope) [25]. From Eq. (2.19), the

conversion efficiency is given by:

Prw (L)
P, probe

— (2.22)

(1 - exp(—aL))?
= 17 Papexp(—al) [
This conversion efficiency depends on the power of the pump, the fiber length,
the fiber nonlinear coefficient and the phase mismatch which is due to the disper-
sion. To obtain high conversion efficiency, it is required that wavelength of the

pump coincides with the zero-dispersion wavelength of fiber.

In order to obtain N idlers, the required number of probe signals must be the
same as the number of idlers as shown in Fig. 2.1(b). Many probes with frequency
spacing between adjacent probes A fi interact with the pump to generate many

new idlers at the new frequencies described as follows:

fFWM(N) = 2fp - fpmbeN> (2'23>
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where f), is the frequency of the pump and f,,pen is the frequency of probe N. N
is the number of probes. The electric field of the idler N is governed by following
relation [24]

EFWM(N) (t) X E;z%ump@) ;robeN(t)a (2'24)

where Epymp(t), and Ep.open(t) are the electric fields of the pump and probe N,
respectively; * denotes the complex conjugate of the electric field. In application
of FWM process for wavelength multicasting demonstrated in chapter 3, the data
signal are set as the pump and the multiwavelength return-to-zero (RZ) clocks
is set as many probes. Therefore, the input data signal is multicast to many RZ

idlers with different wavelengths.

2.3.2 Four-Wave Mixing Scheme Using Multi-Pumps

An example of conceptual spectra of FWM scheme using multi-pumps is shown
in Fig. 2.2.

pump 1 pump 2 pump N

probe |l jdler1 . .
Af || Af idler 2 E]!erSidlerZN-z Af idler 2N-1

i e e O

forobe fp1  Trwm frwme fo2 Trwms Tramen2)fon Trwmen-1)

Figure 2.2: An example of conceptual spectra of FWM scheme using multi-

pumps signal for generating many new idlers.
When the multiple pumps at the frequencies fp1,...,and f,n and the probe

signal at the frequency fp.qpe interact together over FWM process, the FWM

idlers are generated at frequencies described as follows [24]

fFWMl = 2]Epl - fprobe = fpl + Af (2'25)
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For N> 2
frwm@N—2) = [pN — fp1 + fprove = fpy — Af (2.26)

frwaren—1) = fpN + fp1 — fprobe = fpn + A, (2.27)

where Af is the frequency separation between the pump 1 and probe signal
(Af = fp1 = forobe); N is the number of pumps. The electric field of each idler is

governed as following [24]

Erwn (t) X Ez%umpl (t) ;robe (t) (2'28>
EFWM(?N—Z) (t) X E;umpl (t) Eprobe (t)EpumpN (t) (2'29>
Erwaen—1)#) o< Epumpt () Epyope () Epumpn (1), (2.30)

where Epump1 (1), Epumpn (t) and Epope(t) are the electric field of the pump 1,
pump N and probe, respectively; * denotes the complex conjugate of the electric
field. The power of the outermost generated FWM idler at channel 2N-1 is given
as follows [26]-[28]
(1 — exp(—alL)?
5 ;
(2.31)

where Ppope; Ppump1, and Ppympn are the powers of probe, pump 1, and pump

PFWM(ZN—l)(L> = 47772Pprobeppump1PpumpNeXp(_aL) |: o

N, respectively. The remained parameters are defined in section 2.3.1 with the
exception of the phase mismatch. It is assumed that when the effect of cross-
phase modulation (XPM) and self-phase modulation (SPM) and the four-order
dispersion can be neglected, the phase mismatch which is the difference of the
propagation contansts of the FWM idler at channel 2N-1, probe, pump 1 and
pump N in FWM process is expressed as follows for the outermost channel 2N-1
26], [27

AB = Brwamn—1) + Bprobe — Bpumpt — BpumpN (2.32)

0)2 A2dD
= == (o —Jyrobe) 1= fprane) [ DOV + 5=

[(pr - fprobe) + (fpl - fprobe)}:| )
(2.33)
where 3 indicates the propagation constant, A is the wavelength. In the demon-

stration of wavelength multicasting in chapter 4, the input data signal is set as a
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pump, meanwhile, the multiwavelength continuous waves (CWs) are set as many
probes. Therefore, the input data signal is multicast at many idlers. In addition,
in chapter 5, the FWM scheme using multiple pumps is also used for OTDM-
to-WDM conversion. However, the pump which is the nearest to the OTDM
signal is a CW and other pumps must be RZ clocks in order to sample with all
tributaries of the OTDM signal for obtaining multicast WDM RZ signals.

2.4 Stimulated Raman Scattering

A brief introduction to stimulated Raman scattering (SRS) and its application
in Raman amplification is presented. SRS is an important nonlinear process
that can make optical fibers become broadband Raman amplifiers and tunable
Raman lasers. Raman amplifiers use SRS of silica glass fiber, which is an inelastic
scattering of a photon with a molecule. Basically, in Raman scattering, if a
sufficiently powerful optical wave (the pump) is launched into the fiber, a new
field (the Stocks wave) is generated by stimulated scattering at the expense of
the pump power. In WDM systems, multiwavelength channels are launched into
a fiber, the SRS causes power to be transferred from the channels with higher
frequency to the channels with lower frequency. Therefore, it can also severely
affect the performance of multichannel lightwave systems [22], [29]. The scattering
process could be illustrated with regard to quantum mechanics as shown in Fig.
2.3. A pump photon v, belonging to the ground state of molecule excites a
molecule up to a virtual level which means that this level could not exist in
a certain time. The molecule quickly decays to a lower energy level leading a
emitted signal photon vg in the process. The stimulated emission is possible
even from the virtual upper state to the first molecule vibration state. Hence,
the stimulated emission occurs when an incident optical signal is with frequency
equal to that of the Stokes wave. The frequency difference between the signal
photon and the pump (v, - v5) is named the Stokes shift. In standard transmission
fibers with a Ge-doped core, the peak of this frequency shift is about 13.2 THz.
Figure 2.4 shows an general scheme of Raman amplifier. The signal propagates
from the input to the output of the amplifier. The pump which travels in the

same or opposite direction as the signal is called the co-pump or counter pump,
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respectively. This setup is named a distributed Raman amplifier (DRA) as the
fiber being pumped is the actual transmission span that links two points. DRA

is used in the setups presented in chapters 3 and 4 for pulse compression.

[ 1 __________________ Virtual excited state
v
p v
S
V The first molecule vibration state
The ground of molecule

Figure 2.3: Schematic of the quantum mechanical process taking place

during Raman scattering [30], [31].

Output signal
Input signal > M)
Fiber
Co-pump Counter-pump
Pump laser Pump laser

Figure 2.4: General scheme of fiber Raman amplifier [30], [31].

2.5 Pulse Compression

One of the important applications of nonlinear effects is pulse compression by
an interplay between nonlinear and dispersive effects occurring simultaneously in
optical fiber. The principle is that the pulse compression occurs when the initial
chirped pulse propagates over an anomalous dispersion regime of an optical fiber.

Practically, to efficiently compress the pulsewidth of signal, an HNLF followed
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by a single mode fiber (SMF) is often used [32]. Nonlinear fibers have been
used in recent years for pulse compression because of their unusual dispersive
and nonlinear characteristics [33]-[35]. As a result, the pulses could be chirped
through SPM by a large amount. In SPM-induced chirp pulse, the high frequency
(blue-shifted) components occur near the trailing edge of pulse whereas the low-
frequency components (red-shifted) occur near the leading edge. If the leading
edge of pulse is delayed by just the right amount so that the trailing edge catches
up with the leading edge during passage of the pulse through SMF, thus the pulse
is compressed [22]. In chapter 5, the fiber-compressor with a setup shown in Fig.

2.5 is used to compress the multiwavelength RZ clocks.

A @@ L.

Input pulse HNLF 5 Output pulse

Figure 2.5: Scheme of fiber-based compressor used in this thesis.

The other compressor based on a DRA uses adiabatic soliton pulse compres-
sion technique. This compressor with a setup shown in Fig. 2.6 is used to
compress the multiwavelength RZ clocks and RZ data signal in chapters 3 and
4, respectively. It consists of a 17 km dispersion-shifted fiber (DSF) and a wave-
length tunable fiber Raman laser (TFRL). The Raman pump generated by a
TFRL is injected into DSF in a counter-pump through a WDM coupler. The
wavelength of TFRL could be tuned in the range between 1425 and 1495 nm
with the maximum output power of 2.4 W. By the interplay between SPM and
GVD, the input optical pulse could be compressed after propagating through an
anomalous-dispersion regime of DSF'. If a hyperbolic-secant pulse whose full width
half maximum 7pwpym and the peak power P; which are satisfied Eq.(2.34), is
launched into an ideal lossless fiber, the pulse will be undistorted without chang-
ing in shape [22]

31115 |

Pl - 2 5
TTEWHM

(2.34)
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where 2 and vy are the group velocity dispersion and the nonlinear coefficient of
fiber, respectively. However, there is no lossless optical fiber in practice. Thus, an
increase in pulsewidth as it is commonly observed in fiber transmissions. There-
fore, in order to compress the optical pulses, it is required to increase the soliton
peak power using a distributed fiber amplifier such as DRA. From Eq. (2.34),
the relationship between the pulsewidth mewmwm of the pulse and the peak power

of the fundamental soliton pulse P; is as follows

1
TFWHM X 4 / 2 (2.35)

From Eq. (2.35), it could be seen that the pulsewidth meyw of the soliton pulse
is inversely proportional to the square-root of the peak power of the optical pulse
P;. Therefore, the pulsewidth of pulse could be compressed if increasing its peak

power since the soliton condition is kept during the amplification.

WDM WDM
coupler coupler
)

Input pulse Output pulsé

/V 17 km DSF

Residual pump

Figure 2.6: Scheme of a distributed Raman amplifier-based compressor used
this thesis.

2.6 Summary

In this chapter, chromatic dispersion and optical nonlinearities including SPM,
FWM, and SRS are briefly reviewed as useful effects for the applications of op-
tical wavelength multicasting and pulse compression techniques. The improved
features of optical signal processing in this thesis is the use of wavelength multi-
casting and pulse compression techniques to generate multicast short-pulsewidth

signals, leading multiwavelength channels at the outputs. The demonstrations
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of waveform conversion with wavelength multicasting, all-optical waveform sam-
pling in real-time, pulse compression and wavelength multicasting of an inline
RZ-DPSK signal, and OTDM-to-WDM conversion with multicast WDM RZ-

DPSK signals are experimentally realized.
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Chapter 3

All-Optical Waveform Conversion

and Waveform Sampling with
Multicast Short-Pulsewidth

Signals

In this chapter, two experimental demonstrations including all-optical nonreturn-
to-zero (NRZ)-to-return-to-zero (RZ) conversion with multicast RZ signals and
all-optical waveform sampling with multicast sampled signals using wavelength
multicasting technique are presented. The first experiment is NRZ-to-RZ conver-
sion and wavelength multicasting with tunable short-pulsewidths. The clear eyes
pattern, spectra, bit-error-rate (BER) and autocorrelation traces of pulsewidths
of muticast signals indicate the successful conversion. These functions could ap-
ply in optical network elements which could be realized waveform conversion
and wavelength multicasting simultaneously in all-optical manners in order to in-
crease wavelength resources and capacity of network. The second implementation
is all-optical waveform sampling in real-time based on wavelength multicasting
technique. By this way, the input signal under test (SUT) is multicast into

many sampled signals with different wavelengths corresponding to different time
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points of SUT in the same frame. The power of each multicast sampled signal
at four-wave mixing (FWM) product is proportional to that of SUT at the time
overlapping with the sampling pulse. Therefore, the waveform of STU could be
captured in real-time.

Both these demonstrations operations are related to multiwavelength pulses
compression and wavelength multicasting techniques. The multiwavelength RZ
pulses are compressed by a Raman amplification-based multiwavelength pulse
compressor (RA-MPC). Then these pulses interact with the input signal which
need to process (waveform converting or sampling) using FWM effect in wave-
length multicasting technique through a highly nonlinear fiber (HNLF)-based on
FWM switch. The advantages of the proposed schemes comes from the facts that
the multicast RZ signals with short-pulsewidths which are on the order of a few
picoseconds are achieved. In the first demonstration, with the short-pulsewidths
multicast 10 Gb/s RZ signals, a next stage after the conversion could be con-
sidered for composing higher bit-rate streams from these lower bit-rate multicast
10 Gb/s signals by using optical time multiplexing technique. In the second
demonstration, by sampling the SUT using wavelength multicasting technique,
the waveform of SUT could be reconstructed more precisely in real-time. The key
issue in the proposed scheme is the use of the muliwavelength sampling clocks
with short-pulsewidths compressed by RA-MPC. The short-width sampling pulse
could sample the SUT in the sampling time in which the waveform of SUT does

not change significantly in that time.

3.1 All-Optical NRZ-to-RZ Conversion with Mul-
ticast Short-Pulsewidth RZ Signals

3.1.1 Introduction

All-optical signal processing which implements multiple functionalities at the
same time such as waveform conversions, wavelength multicasting and pulsewidth
adjustment has been beneficially emerged for future all-optical networks appli-
cations [6], [7], [36], [37]. It is well-known that nonreturn-to-zero (NRZ) and
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return-to-zero (RZ) are two widely waveforms used in wavelength division mul-
tiplexing (WDM) and optical time division multiplexing (OTDM) networks, re-
spectively. Therefore, NRZ-to-RZ format conversion would be one of the main
processes to implement all-optical networking for interfaces between WDM and
OTDM networks. Moreover, with the ever-growth of high-bandwidth point-to-
multipoint applications such as high-definition television (HDTV) as well as data
storage area networks (big-data sharing, and data center migration), wavelength
multicasting has emerged recently to improve network capacity by increasing the
wavelength resource [38], [39]. Hence, demonstrations of all-optical NRZ-to-RZ
waveform conversion with multiwavelength channels has been done in a lot of
works [40]-[47]. If the pulsewidth of each 10 Gb/s multicast RZ signal is on the
order of a few picoseconds, the higher bit-rate OTDM streams could compose
from the lower bit-rate 10 Gb/s RZ signal by using optical time multiplexing
technique, which is a potential next stage after this conversion. The advantage
of this conversion comes from the aforementioned facts. Therefore, the effort
aims to obtain the multicast RZ signals with short-pulsewidth through waveform
conversion and wavelength multicasting with an assistance of pulse compression.
A combination of these multiple functions are particularly desirable to efficiently
improve the wavelength resource of network as well as the multiplexing of higher
bit-rate OTDM signals from lower bit-rate RZ signals.

The well-established methods for all-optical waveform conversion and wave-
length multicasting with tunable pulsewidth using different nonlinear media such
as nonlinear fiber or semiconductor optical amplifier (SOA) have been demon-
strated [6], [7]. Refs. [6] and [7] have realized one-to-four 10 Gb/s NRZ-to-RZ
waveform conversion and wavelength multicasting with different long-pulsewidths.
The range are from 17.9 to 22.2 ps in Ref. [6] and from 33 to 67 ps in Ref. [7].
However, obtaining tunable pulsewidth at picosecond duration is still technical
challenging in the demonstrations of Refs. [6] and [7] since the high-speed signals
at symbol-rate over 100 Gbaud require the short-pulsewidth which are on the
order of some picoseconds [48], [49]. In Ref. [6], the pulsewidth tunability of the
pulse is based on the changes of the radio frequency (RF) powers which applied
for phase modulator to generate multiwavelength RZ clocks with the range from

19 dBm (corresponding to multicast RZ signals with pulsewidth of 22.2 ps) to 25
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dBm (corresponding to multicast RZ signals with pulsewidth of 17.9 ps). From
these values, it is clearly seen that, the higher power of RF signal caused the
pulsewidth be smaller. However, it is difficult to obtain the shorter pulsewidth
for this scheme due to the maximum limited power applied for that modulator. In
Ref. [7], the pulsewidth tunability of the pulse is based on the adjustment of the
orientation of the polarizer. The polarizer is set in order to achieve the multicast
RZ-OOK signal with the shortest pulsewidth of 33 ps. Therefore, the pulse com-
pression of multicast signals with short-pulsewidths has not been demonstrated
so far. To obtain multicast RZ signals with short-pulsewidths, the need of the
multiwavelength RZ clocks with short-pulsewidth are considered. One of popu-
lar devices, mode-locked laser (MLL), is used to generate short-width RZ pulses
[50], [51]. However, the use of MLL is restricted in terms of pulsewidth flexibil-
ity. Recently, RA-MPC has emerged powerfully to generate the high-quality RZ
clocks with tunable short-pulsewidths which are a few picoseconds [19], [52], [53].
Therefore, the key issue of the proposed idea is the use of the muliwavelength RZ
clocks with short-pulsewidths compressed by Raman amplification multiwave-
length pulse compressor (RA-MPC) to achieve the multicast RZ signals with
tunable short-pulsewidths.

In this chapter, a realization of simultaneous one-to-four multicast with NRZ-
to-RZ waveform conversion with tunable pulsewidth in a range from 12.17 to 4.68
ps using RA-MPC is experimentally done. The RA-MPC is employed to generate
four synchronous 10 GHz WDM RZ pulses with the pulsewidths compressed down
to 3.50 ps. The 4x10 Gb/s compressed pulses and an input 10 Gb/s NRZ signal
interact together through four-wave mixing (FWM) effect in a highly nonlinear
fiber (HNLF). Since the FWM products have the data of input signal and wave-
forms of the compressed RZ clocks, the multicast signals with short-pulsewidth
are achieved. Error-free operations of four multicast RZ signals are obtained with
negative power penalties within 1 dB compared with the back-to-back NRZ signal
and small received power variation among four multicast RZ signals at bit-error-
rate (BER) of 1079, Besides, NRZ-to-RZ conversion and wavelength multicasting
without pulse compression are also realized in order to compare to the quality

of the converted compressed RZ data signals using RA-MPC. The results show
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that the receiver sensitivites of the converted RZ data signals with compression

are better than those of the converted RZ data signals without compression.

3.1.2 The Concept of Proposed Scheme

RZ signal outputs
(tunable pulsewidth)

NRZ signal input HNLF-based

@ FWM ?:Nitch @

@ Multiwavelength

compressed RZ clocks
| RA-MP

K

>

Multiwavelength
RZ clocks

e 3

Figure 3.1: Operational principle of the scheme of NRZ-to-RZ conversion
and wavelength multicasting using RA-MPC with multi-functions: waveform

conversion, wavelength multicasting, and pulsewidth tunability.
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Figure 3.1 illustrates the conceptual demonstration of waveform conversion
and wavelength multicasting with tunable short-pulsewidth. The scheme con-
sists of a multiwavelength pulse compressor, named RA-MPC and a HNLF-based
FWM switch. The notable feature of this scheme compared to the previous se-
tups is the achievement of getting multiwavelength RZ clocks with a wide short-
pulsewidth tuning range by RA-MPC. Firstly, RA-MPC, based on adiabatic soli-
ton compression technique, inherits high power amplification of a distributed Ra-
man amplifier (DRA) for the multiwavelength RZ clocks. The multiwavelength
RZ clocks, fundamental soliton pulses, are adiabatically amplified by DRA in an
anomalous dispersion fiber. Each fundamental soliton of sech? pulse has a peak

power described as following [22], [54]

3115 |

P 5
TTEWHM

(3.1)
where P;[W] is the peak power of fundamental soliton pulse; Tpwmm[ps] is the
full width half maximum of pulse used as the pulsewidth of pulse in practice;
B2[ps?/km] is the group velocity dispersion and y[W~!'km~!] is the nonlinear
coefficient of fiber. Referring from Eq. (3.1), the pulsewidth mpwmn of the pulse

is related to the peak power of the fundamental soliton pulse P; described as

! (3.2)
TFWHM X Pl .

From Eq. (3.2), it could be referred that the peak power of the optical pulse,

following.

Py is inversely proportional to the square-root of the pulsewidth 7pww of soliton
pulse. Therefore, an increase in the peak of the RZ clock pulse by increasing
Raman pump power could make its pulsewidth be compressed since the soliton
condition is preserved during amplification process. By controlling Raman pump
power of DRA, the pulsewidth management of the input RZ clock source could
be obtained.

The multiwavelength pulses source is a time interleaved source to avoid crosstalk
such as FWM phenomena probably occurring during compression process through
RA-MPC. A 15 ps time spacing between adjacent compressed pulses is set to si-
multaneously optimize the overlap of the multiwavelength RZ clocks and NRZ
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signal at the flat top of NRZ waveform in FWM process. In the HNLF-based
FWM switch, the RZ clocks with pulsewidth tunability generated from RA-MPC
nonlinearly interact with the input NRZ data signal over FWM process. The in-
put NRZ signal is converted into many multicast RZ signals at four FWM idlers
at different wavelengths. When the NRZ data signal and RZ clock are injected
into a fiber with length L, a new FWM idler is generated owing to FWM pro-
cess. The power of generated FWM idler Ppy s is generally calculated by the

following expression [28]

(3.3)

1 — exp(—aL)?
Prpwan (L) = 17° PR gy Parexp(—al) l( ( ) } ,

a2

where 7, v, and « are the efficiency, the nonlinear coefficient of the fiber, and
the attenuation coefficient of the fiber, respectively; Pyprz is the power of NRZ
signal set as a pump and P is the power of RZ clock set as a probe signal. It
could be seen from Eq. (3.3) that FWM products have data of the input NRZ
signal and follow waveforms of the compressed clocks through FWM process.
The pulsewidths of multicast RZ signals at FWM idlers are on the order of some
picoseconds since these pulsewidths inherit the pulsewdiths of RZ clocks sources.
By compressing the clocks sources with various puleswidths using RA-MPC before
interacting with the NRZ signal in HNLF-based FWM switch, the converted RZ

signals with tunable pulsewidth could be achieved.

3.1.3 Experimental Setup

Figure 3.2 illustrates the experimental setup of NRZ-to-RZ conversion and wave-
length multicasting with tunable pulsewidth of multicast RZ signals. From four
laser diodes (LDs) and an electro-absorption modulator (EAM), the 4x10 GHz
WDM-RZ clocks at wavelengths of 1538.19 (A1), 1541.35 (A2), 1544.53 (A3), and
1547.72 nm (A4) are modulated. Four RZ clocks, which are amplified by an
erbium-doped fiber amplifier (EDFA), are put in front of the input of a tun-
able dispersion compensating module (TDCM) to compensate EAM-induced fre-
quency chirping. Powers and time spacing of the WDM clock pulses are individ-
ually adjusted by a WDM power and time controller (WDM-PTC) to guarantee

the fundamental soliton powers of the clock pulses and interleaved time among
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Figure 3.2: Experimental setup of NRZ-to-RZ conversion and wavelength multicasting with tunable short-
pulsewidth using RA-MPC.
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them. The WDM-PTC includes an arrayed waveguide grating (AWG), variable
optical attenuators (VOAs), tunable delay lines (TDLs), and a coupler. After
WDM-PTC, to ensure the fundamental soliton power, an EDFA amplifies powers
of RZ clocks which then are injected into RA-MPC. The RA-MPC based adia-
batic soliton compression technique compresses multiwavelength RZ clocks. The
setup of RA-MPC includes a 17 km dispersion-shifted fiber (DSF) with a counter-
propagation tunable fiber Raman laser (TFRL) operating at 1454 nm and two
WDM couplers. The Raman pump wavelength is set at the value of 1454 nm to
optimize the quality of compression performance. Table 3.1 lists the parameters
of DSF. A phase shifter is used for controlling time delay of the multiwavelength
RZ clocks in order to get optimized overlap of the multiwavelength RZ clocks and
the NRZ signal in FWM process.

Table 3.1: Characteristics of 17 km dispersion-shifted fiber (DSF).

Parameter Value Unit
Length 17 km
Attenuation 0.197 dB/km
Dispersion at 1552 nm 3.8 ps/nm/km

Dispersion slope at 1552 nm 0.059 ps/nm?/km

Table 3.2: Characteristics of 320 m highly nonlinear fiber (HNLF).

Parameter Value Unit
Length 320 m
Attenuation 0.82 dB/km
Dispersion at 1550 nm -0.06  ps/nm/km
Dispersion slope at 1550 nm 0.023 ps/nm?/km
Nonlinear coefficient (7) 28 W= km~!
Effective core area of fiber (A.g) 9 pm?
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An NRZ data signal at the wavelength of 1553.33 nm is modulated by a
LiNbO3 modulator (LNM) driven by an electrical data from a pulse pattern
generator (PPG). After LNM, the NRZ signal is amplified by an EDFA and
filtered by a 0.6 nm optical band pass filter (OBPF). The powers and polarization
of the NRZ signal and compressed multiwavelength RZ clocks are optimized to
obtain good output waveforms and the largest conversion efficiency by a set of
an EDFA, VOA and two polarization controllers (PCs). The NRZ signal, which
is set as a pump in FWM-based HNLF switch, has parameters as described in
Table 3.2. At the output of HNLF, three 0.3 nm OBPFs and an EDFA were
used for individually selecting each multicast channel under investigation. These
multicast RZ signals are analyzed to obtain BER measurements as well as spectra,

waveforms, and eye patterns.

3.1.4 Experimental Results and Discussions
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Figure 3.3: Autocorrelation traces of RZ clocks 1, 2, 3 and 4 after compres-
sion at the output of RA-MPC at Raman pump power (P,) of 0.82 W

38



3.1 All-Optical NRZ-to-RZ Conversion with Multicast Short-Pulsewidth

RZ Signals

relative power (10dB/div.)

L Compressed RZ clocks

L clk1clk 2 clk 3 clk 4

vy VY

NRZ signal

P:0.42W

Multicast RZ outputs

ch4 ch3ch2chi

VYV

AN A

(@)

P:0.62W

1535 1540 1545 1550 1555 1560 1565 1570

wavelength (nm)

Figure 3.4: FWM spectra at the output of HNLF with different values of
Raman pump power (P,) of (a) 0.42 W, (b) 0.62 W, and (c) 0.82 W.
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In this experiment, the compression of multiwavelength RZ clocks was based
on adiabatic soliton compression in DRA. Since the energy of RZ pulses was
increased by increasing Raman pump power (P;) of DRA, the soliton pulses were
compressed. The multiwavelength RZ clocks are required as fundamental soliton
pulses for this compression technique. The peak power of each RZ pulse depended
on pulsewidths and their relation was expressed by Egs. (3.1) and (3.2). The
pulsewidths of four RZ clocks were compressed to around 11.33, 6.45 and 3.5 ps
corresponding to Raman pump power (P;) of 0.42, 0.62 and 0.82 W, respectively.
Figure 3.3 shows autocorrelation traces of four RZ clocks after compressing at
the output of RA-MPC as P, was 0.82 W. The RZ clocks 1, 2, 3 and 4 (clks. 1, 2,
3, and 4) at the wavelengths of 1538.19, 1541.35, 1544.53, and 1547.72 nm with
their pulsewidths of around 20.0 ps were compressed down to 3.43, 3.78, 3.34, and
3.50 ps, respectively. When the pulse is compressed, the spectrum is broadening.
To avoid the crosstalk from the neighboring channels induced by the spectrum
overlapping, the frequency spacing is not smaller than the bandwidth of each
channel. The frequency spacing between the adjacent pulses is set to 400 GHz.
The four multiwavelength RZ pulses are compressed to around 3.5 ps with the
bandwidth of each compressed RZ pulse of around 120 GHz. It is obviously seen
that these compressed RZ clocks pulses had high quality since their waveforms
were well-matched to sech? fitting. These compressed RZ clocks and the 10 Gb/s
NRZ data signal interacted together through FWM effect in HNLF. The time
spacing between neighboring compressed RZ clocks were set to 15 ps to ensure
that all these clocks were sampled at the flat-top of the waveform of NRZ signal
in FWM process.

Figure 3.4(a), (b) and (c) show the spectra at the output of HNLF correspond-
ing to Raman pump powers (P;) of 0.42, 0.62 and 0.82 W, respectively. It is seen
that each RZ clock and each multicast RZ signal had the notches at their central
regions. The reason comes from the fact. Originating from multiwavelength RZ
clocks compressed by RA-MPC, spectra of these pulses have the notches located
at their spectral center. The probable concern would be the residual frequency
chirp near the leading and trailing pulse edges. After FWM process, the spectra
of multicast channels also have the notches as seen from Fig. 3.4. In this FWM

process, the NRZ signal was set as a pump and all multiwavelength compressed
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(a) ch 1 (1568.47 nm) (c) ch 3 (1562.13 nm)

(b) ch 2 ( 1565.31 nm) (d) ch 4 (1558.91 nm)
time (30 ps/div.)

Figure 3.5: Eye patterns of all multicast converted RZ signals (a) channel 1,
(b) channel 2, (c¢) channel 3, and (d) channel 4 with the pulsewidth of around
4.68 ps corresponding Raman pump power (P,) of 0.82 W,

R7Z clocks were sampled at the flat-top of NRZ signal, therefore, the spectra of
multicast signals were inversion compared to those of the multiwavelength RZ
clocks with respect to the frequency of NRZ data pump, quite likely a mirror
reflection. Channels 1, 2, 3 and 4 (chs. 1, 2, 3, and 4) were simultaneously gener-
ated at the wavelengths of 1568.47 (\}), 1565.31 (\y), 1562.13 (\3), and 1558.94
nm ()\;1), respectively. Each multicast channel was individually selected for eye

patterns, pulsewidths and BER measurements.

Figure 3.5(a), (b), (c), and (d) show eye patterns of four multicast RZ sig-
nals located at the wavelengths of 1568.47, 1565.31, 1562.13, and 1558.94 nm,
respectively. When P, was set at 0.82 W, the pulsewidth of all multicast sig-
nals is around 4.68 ps. To investigate the performance of waveform conversion
and multicasting process, BER characteristics of all signals were performed as a
function of the received power as plotted in Fig. 3.6. Error-free operations were
obtained with small received power variation of around 0.5 dB at BER of 107

among multicast signals. Negative power penalties within 1 dB were achieved
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with respect to the back-to-back NRZ input signal. The obtained results are well
reasonable in comparison with the results in Refs. [42], [55]-[58] in which receiver
sensitivities of RZ signals could be improved by several dB compared with those
of NRZ signals. It was found that these receiver sensitivity enhancements are
around from 2 to 3 dB in theoretical and experimental demonstrations [55], 3 dB
in experimental work [56], up to 3.2 dB in theoretical simulations [57], [58], and
1.5 dB in experimental work [42]. The reasons result from the fact as following.
At the same average optical power at the receiver, RZ signal has a higher peak
power in comparison with that of NRZ one. Since received electrical power is
proportional to the square of incident optical power, the electrical power of RZ
pulse is higher that of a NRZ one [42]. Therefore, in a comparison to NRZ pulse,
RZ pulse has a signal-to-noise ratio (SNR) gain leading a receiver sensitivity

improvement [57].
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Figure 3.6: BER curves of converted RZ channels with pulsewidth of around
4.68 ps corresponding to P, of 0.82 W.

Autocorrelation traces of clock 4 (clk. 4) after compression at the output of
RA-MPC and channel 4 (ch. 4) after FWM at the output of HNLF at various
values of P, are shown in Figs. 3.7(a) and (b). Increasing P, causes pulsewidths of
the WDM clock pulses decrease, therefore, the pulsewidth of multicast RZ signals
were smaller. For example, the pulse at channel 4 was compressed to 12.17, 7.89,
and 4.68 ps as P, was set to 0.42, 0.62, and 0.82 W, respectively. The multicast
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Figure 3.7: Autocorrelation traces of different pulsewidths of (a) RZ clock
4 (clk. 4) after compression (before FWM) and (b) channel 4 (ch. 4) after

conversion (after FWM) at various values of P,.

signals had the pulsewidth decreased from 21.03 ps (without pulse compression)
to 12.17, 7.89, and 4.68 ps (after compression). The waveforms as plotted in
solid lines were well-matched to sech? fitting as plotted in dash lines. The similar
features were also obtained for the remain channels with different pulsewidths.
Figure 3.8 shows eye patterns of converted signal at channel 4 in cases without
compression (in Fig. 8(a)), and with compression at P, of 0.42 W, 0.62 W, and
0.82 W (in Fig. 3.8(b), (c), and (d)), respectively. Eye patterns of these RZ
signals were almost invariant due to limitation bandwidth of 30 GHz bandwidth

sampling oscilloscope.  To simultaneously observe all receiver sensitivities at
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(a) 21.03 ps, without compressing

(b) 12.17 ps, P=0.42 W

Iy

3

ne (30 ps/div.) I

(c) 7.89 ps, R=0.62 W

(d) 4.68 ps, P=0.82 W

Figure 3.8: Eye patterns of converted RZ signal at channel 4 with various
pulsewidths (a) 21.03 ps (without compression), (b) 12.17 ps, (c¢) 7.89 ps and
(d) 4.68 ps corresponding to P, 0.42, 0.62 and 0.82 W, respectively.
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Figure 3.9: Receiver sensitivities of all multicast RZ signals output com-

pared to the NRZ signal in cases of without compression and with compression

at P, of 0.42, 0.62 and 0.82 W.
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BER of 107 of the converted signals, their receiver sensitivity was also measured
at different values of pulsewidths by changing Raman pump power. The NRZ-to-
RZ conversion and wavelength multicasting are also implemented without using
RA-MPC in order to compare with a case of using RA-MPC. The sensitivities of
the back-to-back NRZ and all RZ outputs signals at four values of pulsewidths
(21.03, 12.17, 7.89, and 4.68 ps) are illustrated in Fig. 3.9. The small differences
in the sensitivities of four converted RZ signals were obtained. The sensitivity
of NRZ signal was 1 dB larger than the best sensitivity of RZ signal at channel
1 as Raman pump power was set to 0.82 W. The resulted sensitivities indicated
that the receiver sensitivities of RZ data signals with short-pulsewidths using
RA-MPC are better in comparison to the case of without using of RA-MPC. It
could be referred from Refs. [55], [57], and [58] that the receiver sensitivity would
be enhanced for the shorter RZ pulse compared to longer one, even if the used
receiver bandwidth is only 0.7 times data rate. The BER measurement system
of this experiment in the thesis employs an optical receiver that has a receiver
bandwidth of around 8 GHz. The pulsewidth of all converted RZ signals was tun-
able from around 21.03 to 12.17, 7.89, 4.68 ps leading to negative power penalties
compared to the back-to-back NRZ signal. The receiver sensitivity of the shorter
pulsewidth of the multicast signal was smaller compared with that of the longer
one. The receiver sensitivity improvement of the shorter pulsewidth signals were
consistent with the previous works [42], [55], [57], [58], and have also been dis-
cussed in the last part for Fig. 3.6. However, it could be observed that there was a
small gap in the amount of receiver sensitivity enhancement when the pulsewidth
was compressed to 4.68 ps in comparison with longer pulsewidths of signals. Main
concerns would be that the bandwidth of signal with such as a short-pulsewidth
duration is excessively larger than the receiver bandwidth, causing less impact
of pulsewidth on receiver sensitivity. This dependence of pulsewidth on receiver
sensitivity has been analyzed in details in Ref. [58]. From Figs. 3.6 and 3.9, it
is clearly seen that power penalties at BER=10" of channels 1 and 2 were the
best and worst, respectively compared to those of the remained multicast signals
(channels 3 and 4). Meanwhile, power penalty of channel 3 was just a very little
better than that of channel 4. The reason would be that the location of channel

1 was furthest compared to those of the others so that crosstalk induced by the
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neighboring channels did not affect channel 1 strongly. The maximum 0.35 dB
difference in amount of power penalty of channel 2 compared to channels 3 and 4
would be due to the imperfect tuning filter when selecting the individual channel

2 under investigation.

In this scheme, the frequency of NRZ signal nearly coincides with the zero-
dispersion wavelength frequency in order to satisfy the phase-matching condition.
Even though the conversion efficiency dependency of spacing between wavelength
of the pump (input data signal) and the zero-dispersion wavelength of the fiber
has not been investigated, it is expected that the wavelength of the pump could
set around the zero wavelength dispersion to obtained a desired FWM efficiency
by adjusting the power of the pump [28]. In this work, when tuning the wave-
length of RZ clock 1 which was further from the wavelength of pump at the
wavelength of 1528.77 nm or 1567.95 nm, the significant conversion efficiency
also could be obtained. Therefore, the tunable wavelength of multicast signals
could be achieved. In our scheme, the time spacing between two adjacent pulses
is set to 15 ps so that the RZ clocks can avoid crosstalk such as FWM phe-
nomena probably occurring during compression process through RA-MPC and
the RZ clocks can sample the 10 Gb/s NRZ signal over its flat-top. The 4x10
GHz multiwavelength RZ clocks with frequency spacing of 400 GHz (3.2 nm)
between adjacent channels occupy the overall frequency range within the gain
bandwidth of RA-MPC which was 12 nm (1.5 THz). The maximum number of
multicast channels depends on the conversion bandwidth, bandwidth of signals,
and time spacing of the multiwavelength pulse generated from RA-MPC, the gain
bandwidth of RA-MPC for NRZ-to-RZ format conversion using in our scheme.
Therefore, the obtained maximum number of multicast channels is four channels
in this work. However, the expected maximum number of multicast signals is
eight channels when the frequency spacing and time spacing are set as the values
of 200 GHz and 10 ps, respectively. The gain bandwidth could be improved if
using the multiwavelength pumps for Raman amplification. Hence, the maximum
number of channels depends on the conversion bandwidth in FWM process. The
frequency and time channel spacing determine the packing density of the mul-

tiwavelength pulses which is related to the bit-rate and the spectral efficiency.
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The spectral efficiency of each 10 Gb/s multicast signal is only 0.025 b/s/Hz.
However, the pulsewidth of each multicast signal is on the order of some picosec-
onds so that the multicast signals could be multiplexed to higher bit-rate OTDM
signals. Therefore, the spectral efficiency could be improved. For example, the
spectral efficiency of 80 Gb/s OTDM signal with the frequency spacing of 400
GHz is 0.2 b/s/Hz. The spectral efficiency could be increased if the frequency
spacing is reduced to the value of 200 GHz.

If a lot of multicast channels are required such as 100 multicast channels with
frequency spacing between adjacent channels of 400 GHz, the total required spac-
ing is over 39.6 THz. Therefore, it is obvious that our scheme could not satisfy
for this requirement. In Ref. [59], the wavelength conversion using FWM with
the frequency range from the pump and the probe of around 41 THz is achieved
in a dispersion-engineered highly nonlinear fiber. Therefore, it is expected that
this setup could be considered for the requirement of 100 multicast channels.
However, it is challenging for the demonstration of wavelength multicasting with
a large number of channels due to the available equipment and the complexity
of the unwanted nonlinearities such as self-phase modulation (SPM) and cross-
phase modulation (XPM) in conversion process. So far, 40-fold multicasting of
40 Gb/s NRZ signal with frequency spacing of 100 GHz has been achieved [60].

In practice, optical wavelength multicasting has not been used. The multicast
is only implemented in internet protocol (IP) digital router. The evolution is
toward WDM wavelength multicasting with different wavelengths for all-optical
networks in future. The required number of multicasting wavelengths depends
on the scale of networks and the demand from clients. In our scheme, the 4x10
Gb/s multicast RZ-OOK signals are obtained with the shortest pulsewidth which
is less than 5 ps. Therefore, it is desirable that these multicast signals could be
multiplexed into the higher bit-rate OTDM signals up to 80 Gb/s if the high bit-
rate signals are required. The potential total capacity provided by this scheme is

4x80 Gb/s.
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3.2 All-Optical Waveform Sampling using Wave-
length Multicasting Technique

3.2.1 Introduction

Thanks to the advantages of recent technologies in high-speed backbone data
networks, the growing trend of bandwidth demanding applications such as data
and video sharing, cloud computing, radar systems and data collection systems
have brought in a need for higher capacities in signal transmission and moni-
toring signal [24], [61]. Nowadays, the high-speed signals in communication are
most widely monitored by all-optical sampling technique which is novel to display
time-resolved measurements of such high-speed optical signal whose bandwidth
is not able to be reached by conventional photo-detectors attached in electronic
sampling processor [61]. In all-optical sampling techniques, optical signal is sam-
pled in optical domain by an optical sampling gate and the sampled signals are
converted into electrical signals and then are processed. By this way, it reduces
the requirement of high-bandwidth of electronic devices for detecting process be-
cause the bandwidth of the measurement instrument limitation is only due to
the optical sampling gate. This is the advantages of optical sampling method
compared to conventional electronics sampling [62]. These signals could always
be analyzed off-line by capturing their samples and then processing.

After early work [63] using optical sampling in a LilOg crystal, the recent
works have demonstrated the usefulness of all-optical sampling with verified high
refresh rate eye-diagram analysis of data at several hundreds Gb/s using FWM
[64], [65] or all-optical sampling with resolving the temporal shape of data pulses
[66], [67]. However, it is challenging that these methods are not compatible with
instantaneous amplitude changes of signals as well as capturing the details and
singular manners such as transient events which need real-time processing. The
basic idea in real-time waveform sampling is that how to capture the sampled
points so that the sampling rate is larger two times the highest frequency content
of the signal. For instance, the capture of a waveform of a 10 Gb/s NRZ signal

requires a sampling rate of around 30 GSamples/s [68]. Therefore, an effort to
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characterize signals for real-time applications such as signal recognition by mon-
itoring waveform signal is all-optical waveform sampling which has emerged as a
powerful tool. All-optical real-time waveform sampling has been demonstrated by
using various effects in an electro-optic intensity modulator (EOM) [8] or HNLF
switches [9]-[11]. In the demonstration in Ref. [10], waveform sampling is real-
ized by multicasting the input signal before sampling process using a sampling
pulse source from a high-repetition-rate MLL. This approach need to use two
nonlinear processes which are multicasting and sampling, thus, there might be
complex in setup and operation. The other demonstrations in Refs. [8], and [9]
use the multiwavelength sampling pulses instead of a sampling pulse in Ref. [10].
Nevertheless, those sampling pulses are difficult to use for sampling high-speed
signals so as to precisely capture waveforms due to their long-pulsewidths. In-
deed, for sampling waveform of high-bandwidth signals such as military radar,
it is desirable to use sampling short pulses in order that the waveform does not
change significantly over the sampling time. The generation of optical signal
with short-pulsewidth has been emerged as an active area of research for several
decades, and the existence of such pulses has brought a variety of applications
to sampling pulse source. For real-time waveform sampling of the high-speed
high-bandwidth signal, a high-repetition-rate of sampling pulse sources beyond
10 GHz maybe is required. For that requirement, the proposed scheme in this
chapter has overcome the difficulty of Refs. [8], and [9] by generating the 4x10
GHz multiwavelength sampling clocks sources with pulsewidths which are less
than 3.0 ps. These sampling pulses sources employ four continuous waves (CWs)
from four laser diodes (LDs) followed by a high-bandwidth electro-absorption
modulator (EAM) controlled by a 10 GHz radio frequency (RF) signal in order
to generate pulses with widths of 20 ps. Furthermore, to reach the requirement
for the sampling short pulse source, the generated pulses are compressed by us-
ing RA-MPC. The pulsewidths of the multiwavelength sampling pulses sources
were compressed down to some picoseconds, via adiabatic fundamental soliton
compression. The distinguished feature of the proposed scheme in this work is
the use of the 4x10 GHz multiwavelength sampling clocks compressed by RA-
MPC with pulsewidths of less than 3.0 ps. The RA-MPC operation is based on

adiabatic soliton compression which takes advantage of high power amplification
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for high-quality WDM-RZ sampling compressed clocks. The proposed idea is
to use several sampling clocks with short pulsewidth compressed by RA-MPC to
get simultaneous multiple sampled signals by using wavelength multicasting tech-
nique. Hence, a high sampling-rate in a single optical sampling gate is achieved
corresponding to the number of wavelengths of the sampling pulses.

In this demonstration, a realization of all-optical waveform sampling of arbi-
trary signal called signal under test (SUT) using wavelength multicasting tech-
nique to get simultaneously many multicast sampled signals is focused. Four syn-
chronous 10 GHz WDM pulses are compressed by RA-MPC with the pulsewidth
which are less than 3 ps. These four compressed pulses interact with the input
SUT over FWM effect in an HNLF. It results in four sampled signals based on
wavelength multicasting conversion. The power of each sampled signal is propor-
tional to that of the SUT at the time overlap with the sampling pulse and the
waveform of sampled signal inherit that of the sampling compressed pulse. There-
fore, four 10 Gb/s sampled signals with short-pulsewidth at picosecond range are
obtained, leading a sampling rate of 40 GSample/s. The sampled data is acquired
by the 30 GHz sampling oscilloscope and then is processed. The reconstructed

waveforms are well-matched with the SUT waveforms.

3.2.2 Principle Operation

The concept of all-optical waveform sampling using multiwavelength sampling
clocks is shown in Fig. 3.10. In the optical sampling system using wavelength
multicasting technique, the optical signal under test (SUT) is multicast and sam-
pled simultaneously in optical domain by using multiwavelength sampling clocks
through an optical sampling gate such as an HNLF-based FWM switch. The
SUT is sampled at many points decided by multiwavelength sampling pulses in
the same frame where transient changes of STU occur, leading real-time process.
After WDM-filter, the multicast sampled signals are obtained and then are sent
to photodiodes (PDs) for converting to electrical signals. These electric signals
are processed by processor to reconstruct the waveform of SUT.

In this demonstration, before sampling process, the multiwavelength sampling

pulses are compressed by RA-MPC. The detailed concept of all-optical wave-
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Figure 3.10: The concept of all-optical waveform sampling using wavelength

multicasting technique.

form sampling using multiwavelength sampling clocks compressed by RA-MPC
is shown in Fig. 3.11. Firstly, delay block controls the delay of WDM-RZ clocks
to synchronize with the target of sampling-rate. After the delay block, the WDM
RZ pulses are simultaneously compressed down to some picoseconds by RA-MPC.
The SUT and sampling compressed clocks are injected into a sampling gate. Af-
ter the sampling gate, the data information of input signal is copied to the FWM
sampled products after wavelength multicasting conversion. The power of each
sampled signal is proportional to that of the SUT at sampling point. WDM filter
is used to get the sampled signals which then are processed. Hence, all-optical

waveform sampling of the SUT is achieved.

3.2.3 Experimental Setup

The experimental setup of all-optical waveform sampling is shown in Fig. 3.12.
Four 10 GHz WDM-RZ clocks at the wavelengths of 1538.19 (A1), 1541.35 (A2),
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Figure 3.11: The concept of all-optical waveform sampling using wavelength multicasting with RA-MPC.
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1544.53 (A3), and 1547.72 nm (\4) which are sech?-shaped pulses with pulsewidth
of around 20 ps are modulated from four laser diodes (LDs) by an electroabsorp-
tion modulator (EAM). The powers of four RZ clocks are then boosted with an
erbium-doped fiber amplifier (EDFA). A tunable dispersion compensating module
(TDCM) is used to compensate frequency-chirping induced by EAM. The powers
of the WDM-RZ clocks and time spacing among them are controlled individually
by a WDM power and time controller (WDM-PTC) to ensure the equal power
and time-interleaved among the clock pulse trains. The WDM-PTC includes of
an arrayed waveguide grating (AWG), variable optical attenuators (VOASs) in se-
ries with tunable delay lines (TDLs), and a coupler. To ensure the fundamental
soliton condition in the compression process, an EDFA is used to amplify the
WDM-RZ clocks which are then injected into the input of RA-MPC. The Ra-
man pump wavelength is set at 1454 nm for the pulse compression to optimize
high-quality compression performance. An input SUT at the wavelength of 1553
nm is generated from signal generator and is then boosted by an EDFA and fil-
tered by a 0.6 nm optical band pass filter (OBPF). The use of an EDFA and
a VOA is to optimize FWM efficiency by adjusting powers of the SUT and the
sampling WDM-RZ clocks, respectively. Meanwhile, the polarization of both the
clocks and SUT are monitored by two polarization controllers (PCs) to maximize
interaction among the signals. A phase shifter controls the time delay of the
RZ clocks for obtaining the overlap among the RZ clocks and the STU at the
sampling time in FWM process. The SUT is set as a pump for FWM process
in HNLF, which has the parameters as shown in Table 3. 2. After the sampling
process, the multicast sampled RZ signals are filtered and amplified individually
by OBPFs and an EDFA, respectively. Each generated sampled signal is then
separated from the other signals to be processed by a 30 GHz electronic sampling
oscilloscope. The sampled signals are off-line processed to combine the temporal

profile to capture the waveform of SUT.

3.2.4 Experimental Results and Discussions

In the experiment, the sampling RZ clocks were compressed by RA-MPC owing

to the adiabatic soliton compression. Fundamental soliton pulses are required for
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Figure 3.13: Spectra of multiwavelength sampling pulses before and after
compression using RA-MPC with the Raman pump power of 0.9 W.

this compression technique. The dependence of pulsewidth of the RZ clocks on
its peak power was described in Egs. (3.1) and (3.2). The spectra of the multi-
wavelength sampling compressed clocks before and after compression are shown
in Fig. 3.13. Their spectra became broader when pulsewidths were compressed.
The reason is that the increase of Raman pump power made the peak power of
sampling clock increase, leading its pulsewidth compression owing to adiabatic
soliton compression in the DRA. Clocks (clks.) 1, 2, 3 and 4 with pulsewidths of
around 20 ps are successfully compressed to 2.62, 2.96, 2.70, and 2.82 ps, respec-
tively when the Raman pump power was set to 0.9 W. Autocorrelation traces
and eye patterns of four sampling compressed and their autocorrelation traces
are illustrated in Figs. 3.14 and 3.15, respectively. The spacing time between two
adjacent sampling clocks is to 25 ps. It is obviously seen that the spectra and
waveforms of sampling compressed clocks are well-fit to sech? function.

Firstly, a demonstration of all-optical waveform sampling of NRZ signal is
presented. Figure 3.16 shows the spectra at the output of the HNLF after sam-
pling process based on wavelength multicasting technique. Channels 1, 2, 3 and
4 at the wavelengths of 1567.81 ()\}), 1564.65 ()\y), 1564.65 ()3), and 1558.25
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Figure 3.14: Eye patterns of four multiwavelength sampling pulses com-
pressed by RA-MPC.
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Figure 3.15: Autocorreclation traces of four multiwavelength sampling
pulses compressed by RA-MPC.

nm ()\;) were simultaneously generated. To enable simultaneous observation of
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Technique
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Figure 3.16: Spectra after HNLF for sampling waveform of NRZ data signal.
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Figure 3.17: Temporal profiles of four waveforms of sampled outputs in case
of NRZ waveform sampling. The inserted envelope is the waveform of NRZ

data signal.

the waveforms of the four sampled data signals for the reconstruction of input
waveform, an off-line process was implemented by combining the waveforms of
4x10 Gb/s FWM outputs to capture the waveform of SUT. The data information
was copied to the four FWM sampled products. The power of optical sampled
signal was proportional to that of the data signal at the sampling time. Hence,

a 40 GSample/s all-optical waveform sampling was achieved. Due to the lack of
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OBPFs, each sampled signal was filtered individually. The temporal profiles of
four sampled signals were processed off-line as shown in Fig. 3.17. The com-
bined temporal profiles of four multicast signals resulted an envelope which was
well-matched with the waveform of NRZ signal. It is evidently indicated that the

waveform of NRZ signal was successfully reconstructed.

RZ signal
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Figure 3.18: Spectra after HNLF for waveform sampling of RZ data signal.
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Figure 3.19: Temporal profiles of four waveforms of sampled outputs in
case of RZ waveform sampling. The inserted envelope is the waveform of RZ

signal
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3.3 Summary

An all-optical waveform sampling for an RZ signal was also demonstrated. The
spectra of sampled signals at the output of HNLF using wavelength multicasting
process based FWM effect are shown in Fig. 3.18. Similarly, four multicast
channels 1, 2, 3 and 4 (chs. 1, 2, 3, and 4) at the wavelengths of 1567.81 ()\,1),
1564.65 ()\/2), 1564.65 (A;)), and 1558.25 nm (/\;1) were simultaneously generated.
The power of each multicast signal was proportional to that of the SUT at the
sampling time, leading a 40 GSample/s all-optical waveform sampling. An off-line
process by combining the waveforms of four FWM outputs was done. Temporal
profiles of four multicast sampled signals shown as in Fig. 3.19 illustrated the
reconstructed waveform are well-fit to the original waveform of the RZ data signal.

A 40 GSample/s FWM-based all-optical waveform sampling of NRZ and
R7Z data signals was successfully implemented. The multiwalength sampling
pulses were compressed owing to soliton adiabatic compression in RA-MPC with
the pulsewidths which were less than 3 ps. The reconstructed waveforms were
matched well with input waveforms of the SUT. The number of sampled signal
determine the sampling-rate. Therefore, this proposed scheme is potential for
higher sampling-rate due to the flexible number of sampling clocks compressed
by RA-MPC if using the multiwavelength pumps for Raman amplification to in-
crease the gain bandwidth or reducing the frequency spacing between adjacent
pulses of 200 GHz. If the frequency spacing is 200 GHz and time spacing is
12.5 ps, the maximum number of the sampling pulses is eight channels within
the gain bandwidth of Raman amplification. Therefore, the sampling rate of
80 GSample/s could be obtained. The sampling-rate depends on the number of
multiwavelength pulses. And the issues such as the number of multiwavelength
pulses, wavelength detuning have been discussed in the multiwavelength pulses

sources in the first demonstration in section 3.1.4.

3.3 Summary

In conclusion, the first demonstration is 4x10 Gb/s pulsewidth-tubable NRZ-to-
RZ and wavelength multicasting using RA-MPC with a wide pulsewidth tuning
range from around 4.68 to 12.17 ps by changing Raman pump power of 0.82 and

0.42 W, respectively. Error-free operations are reached for all multicast signals
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with negative power penalties in comparison with the error-free operation of NRZ
signal and small gap among converted RZ signals at BER of 1079, The waveform
and wavelength multicasting conversions without using RA-MPC have also been
realized. In comparison with the converted RZ signals without compression, the
receiver sensitivities of the compressed RZ signals with pulse compression (us-
ing RA-MPC) were enhanced. This scheme is able to increase more RZ output
channels owing to the ability for increasing more multiwavelength RZ clocks com-
pressed by RA-MPC if using multi-pumps for Raman amplification.

A technique using wavelength multicasting for all-optical waveform sampling
of signals, particularly NRZ-OOK and RZ-OOK signals, is experimentally demon-
strated. The sampling clocks source compressed by RA-MPC interact with the
sample signal, forming multiple sampled signals. The number of sampled outputs
could be easily increased by using more sampling clocks respected to the sampling-
rate. The most notable part of the proposed scheme is the use of multiwavelength
sampling pulse with short-widths compressed by RA-MPC and wavelength mul-
ticasting to sample signal. The RA-MPC could compress the sampling clocks
with the pulsewidths which are on the order of a few picoseconds with almost
same high-quality for all clocks. This sampler could capture the waveform of
arbitrary amplitude-modulated signals in real-time, thus, it is useful for real-time

applications.
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Chapter 4

Pulse Compression and
Wavelength Multicasting of an
Inline RZ-DPSK Signal

The phase-modulated signals, particularly differential phase-shift-keying (DPSK)
signal, attract much attention owing to robust tolerance to the effects of some fiber
nonlinearities, and support high spectral efficiency. The obvious improvement of
DPSK signal compared to on-off-keying (OOK) signal is the 3 dB-lower optical
signal-to-noise ratio (OSNR) required to reach a given bit-error-rate (BER) asso-
ciated with a balanced receiver which is the benefit of DPSK signal. This chapter
demonstrates pulse compression of an inline 10 Gb/s return-to-zero (RZ)-DPSK
signal through a distributed Raman amplifier-based pulse compressor (DRA-PC)
and wavelength multicasting of this inline RZ-DPSK signal in a highly nonlinear
fiber (HNLF)-based four-wave mixing (FWM) switch. Firstly, RZ-DPSK signal is
transmitted over 30 km standard single mode fiber (SSMF) and then compressed
by DRA-PC. The first application of the inline pulse compression is the generation
of a higher bit-rate 40 Gb/s optical time division multiplexing (OTDM) stream
multiplexed from lower bit-rate 10 Gb/s compressed RZ signal. The other appli-
cation after pulse compression is the wavelength multicasting of the compressed

RZ-DPSK signal using FWM process with multiple pumps. The obtained results
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show good performances in compression and wavelength multicasting concerning
in good bit-error-rate (BER) operations and high-quality of compressed signals

with short-pulsewidths.

4.1 Pulse Compression of an Inline RZ-DPSK
Signal

4.1.1 Introduction of an Inline RZ-DPSK Signal Com-

pression

All-optical signal compression has been intensively used as one of the main el-
ements to enable ultra-high-speed signals which overcome electronic limitations
[69], [70]. The high-quality pulses with short-widths which are on the order of
some picoseconds are generated by using the soliton compression which is based
on the two key techniques. The first is the gradually decreasing of the value of
dispersion along fiber by a dispersion-decreasing fiber (DDF) [71], [72], a step-
like dispersion profiled fiber (SDPF) [73] and a comb-like dispersion profiled fiber
(CPF) [74]. The second is that the peak power of soliton pulse is increased dur-
ing pulse propagation in an anomalous dispersion fiber by an erbium-doped fiber
amplifier (EDFA) [75] and a distributed Raman amplifier (DRA) [76]. The width
of compressed signal in picosecond duration could be obtained by tuning the gain
of optical amplifier. The DRA-based pulse compressor (DRA-PC) has a benefit
over the others due to the high power at the output because the pulse is amplified
during compression process. It is clearly shown that this compressor has been
a powerful device to compress many pulses with different wavelength simultane-
ously [13], [52]. This compressor plays an important function in the multiplexing
exchange between wavelength division multiplexing (WDM) and optical time di-
vision multiplexing (OTDM) [19], [53] as well as in the combination of waveform
conversion and wavelength multicasting with pulsewidth tunability [77]. This
technique enables the pulse compression with the width which are some of pi-

coseconds with wide tuning range by controlling Raman pump power of DRA.
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Recently, DPSK signals are widely attractive for high-bit-rate optical fiber
communication systems owing to their larger robustness to fiber nonlinearities
and their better receiver sensitivity compared with OOK signals [78]-[81]. To
deal with the current trend to more advanced modulation format for the opti-
mization of higher spectral efficiency [82], [83], it is attractive to detect the ability
of pulse compression for phase-modulated signals which have not been realized in
the past works. Different from the OOK signals compression [12], [13], the phase
information of the phase-modulated signals could be degraded due to phase noises
induced during the compression. Main reasons might are due to the residual phase
noise caused by imperfect dechriping of self-phase modulation (SPM) over fiber
dispersion, and the conversion of amplitude noise to phase noise by the fluctuation
of gain [84], [85]. In practice, the optical signal is mostly compressed before data
signal modulation at the transmitter to obtain the high-speed signals, leading the
limitation in which the data signal could not compressed for inline applications
on the transmission. This process has the benefit that the pulse compression does
not depend on the signal formats (amplitude and/or phase). On the other hand,
if the pulse compression is used for the modulated data signal, it is necessary
to consider the possibility or performance of data signal compression because of
its dependence on the characteristics of data signals. Thus, it is attractive to
demonstrate the pulse compression for the phase-modulated signals, particularly
for RZ-DPSK signals using DRA-PC. Moreover, this work demonstrates the pulse
compression for the phase-modulated signal, specifically for an inline RZ-DPSK
data signal for inline applications. For example, the RZ-DPSK signal is trans-
mitted from the source to the other nodes on the network for different services.
The most important achievement in this work is the use of the pulse compressor
for the inline RZ-DPSK signal which makes the pulsewidth of the RZ-DPSK sig-
nal being compressed down to a few of picoseconds at arbitrary location along
the transmission. With short-pulsewidth, this compressed data pulse could be
aggregated into higher speed-data-rate from lower speed-data-rate of signals us-
ing optical time multiplexing technique. In this chapter, a lower data-rate of 10
Gb/s RZ-DPSK signal with pulsewidth of about 20 ps was compressed down to
3.2 ps and then was aggregated into a 40 Gb/s optical time division multiplex-

ing (OTDM) signal. However, the pulse compression after the data modulation
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would be a challenge because noises directly affect the features of the modulated
data signal. Therefore, this is the first effort to directly compress the pulse of
RZ-DPSK signal for the useful above applications.

In this chapter, the pulse compression for an inline 10 Gb/s RZ-DPSK signal
using DRA-PC is realized. The RZ-DPSK signal with pulsewidth of 20 ps trans-
mitted over 30 km SSMF and then compressed down to a few of picoseconds
by controlling Raman pump power of DRA. At bit-error-rate (BER) of 1077,
error-free operations at pulsewidths of 12, 7.0, and 3.2 ps are achieved with low
power penalties within 2.3 dB compared to the back-to-back signal at the trans-
mitter. To clearly investigate the quality of the compressed RZ-DPSK signal in
inline applications, the 10 Gb/s signal compressed with pulsewidth of 3.2 ps is
multiplexed to generate a 40 Gb/s OTDM signal. This OTDM signal is then
demultiplexed to 10 Gb/s DPSK signal by using an optical gate based on four-
wave-mixing (FWM) in a highly nonlinear fiber (HNLF). A 1.2 dB-power penalty
of demultiplexed signal compared to the 10 Gb/s baseband signal is obtained.

4.1.2 Operation Principle

The notable feature of this scheme in comparison with the past works is on the
utilization of DRA-PC to compress RZ-DPSK signal. The RZ-DPSK signal is
required as a fundamental soliton pulse adiabatically amplified in an anomalous
dispersion fiber using DRA. The energy of the pulse is increased by the amplifi-
cation in the DRA, thus, the soliton pulse based on adiabatic soliton compression
technique is obtained. The fundamental soliton pulse has a peak power governed

by the expression [86]

rwamy PL = 2932 /| D | Acss (4.1)

where Tewnm[ps], Pi[mW], A [pm], D[ps/nm/km], and Ass[pm?] are the full
width at half maximum of pulse referred as the pulsewidth of pulse in practice, the
peak power of fundamental soliton pulse, wavelength of pulse signal, dispersion

coefficient, and effective core area of fiber, respectively. From Eq. (4.1), the
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4.1 Pulse Compression of an Inline RZ-DPSK Signal

pulsewidth, mpwmn is related to the peak power of the fundamental soliton pulse

P as follows.

TFWHM X 4/ — (4.2)

Equation (4.2) indicates that the pulsewidth, mrwmnm of soliton pulse is in-
versely proportional to the square-root of the peak power of the optical pulse, P;.
Therefore, the RZ-DPSK signal is compressed when increasing its peak power by
Raman pump power because the soliton condition is kept during the amplifica-
tion. By changing Raman pump power, the pulsewidth of RZ-DPSK signal is
tuned at the output of DRA-PC.

4.1.3 Experimental Setup

The experimental setup of the pulse compression of the inline RZ-DPSK signal
operated by adiabatic pulse compression in DRA is illustrated in Fig. 4.1. An
electro-absorption modulator (EAM) controlled by a 10 GHz synthesizer modu-
lates a 10 GHz pulse from a laser diode (LD) at the wavelength of 1560.61 nm
for generating an RZ clock. This RZ clock is boosted by an erbium-doped fiber
amplifier (EDFA) assisted by a 0.6 nm optical band pass filter (OBPF). An RZ-
DPSK signal with pulsewidth of 20 ps is generated by a DPSK modulator driven
by 10 Gb/s data with pseudorandom sequence of of 231-1 bits from a pulse pat-
tern generator (PPG) synchronized with a 10 GHz synthesizer. This RZ-DPSK
signal is amplified and filtered by an EDFA and a 0.6 nm OBPF, respectively.
After being transmitted over 30 kmm SSMF, the dispersion of RZ-DPSK signal is
compensated by a tunable dispersion-compensating module (TDCM). The setup
of DRA-PC is described as in Section 3.1.3. A tunable fiber Raman laser (TFRL)
operates at 1462 nm to optimize the power amplification. The parameters of DSF
are shown as in Table 3.1. After compression, the compressed RZ-DPSK signal
with various pulsewdiths is analyzed to take the spectra, waveforms, eye patterns,

and BER measurements.
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Figure 4.1: Experimental setup of the inline pulse compression for RZ-DPSK signal.

Signal
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LD: laser diode, EAM: electro-absorption modulator, PPG: pulse pattern generator, EDFA: erbium-doped fiber
amplifier, DPSK: Differential phase shift keying, OBPF: optical band pass filter, WDM: wavelength division
multiplexing, DSF: dispersion-shifted fiber, TFRL: tunable fiber Raman laser, VOA: variable optical attenuation
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Figure 4.2: The spectrum of RZ-DPSK signal at the input of DRA-PC
(before compressing) and at the output of DRA-PC (after compressing) with
various Raman pump powers (P,).

4.1.4 Experimental Results and Discussions

In the experiment, after being transmitted over 30 km SSMF and being com-
pensated dispersion which was induced through the transmission, the RZ-DPSK
signal was put at the input of DRA-PC. The RZ-DPSK signal was compressed
due to adiabatic soliton compression in DRA. It is required that this pulse is a
fundamental soliton pulse for this compression technique. The dependence be-
tween the pulsewidth of the RZ-DPSK signal and its peak power is described
in Eqs. (4.1) and (4.2). Figures 4.2 and 4.3 perform the spectra and the au-
tocorrelation traces of RZ-DPSK signal at the input of the compressor (before

compression) and at the output of compressor (after compression) with various
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Figure 4.3: Autocorrelation traces of RZ-DPSK signal at the input of DRA-
PC (before compressing) and at the output of DRA-PC (after compressing)
with different pulsewidths of 12, 7,0 and 3.2 ps corresponding to Raman pump
power (P,) of 0.45, 0.64 and 0.80 W, respectively.

pulsewidths corresponding to different values of Raman pump power (P;). The
RZ-DPSK signal with pulsewidth of 20 ps was compressed down to 12, 7.0 and
3.2 ps corresponding to the values of P, of 0.45, 0.64, and 0.80 W, respectively.
As increasing Py, the spectra of compressed signals were broader, while their
pulsewidths became smaller. The increase of P, caused the pulsewidth of RZ-
DPSK signal output decrease due to adiabatic soliton compression in DRA. It
is obviously seen that the RZ-DPSK signals compressed by DRA-PC were the
high-quality pulses since their waveforms of pulses were well-matched with sech?
fitting with small pedestals. Therefore, the compressed pulses would be suit-

able for the high-speed signals for inline applications. In comparison to another
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Figure 4.4: Eye patterns of demodulated RZ-DPSK signal after compressing
to 12 ps (a), 7.0 ps (b), and 3.2 ps (c).

method that needed an additional scheme to suppress pedestal [72], this tech-
nique did not require any assistances of signal regenerator to reduce pedestal.
Figures 4.4(a), (b), and (c) perform eye patterns of the compressed RZ-DPSK
signal with different pulsewidths of 12, 7.0, and 3.2 ps, respectively which were
taken by an 30 GHz bandwidth electronics sampling oscilloscope. Although the
oscilloscope had a bandwidth limitation respected to the broaden spectra of the
signal after compression, the opened-eye patterns imply that the influence of such
patterns effect on the phase shift during the compression process would be neg-
ligible. The reason is probable that such effect is difficult to be observed due to
robust tolerance to the phase noises of the RZ-DPSK signal.

There is considerable concern that phase noises induced during the pulse com-
pression process would cause degradation in receiver sensitivity of the RZ-DPSK
signal after compression, BER characteristics of the RZ-DPSK signals with many
pulsewidths were measured as a function of received power. Moreover, an effort

to find a quantitative experimental receiver sensitivity improvement or degrada-
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Figure 4.5: BER curves of RZ-DPSK signal at the input/output of DRA-
PC with various pulsewidths of 20, 12, 7,0 and 3.2 ps in comparison with the
back-to-back data pulse at the transmitter.

tion of the shorter width of RZ pulse compared with the longer width of RZ
pulse after compression. There was a receiver sensitivity degradation for the
shorter pulsewidth of the compressed RZ data signal compared to and the longer
pulsewidth of the compressed RZ signal. The primary concern is due to the Ra-
man noise [12]. The BER curves of RZ-DPSK signals at the transmitter (back-
to-back), at the input of the DRA-PC (after 30 km SSMF transmission with dis-
persion compensating), and at the output of the RA-PC (after compressing) with
the pulsewidths of 12, 7.0, and 3.2 ps are performed in Fig. 4.5. Power penalties
which were less than 2.3 dB were observed in comparison with the back-to-back
data signal. The powers of compressed signals with various pulsewidths varied
the amounts within 1.5 dB. The shorter pulsewidths of the compressed signal
caused its receiver sensitivity be larger. The main reason is probably due to am-
plified spontaneous emission (ASE) noise of the Raman amplifier. Similar results
were also achieved in demonstrations for the RZ-OOK signal compression (at the
transmitters) [12], [13] in which a signal and many signals with multiwavelength
were compressed, respectively. The waveforms were well-matched fitted to sech?
function and good BER operation of the compressed RZ-DPSK signals evidently
indicated that the phase-preserving was kept during the compression process. For

further performance evaluation of the compressor to shorter pulsewidths, Raman
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Figure 4.6: Autocorrelation traces of the compressed RZ-DPSK signal with
pulsewidths of 2.53 and 1.83 ps.

pump power is continued increasing. Autocorrelation traces of the RZ-DPSK
signal with pulsewidth of 2.53 and 1.83 ps corresponding to P, of 0.85 W and 0.9
W, respectively are shown in Fig. 4.6. The high-quality compressed RZ-DPSK
signal were also obtained with the pulsewidth of 2.53 ps and 1.83 ps. However,
a stable BER measurement was very hard to be achieved because the 1-bit delay
interferometer employed in the DPSK experimental demodulator was not able to
support the demodulation of RZ-DPSK signals with such pulsewidths.

In addition, the soliton stability under various variable conditions was dis-
cussed. To obtain fundamental soliton pulse compression, the relation between
the peak power and pulsewidth of initial signal (input signal at the input of DRA-
PC) were described in Eq. (4.1). The interesting feature is that even if the values
of the peak power and pulsewidth of initial signal is fluctuated around those of
fundamental soliton pulse described in Eq. (4.1), the pulse compression was able
also to be achieved. The reason comes from the fact that the fundamental soltion
might form for the variation values of power and pulsewidth of the initial pulse
but does not hinder soliton formation [22]. Hence, the compression of RZ-DPSK
signal with the duty cycles of 33%, 50%, and 66% could also be reached with per-

formances which were different regardless of pedestals and compression factors.
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In case of this work, the residual dispersion, resulted from dispersion compensa-
tion after transmission, could affect the shape and width of the initial signal. If
the shape of the signal at the input of compressor does not follow sech? fitting,
the pulse compression could be got with different performance in comparison with
the case of fundamental soliton signal compression [22].

Moving to the compression of the nPSK signal, due to the multi-level of phase
modulated in nPSK formats, there is still a challenge because of nonlinear inter-
action between neighboring pulses. For the phase-modulated signal used in the
optical fiber communication systems, nonlinear interaction between the neighbor-
ing pulses in a single channel such as intra-channel four-wave mixing (IFWM) and
intra-channel cross-phase modulation (IXPM) are one of the primary limitation
factors for transmission of high-speed signals [87]-[92]. The pulse compression
would be possible for the nPSK signals and OOK signals. It might be impos-
sible for multi-level signals like quadrature amplitude modulation (QAM), pulse
amplitude modulation (PAM) signals due to the multi-level amplitude of such

signals.

4.2 Application of Pulse Compression of RZ-
DPSK Signal

4.2.1 Inline OTDM Signal Generation

In practice, the optical signal is mostly compressed before data signal modulation
at the transmitter to obtain the short-pulsewidth required in high-speed signals,
leading the limitation in which the data signal could not compressed for inline
applications on transmission. Here, an OTDM signal is composed based on an
inline 10 Gb/s compressed RZ-DPSK signal by a multiplexer. Indeed, after com-
pression, the inline RZ-DPSK signal with the pulsewidth of 3.2 ps is multiplexed
into a 40 Gb/s OTDM signal. This OTDM stream is then demultiplexed to 10
Gb/s RZ-DPSK baseband signals by using four-wave-mixing (FWM) in a highly
nonlinear fiber (HNLF). A 1.2 dB-power penalty of the demultiplexed 10 Gb/s
signal with respect to the 10 Gb/s baseband signal compressed by DRA-PC is
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obtained.

4.2.1.1 Experimental Setup
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Figure 4.7: Experimental setup for the multiplexing and demultiplexing of
a 40 Gb/s OTDM stream which is based on the RZ-DPSK signal compressed
by DRA-PC.

From Fig. 4.7, this OTDM signal is demultiplexed by using an HNLF-based
FWM switch. The power of OTDM signal is increased and filtered by an EDFA
and a 3 nm OBPF, respectively before demultiplexing. For the generation of a
pulsewidth-short RZ clock used as a pump for the demultiplexing the OTDM
stream in HNLF-based FWM switch, an optical comb generator (OCG) is em-
ployed. An LD generates a continuous wave at the wavelength of 1551.33 nm.
This signal is modulated by OCG driven by 10 GHz clock from the PPG. An
EDFA compensates OCG insertion loss. Two 1.0 nm OBPFs are used to engi-
neer the OCG spectrum for filtering a 10 GHz RZ clock with the pulsewidth of
3.5 ps. This RZ clock and the OTDM signal are set as a pump and a probe,
respectively for FWM process in the HNLF. Polarization controllers (PCs) are
used to optimize polarization state of both clock and data signal. The parameters
of the HNLF are described in Table 3. 2. After FWM process, the demultiplexed
signal is filtered and boosted by 3 nm OBPFs and an EDFA, respectively for

analyzing its waveforms, eye patterns, and BER measurement.
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4.2.1.2 Experimental Results and Discussions

RZ clock  oTDM 40 Gb/s

| demultiplexed

relative power (10dB/div.)

1540 1545 1550 1555 1560 1565
wavelength (nm)

Figure 4.8: Spectra at the output of HNLF-based FWM switch for demul-
tiplexing 40 Gb/s OTDM signal.

Figure 4.8 shows the spectra of 40 Gb/s OTDM signal demultiplexed by
HNLF-based FWM switch. Eye patterns of the multiplexed OTDM stream and
the demultiplexed 10 Gb/s RZ-DPSK signal before and after signal demodula-
tion are shown in Figs. 4.9(a), (b) and (c), respectively. The BER characteristics
of 10 Gb/s RZ-DPSK signal after demultiplexing and the inline 10 Gb/s base-
band RZ-DPSK signal compressed by DRA-PC with pulsewidth of 3.2 ps were
performed in Fig. 4.10(a). The demultiplexed signal with pulsewidth of 2.95
ps is well-match with sech? fitting with very low pedestal. The demultiplexed
signal with pulsewidth of 2.95 was obtained due to pulse compression after this
FWM conversion. The pulsewidth of the FWM signal became shorter than that
of RZ clock (3.5 ps) and the OTDM signal (3.2 ps). It comes from the facts
that the FWM signal intensity is proportional to the product of the square of
the clock ( pump) intensity and the intensity of the OTDM signal (probe). The
pedestal existed in the OTDM signal due to the compression as seen in Fig.
4.10(b) was also suppressed due to this relation intensity. A low power penalty
within 2 dB was due to noise probably originating from the EDFA and DRA-PC.

The small power penalty and clear opening eye patterns of the demultiplexed
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RZ-DPSK signal show that this proposed compressor could bring in a new com-
pression technique for RZ-DPSK signal using DRA-PC. Thanks to this ability
of this compressor for inline applications, the aggregate OTDM signal based on
the 10 Gb/s compressed RZ-DPSK signal could be generated at the intermediate
node where higher bit-rate signals are needed. It is notable to know that this
compressor could compress the inline RZ-DPSK signal with tunable pulsewidth
by controlling Raman pump power, thus, it is flexible for the use of generating

different aggregate higher bit-rate OTDM signals.

(a) multiplexed 40 Gb/s OTDM signal

(b) demultiplexed RZ-DPSK before demodulation

(c) demultiplexed RZ-DPSK after demodulation
time (25ps/div.)

Figure 4.9: Eye patterns of (a) the multiplexed 40 Gb/s OTDM signal, (b)
and its demultiplexed 10 Gb/s signal (b) before and (c) after demodulation.
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Figure 4.10: (a) BER characteristics of inline 10 Gb/s baseband signal and
10 Gb/s signal demultiplexed from 40 Gb/s OTDM signal.

(b) Autocorrelation trace of 10 Gb/s RZ-DPSK signal with pulsewidth of
2.95 ps after demultiplexing.

4.2.2 Wavelength Multicasting of an Inline RZ-DPSK Sig-
nal with Tunable Short-Pulsewidths

4.2.2.1 Introduction

All-optical wavelength multicasting technique, which performs routed-data from
single point to multi-points in optical domain, efficiently supports the application
of high bandwidth services. These services are such as internet protocol televi-
sion (IPTV), video-on-demand, teleconferencing and multimedia broadcasting
thanks to the ability to enable the rapid resolution of output-port conflict, the
failure of lightpath, and carrier-reuse [93]-[99]. So far, multicast signals using
wavelength technique has been experimentally demonstrated in nonlinear devices
[14]-[16], [100]-[105]. However, these demonstrations focus on the achievement
of converted signal in terms of bit-error-rate (BER), optical signal noise ratio
(OSNR), or conversion efficiency without the considerations of pulsewidth man-
agement. As the applications mentioned through the thesis for multicast signals

with tunable short-pulsewidths, a consideration of multicast signals with short-
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pulsewidth tunability is particularly desirable to provide flexibility for the opti-
mization of utilized capacity of different destination links and wavelength resource
of the network using pulse compression. The demand of short-pulsewidth signals
for the high bit-rate signals is crucial to increase the overall capacity of opti-
cal networks. In the wavelength multicasting of an inline RZ-DPSK signal, the
multicasting process is implemented at an arbitrary intermedia node where wave-
length multicasting is needed after transmission. This inline signal is multicast
to different wavelengths with short-pulsewidths thanks to the pulse compression
before multicasting process. The multicast signals with short-pulsewidths could
be multiplexed to the higher bit-rate OTDM signals to optimize capacity on
different destinations. Without the assistance of pulse compression of an inline
signal, it is challenging for the previous demonstrations when inline processing
is needed. Depending on the requirement of traffic demand and the available
condition of network, the inline process is considered. For example, an inter-
mediate node receives the incident data signal and multicasts this signal based
on the demand. The important fact is that the pulsewidth multicast RZ-DPSK
signals could be compressed at an intermediate node. This feature provides the
flexibility in aggregating higher bit-rate channels from lower bit-rate channel by
optical time multiplexing technique during transmissions to different destinations
through networks. In Ref. [106], the wavelength multicasting of RZ-OOK signal
with tunable short-pulsewidths has been realized. However, in that scheme, the
RZ-OOK signal is set as a pump in FWM process. Thus, the converted signals
are located near the OOK signal, leading no phase-preserving at the converted
signals. So that, the scheme in Ref. [106] could not use for the wavelength
multicasting of the phase-modulated signals.

Conventionally, mode-locked lasers (MLLs) are used to generate short-pulsewidth
clocks which then are launched to DPSK modulators to generate RZ-DPSK sig-
nals [107], [108]. However, the use of MLLs is limited at the transmitters and is
restricted regarding the pulsewidth flexibility. It is necessary to combine signal
compression and wavelength multicasting for generating many multicast signals
with the pulsewidth which is on the order of some picoseconds for application

in WDM and OTDM networks to increase network capacity. Hence, the other
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application of RZ-DPSK signal compression is the use of DRA-PC for wave-
length multicasting to create many multicast RZ-DPSK signals with tunable
short-pulsewidths. The short-pulsewidths give rise to the ability of the gener-
ation of the aggregate higher bit-rate signals by optical time multiplexing of
lower bit-rate signals from multicast signals. However, the maximum bit-rate
OTDM signal depends on the pulsewidth of multicast signals. Therefore, the
pulsewidth tunability of this proposed scheme improves the flexible management
of bit-rate of aggregate signals adapted to optimize utilized capacity on different
destinations.

An inline 4x10 Gb/s tunable short-pulsewidth RZ-DPSK signal with wave-
length mulitcasting using DRA-PC and HNLF is realized. DRA-PC compresses
the inline RZ-DPSK signal which then interacts with two continuous waves (CWs)
based on FWM effect in the HNLF. The pulsewidths of the multicast signals were
compressed in the range of 12.5 and 4.27 ps after wavelength multicasting. Power
penalties of the multicast RZ-DPSK signals with various pulsewidths within 3
dB compared to the input back-to-back signal before compression are obtained
at BER of 1079

4.2.2.2 Concept of Operation Principle

The concept of wavelength multicasting of RZ-DPSK signal with tunable pulsewidth
using a DRA-PC and an HNLF-based FWM switch is shown in Fig. 4.11(a). The
improved feature of the proposed scheme in comparison with the past works is
on the use of DRA-PC to get RZ-DPSK signal with short-pulsewidths at picosec-
ond tuning range before wavelength multicasting. Figure 4.11(b) illustrates the
temporal profiles of all signals in the conversion processes. Fig. 4.11(c) shows
the conceptual spectra of the proposed scheme. In the HNLF, the RZ-DPSK sig-
nal at frequency fs compressed by DRA-PC interacts with the multiwavelength
CW pumps at frequencies fy1, fp2,..., and fyn over FWM process. The input
RZ-DPSK signal is multicast to many RZ signals with different wavelengths at
FWM products generally given by the following expressions [24]

fch2:2fp1_fs:fp1+Af (4'3)
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Figure 4.11: (a) Operation principle of wavelength multicasting for RZ-
DPSK signal with tunable pulsewidth using DRA-PC.
(b) Temporal profiles of all signals in the process.

(¢) Conceptual spectra of wavelength multicasting of RZ-DPSK signal after
FWM process.
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For N> 2
fenan—1 = fon + fs — fp1 = fon — Af (4.4)

fenan = foN + fp1 — fs = fon + Af (4.5)

where Af is the frequency spacing between CW pump 1 and RZ-DPSK signal
(Af= fy1 — f5); N is the number of CW pumps. After FWM process, the electric
field amplitude of each multicast signal at the output is governed by expressions
[24]

Ech?(t) X Efmmpl :ignal (t)? (46)
EchZN—l(t) X E;umplEsignal(t)EpumpNa (4'7)
ECh2N<t) X Epumpl :ignal@)EpumpN’ (48)

where Epumpts Epumpn, and Egignq(t) are the electric fields of pump 1, pump
N and the compressed RZ-DPSK signal, respectively; * denotes the complex
conjugate of electric field amplitude. Therefore, the multicast RZ-DPSK signals
are simultaneously generated in the scheme using multiple pumps in both phase-
conjugating and non-phase-conjugating in wavelength multicasting. The FWM
products inherit the data of the RZ-DPSK signal and their pulsewidths follow that
of the RZ-DPSK signal compressed by DRA-PC. Hence, the tunable pulsewidths
of the converted RZ-DPSK signals are obtained by changing Raman pump power.

4.2.2.3 Experimental Setup

The experimental setup is shown in Fig. 4.12. A 10 Gb/s RZ-DPSK signal at the
wavelength of 1560.61 nm with pulsewidth of 20 ps is compressed by DRA-PC.
The configure of DRA-PC has been illustrated in Fig. 4.1. After compression,
the RZ-DPSK signal with short-pulsewidth and two CWs, which are set as the
probe and pumps, respectively, interact together over FWM process. An EDFA
followed by an OBPF and a variable optical attenuation (VOA) are used to adjust
powers of the compressed RZ-DPSK signal and two CWs, respectively to obtain
good output waveforms. Two polarization controllers (PCs) is used to obtain the

largest conversion efficiency. The 320 nm HNLF has the parameters shown in
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Figure 4.12: Experimental setup of wavelength multicasting of RZ-DPSK
signal with tunable short-pulsewidth using distributed Raman amplifier-based
pulse compressor (DRA-PC).

Table 3.2. The multicast RZ-DPSK signals with tunable short-pulsewidths are

filtered to get the spectra, waveforms, eye patterns, and BER measurements.

4.2.2.4 Experimental Results and Discussions

Figures 4.13(a), (b) and (c) illustrates the spectra at the output of HNLF after
wavelength multicasting of the inline compressed RZ-DPSK signal corresponding
to different values of Raman pump power (P;) of 0.45, 0.64 and 0.82 W, respec-
tively. By increasing Py, the spectra of the RZ-DPSK signals were broaden at
the output of DRA-PC, resulting in spectral broadening of multicast signals at
the output of HNLF-based FWM switch. The reason comes from the facts that
the increase in the peak power of the input RZ-DPSK signal made its spectrum
broaden. The multicast signals at the wavelength of 1560.61 nm (channel 1),
1552.52 nm (channel 2), 1544.53 nm (channel 3), and 1536.61 nm (channel 4)
were separately filtered. With different values of Raman pump power, there was
always an existence of the undesired FWM product which was near the wave-
length of the input signal (the same wavelength with channel 1) due to FWM
interaction between pump 1 and channel 1. The phase information was not pre-

served in this undesired signal, thus, it could not be used as a converted signal.
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Figure 4.13: Spectra at the output of HNLF corresponding to different
values of Raman pump powers (P,) of (a) 0.45, (b) 0.64, and (c) 0.82 W.

With the increase of P;, the pulsewidth of input RZ-DPSK signal was shorter
and its spectrum is more broader. As shown in Fig. 4.13(c), the other undesired

FWM product occurred at the wavelength of around 1548.53 nm. The reason is
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Figure 4.14: Autocorrelation traces of the RZ-DPSK signal (a) at the input
of compressor (before compressing) and multicast signal at channel 4 (ch 4)
with pulsewidths of (b) 12.5, (¢) 7.89 and (d) 4.27 ps corresponding to Raman
pump power (P,) of 0.45, 0.64, and 0.80 W, respectively.

due to the higher power of RZ-DPSK signal from DRA-PC at high pump power.
The unwanted signal took up power from the system and reduce conversion effi-
ciency of the multicast outputs. The autocorrelation traces of RZ-DPSK signal
at the input DPA-PC before compression and the multicast signals at channel 4
(ch 4) with various pulsewidths of 12.5, 7.89 and 4.27 ps were performed in Fig.

4.14. This scheme provided the number of output channels which was double
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compared to that of CW pumps. The increase of P, made the RZ-DPSK signal
be compressed over the adiabatic soltion compression. Therefore, the pulsewidths
of multicast signals were also compressed to 12.5, 7.89, and 4.27 ps corresponding
to Py of 0.45, 0.64, and 0.8 W, respectively. It is notable to know that the pulse
waveforms after wavelength multicasting with low pedestals were well-matched

to sech? function as shown in Fig. 4.14.

s

(a) pulsewidth: 12.5 ps

(b) pulsewidth: 7.89 ps

(c) pulsewidth: 4.27 ps

Figure 4.15: Eye patterns of the demodulated multicast RZ-DPSK signal
at channel 4 (ch 4) with various pulsewidths of 12.5 (a), 7.89 (b) and 4.27 ps

().

The clear-opened eye patterns of demodulated RZ-DPSK signal at channel 4
(1536.61 nm) with pulsewidths of 12.5, 7.89, and 4.27 ps are shown in Fig. 4.15
(a), (b), and (c), respectively. Due to the limitation of 30 GHz bandwidth of the
sampling oscilloscope, eye patterns of RZ-DPSK signal with different pulsewidths

were observed almost the same. To investigate the achievement of multicast
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Figure 4.16: BER measurement of multicast RZ-DPSK signals with the
pulsewith around of 12.5, 7.89, and 4.27 ps at diffrenent values of Raman
pump power (Pr) of (a) 0.45, (b) 0.64 and (c) 0.80 W, respectively.

RZ-DPSK signal after wavelength multicasting processes, BER measurement of
multicast RZ-DPSK signals with various pulsewidths of 12.5, 7.89 and 4.27 ps
were taken as a function of received power as shown in Figs. 4.16 (a), (b) and
(c), respectively. At each value of Raman pump power, receiver power of chan-
nel 1 was the best and the receiver power of channel 2 was very slightly better
than those of channels 3 and 4. Channel 1 was the best because channel 1 was
not a generated signal with new frequency, therefore, it remained the highest
power compared to the other multicast signals. There was very a few variation
in amount of power among channels 2, 3 and 4. Main concerns would be noises
attributed by DPA-PC and EDFAs used for compression and FWM processes, in
additional, by differences in powers and polarizations of CW pumps. The receiver
sensitivities of converted signals at different pulsewidths corresponding to various

values of Raman pump power are shown in Fig. 4.17. There were the differences
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Figure 4.17: Receiver sensitivities of all converted RZ-DPSK signals with
many pulsewidths corresponding to different values of Raman pump power
at BER = 1077,

in amount of the received power of each signal with three different pulsewidths.
For example, at channel 4, receiver power of RZ-DPSK signal with pulsewidth of
4.27 ps was 0.8 and 0.9 dB larger than that of RZ-DPSK signal with pulsewidths
of 7.89 and 12.5 ps, respectively. The reason is that the received power increased
as the pulsewidth of RZ-DPSK signal was shorter during compression process as
explanation in the demonstration of the inline RZ-DPSK signal compression in
section 4.1.4. In this scheme, the multicast signals were considered in only C band
because the available EDFAs provided the efficient gain amplification in C band.
The frequency channel between the RZ-DPSK signal and CW (pump 1) was set
at the value of 500 GHz. The number of CW pumps was two pumps, leading
the four converted channels in C band with 1 THz frequency spacing between
adjacent channels. However, the channel bandwidth of the RZ-DPSK signal was
around 123 GHz. Thus, the frequency channel between the data signal and the
CW (pump 1) could be reduced to the value of 200 GHz, leading 400 GHz fre-
quency spacing between adjacent converted channels. The estimated maximum

number of multicast channels is ten channels with frequency spacing of 400 GHz

86



4.2 Application of Pulse Compression of RZ-DPSK Signal

(3.2 nm) in which the channel 10 is at the wavelength of 1531.9 nm in C band.
The number of multicast channels is twice as that of CW pumps. The number of
multicast channel depends on the conversion bandwidth which was determined by
the nonlinearity and fiber dispersion induced phase mismatch among the signals.
The frequency spacing between the data signal and the CW (pump 1) determine
the packing density of the converted signals which is related to the bit-rate and
the spectral efficiency. The spectral efficiency of each 10 Gb/s multicast signal
with 1 THz frequency spacing between adjacent channels was only 0.01 b/s/Hz.
If the frequency spacing between adjacent multicast channels is reduced to the
value of 400 GHz, the spectral efficiency of each 10 Gb/s multicast signal is 0.025
b/s/Hz. However, the pulsewidth of each multicast signal was on the order of
some picoseconds so that the multicast signals could be multiplexed to a higher
OTDM signal up to 80 Gb/s. For example, with the frequency spacing of 400
GHz between adjacent multicast channels, the spectral efficiency of each expected
80 Gb/s OTDM signal is 0.2 b/s/Hz.

Similarly, as the aforementioned discussion in section 3.2.4, if a lot of multi-
cast channels are required such as 100 multicast channels with channel spacing
between adjacent channels of 400 GHz are required, the total required frequency
spacing is over 39.6 THz. Therefore, it is obvious that our scheme could not sat-
isfy for this requirement. So far, the demonstration in Ref. [109] has shown the
conversion bandwidth which is obtained over 10 THz for wavelength multicasting
of 320 Gb/s RZ-DPSK signal. Therefore, it is challenging for the demonstration
of 100 multicasting wavelengths of 10 Gb/s RZ-DPSK signal with frequency spac-
ing of 400 GHz between adjacent multicast channels. It is expected that there is
a special nonlinear device with very small dispersion in wide band of frequency
operation and the high nonlinearity is used to demonstrate 100 multicasting wave-
lengths of 10 Gb/s RZ-DPSK signal. In this scheme, the multicast 4x10 Gb/s
RZ-DPSK signals are obtained with the shortest pulsewidth which is less than
5 ps. Therefore, it is desirable that these multicast signals could be multiplexed
into the higher bit-rate OTDM signals up to 80 Gb/s if the high bit-rate signals
are required. The potential total capacity provided by this scheme is 4x80 Gb/s.
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4.3 Summary

This chapter focuses on the inline RZ-DPSK signal compression and its appli-
cation in the aggregate signal based on a lower bit-rate of compressed signals
and wavelength multicasting. A substantial contribution is the first effort to di-
rectly compress RZ-DPSK signal for the inline applications. After compression,
the RZ-DPSK signal is multicast into many signals with short-pulsewidths which
is considerable in the next process of aggregating different higher speed OTDM
channels depending on their expected bit-rate. It is important that at inter-
mediate nodes, the pulsewidth of multicast data signals could be tuned directly
to adapt to the distinct channels of different line-rates which require different
pulsewidths depending on their bit-rate during transmissions. Moreover, these

setups could be considered for the phase-modulated signals such as nPSK signals.
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Chapter 5

OTDM-to-WDM Conversion of
RZ-DPSK Signal with Multicast
WDM Signals

This chapter focuses on the networking at the interface of optical time division
multiplexing (OTDM) and wavelength division multiplexing (WDM) networks
by an OTDM-to-WDM conversion of return-to-zero (RZ)-differential phase shift
keying (DPSK) signal. Using wavelength mulicasting technique in this conversion,
a double number of WDM channels compared to the number of OTDM tributaries
is obtained. The input 20 Gb/s OTDM signal is converted to 4x10 Gb/s WDM
RZ signals at four four-wave mixing (FWM) products. The key success of this
demonstration based on wavelength multicasting technique is that one tributary
of OTDM signal is not only converted to WDM signal but also is multicast to two
WDM RZ signals. This feature improves the flexibility of wavelength assignment
and routing in WDM networks with multicast WDM RZ signals. This technique
inherits the idea of wavelength multicasting of RZ-DPSK signal in chapter 4.

89



5. OTDM-TO-WDM CONVERSION OF RZ-DPSK SIGNAL WITH
MULTICAST WDM SIGNALS

5.1 Introduction

Fiber-optic communication systems have been emerging by their extremely high
capacity. With the huge growth traffic demand and on-demand services continu-
ing to exploit, the core networks need significant improvements in capacity. Thus,
the network usage may be optimized by efficiently sharing of such high bandwidth
among lower rate lines. Two widely networking ways are optical wavelength mul-
tiplexing (OTDM) and wavelength division multiplexing (WDM) to increase the
network capacity and minimize resource requirements. It is given that in WDM
networks, particularly wavelength-routed network, different WDM signals are ex-
pected to connect each tributary of OTDM signal for providing the flexibility in
routing and wavelength assignment. Therefore, it is beneficial to convert a high-
rate OTDM signal to different lower-rate signals at different wavelengths using

wavelength multicasting technique to obtain multicast WDM RZ signals.
The OTDM-to-WDM conversion has been implemented using different non-

linear interaction [17]-[21], [110]. However, in these schemes, the multicasting
of the converted WDM signal is not considered. In Refs. [111], and [112], the
converted WDM RZ signal are multicast corresponding to only each tributary
of OTDM signal. Therefore, it is impossible to convert all tributaries of OTDM
signal simultaneously. Meanwhile, the scheme in Ref. [113] enables the wave-
length tunability of WDM RZ signals. There are two sets of the converted WDM
RZ signals. The first set, which is located at the higher wavelengths, enables
modulation format transparency, whereas the location of the second set at the
lower wavelengths in which modulation format transparency could not be ob-
tained. Thus, this scheme could not use for the OTDM-to-WDM conversion of
the phase-modulated signals to obtain multicast WDM RZ signals. On top of
these, it is a lack of flexibility for the practical WDM applications in which mod-
ulation format transparency and wavelength selection are highly desirable. In this
thesis, the improved feature of the proposed scheme compared to the previous
setups [110]-[113] is on the use of wavelength multicasting technique to obtain
multicast WDM RZ signals for all tributaries of OTDM signals. This scheme is

possible for the phase-modulated signal, thus, it is also possible for amplitude-
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modulated signals due to the modulation format transparent feature. This idea
of this proposed scheme relies on the operation principle of wavelength multicas-
ting using multiwavelength continuous wawes (CWs) set as the pumps in FWM
process in chapter 4. A pair of WDM RZ signals is obtained corresponding to
one tributary of OTDM signal based on the wavelength multicasting technique.
Hence, it is called OTDM-to-WDM conversion with multicast WDM RZ signals.
Different from the pumps sources in the setup reported in chapter 4, to simul-
taneously convert OTDM signal to multicast WDM signals, the pumps sources
consisting of WDM RZ clocks and one CW are required. The number of WDM
RZ signal depends on the number of tribuataries of OTDM signal. The WDM RZ
pulses could be generated by spectrally slicing of spectral-broadened short pulses
referred to the filtering of the broad spectrum of compressed femtosecond soliton
pulses [114], the combination of an arrayed waveguide grating (AWG) and a fiber
loop mirror [115], supercontinuum generation [116], mode-locked lasers (MLLs)
[117], [118], or using a set of laser diodes (LDs), electro-absorbtion modulator
(EAM) and Raman amplification-based multiwavelength pulse compressor (RA-
MPC) used in chapters 2 and 3. In this chapter, the multiwavelength RZ pulses
are generated by two LDs and a LiNbO3 modulator (LNM) and then compressed
by fiber-compressor. This compression process is popular due to its simplicity in

setup and operation.

In this proposed scheme, a 20 Gb/s OTDM RZ-DPSK signal is converted to
4x10 Gb/s WDM RZ channels. After wavelength multicasting and sampling at
the same time in a highly nonlinear fiber (HNLF')-based four-wave mixing (FWM)
switch, the phase of all tributaries could be preserved in the corresponding WDM
idlers. One tributary of OTDM signal is converted to two WDM RZ signals. Good
bit-error-rate (BER) operations are achieved for four WDM RZ-DPSK channels
with small power penalties compared to the back-to-back 10 Gb/s baseband signal
before multiplexing to 20 Gb/s OTDM signal at BER of 10~?. This feature brings
in a new way for OTDM-to-WDM conversion of the phase-modulated signals with

the flexibility of wavelength selection.
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5.2 Concept of OTDM-to-WDM Conversion

The concept of OTDM-to-WDM conversion using wavelength multicasting tech-
nique is shown in Fig. 5.1(a). The scheme consists of fiber-based compressor,
which is a set of an HNLF and a standard single mode fiber (SSMF) which have
been discussed and shown in Fig. 2.5, and a HNLF-based FWM switch. The no-
table feature of the proposed scheme compared to the previous setups is on the use
of wavelength multicasting technique which simultaneously results in multicast
WDM RZ signals, leading the flexibility of wavelength selection of WDM signals
and increasing network capactity. A multiwavelength pulse compressor, which is
based on HNLF and SSMF, generates WDM RZ clocks with short-pulsewidths
to sample OTDM signal. The pulses could be chirped through SPM by a large
amount in HNLF. The pulse compression occurs as SPM-induced chirped pulse
propagates over an anomalous dispersion regime of SSMF. Figure 5.1(b) illus-

trates the temporal profiles of all signal in the conversion processes.

Fig. 5.1(c) shows the conceptual spectra of the proposed scheme. In the
HNLF-based FWM switch, Nx10 Gb/s OTDM signal interacts with WDM RZ
clocks over FWM process. A CW signal at the frequencies foy and multiwave-
length WDM RZ clocks are set as pumps at the frequencies fqr1, fer2,..., and
farn, respectively and then interact with OTDM stream at the frequency of fs
in HNLF. The input RZ-DPSK OTDM signal is converted to many WDM-RZ
signals with different wavelengths at FWM products. The frequencies of these

new generated FWM signals are generally given by the following expressions [24]

Jenan-1 = faxn + fs — fow = farn — Af (5.1)

Jenan = feaxn + fow — fs = farn + Af, (5.2)

where Af is the frequency separation between CW (pump 1) and OTDM signal
(Af = fow — fs), N is the number of RZ clocks set as pumps. After FWM,
the electric field amplitude of WDM-RZ data outputs are governed by following
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Figure 5.1: (a) Operation principle of the OTDM-to-WDM conversion using
wavelength multicasting technique.

(b) Conceptual temporal profiles of all signals used in this conversion.

(c) Conceptual spectra of all signals in the OTDM-to-WDM conversion.
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expression [22], [24]
Eenan-1(t) < Efy Es(t)Eqrn (t) (5.3)

Eepan(t) < Ecw ES(t) Eqpn () (5.4)

where Ecow, Eqrn(t), and Eg(t) are the electric fields of the CW, RZ clock N
and OTDM signal, respectively; * denotes the complex conjugate of the electric
field amplitude. Thus, the WDM RZ-DPSK signals are generated simultaneously
in the multi-pumps scheme resulting in both phase-conjugating and non-phase-
conjugating. The FWM products carry data information of the input OTDM

signal corresponding to its tributaries.

5.3 Experimental Setup

The experimental setup of OTDM-to-WDM conversion with multicast WDM
signals using wavelength multicasting is shown in Fig. 5.2. To generate a high-
quality pulse for 20 Gb/s OTDM signals, an optical comb generator (OCG) is
used. A continuous wave at 1556.17 nm from a laser diode (LD) is modulated
by the OCG by 10 GHz radio frequency (RF) clock. The signal after OCG is
boosted by an erbium-doped fiber amplifier (EDFA). Two 0.6 nm OBPFs is used
to center OCG spectrum at the wavelength of 1558.17 nm to obtain 10 GHz RZ
clock with short-pulsewidth. The pulse train is modulated in a DPSK modulator
by a 10 Gb/s data with with pseudorandom sequence of of 231-1 bits from a
pulse pattern generator (PPG) synchronized with a 10 GHz synthesizer. The
generated 10 Gb/s RZ-DPSK signal with the pulsewidth of 8.06 ps is launched
to a 2:1 bit-rate multiplexer to form a 20 Gb/s OTDM data stream. The OTDM
signal is then amplified by an EDFA followed by a 3.0 nm BPF. Two WDM RZ
clocks 1 and 2 at the wavelengths of 1546.12 and 1536.61 nm, respectively are
generated by a LiNbO3 modulator (LNM) driven by an electrical 10 GHz clock
and is amplified by an EDFA. After LNM, two WDM RZ clocks are sent to an
delay block consisting of an arrayed waveguide grating (AWG) and a tunable

delay line (TDL) for ensuring 50 ps time spacing between two clocks. These
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two RZ clocks are combined by a coupler before being amplified by a EDFA and
then sent to a fiber-based compressor consisted of 500 m HNLF and 2 km SSMF.
The WDM RZ clocks are spectrally broadened by SPM in a 500 m HNLF whose

parameters are shown in Table 5.1 and then compressed in a 2 km SSMF.

Table 5.1: Characteristics of 500 m highly nonlinear fiber (HNLF).

Parameter Value Unit
Length 500 m
Attenuation 0.47  dB/km
Dispersion at 1552 nm -0.08  ps/nm/km
Dispersion slope at 1552 nm 0.032 ps/nm?/km
Nonlinear coefficient (v) 126  W!.km™!
Effective core area of fiber (A.4) 11 pum?

After compression, WDM RZ clocks are separately filtered and boosted by 1
nm OBPFs and EDFAs, respectively. These two RZ clocks and the continuous
wave (CW) from LD 4 at the wavelength of 1555.75 nm are coupled with 20 Gb/s
OTDM RZ-DPSK signal before being sent to HNLF-based FWM switch. The
power of the CW is optimized by a variable optical attenuator (VOA) and the
powers of the compressed WDM RZ, OTDM and CW signals are optimized by
EDFAs and a VOA to obtain good output waveforms and the largest conversion
efficiency. Four polarization controllers (PCs) are used before the coupler to opti-
mize polarization state of these signals. The HNLF has the parameters shown in
Table 3.2. After OTDM-to-WDM conversion based on wavelength multicasting
technique, four converted WDM RZ signals corresponding two tributaries of 20
Gb/s OTDM signal are generated. They are filtered by 3 nm OBPFs and ampli-

fied by an EDFA to get spectra, waveforms, eye patterns, and BER measurement.
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Figure 5.3: Autocorrelation trace of 10 Gb/s RZ-DPSK baseband signal

5.4 Experimental Results and Discussions

The autocorrelation trace of 10 Gb/s RZ-DPSK baseband signal with pulsewidth
of 8.06 ps is shown in Fig. 5.3. The pulse compression is based on a set of
500 m HNLF and 2 km SSMF. The 500 m HNLF was used to induced large
SPM-induced chirp and then followed by a 2 km SSMF' for anomalous dispersive
propagation. A high intensity pulse induces a shift variation in the local refractive
index along the pulse, resulting a time-dependent phase-delay. An instantaneous
frequency shift, or chirp is induced along the pulse. In SPM-induced chirp pulse,
the high frequency (blue-shifted) components occur near the trailing edge of the
pulse whereas the low-frequency components (red-shifted) occur near the leading
edge. If the leading edge of the pulse is delayed so that the trailing edge catches
up with the leading edge during propagation of the pulse through SSMF [22].
Therefore, RZ clock 1 (clk. 1), clock 2 (clk. 2) at the wavelengths of 1546.12 and
1536.61 nm with the pulsewidths of around 29.34 and 29.28 ps were compressed
down to 12.68 and 12.63 ps, respectively. In this setup, RZ clocks 1 and 2 are
synchronized with two tributaries of OTDM signal for conversion. In practice,
by changing the order of WDM RZ clock, each tributary of OTDM signal could
be mapped with the expected wavelength of WDM channels. Eye patterns of 10
Gb/s base band RZ-DPSK, 20 Gb/s OTDM RZ-DPSK and the compressed WDM
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RZ clocks signals are shown in Figs. 5.4 (a), (b), and (c), respectively. In order
to characterize the shape and width of the optical pulses, autocorrelation traces
of RZ clock 1 (clk. 1) and clock 2 (clk. 2) before and after compression using

fiber-compressor was measured as shown in Figs. 5.5(a) and (b), respectively.

_ time {50 pg/div.)

(c) Compressed WDM-RZ clocks
Figure 5.4: Eye patterns of 10 Gb/s baseband RZ-DPSK signal, 20 Gb/s
OTDM RZ-DPSK signal and 2x10 Gb/s compressed WDM RZ clocks.

The spectra at the output of HNLF after conversion with multicast WDM
signals are shown in Fig. 5.6. The 20 Gb/s OTDM signal at the wavelength of
1558.17 nm is converted to two pairs of WDM RZ signals, located at wavelength
1548.51 nm (channel 1), 1543.73 nm (channel 2), 1538.98 nm (channel 3) and
1534.25 nm (channel 4) corresponding to two tributaries of OTDM signal. The
conversion efficiency defined as the power of multicast channel over the OTDM
signal power is about -15 dB. From Egs. (5.1) and (5.2), the frequencies of mul-
ticast WDM RZ signals depend on frequency spacing among OTDM signal, CW
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Figure 5.5: Autocorrelation traces of RZ clock 1 (clk.1) and clock 2 (clk.2)

before and after compression.
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Figure 5.6: Spectra at the output of HNLF after conversion.

(pumpl), clock 1 (pump 2) and clock 2 (pump 3). Figures 5.7(a), (b), (c¢), and
(d) and 5.8(a), (b), (c¢), and (d) show autocorrelation traces and eyes patterns
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Figure 5.7: Autocorrelation traces of multicast WDM RZ-DPSK after con-
version (a) at channel 1, (b) channel 2, (c¢) channel 3 and (d) channel 4.

of multicast WDM signals at channels 1, 2, 3 and 4, respectively after conver-
sion. BER characteristics of all WDM RZ channels and the 10 Gb/s RZ-DPSK
signal before multiplexing to 20 Gb/s OTDM signal are shown in Fig. 5.9. Error-
free operations were achieved for four WDM channels with small power penalties
within 2 dB compared the 10 Gb/s baseband signal. The penalty was probably
caused by the amplified spontaneous emission (ASE) noise from EDFAs, and op-
tical signal-to-noise ratio (OSNR) degradation of the multicast signals. At BER
of 1079, the received power of channel 1 was quite same as that of channel 2.
Similarly, the received power of channel 3 was quite same as that of channel 4.
Meanwhile, a small received power variations within 0.5 dB among WDM RZ
channels probably originated from the imperfect multiplexing process in OTDM

multiplexer and nonoptimal filtering by tunable filter under investigation of each
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Figure 5.8: Eye patterns of demodulated WDM RZ-DPSK signals after

conversion (a) at channel 1, (b) channel 2, (c) channel 3 and (d) channel 4.
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Figure 5.9: BER characteristics of multicast WDM RZ signals compared
10 Gb/s RZ-DPSK baseband signal.

channel.

When more than two multicast signals are required for converting one trib-
utary of OTDM signal, this scheme could not be used because this conversion
focuses two functions. The first function is that the all tributaries of OTDM sig-
nal are converted to WDM RZ signals. The second function is that the one WDM
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converted signals are multicast to two channels corresponding to one tributary
of OTDM signal. If more than two multicast channels are needed, the addi-
tional wavelength multicasting converter should be used after OTDM-to-WDM
conversion. With the frequency arrangement of all signals in this demonstra-
tion, the four converted WDM RZ signals have equal frequency spacing which is
twice as frequency spacing between OTDM signal and CW (pump 1). Moving
to the conversion of the higher bit-rate OTDM such as beyond 40 Gb/s, spac-
ing of frequencies among OTDM signals, the CW and RZ clocks as well as their
frequencies also need to rearrange for getting high conversion efficiency. So far,
in Ref. [109], 320 Gb/s OTDM RZ-on-off-keying (OOK) signal is demultiplexed
to 8x40 Gb/s WDM signal with two stages of HNLFs with the complexity of
controlling process. It is expected that the setup in Ref. [109] could be used for
OTDM-to-WDM conversion of phase-modulated signal. Therefore, for converting
the higher bit-rate of OTDM signal, the scheme in Ref. [109] could be considered.
The other feature is that the scheme in Ref. [109] could only convert 320 Gb/s
to 8x40 Gb/s WDM signals corresponding to eight tributaries of 320 Gb/s signal
without multicast WDM signals. It is necessary to use the additional wavelength

multicasting converters when the multicast WDM signals are needed.

5.5 Summary

This chapter focuses on OTDM-to-WDM conversion with multicast WDM RZ
signals, especially supporting wavelength-routed network by flexible wavelengths
selection of converted RZ signals. After conversion, all tributaries of OTDM signal
are multicast into many WDM RZ signals. The number of multicast output is
double compared that of tributaries of OTDM signal. This proposed scheme
enables converting all OTDM tributaries to WDM channels and could be used
for DPSK and/or OOK signals.
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Chapter 6

Conclusion and Future

Development

The advanced technologies applied in many telecommunications services have
been leading a rapid growth of data traffic. In this thesis, all demonstrations us-
ing optical wavelength multicasting technique combined with pulse compression
to generate multicast signals with short-pulsewidths during waveform conversion,
waveform sampling, wavelength multicasting and optical time division multiplex-
ing (OTDM)-to-wavelength divison multiplexing (WDM) conversion. The pur-
pose of these works aims to increase network capacity and flexibly optimize the
utilized capacity of different links and test signals in WDM and OTDM networks.
The initial signals which are converted and multicast into many signals with dif-
ferent features make the applications be more scalable as clearly mentioned in
the previous chapters. Through all this thesis, wavelength multicasting tech-
nique uses four-wave mixing (FWM) effect in a highly nonlinear fiber (HNLF).
In addition, short-pulsewidths are required flexibly to optimize the utilized capac-
ity of different links, thus, the pulse compression of return-to-zero (RZ) clocks or
RZ-differential phase-shif-keying (DPSK) data signal is also realized to support
the generation of multicast signals with short-pulsewidths. In this chapter, the

achieved results are concluded as follows
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e So far, in the past works, for demonstrations of nonreturn-to-zero (NRZ)-to-
RZ conversion and wavelength multicasting, it is very challenging to obtain
multicast signals with the pulsewidth which is on the order of some picosec-
onds. This short-pulsewidth is required for the higher bit-rate signals ag-
gregated from lower multicast signals. Therefore, chapter 3 has realized an
all-optical NRZ-to-RZ conversion and wavelength multicasting with tunable
short-pulsewidths in a large range from 12.17 to 4.68 ps using HNLF and
Raman amplification-based multiwavelength pulse compressor (RA-MPC).
Error-free operations are obtained for all multicast channels with better
power penalties compared with the NRZ signal and small received power
different among the converted RZ channels at bit-error-rate (BER) of 10~.
The WDM throughput is increased with the flexible wavelength assignment
which supports wavelength-routed networks whereas these multicast signals

could be used for aggregating the higher bit-rate OTDM signals.

The other work in chapter 3 is all-optical waveform sampling in real-time
is also improved. Indeed, for sampling waveform of high-bandwidth signals
such as military radar, it is desirable to use sampling short pulses so that the
waveform does not change significantly through the sampling window. The
key feature of this proposed sampler is the use of multiwavelength sampling
clocks compressed by RA-MPC with short-pulsewidths which are less than
3 ps. Four compressed pulses interact with the input signal using FWM
effect in HNLF. Four sampled signals based on multicasting wavelength
conversion with short-pulsewidth at picosecond range are obtained, thus,
leading a sampling rate of 40 GSample/s. The reconstructed waveforms are

well-matched with the input waveforms.

e In addition, the phase-modulated signal, especially DPSK signal with the
larger robustness compared to its counterpart OOK signal concerning a
higher optical signal-to-noise ratio (OSNR), and the tolerance of some fiber
nonlinearities effects, is attractive. From the desirable generation of an

aggregate high-speed data rate based on optical time multiplexing of many
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channels with lower speed data rates, an inline RZ-DPSK signal with pulsewidth
compressed by a distributed Raman amplifier pulse compressor (DRA-PC).
An investigation on the quality of a 40 Gb/s OTDM signal aggregated by
an inline 10 Gb/s compressed RZ-DPSK signal is realized. A higher bit-rate
OTDM signal is aggregated from the lower data-rate of the compressed RZ-
DPSK signal with the short-pulsewidth of 3.2 ps and then demultiplexed by
a HNLF-based FWM switch. The other application of this compressor is its
use in wavelength multicasting of the RZ-DPSK signal, leading 4x10 Gb/s
multicast RZ-DPSK signals with tunable short-pulsewidths in the range of
12.5 and 4.27 ps. These achieved results in chapter 4 give a new application,
particularly inline signal processing compared to the other past works which

could process the signals at the transmitters.

At the exchanged gateway of WDM and OTDM networks, all-optical conver-
sion OTDM-to-WDM is necessary. So far, there have been many demonstra-
tions of WDM-to-OTDM conversions using a variety of techniques. How-
ever, these conversions only map out one WDM channel corresponding to
one tributary of OTDM signal. This is a limitation in wavelength selection of
converted WDM signals when optical networks required the variable wave-
length for routing or increase wavelength resources. Therefore, to provide
WDM-to-OTDM conversion with the flexibility in wavelength selection and
the number of converted WDM signals, wavelength multicasting technique is
used in OTDM-to-WDM conversion in chapter 5. The benefit of this meth-
ods is that the conversion and the multicast process occur simultaneously
in a single FWM-based HNLF switch. The number of converted WDM RZ
signals is double compared to that of tributaries of OTDM signal. This is
the first effort in OTDM-to-WDM conversion of the phase-modulated signal
with multicast WDM RZ signals. This technique inherits the idea of wave-
length multicasting of RZ-DPSK signal in chapter 4. A OTDM-to-WDM
conversion using wavelength multicasting to obtain 4x10 Gb/s WDM RZ
channels from a 20 Gb/s RZ-DPSK OTDM signal is realized. Error-free op-

erations are achieved for all converted WDM channels with power penalties
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less than 2.5 dB compared 10 Gb/s baseband signal.

Through all the thesis, in the achieved result evaluations, besides eye pat-
tern, spectral characteristics, autocorreclation traces, the most parameter
is investigated by measuring BER with respect to the received power. The
purpose is to find whether a quantitative experimental receiver sensitiv-
ity improvement or degradation of multicast RZ signals compared with the
back-to-back signal after conversions as well as among multicast RZ signals
under different pulsewidths investigation. The clear explanation is also men-
tioned for all results. The achievements in the realization such as optical
wavelength multicasting for WDM and OTDM networks bring in the poten-
tial solutions in optical fiber communication systems in terms of the increase
of network capacity, wavelength resource in routing and wavelength assign-
ment as well as signal monitoring. Finally, there are some ideas in which
further investigations could be considered. For future optical networks em-
ploying higher baud-rate, one of the solutions is the use of advanced format
modulation with support high spectral efficiency. A desirable effort in fu-
ture is that studying the application of optical signals with advanced format

modulations.
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