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palavras-chave

resumo

Amplificador éptico de semicondutor (SOA), modulacdo cruzada de ganho,
modulacdo cruzada de fase, processamento éptico, interferometro de Mach
Zehnder com SOA, modulacao 6ptica de banda lateral residual, converséao de
formato de impulso, regeneracdo, conversdao de formato de modulacéo,
multiplexagem por divisdo no comprimento de onda

Nesta tese investigam-se e desenvolvem-se dispositivos para processamento
integralmente 6ptico em redes com multiplexagem densa por divisdo no
comprimento de onda (DWDM). O principal objectivo das redes DWDM é
transportar e distribuir um espectro 6ptico densamente multiplexado com sinais
de débito binario ultra elevado, ao longo de centenas ou milhares de
quildmetros de fibra Optica. Estes sinais devem ser transportados e
encaminhados no dominio O6ptico de forma transparente, sem conversdes
Optico-eléctrico-6pticas (OEO), evitando as suas limitacdes e custos. A
tecnologia baseada em amplificadores &pticos de semicondutor (SOA) é
promissora gracas aos seus efeitos ndo-lineares ultra-rapidos e eficientes, ao
potencial para integracédo, reduzido consumo de poténcia e custos.
Conversores de comprimento de onda sdo o elemento optico basico para
aumentar a capacidade da rede e evitar o bloqueio de comprimentos de onda.
Neste trabalho, sao estudados e analisados experimentalmente métodos para
aumentar a largura de banda operacional de conversores de modulacéo
cruzada de ganho (XGM), a fim de permitir a operacéo do SOA para além das
suas limitagdes fisicas. Conversdo de um comprimento de onda, e converséo
simultinea de multiplos comprimentos de onda sdo testadas, usando
interferémetros de Mach-Zehnder com SOA.

As redes DWDM de alto débito binario requerem formatos de modulagéo
optimizados, com elevada tolerancia aos efeitos nefastos da fibra, e reduzida
ocupacdo espectral. Para esse efeito, é vital desenvolver conversores
integramente O6pticos de formatos de modulacdo, a fim de permitir a
interligagdo entre as redes ja instaladas, que operam com modulagdo de
intensidade, e as redes modernas, que utilizam formatos de modulagcéo
avancados. No ambito deste trabalho € proposto um conversor integralmente
optico de formato entre modulacdo Optica de banda lateral dupla e modulagéo
Optica de banda lateral residual; este é caracterizado através de simulagéo e
experimentalmente. Adicionalmente, é proposto um conversor para formato de
portadora suprimida, através de XGM e modulacdo cruzada de fase.

A interligacdo entre as redes de transporte com débito binario ultra-elevado e
as redes de acesso com débito binario reduzido requer conversado Optica de
formato de impulso entre retorno-a-zero (RZ) e ndo-RZ. Sdo aqui propostas e
investigadas duas estruturas distintas: uma baseada em filtragem desalinhada
do sinal convertido por XGM; uma segunda utiliza as dinamicas do laser
interno de um SOA com ganho limitado (GC-SOA).

Regeneracdo integralmente 6ptica € essencial para reduzir os custos das
redes. Dois esquemas distintos s&o utilizados para regeneracdo: uma estrutura
baseada em MZI-SOA, e um método no qual o laser interno de um GC-SOA é
modulado com o sinal distorcido a regenerar.

A maioria dos esquemas referidos € testada experimentalmente a 40 Gb/s,
com potencial para aplicacdo a débitos binarios superiores, demonstrado que
os SOA sao uma tecnologia basilar para as redes 6pticas do futuro.
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abstract

Semiconductor optical amplifiers (SOA), cross-gain modulation (XGM), cross-
phase modulation (XPM), all-optical processing, Mach-Zehnder interferometer
with  SOA (MZI-SOA), optical vestigial sideband (OVSB), pulse format
conversion, modulation format conversion, regeneration, wavelength division
multiplexing (WDM), optical time division multiplexing (OTDM).

This thesis investigates and develops all-optical processing devices for
wavelength division multiplexing networks (DWM) of the future. The ultimate
goal of optical networks is to transport and deliver a densely multiplexed
spectrum, populated by ultra-high bit rate signals over hundreds or thousands
of kilometers of optical fiber. Such signals should be transported and routed
transparently in the optical domain, without recurring to optic-electro-optic
(OEO) conversions, avoiding its limitations and costs. Semiconductor optical
amplifier (SOA) based technology is a promising building block due to its
inherent ultra-fast and efficient non-linear effects, potential for integration, low
power consumption and cost.

Wavelength converters are the basic optical functionality to increase the
network throughput and avoid wavelength blocking. Methods to increase the
operation bandwidth of cross-gain modulation (XGM) converters are studied
and experimentally assessed to enable operation beyond the physical
constraints of SOA. Single and multi-wavelength conversion exploiting cross-
phase modulation (XPM) in Mach-Zehnder interferometer with semiconductor
optical amplifiers (MZI-SOA) is tested.

High bit rate DWDM networks require optimized modulation formats with
enhanced tolerance to fiber impairments and reduced spectral tolerance. As a
consequence, it is crucial to develop all-optical modulation formats between
legacy on-off-keying networks and networks employing advanced modulation
formats. An all-optical format converter between optical double sideband
(ODSB) and optical vestigial sideband (OVSB) based on SOA self-phase
modulation is proposed and thoroughly characterized by simulations and
experimental tests. A converter, which uses a mix of XGM and XPM to allow
simultaneous pulse and modulation format conversion to the carrier
suppressed format, is proposed.

The interface between ultra-high bit rate transport networks and lower bit rate
access networks requires optical pulse format conversions between return-to-
zero (RZ) and non-return-to-zero (NRZ). Two different structures are proposed
and investigated. The first is based on detuned filtering of XPM converted
signal; while the second uses the dynamics of the internal laser of a gain-
clamped SOA.

All-optical regeneration is one of the most sought functionalities to reduce
network costs. Regeneration is achieved in this work through two simple
setups: a MZI-SOA based structure, and a method in which the internal laser
from a GC-SOA is modulated with the input distorted signal.

Most applications are experimentally validated at 40 Gb/s, with potential for
even higher bit rates, demonstrating that SOA can be one of the key elements
for the next generation of optical networks.
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Rz return-to-zero

SCM sub-carrier multiplexed

SGM self gain modulation

SHB spectral hole burning

SHG second harmonic generation

SL Semiconductor laser

SLA semiconductor laser amplifiers

SLALOM Sagnac interferometer with an asymetrically plasssniconductor
optical amplifier

SLED Superluminescent Light Emitting Diodes

SLPM spatial light phase modulator

SOA Semiconductor optical amplifier

SPM self-phase modulation

SSB single sideband

SSFBG super-structured fiber Bragg grating

SSMF Standard single mode fiber

SSR sideband suppression ratio

SWC single-channel wavelength conversion

TDM time division multiplexing

TE transversal electric

TF transfer function; transversal filter

™ transversal magnetic

TOAD terahertz optical asymmetric demultiplexer

TPA two photon absortion

TW-SOA traveling wave semiconductor optical amplifi

uoC ultra-fast optical clock
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List of acronyms and abbreviations

VDL
VOA
VODL
WC
WDM
XAM
XGM
XPM
XPR
1R

2R

3R
sC
DC
QC
LAN

QoS

variable delay line

variable optical attenuator

variable optical delay line

wavelength converters / wavelength conversion
wavelength division multiplexing
cross-absorption modulation

cross gain modulation

cross phase modulation

cross polarization rotation

regeneration: reamplification

regeneration: reamplification and reshaping
regeneration: reamplification, reshaping, aritniag
single conversion

dual conversion

guadruple conversion

local area networks

guality of service



List of symbols

Notation

Is

RASE

€cH

Abreviation

absorption coefficient in SOA by the internal wawielg loss
ac coupled electrical information signal

active layer length

active layer volume

Auger recombination coefficient

average photon density inside the active region

bias current of section |

Bit period

carrier density

carrier density at transparency

carrier lifetime

carrier recombination stimulated by spontaneoustedphotons
CH nonlinear gain compression factor

CH relaxation time

complex conjugate

conductivity of the medium

confinement factor

convolution operator

11
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List of symbols

dg/dN
D

Hsiber

Tef

OcH
OsHB
Orpa

Or

II—in

Sh

differential gain coefficient

Dispersion parameter

Dispersive fiber transfer function
effective carrier lifetime

effective mode index

electrical field vector of the optical field
electrical permittivity of free space
electron charge

free carrier density in the conduction band orieadensity
frequency

full width at half maximum

Gain

gain associated with CH

gain associated with SHB

gain associated with TPA

gain coefficient

Group index

group velocity

Hilbert transform of the information signal
injected current

Input losses

input photon density

(Input) signal phase
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0? Laplacian operator

OcH linewidth enhancement factor for CH

OsHB linewidth enhancement factor for SHB

Oy linewidth enhancement factors for CDP

On material gain (gain associated with intra-band:psses)

z Modulation depth

fmod modulation frequency

AN modulation of carrier density

% non-linear parameter

Anr non-radiative processes coefficient

M Number of sections

A optical signal envelope

w optical signal angular frequency

A optical signal wavelength

F; Order i coefficient of the Taylor approximation to the opagation
constant

ILout Output losses

Sout output photon density

7 phase modulation

h Plank constant

P polarization density

X polarization unit vector

X, Y, 2 position coordinates (Cartesian coordinates)

yej Propagation constant
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List of symbols

EsHB

ADSB

ADSB

roll-off factor

SHB nonlinear gain compression factor

Signal phase

Signal power

Slowly varying envelope associated with an optitaible sideband signal
Slowly varying envelope associated with an optitadjle sideband signal
Slowly varying envelope associated with the optmdbke

SOA input power

speed of light in vacuum

spontaneous emission coefficient

spontaneous recombination rate

stimulated recombination rate

susceptibility

time

unsaturated carrier density

vacuum wave number

Waveguide mode distribution

stimulated recombination rate

spontaneous recombination rate

delay

difference in distance



Chapter 1

Introduction

1.1 Context

It is outstanding to analyse statistics of Inteioredl Telecommunications Union
which report, for example, that the percentage afldvwide mobile phone subscribers has
grown from round 5% of world population in 1998 da estimated 61 % in 20(8].
Similarly, broadband home internet connections hexf@oded: only 10 years ago typical
home connection was just 52 Kb/s; while today 206/sviare commonly offered below
€100 per month2]. Even more impressive is to look back to theddfé of the 2
century, where information was sent only by wireradio. The remarkable growth in
bandwidth has been feeding the burst of new inteapelications, such as peer-to-peer,
YouTube, MySpace, messaging, FaceBook, Twitter,goearth, on-line gaming, etc; TV
services like high-definition, 3D, and pay-per-viane also a reality in most homes. All
these services and applications have dramatichfipged the paradigm of communication

between human beings. People want to be connextatyoneeverywhergat all time

This revolution could only be possible becausepifcal fiber communications. In
the 1970’s microwave communication systems werétdianto only 100 (Mb/s)/knj3].
Such limitation was eliminated with the deploymehtoptical fibers and especially after
the invention of the Erbium doped fiber amplifi&FA) [4]. In the last two decades,
optical time division multiplexing (OTDM) and wawlgth division multiplexed (WDM)
networks, together with advanced modulation formiaése led to an explosion of the bit
rate-distance product. Research records are nowndrd1l7 000 Th/kni5]. Commercial

15
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systems are keeping up: Nokia Siemens Networkssglaprovide 96 x 100 Gb/s systems
during 2011 and have already an eye in 400 Gb/shmarnel6].

Although deployed transmission capacity is only etep behind research, most
signal processing, such as wavelength conversating, and regeneration are still done
in the electrical domain. Electrical signal proeegsmay be the next impairment to the
Holy Grail of service providers, which is to increase avaddisandwidth at the lowest
costs possible. The price of a single regeneratod® Gb/s is today several times the cost
of an EDFA, for example; and the high electricahsamption of electrical processing
systems is becoming a major concern for operd@rsAll-optical processing is expected
to overcome such limitations and to lead opticaingwnications to the next level.
However, all-optical processing is not yet a rdiabolution; therefore, it is considered a

key research topic.

The main objective of this thesis is to contribtaethe study and development of
all-optical processing devices, focusing on some tlod decisive requirements of

commercial systems: low cost, simplicity and robess.

1.2 Motivation

The functionalities required from an optical netlware increasing rapidly. Years
ago it was sufficient that an optical system wotrkhsmit high volumes of information
over large distances. Nowadays, it is also requinatithe optical network performs signal

processing over the information being transported.

Optical networks are now a mix of dense wavelerdjthsion multiplexing, and
optical time division multiplexing[8], [9]. In DWDM several signals at different
wavelengths are combined in the same optical filnér outstanding spectral efficiency.
Latest reports present efficiencies in the ordef.@fb/s/Hz by the use of optical frequency
division multiplexing[10]. OTDM consists in interleaving several incogisignals in the
same wavelength, reaching ultra-high per-chanralabeés. Currently, all this information
is processed in the electrical domain to achieeerdguired functionalities, which consist

mostly in:
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* Wavelength conversion: where an input signal at elength Al is
converted td.2. Wavelength converters are key devices to inereasvork

throughput and avoid wavelength blocking.

* Regeneration: optical signals are distorted by isévepairments in fiber
transmission (such as dispersion, non-linearitipglarization mode
dispersion (PMD), noise from amplification) and time switching nodes
(tight filtering, crosstalk, etc.). Regenerationnsists in converting a

distorted signal in an undistorted one.

* Format conversion: different network scenarios nequifferent optical
modulation or pulse format. Therefore, the nodeshat edge of such
networks are required to convert the optical sign@a the appropriate
format.

Performing such operations in the electrical dongginerally leads to bottleneck-
effect since the optical transmission capacity and dosép improving but the processing
capabilities are limited by slower, more expensind in general less efficient electronics.
It becomes urgent to develop all-optical functidtied which will enable the ultimate goal
of building true fully optical routers. Besides thforementioned essential functionalities,

the following are also mandatory:

e Add-drop multiplexing: since OTDM carries the inmfwation of several

users, it is require to add / extract channelsvéthing nodes.

» Switching: the optical signal is switched throudte tnetwork from the
transmitter to the end receiver. The informatioquieed for the switching is
carried together with the optical signal (e.g. lab®uch information should
be extracted and added from the optical signal aithoptical-electro-

optical (OEO) conversions.

» Optical memory: required to store the optical signdile the several

processing functionalities are performed.

» Optical logic: logical functions are the basis nofgrocessing system.
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All-optical functionalities are usually achieved bgxploiting the non-linear
characteristics of optical mediums. Most researah tocused on optical fiber, (mostly
highly non-linear fiberd11]) and semiconductor optical amplifiers (SOAR] as non-
linear mediums. In fiber, the interaction betwelea signals and the medium is called non-
resonant[13] and has an ultra-fast response time (in theemoof the femto-seconds);
however, the efficiency is usually low, since tten#inear coefficients are relatively low.
As a consequence high input optical power or largeraction lengths (hundreds of
meters) are commonly required to achieve reasonattelinearity. On the other hand,
SOA have a much higher non-linear coefficifi8], but the temporal response of its non-
linear applications is limited to tens or hundredpicoseconds by slow carrier dynamics.
Nevertheless, ultra-fast SOA operation is beingbbth using, for example, a Mach-
Zehnder Interferometer structure with SOA in eachm gMZI-SOA), operated in a
differential mode. SOA have also the advantageegidintegrable, have potential for low
cost, provide optical gain, are stable, and caodsrated with very simple schemes. State-
of-the-art research demonstrates simple operat@nailtra-high bit rates, such as
wavelength conversion at 640 GH/B4], or add-drop multiplexing at 160 Gb[§5].
However, it is still essential to investigate armvelop more complex functionalities which
will enable the true and effective all-optical pessing capabilities of the networks of the

future.

1.3 Thesis objectives and outline

The objective of this thesis is to contribute fbe tdevelopment of all-optical
functionalities, which may constitute the buildibfpcks for the all-optical routers of the
future. It is not the objective of this work to pase or develop a routing solution, as
research is not yet at the level where realistioptical routers can be developed. We
focus on surpassing the SOA inherent limitationshsas slow response time or signal
degradation due to intra-channel distortion, andieveloping some of the urgent network
requirements, such as wavelength converters, pumdanodulation format converters, and

regenerators.
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This thesis is organized in five chapters whereessdVSOA based functionalities
are investigated, the present introduction chaptai,a conclusion chapter.

Chapter 2 presents an overview of the fifty year history ibeh SOA
developments. An overview of the principle behinchpéification in semiconductor
materials is delivered, and techniques employedttier design of more efficient SOA.
Different SOA-based solutions, like multi-electroc8®A (ME-SOA), gain-clamped SOA
(GC-SOA) or reflective SOA (R-SOA) are revised atifferent network applications are
pointed for each of them. The non-linear behavioEOA is detailed regarding gain and
phase dynamics. Such dynamics are the base oppglications studied throughout this
work. The simulation model considered in the rdghes work is presented. This chapter

includes also the state-of-the-art regarding séegmalications of SOA.

Chapter 3 is focused in wavelength conversion. This is miossic all-optical
functionality and the principles behind it are fantental for the development of other
processing functionalities. Wavelength converters divided in four main groups,
depending on the main non-linear effect involvebss-phase modulation (XPM), cross-
gain modulation (XGM), cross-polarization rotatigfPR), and four-wave mixing (FWM).
From these, cross-phase modulation and cross-gadglulation are chosen to perform most
of the functionalities along this thesis, due teittsuperior characteristics: robustness to
variations in the input signal like polarizationpwer and wavelength; allow simple
processing schemes, which operate at ultra-highabdis; versatile configurations can be
obtained by combining these two non-linear effedée experimentally demonstrate
methods to enhance the operation bandwidth of XGield on detuned filtering. A
method to convert phase modulation to intensity uheitbn, based on detuned optical
filtering, is applied for the first time in a gagtamped SOA wavelength converter. Phase-
to-intensity conversion in a MZI-SOA is experimdhtacharacterized at 10 Gb/s and

40 Gb/s 1 to 4 multi-wavelength conversion in MADA is experimentally demonstrated.

In Chapter 4 two novel format converters are propodeéidst, a format modulation
converter from optical double sideband (oDSB) tdicah vestigial sideband (0VSB) is
presented. The converter is based on self-phaselatmh (SPM) non-linear effect. The
converter operation is enhanced by the use of éintaus wave signal (CW) holding
beam, which avoids distortion caused by self-gaiodatation (SGM). Operation is
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demonstrated by simulations and experiments at s Gind at 40 Gb/s. After
characterization in back-to-back, the converteahaigs transported over optical fiber to
assess its transmission properties. Two scenar@ansidered: without any optical or
electrical dispersion compensation (ODC and ED@y with simple EDC. A second
modulation format converter, from on-off keying ¢arrier suppressed return-to-zero, is
proposed. The proposed scheme, which exploitantieeaiction between XGM and XPM in
a SOA, is first compared via simulations with tleenenon transmitter. Afterwards, single-

and multi-channel operation up to four channelseagerimentally assessed at 40 Gb/s.

Chapter 5 focuses on format conversions between return4to-geZ) and non-
return-to-zero (NRZ) pulse formats. Two schemesatavert RZ to NRZ are proposed and
experimentally demonstrated. The first uses a aetwptical filter and XPM in a SOA.
The optical filter shape is optimized and approxeda by Gaussian filters.
Characterization is presented at 10 Gb/s and &b?6. The second method employs a two
stage structure: in the first stage the gain-cladrf@A internal laser is modulated with the
data signal; the second stage consists in XGM ieommon SOA. Demonstration is

presented at 10 Gb/s for different pulse widtmatit.

Optical regeneration is studieddhapter 6. A MZI-SOA structure is employed for
the first time to suppress multiple access interiee (MAI) noise of coherent 8 chip
10 Gb/s OCDMA signals. A novel 2R regeneration sohes proposed, which uses the
modulation of the internal laser of a gain-clam@dA. This regenerator is experimentally
tested at 2.5 Gb/s.

Chapter 7 delivers a summary of the work and the main caiohs. Proposals for

future work are also presented.

1.4 Main contributions

The most important results presented in this thess

e Study of the cross-gain modulation (XGM) bandwidithitation imposed
by the effective carrier lifetime.
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» Exploitation of a scheme which employs detunedoapfiltering to convert
phase to intensity and enhance up to 40 Gb/s tltlaimon bandwidth of a
SOA device originally designed for operation at @l&/'s.

* Investigation of a wavelength converter based assphase modulation
(XPM) in a Mach-Zehnder interferometer with SOA (MZOA). Operation
is enabled over single and multi-input signals@Gb/s. This work resulted
from collaboration with the Technical University oEindhoven,

Netherlands.

« XPM wavelength conversion in a gain-clamped SOApisposed and

assessed at 10 Gb/s.

* A novel all-optical converter between optical daubldeband (ODSB) and
optical vestigial sideband (OVSB) is proposed aachdnstrated at 10 Gb/s
and 40 Gb/s. To the authors knowledge this is ths¢ frue all-optical
converter between these modulation formats that ame require optical
filtering. The converter is characterized regardiolgustness to optical fiber

transmission and application in real networks.

* Characterization of return-to-zero (RZ) to non-retto-zero (NRZ) pulse
format converter based on detuned filtering of aMXRBignal with
demonstration at 10 Gb/s and 40 Gb/s.

* Proposal of a scheme to convert RZ to NRZ basedhodulation of the
internal laser of a gain-clamped SOA and assessofdtd performance at
10 Gb/s with ultra-short input optical pulses. Tiigrk was developed in a
joint collaboration with ISCOM, Rome, ltaly.

* Proposal and implementation of converter from NRZ RZ with
simultaneous format conversion to carrier-suppikessexperimental

demonstration over 40 Gb/s single and multi-input.
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* Regeneration of multi-access interference (MAI) ai optical coded
division multi access (OCDMA) signal with MZI-SOAThis work was
developed in a joint collaboration with NICT, Tokytapan.

» Proposal of the use of gain-clamped SOA to obtaie 2R regeneration and

demonstration at 2.5 Gb/s.

From this work resulted a total of three patentliappons, eight journal papers,
nineteen international conference papers, andrfat®nal conference papers. Appendix |

lists the contributions resultant from this work.

Effective research can not be done without shanhdgknowledge, ideas, and
facilities. This work includes the result of fouliaborations: with University College of
London (UCL), to characterize the dynamic respoos&OA; with ISCOM, Rome, to
explore the immense potentials of gain-clamped S@#) the Technical University of
Eindhoven (TuE) to experimentally develop efficientlti-wavelength applications; and
with NICT, Japan to demonstrate the applicationS@A-based devices in OCDMA

networks.

The work developed has been framed in a PhD progmanman industrial
environment at Nokia Siemens Networks (NSN) PottugaA. (formerly Siemens, S. A.).
NSN is one of the main optical network vendors he tmarket and leads research and
development (R&D) of optical network solutions. Asconsequence, this work has been
earthbound by the premises and requirements of rad@ing industry: low costs,
simplicity, robustness, and potential for fast gntgion in real products. Some evidences
of this link are the three patent applicationsditiuring the development of this work, the
development of a prototype for a modulation forroativerter, used internally in NSN in
comparison with other solutions (detailed in apped), and a very strong focus on the

cost, simplicity and robustness of solutions.



Chapter 2

Semiconductor optical amplifiers

2.1 Motivation

Semiconductor optical amplifiers (SOA) are the lagvice for the all-optical
processing functionalities studied and proposedhis thesis. This chapter presents an
overview of the history behind the development @ASand of some basic design
principles to optimize its characteristics. Progamaof optical signals in SOA is analysed
via gain and phase dynamics. The simulation modiéked throughout this work is
detailed, which includes intra- and inter-band @Be Finally, the most relevant linear and

non-linear applications of SOA are presented.

2.2 Historical development

The development of semiconductor optical amplifi@©A) is closely related to
progresses in semiconductor lasers (SL) technoldge first SOA were regular laser
diodes biased below threshdli?]: SOA are also know as semiconductor laser Hierd
(SLA) in the early literatur¢l6], [17], [18]. In 1966, anti-reflection coatings (ARC) were
proposed to reduce the optical feedback and alloplification of infrared ligh{19]. The
double heterostructure was demonstrated in 1969eathdb significant improvements in
both lasers and SOA, such as enabling operationah temperaturg20]. Whilst first
studies focused AlGaAs SOA, operating in the 830 mmge[21], in the 80’s decade
InP/InGaAsP SOA were designed for operation in880 nm and 1550 nm rangd$].

23
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By the second half of the 80’s the first transnuasiests employing SOA as in-line
amplifiers were reporteff2]; however, in 1987 the Erbium doped fiber aringli(EDFA)
was invented4] and began to compete with SOA for linear anigdifion purposes. The
first true travelling wave SOA (TW-SOA) are repalte the end of the 80’EL7]. These
devices are enabled by developments in anti-réflectcoatings and feature low
polarization sensitivity — one of the main drawlbadk early SOA. By mid 90’s the first
semiconductor amplifiers featuring simultaneousiyhhgain, high saturation power, and
low polarization dependence are reporfd]. More recently, quantum-dot SOA (QD-
SOA) have been developed to provide higher cragsatsiindependence, lower biasing
currents and wider operation bandwidths, along witter advantagd24].

Currently, SOA are presented as enabling devicesofe cost amplification and
processing in access netwol&5], [26], since these can be used in photonic intedrate
circuits [27], allowing integration with several other ogmticcomponents — passive or
active. Moreover, SOA are compact, electrically peah have a large optical bandwidth,
and allow flexibility in the choice of the peak gaivavelength. Due to their non-linear
characteristics and fast response, SOA are alsal&eiges for state-of-the-art all-optical

processing at ultra-high bit rates (BRB].

The increase in the per channel bit rate and intdte number of wavelength
multiplexed channels are exhausting the electnpracessing capabilities of networks.
Electrical processing at ultra high bit rates, sashd0 Gb/s and superior has high costs,
footprint and energy consumptiof29]. As a consequence, all-optical processing is

currently one of the key research topics in optietivorks[30].

2.3 Principle of SOA operation

The operation of semiconductor optical amplifieegjuires bringing together a
p-type semiconductor and an n-type semiconductorfaion a p-n junction. The
denominations n- and p-type refer to the semicotwiudboping with impurities that have

an excess valence electron or one less valencealerespectively, when compared to the
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semiconductor atom{81]. Figure2-1 depicts the energy band of a p-n junctionhbrmal
equilibrium, the Fermi levélmust be continuous across the junction (also krasw
depletion region). Under such condition, the chdrgarticles set an electrical field that
prevents diffusion of electron and holes acrossdigletion region (Figur@-1 a)). By
applying an external electrical voltage, the binlelectrical field is reduced, resulting in
diffusion of electrons and holes across the depletegion. When an electron and a hole
are present in the same region, recombination caarpand a photon is produced. A
photon may be generated through stimulated or speous emissionSpontaneous
emissionoriginates photons with random phase and frequethege are essentially noise
and contribute to reduce the optical gain. On ttheerohand,stimulated emissiors the
mechanism responsible for the optical gain: thely@egnerated photon is identical to an
emitting photon. Besides the radiative mechanismfgrred before, in a semiconductor
material electrons and holes can also recombineradiativelly. These recombinations are

not beneficial to the amplifier operation, thusoef§ are made to its minimization.

@ p_type Depletion n.type @ p.type Depletion n.type
Q Region o Region Eermi
[ o level

Fermi —

IR 0 e __level ~_—_Emitted

- = Photon

B 1
S Fermi ——
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distanc distanc
a) Thermal equilibrium; b) Under forward bias.

Figure2-1: Energy band diagram of a homostructure p-ntjan[31].

2.4 Design of SOA

Since the development of the first SOA devicesyredfhave been made to improve
their characteristic§l2] for application in optical networks. Ideallgn optical amplifier

should feature the following characteristics:

! The Fermi Level is defined as the highest occupietecular orbital in the valence band at 0 K
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* High gain, bandwidth, and saturation power;

* Negligible reflections at the end facets;

» Efficient coupling at the input and output;

* Polarization independent amplification;

* Low spontaneous emission noise;

* Low bias current sensitivity; and low temperatuepehdence.

To meet such requirements, it is required to o@rthe SOA design. The SOA
structure is usually a double heterostructi8&], where the active layer is sandwiched
between layers with different band gap energiesis Tdonfiguration enables better
confinement of the carriers to the active regiamprioving the device efficiency. Undesired
reflections can be minimized through the simultarseose of several methods, which have

enabled reflectivities lower than ${B2]:

» Use of antireflection coating (ARC) at the end faa# the devic¢33];

» Utilizing angled facet structure, where the actiegion is not perpendicular
to the facet cleavage plaf@4];

* Guard a transparent region between the active lagdrthe active region
end facets: window-facet structyBs].

Active region

metallisation taper region (InGaAsP)
i _ T
|| I JE——
l e ] !
N transparen[/
) ) region
metalllsatlon Active region
(InGaAsP) antireflection
coating
a) Cross section; b) Top view with angled facatctire.

Figure2-2. Schematic representation of a buried ridgpes®0OA[13].

Polarization independence is usually achieved leyube of a waveguide with a
square cross section (and taper region to improwpling efficiency). Other techniques

can also be employed to enable polarization indégece: ridge-waveguide SOA, and
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structures based on strained materials. In Figt2ea schematic representation of a buried
ridge stripe SOA is depicted, showing some of tegigh techniques referred bef¢pig].

Semiconductor optical amplifiers are often classifin two main types depending
on the facet reflectivity18]: Fabry Perot (FP) amplifiers and travellinguweaamplifiers
(TW). A FP-SOA is a resonant amplifier while TW-SOfeatures reduced facet
reflectivity. Due to their characteristics, TW-SOWave replaced FP-SOA in most
applications. Consequently, TW-SOA will be simpdyarred as SOA hereafter.

2.4.1Materials and structures for the active layer

The type of material and the structure of the &ctegion determine the behaviour
of the SOA regarding unsaturated gain, gain spetaadwidth, central wavelength,
polarization dependence, etc. The most commontateg are: bulk, and quantum well
[31]. In abulk material all the dimensions of the active layer sigmificantly larger than
the deBroglie wavelength, and the energy levelthefelectrons and holes in the active
region are continuurfBl]. In quantum wel(QW) materials, the active region has one or
more dimensions (usually thickness) of the order nohgnitude of the deBroglie
wavelength. Single QW devices have low carrier amdical confinement and high
polarization dependence; therefore, are not comyneniployed. Such drawbacks are
avoided by the use of multi-QW (MQW). MQW materidlave a series of stacked thin
active layers separated by thin barrier lay@2]. MQW devices have discrete energy
density levels; therefore, the dependence with gheton energy (thus, its frequency)
decreases: larger gain bandwidth is achief@®]. MQW also present improved noise
figure, higher optical gain, and higher saturatmower [12]. On the other hand, bulk
devices may be more interesting to non-linear appbns, since these usually feature

large optical confinement and phase to amplitudeplog.

SOA employing quantum dot materials (QD-SOA) arerently blooming and
being intensively studied. The active layer cossish nano-size semiconductor islands
spatially isolated, which exchange carriers withedting layer; therefore, the energy states
in the active layer are discrete. QD-SOA are siiller research, but it is expected that
when mature they will present the following chaesistics[36], [37]:
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» Ultrafast gain recovery (order of the picoseconds);
* Low noise figure;

* Broadband gain;

* High saturation output power;

» High four wave mixing efficiency;

* Low threshold current;

* Low patterning effects;

* Multi wavelength conversion;

* Possibility of efficient 3R.

2.4.2Semiconductor optical amplifiers with specific dgsi

In addition to the regular SOA structure, speciiesign can be considered to

overcome some of the SOA inherent limitations diwhaparticular applications.

Reflective semiconductor optical amplifier (R-SOA)

In a reflective SOA (R-SOA), represented in Fig@r8, one of the facets is not
coated with antireflective material. As a conseaeerthe optical beam is reflected in one

of the ends, travelling twice through the activgioa.

Input beam
\ i Reflected
Antireflection Active E ez(;n e
coating region
a) simplified cross section b) propagation of ligtgide the active region

Figure2-3. Schematic representation of a reflective SOA®R).

Due to its reflective properties, R-SOA have beaoppsed to integrate a
wavelength division multiplexed / sub-carrier mpikixed - passive optical network
(WDM/SCM-PON) that shares the same wavelengthHerup and down linkg38]. The
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R-SOA operates simultaneously as amplifier andcaptnodulator, reducing the overall
cost of the network39],[40]. R-SOA and high-birefringence fiber Bragg gngt (FBG)
were used to generate broadband orthogonal puntgsuaeable broadband wavelength

conversior41].

Multi-electrode semiconductor optical amplifier (MEDA)

In a multi-electrode SOA (ME-SOA), schematicallpmesented in Figurg-4, the
current bias is injected through more than onetelde. Different currents can be injected
at each electrode. ME-SOA have been proposed forpesimultaneous amplification and
detection[42]. ME-SOA are particularly interesting for thapplication since it allows the
conservation of the signal DC component, and inddeece to temperature and bias
current. ME-SOA also enable amplification, modulatiand detection in only one device
[43], with reduced electrical processing. A twotgat SOA was used as phase modulator
with intensity modulation (IM) suppressi¢#4]. The electrical modulation signal is fed in
anti-phase to the two electrodes. This combinat@fnbias currents results in the
cancellation of the overall IM, while enabling pbeamodulation due to the different
linewidth enhancement factors of the two sectidve.have proposed a similar principle to

obtain independent intensity and phase modulatianME-SOA in[45].

11 12 13 14 Current
Bias

\

Active

region

Figure 2-4. Schematic representation of a multi-electroded SPE-SOA).
I1 — |14 represent bias currents.

2.5 Gain and phase dynamics in SOA

Ideally an ideal amplifier should feature constgain, regardless of the input

power. However, the gain of amplifiers saturateshigh power input signals, resulting in



30 Chapter 2 Semiconductor optical amplifiers

different gain for input signals with different pewvalues. This effect is usually called
gain saturation and is represented in FigR+B. For low input / output powers, the
amplifier delivers a high gain, usually know swall signal gainas the power increases
the gain is reduced. The output power at whichghi@ is 3 dB bellow the small signal

gain, is known asaturation output power

small signal gain |

30[-

QE 25/ |
£ 20| |
S
15| saturation |
10(-

output power |
1

-15 -10 -5 0 5 10 15
output optical power [dBm]

Figure2-5. Representation of gain saturation in an op#o®lifier.

In an EDFA, the gain dynamics are in the orderhe millisecondg4], whilst
optical signals usually have bit periods in theeordf the picoseconds. As a consequence,
gain saturation occurs due to the average powtreosignal being amplified, resulting in
negligible inter- and intra-channel distortion. 3OA, the gain dynamics are reasonably
fast: in the order of the tens of picoseconds, Wwh& a value comparable to the pulse
duration in current systems. The SOA gain satunapoovokes intra and inter-channel
patterning effects and newly generated frequendes, four-wave mixing (FWM).
Moreover, phase modulation also occurs in the SQA t variations of the refractive
index with the input power. From the later consadiens, it is evident that if a SOA is to
be used as a linear amplifier, the input signal gromust be carefully chosen to prevent
undesired distortion effects. On the other hand,f#st gain and phase dynamics can be

exploited for non-linear applications.

The gain and phase dynamics of SOA are associatetiet dynamics of free
carriers. The free carriers density and distriout@ry due to intra-band and inter-band

transitions which are represented schematicalRigare2-6.

In inter-band transitions, carriers transfer frdm tonduction band to the valence

band and vice versa. These transitions are detethiay electrical pumping, stimulated
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and spontaneous emission, non-radiative recombmatand two photons absorption
(TPA)[12]. In intra-band transitions, the energy digitibn of the carriers varies within
the same band and is determined by: spectral holeing (SHB), free carrier absorption
(FCA), carrier heating (CH), and carrier coolingd)}12].

Conduction Intra-band
Band transition
- electron
+ hole Inter-band
transition
Valence
Band

Figure 2-6. Representation of intra-band and inter-barghsitions in a
semiconductor.

The carrier dynamics are evident through the gasponse to an ultra-short optical
pulse, as represented in Fig@€. The incoming optical pulse stimulates carri@tsch
have energies similar to the incoming pulse phatorecombine. This provokes a hole in
the carrier distribution and is associated with SHIBe carrier density within the band is
also reduced via stimulated emission. SimultangoudPA occurs since there is a high
photon density in the active region. FCA also tajilese: a free carrier absorbs a photon
and moves to a higher energy level in the same.l®2awtier depletion is a fast process.

Input optical pulse

AN

optical power

time

SOA optical gain

«—— slow carrier recovel
via electrical pumpir

fast carrier recovery
«— viaCH and SHB

fast carrier
deplection

optical gain

time

Figure 2-7. Representation of the SOA gain response topticab pulse and
associated carrier dynamics.
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When the optical pulse leaves the SOA, the Ferstridution is restored through
carrier-carrier scattering; the related time comsta referred as SHB relaxation time.
Although the Fermi distribution is restored, therigat temperature has been increased due
to stimulated emission, FCA and TPA. The tempeeatigcreases via phonon emission;
the related time constant is referred as CH or &gatpre relaxation time. These are fast
intra-band processes. The original carrier levethisn restored by means of electrical
pumping, which is a slow process (hundreds of gicosds). More information on carrier
dynamics can be found [&2], [46], [47].

2.6 Modelling of signal amplification in SOA

The propagation of the electromagnetic field insi@esemiconductor optical
amplifier is governed by the well known wave eqoiat{31], [48] in the frequency
domairf:

TE(w)+ | 1417 | E(w) =~ K p(w), (2-1)
EQW &
where0? represents the Laplacian operatayis the electrical permittivity of free

space,k, =w/ c=27m/Ais the vacuum wave numbaerjs the speed of light in vacuumw,

and\ are the optical signal angular frequency and wength. E is the electrical field
vector of the optical field, P is the polarizatidensity arising inside the medium in
response to the optical field amd is the conductivity of the medium. Note that édand

P are complex.

Under steady state conditions the response of t@dium to the electric field is

governed by the susceptibiligy.

2 The Fourier transform definition used throughdnis work is:

A(W) = %T'[ A( t) @Xp( th) [dt, with t standing for time and for the angular frequency.
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P(w) =&, Oy (w) E(wW) (2-2)

The full deductions of the equations that rule plése propagation are outside the
scope of this work, more details can be found1ig], [48], [49], [50]. Hereafter only

results that are required for the considered maepresented.

To enable the deduction of a simple and practigalagon for pulse propagation
inside the SOA, it is necessary to consider sonseimaptions and simplifications: the
amplifier is considered to be an ideal travellingwe amplifier whose active dimensions
are such that only a single waveguide mode is atbvAssuming that the light is linearly
polarized and remains as such during the propagdtie electric field inside the amplifier

can be written ap18]:
E(xy, z1)= “x% F % yOA z)D{ie[W%_wmH : (2-3)

where X is the polarization unit vector,F(x, y) is the waveguide-mode
distribution, A(z,t) is the slow varying envelope associated with tiptical pulse,
v, =c/n, is the group velocity,n, =n+wl{dly dw is the group index, andi the
effective mode index.

To derive the equation that governs the evolutibthe pulse along the amplifier

we will transform our referential in a frame moviwgh the pulse:

y4 (2-4)

z'=2z (2-5)

Without loss of continuity, and for simplicity obtation, the prime ovetf andz’
will be dropped hereafter. To facilitate the naiatihereafter, the amplitude and phase

information of the pulse are split:



34 Chapter 2 Semiconductor optical amplifiers

A(z )= \P(z ) exd i®(z)], (2-6)

With P(z t)the pulse power, an®(z, t) the pulse phase.

2.6.1Gain dynamics

The signal power along the SOA is described13}:

oP

E:(r @T_aint)lzp’ (2-7)
Whereaqi,; is the SOA absorption coefficient caused by theriral waveguide loss

I is the confinement factor, which is described B8] and describes the gain reduction

due to the spreading of the optical mode beyonddtiige region of the SOA.

2

‘F (x, y)‘ CdxOdy

O ==
ot—a

r= (2-8)

+00 +00

j HF (x, y)‘2 CHxCdy

—00 —00

For simplicity, the confinement factor is usualgsamed to be a constant.[Ii2] a
more accurate model is presented, which includeertence of the confinement factor

with the wavelength and carrier density.

The gain coefficientg, is also assumed to be independent of the wavitleargl

is given by[12] :
gT = gN + QCH + gSHB+ gTPA’ (2‘9)

With gy standing for the material gain, which reflects ¢oatribution of inter-band
processes (carrier density pulsation); @asd, gsus, andgrpa stand for the gain associated
with carrier heating (CH), spectral-hole burnindgdgg, and two-photon absorption (TPA),

respectively.
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Equation R-7) can be simplified to:

P(zt)=R (90 2}, (2-10)

With Py, (t) = P(0,t) the optical power at the SOA input a@dhe gain, given by:
G(zt)= exp(j(r o —aim)DdzJ (2-11)
0

2.6.1.1Inter-band processes

Inter-band processes alter the carrier dendltyhowever, these do not affect the
carrier distribution. Variations dfl are also known as carrier density pulsation (CDRg
gain of the semiconductor material is directly detieed by the free carrier density. The
gain associated with inter-band processes is them dpy[18]:

gN(t,Z)=d—gE(N(tZ)- N). (2-12)

d
In the previous equatiorig/dN is the differential gain coefficient, which is ker
assumed to be a constahl;is the free carrier density in the conduction bamd, for
simplicity, will referred simply as carrier densitgreatfter; finallyN; is the carrier density

at transparency (whem=0).
The carrier density is described [4y]:

dN |
V- RASE - RST - RRE(:' (2'13)

dt eV

The first right hand term in2¢13) represents the rate of injected electronthén
SOA active layer; with the injected current] the electron charge, andthe active layer
volume. Rasg accounts for the carrier recombination, stimulddgdspontaneous emitted

photons and will be neglected heRer is the stimulated recombination rate, described by

R, = v, Og; OS. (2-14)
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Srepresents the average photon density insidectiveeaegion[12], [51]:

S( )_271EI]'ELEPm(t)DG—1
“ ) Thvowhy 0 In(Q)

, (2-15)

With L the active layer length, afthe Plank constant.

The recombination of carriers not directly affecteg the signal or ASE
propagation, spontaneous recombination rate, iesepted byRrec and is given by the

following expression:

N
Reec = T (2-16)

S

With 15 the carrier lifetime, often represented[bg]:

7o = (Aw *+ Bep N+ C 0 ON?) (2-17)

Auger

The coefficients in2-17) denote non-radiative processes, spontanemissien,

and Auger recombination, respectiveRsec is also often represented Nyrs.

Considering 2-12) - @-17), the material gain can be represented byaih@ving

differential equation:

dg, Oy _ dg I _ N
=9 _ 49 BV +-— — 1 }
dt r. dN Gr 9 eV T (2-18)

S S

2.6.1.2Intra-band processes

Inter-band gain dynamics are the dominating gainhaeism when long pulses are
used (i.e. above tens of picoseconds). Howevershart optical pulses the intra-band
processes become relevant in the overall gain disanntra-band processes alter the
carrier distribution within the conduction band. Timain intra-band processes are SHB,
CH, and TPA. The differential equation for the gassariated with carrier heatingsy, is

given by:
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dgey 9en _ Ecn
= - - (5,
dt r r O

CH CH

(2-19)
Wheretcy is the CH relaxation time argdy is the CH nonlinear gain compression
factor.tcy usually ranges from hundreds of femtosecondsvigoieoseconds.

For the SHB process, the related relaxation timiasser (tens of femtoseconds)

therefore an approximated equation is considgtep
Osve = ~Esns L0y (5, (2-20)

With espg representing the SHB nonlinear gain compressictofa

The TPA process is neglected in this work since th& &éhtribution is one order
of magnitude smaller than the gain compressioncestsal with CH and SHB, for sub-

picosecond pulses with moderate enerfe$, [12].

2.6.2Phase dynamics

The gain and refractive index variations are noepehdent. These are linked by
the Kramers-Kronig relationfs3]; as a consequence, if the gain is known, #ieactive
index can be calculated numerically, and vice-verShe evaluation of the exact
dependence is complex; therefore, the refractidexnis usually calculated through the

linewidth enhancement factotsThe signal phase along the SOA can describdd3jy

®(t,z)=®(t,0)-

N

j(aN mgN +acy EgCH +aSHBDgSHE) dz, (2'21)
0

WithAg,, = g, ( N)- gy ( N,), N standing for the unsaturated carrier density:

% The linewidth enhancement factor is also knowrthia literature asi-factor, phase amplitude
coupling factor, or Henry fact¢t 2][54][55][48].
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NST = J (2'22)

And oy, acy and asyg are the linewidth enhancement factors for CDP, &id
SHB. The linewidth enhancement factors usually ddper, z t, on the wavelength, and

on temperature; however, for simplicity these aeally treated as constants.

2.7 SOA simulation tool

In the previous section the equations that desc¢hieeperation of SOA have been
presented. However, such equations do not allowrahytic solution. In this section the

simulation model considered throughout the reshefwork is described.

L
L
—
T 12 13 7] SEVERLY

Po®  Jra [Pt [P PG4 Pwat) [Pavst)| Poul®
q)in(t) (D(Zo,t) q)(zlvt) (D(Zz,t) q)(zj»llt) (D(ZM»th) CD(ZM-lvt)l CDOUt(t)
— = — —

53 %4

| | | - 55 A - 55 A - — %

L Z 5 Z3 Z, Z a2 w1 2w

Figure2-8. Schematic representation of the SOA active @eclivision intoM
sections.

The SOA simulation model relies on dividing the S@gtive section intoM
sectiond12], [56], as illustrated in Figur2-8. Unidirectional propagation is considered: it
reduces dramatically the simulation time; furthereqonost of the experimental work done
in this thesis considered unidirectional propagatibhe simulations carried in this work
do not consider amplified spontaneous emissionenakded by the SOA, for several
reasons: first, the main impairment to SOA nondmapplications is the degradation

caused by SOA gain dynamics, not optical noisegrsgccurrent SOA noise figures can be
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as low as 6 dB57]; third, SOA input powers for non-linear app@lions are rarely below
-10 dBm; by last, the impact of cascading multip@A based devices is not studied in this

work.

The power and phase at the input of the first sedi@ obtained from the power

and phase at the input of the patch cord that aciarne the SOAR;,(t) and®di,(t)) by:
=Ly
P(z.9)=FR(§ao *

(%)=, () o

With ILi, the input losses (logarithmic units), determinedstty by fiber splices,
coupling losses, and by the transmittance of tha But facet.

The power and phase at the output of the patchl, ds.(t) and Dyu(t)

respectively, are obtained from:

out,

P.(t)=P(z,, )00 "o

, (2-24)
.. (t) =P (zy. 1)

With ILo the output losses (logarithmic units), determineaktly by fiber splices,
coupling losses, and by the transmittance of thé 8$0tput facet. Note that B{,t) and
®(zy,t) are not illustrated in Figur2-8, but represent the power and phase at the botpu

sectionM, which is immediately before the output facet.

In the considered model all sections have simédagth and the number of sections
(M) is adapted to the characteristics of the inpghali (bit rate and pulse duration). In
each of theM sections, the carrier density and the bias cufigrare assumed to be space
independent. Following the model of the sect@o®, the power and phase at the output of

sectionj are given by:

P(z.9=P(7..§0G

M, (2-25)
(D(Z]-,t) :(D( 44, t)_Tj[an mgd,j taqy, DQH,] +aSHB|:|g§HB j)

With thej™ section gain given by:
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G, (t)= exp[(rgm —aim) [, } (2-26)

All the components ofir; are obtained from the equations of the previousic®
replacingL by L; andl by I;. Assuming that all sections have similar lengths; “In andl;

='Iu. The differential equations are solved via the atimmethod Runge-Kut{&8].

The simulation parameters considered in this woekdetailed in Appendix II.

2.8 Gain-clamped semiconductor optical amplifiers

In early days of WDM systems (early 90’s), SOA waotkin the linear regime
were pointed as a promising solution to performiagbtamplification. However, it was
observed that severe inter-channel penalties ioge cross gain modulation. To diminish
such crosstalk, a new structure was proposed bemBetual[59], which consisted on a
laser amplifier where lasing is induced by disttdalifeedback (DFB). Later, a distributed
Bragg reflector (DBR) scheme was also propdé6éil These two gain clamped SOA (GC-
SOA) schemes are illustrated in Figl#e. More recently, vertical gain clamping with
DBR has also been report¢dll]. However, this work will focus on longitudingjain-

clamping, since all our experimental work was depetl with a DBR GC-SOA.

Ftt t

: Bragg \
Active
region Grating Bragg Active
Grating region
a) DFB GC-SOA b) DBR GC-SOA

Figure2-9. Schematic representation of a gain-clamped SEZ$0A).

The principle of gain-clamping in SOA s illustrdtéen Figure2-10. In a laser
biased beyond the oscillation threshold, the cagéiyn at the laser wavelength is clamped
to a value similar to the cavity losses at that el@ngth[59]. This means that, when a

probe signal is injected in the GC-SOA, the powfethe internal laser will vary inversely
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to the probe signal power, in order to maintainoastant cavity gain. When the probe
signal power exceeds a threshold value, the intéasar is shut down and the GC-SOA
operates similarly to a common SOA - Fig@r&0 a). The simulated optical gain of a GC-
SOA and of a common SOA are compared in Figegh#0 b): the GC-SOA has an

approximate constant gain up to higher input powigher saturation power is achieved
at the expense of a decrease in the unsaturated gai
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output optical power [dBm] output optical power [dBm]
a) Internal laser power b) optical gain

Figure 2-10. GC-SOA operation. The x axis in the graphiesote the output
power at the probe signal wavelength. Scales irgthphics are for illustrative
purposes only.

Since the reflectivity of the gratings is low, ansalerable power of the laser leaks
to the output of the SOA. This can be verified igufe 2-11, where the output spectrum of
a GC-SOA is presented in absence of input signal.
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Figure2-11. GC-SOA output spectrum in absence of inmrias (resolution is
0.5 nm). Inset: zoom at wavelength of internaldgsesolution is 0.01 nm).
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GC-SOA provide insensitive gain for a broader raofygput powers; therefore, it
became an attractive solution for in-line amplifioa of analogue signals: amplification of

77 channel Cable Television signals was report¢@2p

GC-SOA are also attractive devices for all-optisighal processing due to several
characteristics: the internal laser leads to fasisponsg63]; the internal laser dynamics
can be explored for specific non-linear applicasifg¥]; and enhanced gain independence
on the injection currerb5]. A 2R regenerator with a “true” regeneratiomacacteristic
based on GC-SOA in an interferometric structure praposed by Morthier et §5]. The
digital regeneration characteristic of such strreetis based on linear gain (in unsaturated
condition) and on very reduced gain dependencehenbias current. A wavelength
converter, where the GC-SOA internal laser is diyemodulated by the input optical
signal, was proposed {66], resulting in very low input power requiremgnFast optical
space switches are essential elements for the yiapld of WDM networks; GC-SOA
have been proposed as a promising solution duastooh-off gating, on-off ratios higher
than 50 dB, and reduced inter-channel crosstalk6T), an 8x8 space switch based on
arrays of 8 GC-SOA is experimentally reported wajeration over 16x10 Gb/s WDM
channels. The outstanding results are mostly ddewionoise figure and very linear gain
up to a high output saturation power. Patternifigces induced by common SOA have
been mitigated by GC-SOA: i68], 5000 km of fiber transmission were obtaineihg a
GC-SOA-saturable absorber 2R regenerator, cascasigdl a GC-SOA. Further
transmission results report the combination of diced GC-SOA and distributed Raman
amplification [69]; with this technique, transmission of 16x10/&kamplitude modulated
channels was obtained along 400 km of fiber.

2.9 Applications of SOA

In the last decades SOA have been proposed notasnlgw cost amplifiers, but
also as a promising core component for the alleaptietworks of the future. An overview

of the main applications of SOA is presented is g&ction.



All-Optical Processing Systems with Semiconductor €ptAmplifiers 43

Linear Amplifier

SOA have low cost potential due to: compatibilitthamonolithic integratiof27],
being electrically pumped, and allowing flexibilityn the selection of the peak gain
wavelength. Therefore, these devices have beentgabias an interesting solution to
perform linear amplification, particularly in aceseand metropolitan networks, where the
amplification performance requirements are nottgotg70][71]. Figure2-12 illustrates a

WDM network employing SOA as booster, in-line arfipti and pre-amplifier variants.

Transmitter Optical Transmission Receiver
| SOA Fiber SOA SOA y i
> - - I
Lzl H AT

Booster In-line amplifier Pre-Amplifier

Figure2-12. Application of SOA as linear amplifier in [=ter, in-line and pre-
amplifier variants.

Experimental SOA based transmission tests have nemaded 10 Gb/s single
channel transmission over 550 km of standard singdee fiber, at 1300 nrf¥2]. Tests
with WDM signals demonstrated transmission overQlkd of eight 10 Gb/s channels at
1550 nm([73], and 640 km of sixteen 10 Gb/s channgl4]. In analogue transmission
systems, such as CATV, the linearity requiremen¢ésraore stringent than in the digital
systems referred above; therefore, special SOA baea developed: gain-clamped SOA,

which have been described in the previous section.

One of the main impairments to the use of SOA aeali amplifiers is the
degradation of signals with advanced modulatiomfds, which carry phase information,
due to cross-phase modulation at the SOA. Howewel/5] we have demonstrated
amplification of optical single sideband (0SSB)r&il$, whose sideband suppression relies
on phase modulation, with reduced sideband suppregenalty, provided that the input

power is controlled.
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Optical modulator and detector

SOA have been proposed as optical modulator aredviesc with particular interest
in low bit rate access networkg6], [26]. SOA are particularly interesting since they
perform the referred applications and simultangouamplify the signal. These

applications are illustrated in Figu2el3.

The principle of operation of an intensity modutdbased on SOA is quite simple:
the power of the output amplified signal is deperid® the bias current; therefore, optical
modulation is performed by modulating the bias entrwith the information to be
transmitted. This is a low price modulator with wedd complexity; it provides gain; and
also features polarization and wavelength indepeindgperation (if the SOA is
polarization insensitive and the input signal ighivi the gain bandwidth of the SOA).
When an IM signal is being amplified in a SOA, tteerier density is modulated with the
inverse of the logical information of the inputséy. The carrier density variations lead to
a modulation of the junction voltage, resulting @ detection process. The main
disadvantage of SOA being used as modulators atettdes is that the operation is
typically limited by the inter-band recombinatianfew GHz. ME-SOA are also promising

devices for detection and modulation, as discussedction2.4.2.

Bias Current DC Current
Bias Detected Signal
m Bias (inverted)
| = JUU
Output signal @\1
F U UL o ||
CW @Al SOA i
@ Input signal @\1 Output signal @\1

(amplified)

a) modulator b) detector

Figure2-13. Application of SOA as modulator and detector.

Wavelength Conversion

Wavelength converters (WC) are key elements imptical networks. SOA based
wavelength converters usually use one of the faligwnon-linear effects: cross gain

modulation (XGM), cross phase modulation (XPM),ss@olarization rotation (XPR), or
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four wave mixing (FWM). All-optical wavelength coesters (AOWC) based on SOA are
studied inChapter 3.

Logic gates

Ultra fast logic operations are fundamental for ithiee processing capabilities of
next generation networks. Most of the network eslatunctionalities such as add—drop
multiplexing, packet synchronization, clock recoyeaddress recognition, and signal
regeneration require logical operations, which $&thdwe performed all-optically, especially
for high data rates. Several implementations obptlcal logic functionalities using SOA
have been presented, from the following are hiditdid: XNOR, AND, NOR, and NOT
functionalities achieved using a simple scheme igmploys a single SOA and optical
filtering [77]; several simple and complex logic functiorietare achieved via FWM in
SOA for polarization shifted keying modulated silgna [78]; parallel MZI-SOA also can
provide multiple logical functionalities, like XORIOR, OR, and AND, reported [@9].

Control Signal

Input A (_1 _ Output A
L —

Input B fime Output B fime

;égbué’l 1‘ it Allx — —

time time
2x2 Switch

Figure2-14. Operation of a 2x2 space switch.

All-optical routing also requires effective 2x2 spaswitches. Figure2-14
demonstrates the operation of a 2x2 space switguts A and B are switched either to
output A or B, depending on the logic state of¢hetrol signal. 2x2 space switches can be
implemented using MZI-SOA with 4 input pof&0]. Due to the difficulty in obtaining an
exactn phase shift between the two arms and gain compresthe MZI-SOA has an
inherent imperfect contrast ratio of the outputtgothe input signals are not completely

switched between the two output ports. Neverthelegsr 20 dB extinction ratio between
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the two ports are reported [[&0], by independently controlling the SOA biasremts and
phase shifters of the two arms.

Multiplexing and add-drop multiplexing

Future networks are likely to simultaneously empM{DM and optical time
division multiplexing (OTDM). In the later, the l@w bit rate information of several users
is bit interleaved to generate a higher bit ragnal. To allow dynamic switching and

routing it is essential to develop all optical détiplexers and add-drop multiplexers.

OTDM signal

“ ‘ ‘ M‘ Add-drop multiplexef ~ dropped channel

time

control stream Demultiplexe ‘ ‘ ‘ time
OTDM and add signals
7 Drop channel

time

time
add channel

time

Figure 2-15. Schematic demonstration of the operation démultiplexer and
an add-drop multiplexer. Different colours denotffedent sources of the
OTDM signal.

Demultiplexing and add-drop multiplexing is illusted in Figure2-15. In a
demultiplexer one of the bit interleaved channslsxtracted from the higher bit rate data
stream. The pulse train should be at the baserdtdaand in phase with the channel to
extract. In an add-drop multiplexer one (or morearmel is extractedd(op channél and
is replaced by a new channatfl channgl The most promising results for demultiplexers
and add-drop multiplexers based on SOA resortterferometer XPM gates or the FWM
effect. The following reported experimental achimemts are worth highlighting:
demultiplexing from 336 Gb/s to 10.5 Gb/s using Alidtructure in[81], and from 160 to
40 Gb/s using FWM iri82]; add-drop multiplexing from 160 to 10 Gb/s ngia gain
transparent UNI if83].

Clock Recovery and Regeneration

Clock recovery and regeneration are detailed amdiesi inChapter 6.
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Pulse and modulation format conversion

Pulse Format converters are expected to be fundahiarthe all-optical networks
of the future, as different network scenarios reggpecific modulation and pulse formats
[84]. Format converters are studied in-deptiCimapter 4, and pulse format converters in
Chapter 5.

Other applications

Besides the main applications described in theipuavsections, SOA have also

been employed in other applications, from whichhighlight the following:

* Broadband light source using superluminescent lightitting diodes
(SLED), which have basically the same structur8@# [85];

« Continuous wave source, with experimental resuftsS@ wavelengths
generatior{86];

» Dispersion compensation using mid span spectrakrgion through
FWM [87];

* Short pulse generation, at high bit rgi@Ss];
* Optical flip flops[89];

» Packet switches for optical packet switching (OR®) optical burst
switching (OBS) networks with contention resolutiamiea wavelength
conversion [90]; or delay of contention packets in synchronous
networks[91].

2.10Summary

This chapter has presented an overview of the risio development of
semiconductor optical amplifier (SOA) technologydathe current-state-of the art
including different materials and structures foe tictive layer, which determine the static
and dynamic characteristics of SOA. SOA with spedifiesign, such as reflective SOA,
multi-electrode SOA, and gain-clamped SOA, havenbeeesented as solutions for
different applications.
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The SOA gain and phase dynamics have been stuthednon-linear behaviour of
SOA has been detailed, as it is the foundationllebpical applications which will be
studied throughout this work. The model considei@dthe simulation work has been

presented, including intra- and inter-band effects.

A state-of-the-art in terms of the most preemirggpplications of SOA in optical

networks has been presented, with particular reledor non-linear applications.



Chapter 3

Wavelength Conversion

3.1 Motivation

Wavelength converters (WC) are essential deviceswawvelength division
multiplexed (WDM) optical networks, as they allovavelength reuse, dynamic routing,
and avoid wavelength blockin@?2][93], increasing the network throughput. Figug€l
demonstrates, with a simple example, how wavelemgtiverters can reduce network
wavelength blocking94]. A uni-directional network with two availableavelengthsil
and A2, receives three traffic requests: between A andBGnd D, and C and B. If
wavelength conversion is not supported, a singleeleagth must be continuously utilized

end to end for each traffic request. After servgognections A C and B>D, the network

Roddw/b Roddw/b
A->C B BSD A->C B BSD
A A

Traffic Traffic

A direction C 4 direction A C 4
Nodg Node
D C->B D
a) Without WC capabilities; b) With WC capabilgiat node A.

Figure 3-1: Exemplification of network capacity optimizati through
wavelength conversion (WC).

49
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capacity is exhausted, as is exemplified in Figtfea). If WC capabilities are available at
node A, all traffic requests can be served, astiided in Figur&-1 b).

Wavelength conversion capabilities, together witisp and modulation format
conversion are also required in the interface betwdifferent hierarchies of optical

networks, as discussed in more detaiChmapter 4 an€hapter 5.

A wavelength converter is a device capable to sm# input signal at wavelength
Al to another wavelengthi2, and is schematically illustrated in FiguBe€2. Wavelength
converters can be divided in two groJps]: optoelectronic WC (OEWC) and all-optical
WC (AOWC). In OEWC the input optical signal at wéaregth A1 is detected, usually
suffers regeneration, and is optically modulateitigis: laser with wavelength2. On the
other hand, in AOWC all operations are performethaoptical domain: there is no OEO
conversion. OEWC have reasonable deployment ircalptietworks; however, these are
limitative: OEWC present reduced transparency, tnedcosts increase with the bit rate
and number of channels to be converted. Theref@®/& have been intensively studied
to avoid the so called “electronic bottleneck”.

UL —veveena ]
+ +
Converter

input @A1 output @A2

Figure3-2. Schematic representation of a wavelength ceioer

Among the desired characteristics of a wavelengthverter we highlight the
following [92]:

Bit rate independence;

* No extinction ratio degradation;

* Reduced signal to noise ratio degradation;

e Moderate input power required;

« Operation over a large input and output rangesadelengths;
« Operation over a large input power range;

* Low chirp;
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* Simplicity;
» Polarization insensitivity.

Wavelength converters are of upmost importanceesthese also enable several

other functionalities, such as optical logic or abtdp multiplexing of OTDM signals.

Wavelength conversion in SOA is mainly achievedtigh one (or more) of the

following non-linear effects:

« Cross gain modulation (XGM);

* Cross phase modulation (XPM);
» Cross polarization rotation (XPR);
e Four-wave mixing (FWM).

This chapter presents a general overview of theabip@ principles and current
state-of-the-art of SOA based wavelength convertesection3.2. This section focuses in

the four main sub-types, presented before.

In section 3.3 a technique to enhance the operation bandwidtra XGM
wavelength converter based on detuned opticalrifijeis proposed and studied; the
detuned filter is optimized to allow conversiontbé slow SOAdevice — which is usually
limited to input bit rate of 2.5 Gb/s - up to 40/&bSimulation and experimental results are
presented. The SOA bandwidth enhancement with ddtuiiitering was previously
presented ifi96] —[99].

A wavelength converter, suitable for return-to-z¢RY) input signals, based on
filtering of the XPM induced frequency chirp is assed for the first time over gain-
clamped SOA (GC-SOA) in sectioB.4. The converter operation is experimentally
validated at 2.5 Gb/s and at 10 GK/80], [101].

In section 3.5 a XPM wavelength converter in MZI-SOA is expezhtally
characterized102]. This characterization is the base for theults presented in section
3.6, where a 40 Gb/s 1 x 4 multi-wavelength corerer$ experimentally assessed and
characterized103]-[105].
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3.2 Wavelength conversion techniques with SOA

In this section, an overview is presented regardimg the main SOA-based
wavelength conversion schemes. The section is agamccording to the main non-linear
effects: cross gain or phase modulation (XGM, XPBktjyss polarization rotation (XPR);

and four-wave mixing (FWM).

3.2.1Cross gain modulation

The rate of stimulated emission in SOA depends loa ¢arrier density and
distribution in the active region. When a strondica pulse is injected in the SOA, the
carrier concentration is depleted through stimalatenission, causing a decrease in the
SOA gain. This effect is nameaghin saturation This saturation affects all wavelengths
within the SOA gain spectrum, since in SOA the malgain spectrum is homogeneously
broadened32].

When an intensity modulated information signak Atand a continuous wave (CW)
probe atA2 are amplified simultaneously in a SOA, the gaimiodulated with the inverse
of the logical information carried by the informati signal. Due to gain saturation effect,
the CW signal intensity becomes modulated with ldgcal inverse of the input signal
information. This simple modulation mechanism ismoaoonly known as cross gain
modulation (XGM).

As illustrated in Figure3-3, XGM wavelength conversion in SOA can be
performed in a co-propagation scheme — when theptdlde and the information signal
travel in the same direction; or in a counter-pggieon scheme — when the CW probe and
the information signal travel in opposite direc8oriThe counter-propagation scheme
avoids the use of output optical filter, and allavesversion to the wavelength of the input
signal (i.e.A2=A1). However, the counter-propagation scheme is liysmat used for
operation at high bit rates, since as the tramsi¢ inside the SOA cavity approaches the
order of magnitude of the bit period, the convesghal suffers amplitude distortion and

temporal distortiorf106] .
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a) Co-propagation scheme;
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b) Counter-propagation scheme.
Figure3-3. Wavelength converter using cross gain moduian a SOA.

Wavelength converters based on cross gain modnlatioSOA are attractive
because of their simplicity, high conversion e#incy, polarization independence
(provided that the SOA is also polarization indeget), capacity to enable conversion
over a high range of input and output wavelengémsl multiple conversion at the same
time [107], [108]. The main disadvantages are: small extinctaiio (because the gain is
never reduced to zero); the changes in the cateaesity within the SOA cause a variation
in the refraction index, which will provoke a chiimp the converted signal; the conversion
efficiency is dependent on the input and outputelevgths[92]; and the operation speed
is limited by the slow carrier recovery times. lacgon 3.3 we explore a method to
enhance the cross gain modulation bandwidth beybedslow carrier recovery times,

based on detuned optical filtering.

3.2.2Cross phase modulation

As detailed in chapte?.6.2, when a SOA is under gain saturation, theacée
index will change as a consequence of the gairraain variations. The refractive index

variations induce a phase change in the signatgleenplified. This basic principle behind
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XPM wavelength converters in SOA is illustratedFigure 3-4. An intensity modulated
(IM) information signal ah1 and a CW probe signal ®2 are simultaneously amplified in
a SOA based scheme. If the power of the IM signahiough to induce gain saturation, the
output signal ah2 is phase modulated with the input informatiomc®i XPM affects the
signal phase, and the converter should maintainntieemnation in the intensity domain, it

is then necessary to perform a phase to intensityarsion.

Input information signi @ A1

P
i
= —

time XF?I\(/?A basettj Phase to IM output signal @\2

convertel, Intensity —=>-

2 Converter| £
g —> g
E =

time ® ' time

CW probe signal @2 S__‘G /\/\ /\ M
o
' time
PM signal @\2

Figure 3-4: lllustration of an IM-to-IM wavelength convertbased on cross-
phase modulation (XPM) in SOA.

XPM based WC present significant advantages wharpaoed to other techniques:
high conversion efficiency and output extinctiontioa differential schemes can be
employed to allow conversion beyond the SOA temip@sponse; and the output signal
information is not logically inverted. XPM convedtsignals have narrow spectrum when
compared to XGM signals, allowing transmission okigher distances of fibg®2] and
higher spectral efficiency. The main disadvantagthé increase in complexity due to the
additional PM to IM conversion. Moreover, it shoude noted that in SOA XPM and
XGM occur simultaneously, therefore the convertéti $ignal also presents IM distortion,

which may introduce patterning effects due to #mvery time of the SOA.

3.2.2.1Filter assisted XPM wavelength conversion

Figure 3-5 represents the instantaneous frequency of bepsanal at the SOA
output, when a pulse is simultaneously propagatea @ifferent wavelength. When the

input signal power is at constant power level @ithigh or low power), the CW probe
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signal wavelength remains unchanga)( For the leading edged of an optical pulse the
pump signal shifts to upper wavelengths — thisgsally known as a red wavelength /

frequency chirp. For trailing edges of the optigalse a blue wavelength / frequency chirp

occurs: the CW probe wavelength shifts to loweugal

Input information signal

power

) 4

PRI

power

A2 A2 A2 A2 A2
Probe signal instantaneous wavelength

Figure3-5: lllustration of the instantaneous frequencyhaf probe signal due to
XPM modulation in SOA.

One very popular technique to convert the phase ulatidn to intensity
modulation in SOA is optical filtering of the comted signal at the SOA output with a
detuned filter[109], portrayed in Figur&-6. An optical filter is detuned from the probe
signal central wavelength and aligned with the bdueed part of the converted signal
spectrum, retrieving an optical pulse of each legditrailing transition of the input signal.
The central wavelength of the converted signaldtuded fromA2 by the signal clock
frequency; the discrete clock tone becomes the owveal carrier. This technique is not
appropriate for NRZ signals, since for consecutlve the NRZ signals do not have power

fluctuations not causing frequency chirping.

This technique is popular for several reasonssisimple, as the only device
required, besides the SOA, is an optical filtee tutput signal maintains the RZ shape;
and the output extinction ratio is usually veryhiince the red chirp is associated with
ultra-fast gain depletion, this converter has ptbgperation at ultra high bit rates such as
320 Gb/s[111]. The disadvantages of such scheme are tivaryastable pump laser is

required; otherwise the optical filter may provgkelse distortion; this technique is not
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appropriate for NRZ pulse format; and the convesigaal may present residual distortion
due to XGM.

In the literature, this technique has been dematetronly over common SOA. In
section3.4 XPM wavelength conversion technique with PMINb conversion through

detuned optical filter is experimentally demonsdhivith gain-clamped SOA devices.

Input information sign:

o
2
g SOA OF
IM output signal
A Ve
Y o~ —
a i B A
S o
(@) o
S \
| A2
22 ;
CW probe signal = \
3 / \

Figure 3-6: lllustration of XGM wavelength conversion byeams of SOA and
detuned optical filter.

3.2.2.2XPM converters with standard-mode interferometiactures

Interferometric structures are widely used to obfahase modulation to intensity
modulation conversions. XPM wavelength converteaseld on interferometer structures
can operate on standard mode or differential mbéeeafter standard mode interferometer

structures are reviewed. Differential mode strustware detailed in secti@i2.2.3.

Mach-Zehnder interferometer with SOA (MZI-SOA)

Figure 3-7 presents the basic scheme for a MZI-SOA waggterconverter in
standard mode operation. The basic converter steicequires a local CW probe signal
with optimized polarization. This signal is ampdifi in both the SOA of the MZI structure.
In the upper SOA the input information signal isebmplified, provoking the XPM. In
the lower arm the probe signal is amplified aldneabsence of information signal, the two
pump replicas combine with destructive interfereatéhe output of the MZI-SOA. When

there is a pulse at the input, the phase differdratereen the two replicas is no longer
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and an optical pulse is then transmitted at thé@mignal wavelength. Finally, the optical
filter at the output eliminates the input signamekength.

Although it is possible to operate interferometdructures with discrete
components, great advantages outcome from morwliitibegration, since it allows long
term stability [92]. Other MZI-SOA structures are possible, foraeple, in a counter
propagating scheme, the optical filter at the outpunot necessary. MZI-SOA structures
usually incorporate phase shifters in each arm (epresented in Figur&-7) and

independent bias current control to optimize therapon conditions.

Input information

signal @Al
MZI-SOA
ﬂ_m_ﬂ N Output converted
signal @A2
T e =000
CW probe PC OF @\2
@A\2

Figure3-7: Standard mode MZI-SOA wavelength converter.

Compared to the detuned filtering technique, tlaaddrd mode MZI-SOA has the
advantage that it is not necessary to have higtigpoa optical filter. On the other hand, it
is limited by the slow recovery times of SOA. Reésufrom Nielsen et al]112]

demonstrate standard mode conversion at 40 Ghig 8$)A with ultrafast response.

Michelson interferometer with SOA (MI-SOA)

Michelson interferometer with SOA (MI-SOA) wavelehgonverter is represented
in Figure3-8. A CW probe signal is fed to the MI-SOA, whérés split and amplified in
two SOA. The two SOA have reflective coefficieniffedent from 0; therefore, a part of
the CW signal wavelength is reflected back. Thebprsignal is then coupled and leaves
the MI-SOA. In absence of light of the input signidde two replicas of the probe signal
interfere with destructive interference. For anuinpulse, the phase modulation in the

upper and lower SOA differ and a pulse is generatéke probe signal at the output.

MI-SOA structure has generally been abandonedvarfaf the MZI-SOA, since in
the former the probe signal is amplified twice le ISOA. For a typical SOA with active
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length of 1 mm, the round trip time in the SOA ¢gvs around 25 ps, which is the bit
period of a 40 Gb/s signal. For such reason, wagtteconversion in MI-SOA is limited
to signals with bit period very long, when compatedhe SOA round trip time. To the
best of our knowledge, the maximum bit rate regbrter wavelength conversion in
MI-SOA is 10 Gb/s[113]. Moreover, currently there are no MI-SOA cosargially
available.

' Input information
CW signal signal @\1

@)\2 PpC MI-SOA
b » UL
SOA
SOA > R=0.36
B

Output converted
signal @A2

B

W3

Figure3-8: Standard mode MI-SOA wavelength converter.

3.2.2.3XPM converters with differential-mode interferometstructures

Standard mode interferometric structures have be@ew in the previous section;
these are simple; however, are limited by the S@#overy time. Differential-mode
structures allow to over come such limitation angl gresented in this section. Figu-®
compares standard- and differential-mode interfextoin stuctures. In the standard mode,
the probe signal a2 is split in two replicas: one of the replicasfets XPM, caused by an
input pulse akl; whilst the second replica is not affected byitiput signal (i.e. its phase
remains un-modulated). At the interferometer outhattwo probe signal replicas interfere
(i.e. are subtracted with each other). As a resuttansmission window opens due to the
input pulse and the phase modulation of the firstbp signal replica is converted to
intensity at the output. If short optical pulseshén compared to the SOA dynamics) are
converted, the output signal has a fast rise tinu,the fall time is limited by the slow
carrier recovery. In the differential mode, botiplreas of the probe signal suffer XPM,
caused by the input signal. However, the seconticeepas lower PM intensity and its
phase modulation is delayed when compared to tisé rieplica. At the interferometer

output the transmission window is limited by thdagebetween the phase modulation of
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the two replicas; therefore, the output signalaslimited by the SOA slow recovery time.
For more information on the difference between time dynamics of SOA during
saturation and recovery, consult sectib. The main SOA based wavelength conversion

schemes with differential operation are detaileld\we
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a) Standard mode; b) Differential mode.

Figure 3-9: Schematic comparison between standard andretitial mode
XPM based on interferometer struct(it@]. 1 and®2 represent the phase of
the two replicas of the probe signal.

Differential mode MZI-SOA

The most common differential scheme is illustratedrigure 3-10 and employs a
MZI-SOA [114]. Contrary to the standard mode, where thermétion signal is fed only
to one of the MZI-SOA arms, in the differential neotthe input intensity modulated signal
is split in two replicas. One of the replicas (tlosver replica in Figure3-10) suffers
additional delay and attenuation when comparedhéoupper replica. Each replica of the
probe signal suffers XPM, caused by the input digBiace the phase modulations of the
two probe signal replicas are delayed, a transomssindow opens in the interferometer

output and a short optical pulse is generated. Miehod is also known as push-pull.
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The operation of this converter is not completeilgldpendent of the carrier
recovery, since for high bit rates the pump sigitedse does not have time to completely
recover (reach 0°) between consecutive bits, cgysatterning effects. Nevertheless, this

structure has allowed wavelength conversion u®Gb/g115].

MZI-SOA
CW probe
@A2 PC
JU (- fam]- = UL
Input information OF @A2 Out_put converted
signal @Al /d_ T | signal @A2
VOA delay

Figure3-10: Differential mode MZI-SOA wavelength converter

Differential mode and standard mode MZI-SOA wavgtlen conversion is
experimentally characterized in secti@b at 10 Gb/s. A differential mode MZI-SOA

scheme is used in sectiBr6 to achieve multi-wavelength conversion at 4@sGb

Semiconductor Laser in a Loop Mirror

The semiconductor laser in a loop mirror (SLALOMasmhe first structure where
the differential mode XPM was introducé¢tll6], [117]. It is also known as non-linear
optical loop mirror (NOLM), or terahertz opticaly@msmetric demultiplexer (TOAD) when
operated as a demultiplexer.

The SLALOM is a Sagnac interferometer with a SOAaced slightly
asymmetrically, with regards to the center of thepl, as represented in Fig3ell. The
CW probe signal is fed to the loop through a 3 dBpder and split in two components that
propagate through the loop in opposite directidnsabsence of input signal power, both
components acquire the same phase shift in the &@Arecombine with destructive
interference at the coupler. In the presence ofddta signal, the pump signal suffers a
phase shift in the SOA. Due to the asymmetry ofglaeement of the SOA, a delas) ¢
corresponding to &x/c (whereAx is the difference is distance between the twhgat
between the two components of the probe signal redllt in a window of constructive
interference at the output. The switching windoke(pulse width at the output) is defined

by the SOA displacement.
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This scheme originates an asymmetric switching aiwndsince the trailing edge of
the switching window is determined by the lengthtlod SOA (since the counter clock-
wise component is traveling in counter propagat#ligtively to the data signal), whilst the
leading edge is determined by the stimulated fifetiof the carriers. This scheme is,
therefore, limited to a maximum bit rate of approately \/2L, whereL is the length of
the SOA. The SLALOM has been employed as an OTDMddp multiplexef118] and

as wavelength convertgr19].

Compared to the MZI, the SLALOM is more stable wtogrerated in a discrete
scheme, since the interfering components in the L[S share the same physical
medium. In MZI-SOA the interferometer arms are ptaiy separated and will have

different perturbations (e.g. thermal fluctuatians)

JUIUI e

Input information
signal @Al

b TUI

CW probe Output converted
@A2 signal @\2

Figure 3-11: Semiconductor laser in a loop mirror (SLALOMpwelength
converter.

Delayed-Interference Signal Converter

The delayed-interference signal converter (DIS@nis of the simplest wavelength
converter schemes based on XPM in SOA. The bak&nse is represented in FigLBel 2.
The information and CW probe signals are fed t@®& %nd amplified simultaneously and
the probe signal suffers XPM. The optical signétathe SOA is then fed to a MZI. The
upper arm of the MZI has an additional delgywhen compared to the lower arm. At the

MZI output the two replicas are combined with destive interference; therefore a logical
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‘0’ is retrieved at the CW wavelength for ‘0’ ofdhnformation signal. In presence of the
data signal, the CW suffers a phase shift in tha&.S& a consequence, the two signals are
recombined with constructive interference, andaagmission window, with width af, is
created. The phase shift is necessary to competigatact that with a single SOA it is not
possible to ensure thdixpm(t) = Pxpm(t+1) - Where®xpy is the phase of the cross phase
modulated signal. The DISC has been used to achi&vet bit rates up to 640 GH%4],
[120].

The DISC, although simple, requires an MZI withadednd phase shift which must
be optimized to the input signal bit rate and te #avelength of the probe signal. This

requires additional complexity and costs in caaekiing of input wavelength is required.
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Figure3-12: Delayed interference signal converter (DISC).

Comparison with fiber based interferometer struesir

Highly non-linear fibers can also be used to aslimar medium in interferometer
switches. Comparing these with SOA based devicesite in the following main

differences:

* Due to the non-ressonant nature of the fiber nealiity, the fiber response
is not limited by recovery processes, therefoiie itot necessary to employ
differential schemes; and the response is indeperatethe repetition rate
of the data signal,

* The effective nonlinearity in fiber is much lowdran in SOA; therefore,
high interaction lengths are required; the XPM epehdent on the state of
polarization of the light signals;

« In fiber the cross-phase modulation depends orstidile of polarization of
the two signal$13];

* SOA have great potential for integration;
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* SOA provide optical gain and usually require motiernpower levels at
input.

3.2.2.4 Gain Transparent Operation

In all the XPM based wavelength conversion stregweferred above, the probe
signal also undergoes XGM non-linearity. XGM is aibyiundesired in schemes based on
XPM, since it introduces patterning effects and rddgtion of the output signal. An
operation mode called gain-transparent was propbgeldiez et. a[118] to mitigate the

harmful effects of the gain compression non-lingari

In a SOA, the maximum refractive index change og@itrthe wavelength where
the SOA gain is maximized. Since the changes inreéfractive index lead to the desired
phase variations which cause XPM, the maximum gaivelength is usually chosen to be
the operating wavelength of schemes relying on smeh-linear effect. For higher
wavelengths (the so called gain transparent regitmwy gain changes are obtained,
however, it is still possible to achieve significaefractive index variations. In the gain
transparent operation mode, the wavelength of @@ dontrol signal is tuned to the
maximum gain wavelength of the SOA, but the wavgtlerof the probe signal is set to the
transparent region. Another advantage is the iifsignt noise emission in the gain
transparent region. The gain transparent operatmue has allowed interferometer
schemes to operate as de-multiplexer, optical samagpld add/drop multiplex¢t3]. The
main disadvantages of such operation mode arghbgtrobe signal is not amplified, and

such converters are limited to out-of-band probeelengths.

3.2.3Four-wave mixing

Optical wave-mixing results from the non-lineareirsictions of the optical waves
present in the non-linear material, which, in thseof SOA, is the semiconductor. A full-
description of four-wave mixing (FWM) fundamentsost of the scope of this work and
can be found if121] - [125].

Figure 3-13 presents a typical FWM wavelength convertéieste. An input data
signal atA\1 and a CW probe signal &2 = A1 + A are injected simultaneously in a SOA

with the same state of polarization. The SOA cadansity and distribution are modulated
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by the beating of the two waves in the active mexdiwhich generates dynamic index and
gain gratings. The interaction of the injected wsawgth these gratings leads to the creation
of new frequency components, called the FWM comptseOf particular interest is the
FWM signal that is generated at frequen@/ + A, usually designatedonjugate wave

because its phase is the conjugate of the datalsign
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Figure3-13: lllustration of FWM wavelength conversion in SO

FWM in SOA originates from both inter- and intraddaeffects. For a detuning,
in the order of few tenths of GHz, FWM efficiency high, due to the modulation of the
carrier density at the beat frequency, which isimter-band process. However, the
modulation rate of the carrier density is deterrdify the effective carrier lifetime, as
referred before. For higher detuning values, tligiehcy of this mechanism declines and
the intra-band dynamics will dominate. The mosepraent intra-band effects involved in
FWM are those related with SHB and CH, which haegeyvast relaxation time, which
implies ultrafast operation, allowing performanceconversion above hundreds of Gb/s

[126][127]. In[128] experimental operation over 160 GHz signslseported.
The main advantages of FWM in SOA include:

* The inherent speed of the process;

 The generated signal reproduces the input sigrahgbideal for phase
sensitive modulation formats;

* Low optical powers are required at the input ofdlegice.
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* FWM in SOA has an intrinsic high efficiency comparéo nonlinear
crystals or optical fibers, enabling shorter int#ian lengths of the injected
waves and decreasing the phase matching requirement

On the other hand, the main disadvantages of FWSQOA are[127]:

* Penalties in the OSNR due to the ASE of the SOA;
* Waveform distortion due to the gain compressiothefSOA,;
* The efficiency is polarization dependent;

* Lower efficiency when compared to other mechanidorsexample XGM).

3.2.4Cross-Polarization Rotation

The operation of cross-polarization (XPR), or nmedr polarization switching
(NPS), wavelength converters can be understood fitenillustration of Figure3-14,
where a low power probe signal, with well definealgpization, is amplified in a SOA
simultaneously with the input intensity modulateatadsignal. The gain saturation of the
transversal electric (TE) mode differs from thattieé transversal magnetic (TM) mode
[129], [130]. Consequently, the refractive index chandgethe TE and TM modes, caused
by gain saturation, are also different. The outpighal will then have different phase

modulation in the two modes.

To exemplify the XPR operation, suppose that tldbersignal is polarized with the
same power at the two modes (at 45°) at the SOAt,rgnd that, in the absence of data
signal light, there is no probe phase rotation lketwthe two modes. The polarization
controller (PC) and the polarization beam spli{f@BS) are adjusted to guarantee that in
this condition the output power is cancelled at pinebe signal wavelength. When an
optical pulse and the probe are simultaneously #iegblin the SOA, the state of
polarization of the probe signal is changed by 8@A. If the state of polarization is
rotated by 90°, a strong optical pulse will be sraitted at the output of the PBS. Single-
and multi-wavelength conversion at 40 Gb/s was ntegousing the XPR effedtl31].
When compared to XGM, this method has the advaradgowing high ER; however the
conversion efficiency is lower. Similarly to XGMhe& applicability of this method to high

bit rate signals is limited by the slow carrier digynrecovery.
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Figure3-14: Schematic representation of the setup to partwoss-polarization
(XPM) wavelength conversion and operation principle

3.3 Enhancement of cross gain modulation bandwidth

Cross-gain modulation converters are limited byglmv SOA recovery times, as
referred above. In this section, enhancement of khedwidth of XGM wavelength
converters is studied and detuned optical filteimmg@mployed to allow operation beyond

the gain recovery limitations.

3.3.1Decrease of the SOA effective carrier lifetime

The modulation of the carrier densithN ) for a given input photon densitg, at

the frequencyf__ for a very short amplifier can be approximatelyatdsed by[106]:

mod

T
AN(f)= B! eff : .
( ) gT Esn D\é 1+ J Dznlj-eff |:fmod (3 1)

where vy is the group velocitygr is the material gain and is the effective carrier

lifetime, which is approximately given §$06]:

dRSN +$[S

dN AN out [Vg ! (3'2)

1.
TE
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With Rsy the stimulated recombination fact&,: the SOA output photon density,
and dg/dN is the differential gain coefficient. Fron8-1) we verify that the carrier

modulation response exhibits a low pass charatitevigth an optical 3dB bandwidth of:

J3

2T

BW,¢s = (3-3)
From 3-1)-(3-3), we conclude that the lower is the effectiegrier lifetime, the

higher is the SOA carrier modulation bandwidth.efive carrier lifetime reduction is

achieved when the output photon density and théerdifitial gain are increased.

Consequently, improvements outcome from enhantieddllowing parameters:

» Current injection;
* Optical input power;
» Confinement factor;
» Differential gain.

To increase the factors referred above, longer S@a®e been designgd06].
However, increasing the length of the SOA also $@se disadvantages: it is difficult to
fabricate very long SOA with uniform cross sectiafighe active region; the spectral gain
bandwidth of the SOA diminishes as the length @& davity increases. Moreover, the
transit time increases for long SOA, therefore yard-propagation of the input signal and
the CW can be used (since the counter-directiocta¢rae has speed limitations, such as

jitter that arises for high bit rate signals).

Increasing the SOA driving current is one of the@est ways to reduce the SOA
temporal response. FiguBel5 presents the normalized intensity pulse respanh thefast
SOAdevice (consult appendix Il for characteristicstid SOA devices) when the injection
current is 200 mA, 300 mA and 400 mA. Increasing thjection current reduced the
temporal recovery time from 10 % to 90 % from 1X0tp 78 ps and 62 ps, respectively.
Nevertheless, the maximum current density in théd $Jimited, thus the current can not
be increased indefinitely.
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Figure3-15: Simulated temporal response to an opticalepwith a low power
probe and a high power probe at the SOA input.

The use of a holding beam was propof&s] to increase the power level inside the
SOA, enabling higher modulation speed for the essri Figure3-16 presents the
normalized intensity response to an optical pulsthbfast SOAdevice. When pumped by
a low power signal (-20 dBm), the recovery timaisund 78 ps; however, when pumped
by a -5 dBm CW signal, the recovery time is redut®d3 ps. Although it reduces the
SOA temporal response, the holding beam methodheslisadvantage of reducing the

converted signal extinction ratio (ER).

— Pumped with -25 dBm

=

o
(o]
I

Normalized intensity [a.u.]
o o
N o

o
N
|

0 20 40 60 80 100 120 140 160 180 200
Time [ps]

Figure3-16: Simulated temporal response to an opticalepwith a low power
probe and a high power probe at the SOA input.
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3.3.2XGM bandwidth enhancement by detuned filtering

We have demonstrated in the previous section that XGM bandwidth is
improved when the SOA effective carrier lifetimerésluced. Pumping the SOA with high
powers or increasing the injection current are $mmethods to improve the SOA
response; however, pumping the SOA reduces theubsignal ER, and the injection
current has an upper limit, which depends on thécdecharacteristics, but is typically
below 500 mA. Employing such techniques, curreatesof-the-art SOA devices are still
limited to recovery times in the order of the tefipicoseconds: SOA manufacturers CIP
and Amphotonix currently report recovery times an25 pg133], [134]. Therefore, it is
important to further enhance the bandwidth of XGMSOA to enable operation in the
range of the hundreds of GHz. In this section,napg method, based on detuned optical

filtering, is proposed to enhance the XGM bandwidklyond the SOA recovery times.

3.3.2.10peration principle

To understand the operation principle of the XGMhdaidth enhancement via
detuned optical filtering, consider FiguB17, which presents the simulated temporal
shape and the frequency chirp shape of a XGM coedesignal. Theslow SOAdevice and
a 10 Gb/s NRZ input information signal are consédenn this analysis, the power of the

input and CW probe signals at the SOA input aréBf and 0 dBm, respectively.

After the SOA, the CW probe signal is amplitude mlated with the logical
inverse of the input information signal, due toss@ain modulation. However, due to the
SOA limited response time, patterning effects ocasrcan be verified on the intensity of
the XGM signal in Figur@-17, and inter-symbol interference (I1SI) is progdkSince the
power variations of the data signal lead to vaviadiin the refraction index, cross phase
modulation occurs simultaneously with XGM in the AOThe SOA output signal
frequency chirp is also represented in FigBwE7. A positive frequency chirp (blue chirp)
happens in the transitions of ‘1’ to ‘0’ of the datignal and a negative chirp (red chirp) on
the ‘0’ to ‘1’ transitions. These frequency chirlgad to a change of the instantaneous
wavelength of the probe signal inside the SOA|lastrated already in Figur&5.
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— Input NRZ signal intensity
— XGM converted signal intensity
— XGM converted signal chirp

Normalized intensity
Frequency chirp [GHZz]]

Time [ns

Figure3-17: Simulated temporal characterization of cra@a ghodulated signal
intensity and frequency chirp. Thlow SOAdevice is considered..

Since the instantaneous probe signal wavelengthgesawith the transitions of the
input signal, if the SOA output signal is filterdry a thin optical filter with positive
frequency detuning from its central wavelength, udse@ is retrieved at each ‘1’ to ‘0’
transition of the input signal; similarly a pulsedbtained if at each ‘0’ to ‘1’ transitions in
case the detuning is towards negative frequendiesverify this conjecture aorder
Gaussian filter with -3 dB bandwidth of 10 GHz mmmoyed. To retrieve the blue chirped
part of the spectrum it is detuned by 6.5 GHz reddy to the probe signal central
wavelength; to obtain the red chirped part of thecsrum the detuning is -10 GHz. Figure
3-18 presents present the temporal shape of tggnaliXGM signal and of the resultant

signals after filtering with the®order Gaussian filter.

Figure3-18 demonstrates that the blue chirp filtered aigmesents an optical pulse
when the XGM signal is increasing its power and ribe chirp filtered signal presents a
pulse when the XGM signal is decreasing its pov&@hancing the power of the blue
chirped part of the spectrum will lead to a strandaster) rising edge of the XGM signal,
on the other hand, the red chirp part of the spetis impeding the XGM signal to return
back to a low power level. Following this line dbught, faster response is expected if the
blue chirped part of the spectrum is enhanced wallation to the red chirped part.

Enhancement of the blue chirped part of the spectuill be achieved hereafter using an
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optical filter detuned from the prolsgnal central wavelength. Since the optical filer
detuned, the power of the red chirp part of thecspen will be decreased in relation the

blue chirp part.

— XGM converted signal intensity
— Blue chirp signal
‘ — Red chirp signal

Normalized intensity

Time [ns]

Figure3-18: Simulated temporal intensity of the XGM sigaad of the filtered
blue and red chirp parts of the XGM signal spectrigna bit rate of 10 Gb/s.

This XGM bandwidth enhancement method relies onvemion of the phase
modulation, provoked by XPM, in intensity modulatjoby detuned filtering. The
underlying principle can also be used to obtain tRZRZ wavelength conversion, as
detailed in sectior3.2.2.1, where a detuned optical filter is useddmpletely isolate the
red / blue part of the optical spectrum. The maifeence between the two techniques is
that, in the converter of section 3.2.2.1, theagdtcarrier and one of the sidebands of the
SOA output signal are completely rejected by theumked filter. In the XGM bandwidth
enhancer the detuned optical filter only enhanbesbiue sideband in relation to the red
sideband and there is no rejection of the optiealier; therefore, the signal maintains the

NRZ pulse format.

3.3.2.2Simulation tests and filter optimization

10 Gb/s results

The detuned filter bandwidth enhancer will be tésteing theslow SOAdevice to

assess the potential to enhance its operation bdtidirom 2.5Gb/s (its optimal
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maximum bit rate) to 10 and 40 Gb/s. To charaatettie performance of this method, the
modified eye opening penalty (MEOP) will be consete MEOP is used in detriment
from the standard eye opening penalty (EOP) taiedhe signal penalties caused by the
SOA slow response from those caused by ER variafionmore information on EOP and
MEOP consult appendix III.

Figure 3-19 presents the common XGM converted signal @S®A output when
the SOA input powers of the information and proigmals are -3 and 0 dBm, respectively.

The signal eye diagram presents significant closluieeto the slow carrier dynamics. The
XGM signal MEORP is 3.5 dB.
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Figure3-19: Common XGM signal eye diagram

The XGM bandwidth enhancement scheme operationcipte is based on
enhancing the blue chirped part of the XGM conwkgignal spectrum in relation to the
red chirped part and to the optical carrier. Fiesfjlter similar to that of Figur&-20 is
considered. The zero frequency refers to the dewaaelength of the probe signal. The
filter attenuation is zero fof > fy.s Attg refers to the attenuation at the optical carrier

frequency, and Aitqrefers to the attenuation fagg

Atto h
AttnegI

Intensity response [dB]

fneg

0

fpos

frequency

Figure3-20: Optical filter to enhance XGM bandwidth.
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It was verified that the XGM enhancement methodgserance is optimized when
foos andfneg >> fgr, With fgr the frequency equal to the bit rate of the dagaali As such,
foos = fneg= 3 fer Was considered. FiguB21 presents the eye closure penalty as a function
of the Aty and Atheq It can be verified from the curves of Figd€1 that when the filter
characteristics are optimized, the converted sigMEOP can be improved to
approximately 0.6 dB, which is obtained with &9 dB and Atleq= 7 dB. It was verified
(not represented in the figure) that if the opti@lier is designed to enhance the red
chirped part of the spectrum (i.e. Atind Atheg < 0), the output signal degrades, even
when compared to standard output XGM signal (wihenoptical filter is centered with the
probe signal wavelength).

| ™% Att. at neg. freq.=4d
141 | ——Att. at neg. freq. =5 d ]
' | —B— Att. at neg. freq. =6 d "
121 X | —&—Att. at neg. freq. = 7 d X
T | —e— Att. at neg. freq. =8 d
s | | |
o ‘ : |
2 |
s 0.8 : w
06 7 : |
0.4 l i i ‘ ‘
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Attenuation at signal central frequency (Att0) [dB]

Figure 3-21: Eye closure penalty as a function of the gatnpositive
frequencies and attenuation at negative frequencies

Figure 3-22 presents the optical spectra and eye diag@ntbe detuned
optical filter output signal. It can be verifiedathafter the optical filter the positive (blue)
frequencies are enhanced in relation to the optiaaier. On the other hand, the negative
(red) frequencies are attenuated. As referred gbwatie this technique there is no rejection
of the optical carrier. As expected, the optickéfiimproves both the leading and trailing
edges of the optical signal when compared to thé& $Q@put signal of Figurg-19; as a
consequence, the output eye diagram is practioalilystorted.

The previous test demonstrated that with an entmeceof the blue chirped part

of the spectrum relatively to the optical carrieddhe red chirped part of the spectrum, the
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normalized to the same optical carrier power;

Figure 3-22: Characterization XGM bandwidth enhancemenvuhh optical
spectrum and eye diagram. £tt9 dB and Atfg= 7 dB.

distortion caused by the slow carrier recovery limieated. Feasible optical filters are
considered hereafter: the XGM bandwidth enhanceested considering Gaussian optical
filters in Figure 3-23. The optical filters are detuned from the grakignal central
wavelength to achieve the required enhancemeriteoblue chirped part of the spectrum.
It can be verified that the™lorder Gaussian filtef205]with -3 dB bandwidth around 50
GHz enable an optimum MEOP of 0.75 dB, which repnés only 0.15 dB penalty from
the best result obtained by the filter shape oufg@-20. The signal attenuation due to
detuned optical filtering (measured at the probevedength) is around 16 dB for the
aforementioned case. For a filter with -3 dB bardtiviof 50 GHz, the filter central
frequency can shift by +/- 12 GHz while keeping toaverted signal MEOP degradation
below 1 dB. Gaussian filters with%order present worse results than those obtainedeoy
1% order filter, since the out-of-band decay 8% @rder filter is too high; additionally, the

sensitivity to filter detuning from optimum is ale@her.

XGM wavelength converters operation performancedsalized for high output
signal ER, since higher ER requires higher gainratibn, which also increases the SOA
response time. The detuned filter technique isieggb SOA output signals with different
ER. The ER of the converter output signal is vafigdadapting the input information
signal power and keeping constant the CW probeasigower at 0 dBm. Converted signal
ER of 3 dB, 6 dB, 9 dB and 12 dB are enabled wifut information signal powers of
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Figure 3-23: XGM bandwidth enhancement whet dnd 2° order Gaussian
filters are considered.

-3dBm, 1dBm, 4 dBm, and 7 dBm, respectively. Feg8-24 presents the converted
signal MEOP as a function of the optical filter wldhg for the different ER values. As
referred above, the higher is the ER, the morersasehe degradation of the XGM signal:
the MEOP of the XGM signal before the detuned @ptidter are 3.5 dB, 4.1 dB, 5 dB,
and 6.4 dB, for ER of 3dB, 6 dB, 9 dB, and 12 dBspectively. Since the signal

degradation increases with the ER, stronger enimagceof the blue frequencies relatively
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to the red frequencies is required for higher ER. &consequence, the filter optimum
detuning increases with the converted signal ERhWptimized filter detuning, MEOP of
0.8 dB, 1.0 dB, 1.1 dB, and 1.3 dB are obtainedHerset of ER under test: considerable
improvement are obtained when compared to the M&QRFe common XGM signals, The
main disadvantage of operating at high ER is thatdptimum filter detuning increases,
and so do the losses caused by it. The lossesctdysthe detuned filtering are 16 dB,
18.7 dB, 27 dB, and 36 dB, for ER of 3 dB, 6 dBIE® 12 dB, respectively. The losses of
the whole wavelength converter, including the S@W the filter, (measured as the power
difference between the output and the SOA inputrmbtion signal) are 3.2 dB, 10 dB,
24.6 dB, and 37.4 dB, for the referred ER values.
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Figure3-24: MEOP as a function of thé arder filter detuning for different ER
of the converted signal. Optical filter -3 dB BW58 GHz. Inset eye diagrams
at optimum filter detuning.

The transmission properties in dispersive fiberiarpacted by the SOA induced
XPM. For comparison, the converted signal with 6 ElB and an OOK NRZ signal with
6 dB ER, generated by a chirp-free MZM, are trami&di over dispersive fiber. The
measured EOP after transmission is presented uwd-8425. It can be verified that the
converted signal transmission properties are ratlwgeen compared to the chirp-free
OOK signal. For a maximum EOP of 3 dB, the maximaotumulated dispersion is

reduced from +/- 1105 ps/nm to +/- 765 ps/nm.
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Figure 3-25: Comparison of the transmission capabilitiesralispersive fiber
of ideal chirp-free NRZ signal and converted signal

40 Gb/s results

We have demonstrated above that the detunedriidfeéeichnique is able to enhance
the XGM operation bandwidth of tteéow SOAdevice to 10 Gb/s, since a simpfedrder
Gaussian filter, detuned from the optical carriliminates the distortion caused by the
SOA slow response. Hereafter, the same operatiowiple is explored to assess the
feasibility of 40 Gb/s conversion using the sastmav SOAdevice.

The input information and CW probe signals powertha SOA input are -3 dBm
and 0 dBm, respectively. Under such condition, $I@A output eye diagram at the probe
signal wavelength (i.e. common XGM signal) is préed in Figure3-26 a). It can be
verified that the eye diagram is completely closee to the slow operation of the SOA.
The MEOP of the detuned filter output signal is releterized in Figure3-26 b) for
different filter -3 dB bandwidth. It can be verifighat the optimum filter bandwidth is
around 60 GHz (1.5.BR); while for 10 Gb/s optimumperation was verified for much
higher filter bandwidths (5.BR). The reason is th#0 Gb/s the required enhancement of
blue frequencies relatively to red frequencies igcim higher than that at 10 Gb/s.
Nevertheless, a clear and open eye diagram isr@atavhen the detuning is optimized.
The losses due to detuned filtering are 21.1 dBHeroptimum case referred above. The
losses of the whole converter, including the fihad the SOA, are approximately 8.0 dB.
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b) Converter output signal MEOP as a function of dieéuning of the optical
filter. Inset eye diagram for filter with -3 dB béwwidth of 60 GHz and detuning
of 80 GHz.

Figure 3-26: 40 Gb/s characterization of XGM bandwidth amdement via
detuned filtering with ¥ order Gaussian filters.

3.3.2.3Experimental validation

The experimental tests were performed with shkmv SOAdevice, in agreement
with the simulations of the previous section. Thput information signal is generated by
modulating an input CW signal at 1553.0 nm in aglitee MZM. Due to experimental
constraints, there was no tunable optical filtenikmble; therefore, a WDM demultiplexer
filter designed for a 200 GHz grid, is employedisTfilter is approximated to a"2order
Gaussian filter centered at 1547.61 nm, and ha3dB bandwidth of 133 GHz and a
-15 dB bandwidth of 190 GHz. Since the filter id hanable, the detuning is performed by
adapting the CW probe signal central wavelengtle Jignal after the detuned optical filter
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are detected in a photo-detectors with 10 GHz GB8¥z of -3 dB bandwidth, for the 10
Gb/s / 20 and 40 Gb/s test, respectively; andMiactor is measured.

10 Gb/s results

For 10 Gb/s, the optical power measured at the St is -1.8 dBm and
3.1 dBm for the input data signal and the for th& @robe, respectively. The input
information signalQ-factor is 7.1. The CW probe signal wavelength &ied from
1547.60 nm to 1548.352 nm and dactor of the detected signal is presented in iEgu
3-27 a). For reference, the same figure also ptedée attenuation of the optical filter.
Figure 3-27 b) — d) presents the converted signal eyeramag at different CW probe

wavelengths.
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a) Q-factor of the detected signal as a function of €& probe signal
wavelength and the attenuation of the opticalrfilte

b) Wavelength = 1547.61 nm; c) Wavelength = 1548122 d) Wavelength = 1548.35 nm.

Figure3-27: Characterization of experimental XGM bandWidhhancement at
10 Gb/s via converted sign@Hactor - a) - and eye diagrams - b) to d).
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When the CW probevavelengthis aligned with the center of the filter, the
converted signal eye diagram is significantly did (Figure3-27 b)), due to the intrinsic
slow behavior of the SOA. This eye diagram is ineagnent with the simulation results.
When the probe signal wavelength is detuned froendptical filter central wavelength
towards higher wavelengths, an increase in the @yening and in theQ-factor is
observed, since, in these conditions, the blugpgbart of the spectrum is being enhanced
in relation to the red chirp part. Thgfactor maximum is obtained for a wavelength of
1548.22 nm. The resultant eye diagram is presentedyure3-27 c), which is completely
open and does not present significant distorti@fiactor improvements relatively to input
are obtained for a frequency range of around 12 .Gtz higher detuning values the
output signalQ-factor degrades abruptly, mostly due to the irgirep attenuation of the
filter, which reduces the signal to noise ratioeaftletection (since there is no pre-

amplification), as can be verified from the eyegdaan of Figure3-27 d).

20 Gb/s results

For 20 Gb/s input, the optical power values, measduat the SOA input, are
1.48 dBm and 2.5 dBm for the input data signal #vedfor the CW probe, respectively.
The input signalQ-factor is 8.8. Figure3-28 a) presents output sign@ifactor versus
detuning from the probe signal and optical filtental wavelengths.

For the standard XGM signal — when the probe idered with the optical filter —
the converted signal eye diagram is completelyedpss can be observed in FigGr28
b). When the probe sign&é detuned from the center of the optical filtdre tsignal eye
diagram opens and a maximu@ifactor of 5.6 is achieved. In the corresponderg ey
diagram depicted in Figui&28 b), a slow behavior is still noticed in thartsitions from
‘0’ to ‘1’. This slow behavior can be overcome kging a filter with a higher decay, which
would enhance more the blue chirp part of the spectSimilarly to the 10 Gb/s tests, the
converter performance decays abruptly for highdumdag of the probe signal central
wavelength from the filter center.
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a) Q-factor of the detected signal and attenuationhef optical filter as a
function of the CW probe signal wavelength;

b) Wavelength = 1547.61 nm; c¢) Wavelength = 154818 d) Wavelength = 1548.29 nm.

Figure3-28: Characterization of experimental XGM bandWidhhancement at
20 Gb/s via converted sign@Hactor - a) - and eye diagrams - b) to d).

40Gb/s results

Figure 3-29 depicts the 40Gb/s results using the ssime SOAdevice, when the
power values utilized are the ones consideredar2thGb/s test. The input sigr@factor
is 5.7. Similarly to the 20Gb/s test, the eye daagris completely closed for the standard
XGM signal, as depicted in Figu@29 b), due to the high recovery times of the SOA
device; however, this converter still produces asiderably opened eye opening when the
probe wavelength is optimized (Figu8e29 c)), allowing a maximur@-factor of 4.3 for

the mentioned conditions.
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a) Q-factor of the detected signal and attenuationhef optical filter as a
function of the CW probe signal wavelength;
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Figure3-29: Characterization of experimental XGM bandWidhhancement at
40 Gb/s via converted sign@Hactor - a) - and eye diagrams - b) to d).

Improved experimental results are expected, paatiguat 20 Gb/s and 40 Gb/s, if
the optical filter is a L order Gaussian filter (as discussed in the previmction), and if a

pre-amplified receiver is considered.

3.4 Filter assisted wavelength conversion in GC-SOA

When a probe signal is amplified simultaneouslyairSOA with an intensity
modulated signal, XPM causes a red / blue chirpinthe probe signal central frequency
for the leading / trailing edges of the input sigogptical pulses. In sectid®.2.2.1, detuned
filtering of the probe signal after the SOA wasganeted as a simple and effective method
to convert the SOA induced phase modulation innisitg modulation. If the input

information signal presents return-to-zero pulsentt, detuned filtering the probe signal
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at the output will retrieve a non-inverted RZ signéth high ER. As referred in section
3.2.2.1, this technique has been already demoedtedtvery high bit rates. However, to
the author’s knowledge, all work published so fas focused on common SOA. Hereafter
a gain clamped-SOA (GC-SOA) will be employed to emimentally perform wavelength
conversion of RZ signals. In a GC-SOA, the blugls enhanced due to the relaxation
oscillations of the internal laser; therefore, l@gleonversion efficiency is expected when
filtering the blue chirp contributions, when comgérto common SOA. Moreover, GC-
SOA response is inherently faster when comparezbtomon SOA135], [63], which is
expected to allow operation at higher bit rates.

To analyze the GC-SOA response, a 2.5 Gb/s datalsigpd a CW probe with very
low power are fed to the GC-SOA. In FigBe80 the GC-SOA response to the 2.5 Gb/s
data signal is presented through the temporal shafpthe GC-SOA internal laser and the
lower power CW probe signal. Two operating condisi@re considered: low power input
data signal (-12 dBm) and high power input dataaig-2 dBm). Figure3-30 a) presents
the reference input signal. The operation princiiglandependent on the pulse shape,
therefore NRZ pulses are considered. When the imgformation signal presents low
power, the internal laser is modulated with theense information of the input signal —
Figure 3-30 b). This illustrates theyain-clamping mechanism, which retrieves an
approximately constant cavity optical gain as vedfby the low power probe signal
Figure 3-30 ¢). When the input signal power increases ittternal laser power will
decrease and shuts down for logical ‘1’'s of theutnglata signal. For logical ‘O’s of the
input signal the laser turns back on; as usual BRDOasers, relaxation oscillations are
verified in the output signglB1]. Relaxation oscillations are transient effeatdhich are
long when compared to the laser cavity loop tift86] and are due to an intrinsic
resonance in the nonlinear laser sys{8i]. These oscillations are observed not only in
the laser, but also in the carrier density (probgdthe CW signal), as verified in the
transitions from logical ‘0’ to ‘1. Since a bluehicp occurs for such transitions, the
relaxation oscillations lead to a significant irase in the contribution of the blue chirped
part of the spectrum when compared to the remaimdethe spectrum. Therefore,
improved results are expected when filtering theebthirped part of the probe signal
spectrum at the SOA output, when compared to comBdA.
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a) Input information signal;
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e) Low power probe at GC-SOA when input data sigoaler is -2.0 dBm.

Figure3-30: GC-SOA response to a 2.5 Gb/s input infornmasignal.
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To assess the performance of wavelength converg@mmletuned filtering of the
blue chirped part of the spectrum after GC-SOAjmuut RZ signal with variable bit rate
(2.5 Gb/s or 10 Gb/s) at 1547.30 nm is coupled @Naprobe signal ax2 = 1548.95 nm.
The two signals are simultaneously amplified in @@-SOA device with driving current
of 250 mA. After the GC-SOA, a detuned opticaldiilvith -3 dB bandwidth of 15 GHz
extracts the blue chirped part of the spectrumhef tonverted signal (i.e. the lower
wavelengths). The converted signal is then detented pre-amplified receiver, which
consists of an EDFA, an optical de-multiplexerefilwith -3 dB bandwidth of 75 GHz

centered with the signal, and a photo-detector.

The optical spectrum at the GC-SOA output is presenn Figure3-31 for a
10 Gb/s input signal with 1.0 dBm and a CW prolgmal with -3 dBm. The internal DBR
laser generated by the GC-SOA is visible at 15680Besides the probe and data signals,
a FWM contribution is also observed.
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Figure3-31: Optical spectrum at the GC-SOA output.

In Figure 3-32 the experimental eye diagrams before and #iterconverter are
presented. The detuning of the optical filter cainfrequency relatively to the central
wavelength of the probe signal was 14.8 GHz and @Mz for the 2.5 Gb/s and the
10 Gb/s tests, respectively. It is observed thag t the detuned filtering, the converted
signals present an increase in the ER when compartbe input signals, for both bit rates.
The output signals present undistorted eye diagranusthe measure@-factor is also

improved when compared to the input, particulady 2.5 Gb/s. A compression in the
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pulse width was verified at 2.5 Gb/s since the tnmise width was 117 ps and after the
conversion the pulses had a width of 47 ps.
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a) 2.5 Gb/s input signal eye diagrani) 2.5 Gb/s converted signal eye diagram
(ER = 12.1 dBQ-factor = 11.5 dB); (ER = 16.8 dBQ-factor = 14.3);
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a) 10 Gb/s input signal eye diagranb) 10 Gb/s converted signal eye diagram
(ER = 9.0 dBQ-factor = 10.5 dB); (ER = 12.1 dBQ-factor = 10.8);

Figure3-32: Comparison of converter input and outputdgagrams.

Figure 3-33 presents the optical spectrum of the SOA duguthe probe
wavelength when the input information signal biteras 10 Gb/s. The detuned filter
transfer function and the resultant converted dign@ also presented. It can be verified
that the central wavelength (optical carrier) oé ttonverted signal corresponds to the
discrete spectral tone at the bit rate frequendye fiesultant signal has reduced spectral
occupancy and VSB characteristics.

The dependence on the optical filter position igicked in Figure3-34 for 2.5 Gb/s
and 10 Gb/s. For both cases the output signal @idimratio is robust to variations in the
optical filter central frequency; however, tRefactor presents reduced tolerance to filter
detuning. The reduced tolerance to the filter @@ntiosition can be understood with the

help of Figure3-33: the optical carrier must be eliminated by dpéical filter; if there is
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even a small detuning to lower frequencies, thecaptarrier reappears; on the other hand,
if the filter is detuned to upper frequencies, #pectral tone at the bit rate frequency,

which is the central frequency of the converteahaigis eliminated.
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Figure3-33: Optical spectra of: SOA output signal at pusgvelength, optical
filter transfer function, and converter output sign
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Figure3-34: Characterization of converter performancea &snction of optical
filter detuning.

In the previous tests filtering towards frequendmggher than the optical carrier
(i.e. blue chirped part of the spectrum) has beamsidered. Figure&-35 presents the
converted signal eye diagram when the opticalrfiteletuned to optical frequencies lower

than the optical carrier (i.e. red chirped partté spectrum). The eye diagram presents
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distorted due to the laser relaxation oscillatiamisich cause two distinct frequency chirps
towards the red part of the spectrum for eachdsit just after the leading edge of the
pulse and another during the trailing edge — sustmabior can also be observed in the

temporal shape of the probe signal, depicted inr€ig-30 e).

Figure 3-35: Eye diagram of 2.5 Gb/s converted signal wthenred chirp is
retrieved.

To effectively compare the performance of using S@#d GC-SOA for the
presented wavelength conversion method, equiveée# and GC-SOA devices should be
employed in experimental tests or an appropriateusition model should be developed
for the GC-SOA. Since equivalent devices are nailable, and, within the frame period
of this work, it was not possible to develop a detaGC-SOA model for high bitrates,
such comparison is not presented here. Neverthdhlespresented results demonstrate the
high potential of GC-SOA for wavelength conversadrinput RZ signals, when the probe
signal blue chirp spectral components are extrablgda detuned filter; thus, a more

thorough analysis is proposed as future work.

3.5 Experimental characterization of MZI-SOA based

wavelength converter

As detailed in sectior3.2.2, one of the most common and effective mettods
perform wavelength conversion with SOA is through tise of a MZI-SOA structure. In
such structures, a probe signal suffers XPM in $i@A, caused by an input intensity
modulated information signal. The interferometricusture converts the probe phase

modulation in intensity modulation at the output.this section a MZI-SOA wavelength
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converter at 10 Gb/s is characterized. The impadeweral parameters is assessed and
studied. The purpose of such study is to provideugd basis for the operation of the
40 Gb/s multi-wavelength converter, presented iotige 3.6; and also for the 2R

regenerator employed in secti6rB.

The setup employed in the wavelength conversiorm/x@ntal tests is depicted in
Figure 3-36. Optical pulses with 2.0 ps are generated b &pulse/s mode locked laser
diode (MLLD) at 1545.0 nm, modulated with a 10GBRBS signal, with a pattern length
of 221, in a MZ modulator and fed to the differentighwelength conversion setup. The
input data signal is also known as control sigiake CW probe wavelength is 1535.0 nm;
this signal crosses a polarization controller igraits polarization with the SOA, due to
SOA birefringence. The two signals are fed to th&480OA wavelength converter in order
to enable standard mode conversion, and diffedlemicale conversion. Standard mode is
achieved when the attenuation of VOA2 is equal ribnite; as a consequence, the
information signal is fed only to the upper MZI-S@#m. For differential mode operation,
a variable delay and VOA control the conditiongtad input signal in the lower arm. The
system performance is assessed through bit erter(BER) measurements for different
optical signal to noise ratios (OSNR) at the phadgtector input. To vary the OSNR, an
ASE noise source is coupled to the optical sighbe -3 dB bandwidth of optical filters
OF1 and OF2 is 0.85 nm, and the photo detectoB-Bahdwidth is 10 GHz.

VOA1
MZI-SOA

MZM i=l $0% B ASE

AR e il P =
PC
— CW 1535 nm H 2= —ﬂ OF2 PD
10 Gp/s : EDFA T —/Q/ SOA 1535.0 nm
MLLD 10 Gb/s OF1 VOA3
15420 1M pRps 31q delay VOA2 1535.0 nm

Figure3-36: Experimental setup for XPM in SOA-MZI wavelémgonversion
at 10 Gb/s.

Static characterization

In this section the XPM WC is characterized in ist@bnditions (i.e. the input
control signal is a CW) for the standard operatioode; for the differential mode it is not
possible to perform any static characterizatior-igure3-37 a) the variation of the optical

power at the probe signal wavelength, measuredFdt Qutput, is presented when the
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phase shifter voltage at the upper arm (PS) isedarror this test the control signal is
disabled and the probe signal power is 10 dBmeM#iI input. Both SOA are driven by a

current of 400 mA.

When the PS voltage is set to 0 V, the phase stifered by the probe is similar in
the two MZI arms, so the signals interfere with im@axm constructive interference at the
output. Increasing the voltage results in differphise shifts in the two arms; therefore,
the output power is decreased; for a PS voltage7.6f V a phase difference of
approximatelyr (maximum destructive interference) is obtained anthinimum in the
output power at the probe signal wavelength is nfese For values higher than 7.5 V the
phase difference between the two arms increaseshe&ndutput signals interferes again
with constructive interference. The maximum powantcast between the constructive and

destructive interference conditions due to phagfesriation is around 28 dB.

The influence of the probe signal polarization wasserved by rotating the
polarization controller (PC) to obtain maximum poweariations at the output. A
polarization sensitivity of around 8.5 dB was vedf when PS voltage is 7.5 V
(destructive interference), and of 1.3 dB when P&8tage of 0 V (constructive

interference).
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a) Variation of phase shifter; b) Variation of canhtsignal power.

Figure3-37: Output probe signal power as a function efphase shift voltage
and control signal power.
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During wavelength conversion, the probe signal ougmwer is also determined by
the control signal power. In Figu37 b) the probe output power is plotted for Valea
control signal power, fed only to the upper MZI amvhen the MZI is biased at minimum
transmission (PS voltage of 7.5 V). Increasing dbetrol signal power produces a phase
shift in the SOA and the destructive interferenoadition is abandoned, enabling a power
contrast of 25.3 dB. This extinction ratio is inferto that obtained by phase shift tuning,
because the maximum probe output power is obtaivitesh the input signal is also at a
high power level, which causes gain saturatioh@n$OA. The curve presented in Figure
3-37 b) also reveals the potential for 2R regemaratising MZI-SOA, as detailed in
section6.3.

These results demonstrate the ability of MZI-SOAudures to perform
wavelength conversion of intensity modulated sign&@ reduction of the probe signal
power is expected to increase the slope of theubytpwer curve of Figur8-37 b), since
the SOA will be operating in condition with loweatsration.

Standard mode characterization

The standard mode XPM WC is characterized througR Bhreasurements; for this
purpose the OSNR at the PD input was fixed to #iB7The OSNR is measured using an
inline power meter before the PD by disabling setjally the signal or the ASE noise and
measuring the power relation between the opticgdadiand the ASE after the optical filter
(OF2). The control signal consists on the shors@ul0 Gb/s data signal. In Figu3e38,
the converted signal BER is plotted as a functibthe power of the probe and of the
information signal. Eye diagrams at interestingdibans are also presented; a 35 GHz
optical photodiode was used for the eye diagrams.

In Figure3-38 a) it can be verified that the input signaWpo for optimum BER
increases for increasing probe signal power. Thibdcause the SOA is more saturated
(due to higher probe power), requiring higher dsitmal to obtain similar phase shifts.
Similarly, for high power data signal, the optimymobe power also increases, as can be
confirmed in Figure3-38 b). For constant probe signal power, whenirtpat data signal
power is too low, the BER is penalized, since thage shift at the output is low, and the

converted signal OSNR is degraded; for very higivgrs of the control signal, the output
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signal degrades due to severe distortion causedhby SOA extremely high gain

compression.

—&— Probe signal pow er =0 dBm
—o0— Probe signal pow er =5 dBm
—a— Probe signal pow er =10 dBm

Bit Error Rate

9 6 -3 0 3 -
Data Signal Power [dBm]

a) Data (control) signal power variation;

—a— Data signal Power = 0 dBn
—O— Data signal Power = -3 dB
—B— Data signal Power = -6 dB

33>

Bit Error Rate

Probe Signal Power [dBm]

b) Probe signal power variation.

Figure 3-38: Converted signal BER as a function of probd data signals
power.

Figure 3-38 b) demonstrates the converter performance awgonent when the
probe signal is increased (provided that the cdrsignal power is also optimized). This
improvement is due to a decrease in the SOA resptinge for high CW saturation

[137],[63]. As a consequence, the output pulse duratatecreased. Moreover, the output

OSNR is improved due to higher SOA saturation.
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The previous statements can be confirmed by thede&agrams inset Figurg-38.
When the probe signal power is high (relativelytie data signal power) the OSNR is
penalized and the eye diagrams are noisier, ass@ulse duration of the converted signal
becomes lower and the reduced photodiode bandwielthlizes shorter pulses. When the

probe signal has low power, the converter signes@nts high distortion in the logical ‘O'.

Differential mode characterization

Differential mode XPM is tested hereafter, by feedihe lower MZI arm of Figure
3-36 with a delayed and attenuated version of #ta dignal. The influence of the relative
delay between the two armsg,is evaluated in Figurgd-39. The OSNR at the PD input is
fixed at 11 dB. The probe signal power is 10 dBme, data signal power at the upper and
lower arms is 1.7 dBm and -2 dBm, respectively.

As discussed in sectidh2.2.3, the converted signal pulse width is deteech by
the relative delay between the two arms. For vevwy dielays, short pulses are originated,;
however these are penalized by the PD bandwidttDaBHz. As the delay increases the
pulses broaden, spreading the power; as a consggjube eye diagram opening decreases
for the same average power and the BER is penalizadoptimum delay of 7 ps is
obtained for the referred experimental conditidhgs also verified that the converter is
more tolerant to positive delays deviations, re&dti to optimum, than to negative

deviations. For a PD with higher bandwidth, a lowptimum delay is expected.
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Figure3-39: Converted signal BER as a function of thatire¢ delay between
the two armsr.
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The data (control) signal power at the lower SO/ & optimized in Figur&-40,
maintaining a CW probe power of 10 dBm and a dbktyeen the arms of 10 ps. For a fix
value of power at the upper arm, the BER is peadliwhen the power at the lower arm is
very low. Such penalty is due to the fact that wtrenpower at the lower arm is very low,
differential operation is not enabled: the XPM suéid by the probe signal in the lower
SOA is very small and the converter operates simtdastandard mode. For very high
power levels at the lower arm, the XPM modulatioffesed in the lower SOA exceeds
that suffered in the upper SOA, as a consequere@®ulput pulse tail is not eliminated,
causing BER penalties. The optimum power relatietwken the two arms is the one that
grants®xpm(t) = Pxpm(t+1) (Wheredxpy is the phase of the cross phase modulated signal);
it is observed that the optimum power at the loaen is always 2 to 3 dB below the

power at the upper arm.
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Figure3-40: Converted signal BER as a function of thedgégnal power at the
input of the MZIl. OptPowerRel = Optimum power redatibetween the two
arms.

Comparison between standard and differential modes

Figure3-41 presents the BER curves (for different OSNR)tie input data signal
and converted signals. The standard mode WC osignal is compared to the differential

mode signal. In the former, probe and data powérsOoand O dBm, respectively, are
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employed. In the latter, the delay between arniips, the probe power is 10 dBm and
the signal power is 3 and 0 dBm for the upper anekt arms, respectively. As expected
from the findings above, standard mode WC introduednigh penalty in the BER curve:
for a BER of 10 the required OSNR is penalized by 4 dB comparinthe input signal.
Using differential mode WC improves the convertgghal BER curve: a penalty lower
than 1 dB is found for the same BER.

—&— Converted signal (differential mog L m |
—&— Converted signal (standard mode ... &5 ... ... oo g
1.0E-04- O A< - - - 5 —o—Input signal
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1.0E-07+

BER
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1.0E-09+
1.0E-10+

1.0E-11

1 3 5 7 9 11 13
OSNR at receiver input [dB]

Figure3-41: Comparison of the converted and input sgB&R.

3.6 Multi wavelength conversion

All-optical multi-wavelength conversion (MWC), ikirated in Figure3-42, has
attracted increasing research and industry intémetste last few years. It allows all-optical
wavelength multicast by simultaneously convertinige tinput information signal
wavelength to several other wavelengths. All openst are done in the optical domain,
which eliminates the necessity of employing mudipbptic-electronic-optic (OEO)
transponders, reduces the switching system andatpesl cost, lowers the blocking
probability, and increases the optical network sparency, efficiency and effectiveness
[138]{141]. All-optical MWC has also encouraged and litated several emerging
applications, such as optical layer multicis42], wavelength routing, grid networking
[143], and service multi- or broadcast in acces&/oks[105].
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Figure3-42: lllustration of multi-wavelength conversion.

Several solutions to achieve MWC have been proposedcent years. The most
promising results have been obtained for schemsesdban FWM in SOA142] or in
optical fiber [138]; supercontinuum generatidi44]; cross-phase modulation (XPM)
[145]{148]; dual-stage cross-gain modulation (XGNB43] [149]; cross-absorption
modulation (XAM) [150]; and fast nonlinear cross-polarization ratati(XPR) [151].
However, FWM is limited by its low conversion eféocy and wavelength inflexibility.
XGM in double-stage semiconductor optical amplgiés limited by SOA slow recovery.
XAM suffers from the large insertion loss of thee@loabsorption modulator. XPR
technique is polarization sensitive, requires higput power and consequently is also
penalized by the significant FWM by-products getestain the SOA. MWC based on
XPM in MZI-SOA offer the widest combination of femes, including[105]: high
integrability, satisfactory and flat conversionietncy, low power consumption, wide
conversion bandwidth covering the SOA gain spectraimultaneous conversion of a
considerable number of channels, wavelength fléibcommercial product availability,
compactness, supporting both RZ and non-returreto-fNRZ) data format, possible
signal regeneration and noise suppression, and dpghation speed. As discussed and
demonstrated above, SOA-MZI can also be deployéhl avdifferential scheme to operate
beyond the speed limitation of the SOA devidaghis section, a 40 Gb/ MWC based on
XPM in MZI-SOA operated in differential mode is extpnentally assessed.

3.6.1Experimental results

The setup considered in the experimental testhasvs in Figure3-43, and is

conceptually similar to that employed in the ch#gdezation of single wavelength
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conversion at 10 Gb/s in secti@b5. An ultra-fast optical clock source generateps2
40 GHz optical pulses at 1557.36 nm, which are rfaddd by a Mach-Zehnder modulator
(MZM) with a PRBS signal, with a pattern length@3f-1, to form the 40 Gb/s return-to-
zero (RZ) optical input signal. This signal is thepiit to feed to the upper and lower arms
of the SOA-MZI; the lower data path is delayed b§ @s by a variable optical delay line
(VODL); the delay was optimized to improve the autpsignal bit error rate. Four
continuous wave (CW) probes, with wavelengths frasi7.72 to 1552.52 nm are
combined using an ITU 200 GHz spaced multiplexeietd the SOA-MZI. After MWC,
the converted multicast data signals are demukgueand individually fed to a pre-
amplified receiver. The -3 dB bandwidth of all thaptical filters including the
(de)multiplexers is 130 GHz. The photo detector Rias an electrical bandwidth of
37 GHz.

WDM
PC MUX

cw probej?% Q00
1547.72 n
1550.92 nm

1552.52 nm
1552.52 nm

MZI-SOA ASE|
ZM SOA =
[H& <y e
—_— - I~ VOA3
40 Gpls ! SoA B
MLLD 40 Gb/s I~
PRBS, 3%1 delay VOA2
WDM

DEMUX

Figure 3-43: Experimental setup for 4 x 40 Gb/s all-ogdticalti-wavelength
conversion.

The characterization of the 2 ps width input optipalses, modulated with the
40Gb/s PRBS signal, is presented in FigB+&4. Due to the ultra short duration of the
optical pulses, the signal presents a very broattepm, with a spectral occupation at
-15 dB of 5.5 nm. The optical spectrum of the ingighal after the 130 GHz demultiplexer
filter is also presented for reference. The eyaymian of the data signal is depicted in
Figure3-44: no visible differences were obtained compatire signal before and after the
demultiplexer since the photo detector used for #ye-diagram presents a -3 dB
bandwidth of 35 GHz.
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Figure3-44: Characterization of the 40 Gb/s optical psilse

In a first analysis, the converter is characterizaéadder single-wavelength
conversion (SWC). For this purpose each of the Gyvads is activated while all the
others are deactivated. The probe signal power2sdBm; the data signal power is 2.5
dBm for the upper arm and -9.1 dBm in the lower .aitnshould be noted that the power
difference of the data signal in the two arms iimauperior to that optimized in section
3.5. The reason is that for the tests at 10 Gb&eofion3.5, the relative delay of the two
data signals replicas was 6 % of the bit duratwamje for the 40Gb/s tests it is optimized
around 30% of the pulse duration: the higher tHaydeetween the two arms, the higher is
also the optimum power difference between the twosa The wavelength of the input
data signal is 1557.36 nm. FiguBe45 represents the optical spectra of the MZI-SOA
output signal when the CW probe wavelength is 1B27am; the converted signal
spectrum is asymmetric around the optical carrthre to the SOA induced chirp.
Nevertheless, the eye diagram of the convertedakig@picted inset Figurg-45 is open
and undistorted.

Figure3-46 presents the output signal BER as a functicthe@OSNR measured at
the photo-detector input for the several wavelengihthe probe signal. For each BER
measurement, the signal OSNR was degraded at tite-gktector input by increasing the
amplified spontaneous emission (ASE) noise levelerteeping the signal power constant
at -1 dBm to ensure linear operation of the eleatrtircuitry. To enable a BER of T0the
back to back signal requires 14.3 dB of OSNR. Theverted signals required OSNR
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range from 18.0 dB to 19.0 dB, which representaarage required OSNR degradation
of 4.2 dB. The converted signals OSNR penalty iradft to the input can be explained by
the OSNR degradation of the SOA, but mostly duthéopulse broadening caused by the

slow SOA gain recovery time, as it could not be ptately suppressed via the differential
configuration at 40 Gb/s.
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Normalized optical power [dB]
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Figure 3-45: 40 Gb/s single wavelength conversion. Inpatdvavelength is

1557.36 nm, CW probe wavelength is 1547.72 nm.tinege diagram of
converted signal.
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Figure 3-46: 40 Gb/s single wavelength conversion charaeti@on through
BER versus OSNR measurements.

After the initial characterization of the converiersingle-wavelength operation, all
four probes are activated simultaneously, and éethé MZI-SOA. Figure3-47 presents
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the SOA output spectrum with all the MWC eye diagsaas insets. The converted signal
with higher wavelength is separated by 600 GHz fitben input signal wavelength. The
power of the data signal is optimized as 7.3 and dBm for the upper and lower arms of
the SOA. The power of the CW probe signals wasnuptd to enable identical output
power at the converter output for all wavelengh8, 5.7, 4.4 and 3.3 dBm for 1547.72,
1549.32, 1550.92, and 1552.52 nm, respectively.réason why higher optical powers are
required at lower wavelengths is due to the faat the optical gain is reduced with the
increase ofNp-Ac| [92], whereAp is the frequency of the pump ahd is the wavelength of
the data control signal. Clear eye opening was ioéda for all wavelengths. FWM
satellites due to the SOA nonlinear effect wereeoled in the converter output spectrum.

The oscilloscope measured an average extinctiom {@R) of 10.16 dB for the multicast
channels, with the worst being 9.68 dB.

Normalized optical power [dB]

-40 |
1543 1545 1547 1549 1551 1553 1555 1557 1559 1561 1563
Wavelength [nm]

Figure 3-47: 40 Gb/s 1 to 4 multi-wavelength conversionput data
wavelength: 1557.36 nm; CW probe wavelengths: 15471549.32, 1550.92,
and 1552.52 nm. Inset: eye diagram of convertaubsig

Figure 3-48 presents BER versus OSNR characterizatiofl tie@MWC channels
(1 = 4); as reference, characterizations of a singheelemgth conversion (¥ 1) and of

the input signal are also presented. The averadéRO&nalties of the MWC channels at
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BER=10° ranged from 2 to 5 dB relatively to the SWC. Therse results of the outer
channels can be due to the following:

« The channel at 1552.52 nm suffers crosstalk penéibyn spectral
broadening of the data signal. This non-linear affie due to the high
power levels in the SOA, which provoke SPM andardhannel FWM.

e The channel at 1547.72 nm suffers from FWM by-patsitbetween the
channel at 1552.52 nm and the input data signal.

—e— Data signal back-to-back
—&— converted signal @ 1552.52nm (1->1)
1.E-03 ‘ —&—converted signal @1547.72 nm (1->4)

| —6—converted signal @1549.32 nm (1->4)
1E-04 & - | =%—=converted signal @1550.92 nm (1->4)
. | —&— converted signal @1552.52 nm (1->4)
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Figure 3-48: 40 Gb/s 1 to 4 multi-wavelength conversiorarelsterization
through BER versus OSNR measurements. For refereB&Racurve of single
wavelength conversion is also presented.

It should be noticed that in the single channeistesharacterized in Figui@46,
the channel-dependent performance was not so évigeause there were no FWM terms
generated between the several CW probes, and ther pevels launched in the SOA were
inferior. The channel dependent performance cowdntitigated if the individual CW
probes power was optimized for uniform performarasean alternative to constant output

power.

The maximum number of channels can potentially hereiased, as we have
demonstrated i105], where conversion to 8 wavelengths at 40 Gids obtained by
means of simulation. However, with experimental idey the maximum number of

channels will be limited by several factors:
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* The maximum power in the SOA devices (reductionthef per-channel
power to accommodate more channels will result imther OSNR
degradation of each channel);

* The spectral gain bandwidth of the SOA;
* Increase of the number of channels will increagseRWM products;

» Operation performance is expected to decrease ifgreh bit rates, and
increase for lower bit rates.

3.7 Summary

This chapter has presented an overview of wavdbergginverters based on
semiconductor optical amplifiers (SOA). Wavelengtimverters have been divided in four
groups according to the main non-linear effect lned: cross gain modulation (XGM),
cross phase modulation (XPM), cross polarizatigatron (XPR) and four-wave mixing
(FWM). The study of wavelength converters is esaéirt the scope of SOA-based all-
optical processing not only due to its main funasility, but also because the underlying
basic principles apply in other functionalitiescBuas: regeneration, format conversion,
OTDM add-drop multiplexing, and others.

XGM based converters are usually limited by sloteirband processes to tens or
even hundreds of picoseconds. We have revised uetteo enhance XGM bandwidth
based on the increase of the effective carrietinife. Operation bandwidth via detuned
optical filtering has been proposed and studiedegrpentally and via simulations at
10 Gb/s and 40 Gb/s. This method converts phaseulatomh (caused by XPM) in
intensity modulation by detuned filtering. We haemonstrated that, with optimization of
the optical filter, a device optimized for 2.5 Ghfput signals can be employed in

operation at least up to 40 Gb/s.

Cross-phase modulation based wavelength convedegrsre a stage of phase to
intensity conversion. Detuned filtering of the S@Atput XPM converted signal is a
common method to allow such conversion. In thisptéia we demonstrated for the first
time the application of the detuned filtering teicjue to the output of a wavelength
converter based on XPM in a gain-clamped SOA. Sdewice has the advantage of
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internal lasing, which enhances the carrier recpuene. Moreover, the internal laser
enhances the blue chirping of the converted sigDpkration has been demonstrated at
2.5 Gb/s, and 10 Gb/s. Phase-to-intensity conversioa Mach-Zehnder Interferometer
with SOA (MZI-SOA) is another common method to peni wavelength conversion,
since it features high potential for integrationdaalows operation beyond the carrier
dynamics bandwidth, due to differential mode opermat MZI-SOA wavelength
conversion was characterized at 10 Gb/s with stahdad differential mode operation.
The impact of several converter parameters, suchpag optical powers, polarization, or
delay between the arms of the MZI, was studiedaliin40 Gb/s 1 to 4 multi-wavelength
conversion has been experimentally demonstratedg usi differential mode MZI-SOA
converter. Output signals, spaced by ITU 200 GHxce, presented clear and open eye
diagrams. Performance difference between the sesleaanels is due to FWM terms and

crosstalk from spectrally broadened input data.






Chapter 4

Modulation format conversion

4.1 Motivation

In the last years, the study of transmitters fovaamded modulation formats has
been a hot topic in optical communications reseaaiod development. The use of
advanced modulation formats should reduce netwosktscby allowing high per channel
bit rate and by increasing the spectral efficientyse advantages should come together
with tolerance to chromatic dispersion, non-linedfects and other impairments of
transmission and routing. Some of the most relevarudulation formats include
differential binary phase shift keying (DPSK)52]; differential quadrature phase shift
keying (DQPSK]153]; duobinary [154]; coherent-detected polarization-multiplexed
quadrature phase shift keying (CP-QP$X55]; carrier-suppressed return-to-zero (CSRZ)
[156]; and sideband suppressed signals, such dsabgingle sideband and optical
vestigial sideband (0SSB / oVSR)57], [158], [159].

From the previous formats, CSRZ and oSSB / oVSBehagh potential for low
cost networks. Sideband suppression allows anasere the channel density of DWDM
systems and improved tolerance to group velocgpetision (GVD). Moreover, 0SSB and
oVSB enable the use of efficient electrical disgmrscompensation (EDC) to further
mitigate the effects of GVIP157]. Recent results have demonstrated the effEotiss of
EDC to compensate several thousands of ps/nm of @&0L0 Gb/s chann§l60]-[163]
even for optical double sideband (0DSB) signalsydacer, these schemes require complex
and fast electrical processing. On the other h&m{; on 0SSB systems employing direct

detection can be performed using simple passiveedssve lines, Butterworth filters, and

105
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adaptive filterg[157], [164], [165], [166]. Regarding CSRZ, its promising charactersstic
include high tolerance to non-linear transmissitiacts and polarization mode dispersion;
moreover, when combined with tight optical filteginCSRZ allows very high spectral

efficiency without significant degradation of th& lRulse shapgl67]{169].

All-optical converters between common oDSB and oVISBSSB or CSRZ are
essential elements to reduce transmitter costsnatie interface between legacy networks,
which still use OOK, and networks with optimized dotation formats. Figured-1
demonstrates the need for all-optical modulatiom&tt converters. Optical networks #1
and #2 employ the oDSB modulation format; and neteé&3 and #4 utilize an advanced
modulation format, such as oSSB, oVSB, or CSRZyefloee, at the interface of the
networks with different modulation formats, it iequired to convert the input oDSB
signals to an advanced modulation format. Moreoa#ifoptical format converters also
allow the use of legacy oDSB transmitters for tcafbcally added in networks #3 and #4,
followed by format conversion; this brings a lowstpotential, as the same type of optical

transmitter may be employed in all the networks.

oDSB
transmitter

0SSB/
MF converte OVSB /CSRZ
Network oDSB transmitter

#2

MF converter

Network OSSB/
#3 CSRZ

MF converte

Network oDSB MF converte
#1

Network 0SSB /
#4 CSRZ

Figure 4-1: Representation of all-optical sideband sumioesat the interface
between networks employing oDSB and 0SSB / oVSB faneaatd after oDSB
transmitters.

The most common all-optical sideband suppressioth@deconsists in removing
part of the sideband power by detuned filteringaaf optical double sideband (oDSB)
signal[170], as illustrated in Figuré-2. This is a conceptually simple method; however

the sideband suppression is very dependent onhdracteristics of the optical filter, such
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as central wavelength, optical bandwidth and delkbyreover, a very stable optical source
is required (or tracking of the central wavelengty), or information loss may occur. In
[171] an all-optical scheme that employs an optgqaddrature filter to obtain the Hilbert
transform of the information signal is reported.wéwer, this is a very complex method,
which is wavelength dependent, requires an optitalrferometer, and may present high

insertion losses.

input oDSB signal output oVSB signal

=

power
power

Ao

detuned optical
filter

Ao
wavelength

0
wavelength

Figure4-2. Sideband-suppression through detuned optitadifig.

All optical conversion from oDSB with NRZ or RZ za format to CSRZ has been
achieved in a SOA based optical loop mifbr2]. However, only 10 Gb/s single channel
operation has been demonstrated; moreover, thip selies on a non-linear loop, which is

inherently complex.

This chapter presents two novel all-optical forroahversion schemes. The first
scheme converts oDSB signals to oVSB format, baseself-phase modulation non-
linearity in SOA. This scheme is, to the authorewledge, the first all-optical sideband
suppression scheme which does not require detuptchbfiltering of the input signal or
Hilbert transforms of the information signal. Theposed method was disclosed173]
and experimental results have been published 74] with operation at 10 Gb/s and in
[175] at 40 Gb/s. The second novel scheme conWR& or RZ pulse shaped optical
double sideband signals into CSRZ modulation fordased on the combination of cross
gain modulation (XGM) and cross phase modulatioRNX in SOA. This is a low cost
and simple method, which presents negligible ppéion dependence and high spectral
bandwidth; moreover, the input signal is amplifiedthe SOA. This method was proposed

in [176] where single- and multi-channel operation wemonstrated at 40 Gb/s.
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4.2 Format modulation conversion from oDSB to oVSB

4.2.1Introduction to optical sideband suppressed signals

The electrical field of a carrier unsuppressed agbtiDSB signal, Eqpsg, IS

described by:
Eqpss (1) =1+ z0M( 9, (4-1)

Wherem(t), -1 < m(t) < 1, is the ac coupled normalized information sigaald the
modulation depthz,0 < z< 1, controls the ratio between the intensity motioitaand the
optical carrier. To obtain an ideal carrier uns@sged optical SSB signal, the signal of
(4-1) has to be added to the Hilbert transform efittiormation signal177]:

Eussa(t) =1+ zOm( )+ jOZ0m ( }, (4-2)

Where my(t) is the Hilbert transform of the information signand the signal
- | + defines whether the 0oSSB signal has the uppéower sideband suppressed,
respectively. The Hilbert transform is ideally dbtd from the information signal by a
quadrature filtef178], whose transfer function is described by (Withe frequency, and

sign(" ) the signum function):
Hquad.( f ) = J BIgn(f ) ' (4'3)

Hereafter only carrier-unsuppressed optical SSEBEB\signals are considered; for

generation and properties of carrier suppressddab@SB signals, refer {a79].

Figure 4-3 compares the optical spectrum of a NRZ oDSBaigvith that of an
0SSB signal with suppressed lower sideband (hdledcaSSB — upper sideband, as only
the upper sideband remains), and with an 0SSB Isigith suppressed upper sideband
(0SSB - lower sideband). It can be verified thaBBignals have one of the sidebands
completely suppressed and the remaining sidebaskpts +6 dB of power in addition to

the corresponding oDSB signal sideband spectrum.
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Figure4-3. Optical spectra of ideal NRZ DSB and SSB signals.

Optical SSB signals can be detected using commmectdietection. Equatiod{4)
represents the electrical current after direct atete of the 0SSB and oDSB signals of
(4-1) and 4-2) in back-to-back situation, considering tha gfihoto-detector bandwidth is
much higher than the signal spectral occupandg.donsidered that the photo detector has
a reponsivity of one.

lopss (t) =1+z0m(t)+ Z Onf( )

(4-4)
sselt) =1+ 20m( )+ 20+ 2070 X

Similarly to the result of the detection of the d®Signal, the detection of the
0SSB signal presents the data sigmaft), and second order distortion. However, the
detected ideal 0SSB signal also presents seconer atidtortion due to the Hilbert

transform of the data signal; which can be soufalistortion of the detected signal.

4.2.1.1Feasible 0SSB and oVSB transmitters

Several methods have been proposed to achieveabfi8B / VSB modulation. These

can be divided in two groups: electro-optical methand all-optical methods.

Electro-optical SSB / VSB generation

The most common electro-optical method was propbseSieben et a[157] and

consists in a cascade of amplitude and phase mantuldhe amplitude modulation stage
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is driven by the information signal, and the pheselulation stage is driven by the Hilbert
transform of the signal. This method does not pcedintensity distortion after direct
detection due to the Hilbert transform, and canréalized using a single dual-arm
MZM[157]. On the other hand, this method is not appade to generate carrier

suppressed optical signals.

A dual-MZM, which consists in a Mach-Zehnder sturetwith MZM embedded in
each arm can also be employed to generate SSBIs[@@8]. One of the MZM is driven
by the information signal and the other by its ldifbtransform. This method is more
appropriate to generate carrier suppressed oSStilsjghowever, it produces distortion
after detection, due the Hilbert transform of thgnal, particularly when used with
information signals with NRZ pulse shape, or RZnwitgh FWHM.

Fonseca et al[180] have proposed a converter to the oSSB forwlatre the
incoming oDSB signal is split in two copies. Onetbé copies is detected and suffers
electrical processing. The second copy is phaseutatatl with the processed electrical
signal, to generate an 0SSB signal. The advanthgfgsomethod is that it is wavelength
independent and allows high sideband suppresstomghe other hand, it requires photo-

detection and electrical processing.

All-optical SSB / VSB generation

All-optical filtering is the simplest method to ogert an optical DSB signal to
0SSB / oVSB[170]. This method, illustrated in Figuré-2, is very limited by the
characteristics of the optical filter, such as geaad out-of band attenuation. Moreover,

high stability between the optical source and tbical filter is required.

Transversal optical filters can also be used tovednoDSB signals to the 0SSB
format [171]. However, this method is also based in tlamadfer function of an optical

filter, and has similar disadvantages as the delfiitering method.

4.2.1.2Transmission of 0SSB signals over dispersive fiber

The propagation of a single channel over silicaicaptfibers, which are only

weakly non-linear, can be described by the noralin8chrédinger equation, which is
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considered accurate to describe the evolution btalpulses as short as 1[d4]:

FfE o
— —+
d¢ 2

E

d dE i
4+ [
dz A dt

+ E=iy|E[ E, (4-5)

FE i
P e
WhereE is the electrical field of the optical signgh = vg'l, with vy the group

velocity; £, andS; account for fiber dispersion, agds the non-linear parameter.

Considering tha; is negligible in the signal bandwidth, thdE[* is insignificant
when compared to the remaining terms, and thatramestorm our referential in a frame
moving with the pulse; the pulse propagation carsibgply described by the following
transfer function in the frequency domain, whetteratation was also neglected, since it

can be compensated by in-line amplification:

H fiver ( f ) = eXp(LZIBZLj : (4-6)

The dispersive fiber transfer function can alsadpmesented considering the well

know dispersion paramete = _Zmﬁ%z :

i7IDLAZf 2
H fier ( f ) = eXIO(Tj . (4-7)

From previous equation results that signals witihér spectral occupancy suffer
more degradation with chromatic dispersion. Sin&8 Signals have approximately half

the spectral occupancy of DSB signals, enhancedrirassion reach is obtaingtb7].

4.2.1.3Electrical dispersion compensation

The enhanced tolerance of 0SSB signals to chrond&jmersion is an important
asset; however, even in metro networks, an opsicadal can travel several hundreds of
kilometers. Dispersion compensation in the optamhain is a widely used technique in
such networks. However, such modules are expensitreduce additional latency, and

usually there is still a reasonable amount of unmemsated dispersion due to non-ideal
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match of the fiber and DCM dispersions (for exanthle to non equal dispersion slope of

DCM and optical transmission fiber).

Figure4-4 illustrates the effect of direct detection ptical DSB and oSSB signals.
For oDSB signals, the positive and negative sidébanverlap after direct detection. As a
consequence, the phase modulation caused by tihealofpber dispersion is scrambled
after detection. This effect is known as spectealkbfolding, and makes impossible to use
simple linear filters for dispersion compensatiéior 0SSB signals one of the spectral
sidebands is suppressed; as a consequence, timeraspgctral back-folding after detection
and simple electrical dispersion compensation &bkt after direct detectioi64] or
before modulatiof177].

Optical DSB signal Optical SSB signal
= S
o o
o o
= : % !
-1 Al -1 Al
{et\ey Qey
9] o]
= E
g g
0 frequency 0 frequency
Electrical signal Electrical signal

Figure4-4: illustration of direct detection in optical B&nd 0SSB signals.

The ideal filter to compensate the chromatic disjper accumulated by the
propagation of o0SSB signals in optical fiber isatégmed by the transfer function presented
in (4-8) [157]; where the - / + and +/- refer to upper awavdr sideband signals,

respectively.

H 2¢f 2
exp(Tr—mDL)I f j,f >0
C
Heoe(F) = i 7DLA%f 2 (4-6)
exp(t—j f<o0
C
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Figure 4-5 presents the response of the ideal electricgdedsion compensation
filter for optical SSB signals of equatiod-8); considering transmission over 100 km of
standard single mode fiber (SSME) € 17 ps/nm/km at 1550.0 nm). This filter has & fla
intensity response and a quadratic phase respé&ssdemonstrated in previous works,
approximations of this transfer function can beaot#d through simple passive filters like
microstrip lines or Butterworth filters, or througlaptive filterd157], [164], [165], [166],

with results similar to the theoretical filter ¢#-8).
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Figure 4-5: Phase and intensity response of the idealtredalc dispersion
compensation filter for optical SSB signals, fo013dn of SSMF.

4.2.2All-optical generation of VSB signals with SOA

The start point for this analysis is an optical S8&nal, generated through the
method proposed by Sieben et [d57]. This method, illustrated in Figu#e6, can be
understood as a cascade of amplitude modulation) (&M phase modulation (PM). The
AM stage is driven by the electrical data signadl @t its output the optical signal is a
common optical DSB signal; the PM is driven by #lectrical Hilbert transform of the

data signal and converts the optical DSB signal ihe 0SSB format.

An example of the temporal evolution of the Hilbeansform of the data signal is
illustrated in Figure4-7 for a bit period of 100 ps (equivalent to 10/€3bThe Hilbert
transform signal presents negative or positive pdaknegative or positive bit transitions
of the data signal, respectively. We have demotesiran [181] and[182] that the Hilbert
transform signal can be approximated by a low-pi#tesed derivative of the data signal
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with acceptable sideband suppression results. &#Hir presents also the frequency chirp

of a lower-sideband (in the frequency domain) @t®SB signal/f(t), defined as:

Af (t) = -%T B(W' (4-9)

Where ¢ (t) stands for the phase modulation. As it can berebdein Figure4-7,
the SSB signal presents a positive/negative chegkgprior to the leading/tailing edge of

the pulses, while afterwards it presents a negaiaitive chirp peak.

data Hilbert transform
signal of data signal

;%ﬂ& AM“& PM{‘&

N WAV Y

wavelength wavelength wavelength
Figure4-6: Generation of SSB signals through cascadevdiBaAd PM[157]
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Figure4-7: Data signal and correspondent Hilbert tramsftor 10 Gb/s.

The converter proposed in this work replaces tresphlmodulator stage of Figure
4-6 by a SOA, where the phase modulation is acdidweugh self phase modulation non-
linear effect in the SOA. It is a well know effd&tl0] that, due to SPM, bit transitions lead
to chirp peaks in the amplified signal. As a consetge, the signal after the SOA presents
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negative / positive chirp peaks after the leadintpiling edges of the input pulses.
Comparing to the oSSB signal generated accordingpgomethod described above, the

chirp peaks before the bit transitions are notgmes the signal after the SOA.

4.2.2.1Impact of non-ideal phase modulation in sidebanpbeession

In the previous section we have compared the dfigm 0SSB signal with that of a
signal after a SOA: in both cases there are negéipositive chirp peaks after the leading /
tailing edges of the input pulses; however, in oS$@hals there are also chirp peaks
before the bit transitions. In this section, theautt of the lack of chirp peaks prior to bit
transitions in the suppression of a sideband issagsl, in order to understand the potential
of SPM in SOA to suppress one of the signal siddban

The chirp of the 0SSB signal was altered throughukations: the chirp before bit
transitions was removed. Figu4eB compares the chirp of the optical SSB signakgated

after[157], and the manipulated chirp.
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Figure 4-8: Comparison of frequency chirp in an 0SSB digjemerated after
[157], and the chirp curve manipulated to elimingttép prior to bit transitions.

Figure 4-9 compares the optical spectrum of the SSB sigaakrated afteil57]
with the spectrum of the signal obtained with thanipulated chirp; the optical DSB
spectrum is also presented for comparison. The HReoplotted optical signals is 6 dB,
value which maximizes the transmission reach incapSSB systemgl83], [157]. The
0SSB signal depicted in Figuré-9 presents a sideband suppression ratio of around
25.5 dB. When the first chirp peak is filtered dihie SSR is reduced to around 18.2 dB.
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This result demonstrates that there is still aoeable suppression of one of the sidebands,

when the first chirp moment is filtered out.

A optical DSB

O Optical SSB

X Optical VSB with
manipulated chirp
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Figure4-9: Optical spectra of oDSB signal, oSSB signatl &SB signal with
manipulated chirp.

The transmission capabilities of the vestigial bated signal, obtained by removal
of the chirp contributions prior to transitionsearompared with those of the 0SSB signal
in Figure4-10: the eye opening penalty (EOP) (consult appeltidor definition of EOP)
is assessed after (linear) transmission over digpefiber, modeled with equatiod-{),
with D = 17 ps/nm/km (similar to SSMF at 1550.0 nm). Diptical DSB signal presents
the highest degradation of EOP with the increasérarismission distance. The 0SSB
signal and the modified chirp signal present impbresults when compared to the oDSB;
additionally, the signal with modified chirp presemegligible increase in the EOP when
compared to the 0SSB signal. EDC is applied to bisthoSSB and the modified signal,
using the ideal transfer function a¢f-8). It can be observed that EDC is effective aso
the modified signal, since transmission over 500i&ranabled with an EOP of around 6
dB; while the SSB signal achieves that same distanth a penalty only 0.7 dB inferior.

The results presented in this section demonstiaé¢ the lack of the chirp
contribution prior to bit transitions does not affsignificantly the sideband suppression.
Moreover, small EOP degradation is obtained byMB& signal with manipulated chirp,
in comparison with oSSB, after transmission ovepéisive fiber, in systems with and
without EDC.
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0O SSB without EDC
X DSB without EDC
A VSB with manipulated chirp

without EDC
W SSB with EDC

eye opening penalty [dI
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Figure4-10: Comparison of the transmission capabilities@SB signal, 0SSB
signal, and VSB signal with manipulated chirp.

4.2.2.2S0OA based converter operation principle

The operation principle of the all-optical oDSBA@SB converter proposed in this
work is based on temporal frequency chifyisoa(t), induced during amplification of an
intensity modulated signal (IM) in a SOA8]. Frequency chirp originates from SPM in
SOA. The chirp after the SOA is represented in Fgull for a bit rate of 10 Gb/s; the
SOA was modeled to fit the behavior of the devisediin the experimental tests. For more
details on the SOA model parameters, see ApperdiXhie chirp of an 0SSB signal
generated with the method describedllis7] is also depicted in Figuke11 for reference.
These two signals have similar chirp curves fondtalone ‘1’ and ‘0’ of the data. For
sequences of consecutive ‘1’ or ‘0’, the main diéfece between the two signals is that
0SSB presents a positive/negative chirp peak pgaoothe leading / tailing edge of the
pulses, and a negative / positive chirp peak afieh edge; whilst the signal after the SOA
only presents the negative / positive chirp pdade séhe leading/tailing edge of the pulses.
The chirp after the SOA presents strong similagitie the modified chirp analyzed in the
previous section, where it was demonstrated tleestomable suppression of a sideband can
be achieved without the chirp peak prior to the toénsitions. Since the sideband
suppression can never be complete using the mddifierp, the terminology Vestigial
Sideband (VSB) is used hereafter. Since the SOAgl@mgain coupling factor is positive,

this method only enables suppression of the updeband.
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——————— Reference IM Signal
‘ 0SSB after [157]
—*— IM signal after SOA

Frequency Chirp [GHZz]
o
Intensity [a.u.]

|
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Figure 4-11: Data IM signal; frequency chirp of the IM is&§ after SOA
amplification, and after oSSB generation with thetimod described if157].

The use of the modified chirp has been employasbtwert a radio-frequency (RF)
signal to the SSB form#184]. However, direct application of this techneqio broadband
information signals causes significant amplitudstattion due to the occurrence of self
gain modulation (SGM) simultaneously with SPM in/&Such distortion can be observed
in Figure4-12, which compares the 10 Gb/s signal at the (At with the SOA output
signal, when the SOA is saturates with an inputgroof -8 dBm.

100 ps 100 ps
<>

Figure4-12: SOA input optical DSB signal (left); signdlear SOA (right).

To minimize the power distortion caused by SGM d@ffé is proposed in this work
to couple the input data signal xt, to a CW probe, &2 # A1, at the SOA input. The
conceptual converter setup is presented in Figet8. The CW probe saturates the SOA
and decreases the device response[@i8jetherefore, higher frequency chirp is obtained
for lower gain and phase variations. As a consecgighe proposed setup can operate with
high bit rate broadband signals, achieving substiasideband suppression with reduced
intensity distortion. At the SOA output the twosads are present — due to XPM and XGM
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the output WC probe presents residual IM and PNtherefore an optical filter is used to
remove the CW probe.

Optical DSB signal

ower

power

Al SOA OF T . J\/\
: 7R AL
CW pump signal N s
’\ T~
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Figure4-13: Proposed SOA based converter between oDSBASB formats.
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4.2.3Converter operation assessment

In this section the operation of the optical DSB ®¥SB converter is
experimentally demonstrated at 10 Gb/s and 40 Qlvs.setup of Figurd-14 is used to
test the performance of the converter. An opticdBsignal al\1 is generated by driving
a dual-arm chirp-free MZM with the information sajrat the bit rate under test (10 Gb/s
or 40 Gb/s). This signal is coupled with a CW praier2. Due to the polarization
dependence of the SOA employed for the 10 Gb/s,tds polarization of such signals is
optimized; the SOA employed in the 40 Gb/s testd lbaly residual polarization
dependency and polarization adjustment is not sacgsAt the SOA output the CW probe
signal is filtered out by optical filter OF1; it isportant to stress that the transfer function
of the optical filters do not influence the sideBbasuppression of the data signal.
Transmission over optical fiber can be done to tlesttransmission properties of the VSB
signal. The signal is then detected in a pre-ameglifeceiver, which consists of an Erbium
doped fiber amplifier, an optical filter with -3 d&f 130 GHz, and a photodiode receiver
with -3 dB of 10 GHz and 37 GHz for the 10 Gb/s @9dGb/s tests. The performance of
the converter is analyzed measuring the sidebampression ratio. The SSR is
experimentally measured with an optical spectrunalymer (OSA) with a 0.01 nm
resolution (RES). Since the SGM effect can causpliarde degradationQ-factor and
BER measurements are also presented.
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Figure4-14: Experimental setup to assess the performahtiee optical DSB
to oVSB format converter.

4.2.3.1Results at 10 Gb/s

For the 10 Gb/s tests, an IM oDSB signal with aeuatlength of 2-1 bits is
considered. The wavelengths of the data signal @#d probe are 1552.38 nm and
1550.8 nm, respectively. The employed SOA isdloev device (consult Appendix Il for
characteristics of the SOA devices utilized thraughthis work.). A notch rejection filter,
realized through FGB, is employed to remove the @\be signal at the output of the
SOA; the notch filter, OF1, is centered\&, and has a -3 dB bandwidth of 0.73 nm.

Figure4-15 a) depicts the optical spectra of the opf@aB signal before the SOA
and of the converted optical VSB signal; the cqroeslent eye diagrams are presented in
Figure4-15.b) and c), respectively. The extinction rg&) of the input signal is 6 dB in
order to optimize the optical VSB signal transnossover fibef{157], [183]. From Figure
4-15 a), a considerable part of the spectral pasv@enoved to the lower sideband (in the

frequency domain); the SSR in this case is 15.7 dB.

0| — Converted Signal
— | Input Signal a)
e T l A
Q -10 : \!
g 20 SSR '/ \\
_ _30 "r ) ] \‘,
S / D L/\
3. V! | "\ | a) Optical Spectra (RES = 0.01nm
540 _j\/\, v\/ ) Op . p ( » )
504 /| b) Input signal (20 ps/div)

15522 15523 15524 15525 C) Converted signal (30 ps/div)
Wavelength [nm]

Figure4-15: Optical spectra and eye diagrams of the iapdtconverted signal,
when the SOA input power of the optical DSB sigaatl CW probe are -0.4
and 1.9 dBm, respectively.
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The oVSB signal eye diagram depicted in Figutel5 c) evidences an
improvement in the eye opening, comparing to thpiroDSB, presented in Figudel5
b). This improvement results simultaneously frone tteshaping caused by the SOA
response, which decreases the signal rise @8 and the SOA gain compression that,

for the referred input power conditions, reduceswariance of the logical ‘J185].

Tolerance to power variations of data signal and @W¥be signal

The operation of the proposed setup relies on SPRHinear effect, which is
dependent on the input signal power. The influesfcine power of the data signal and of
the CW probe signal on the converter performancnalyzed. Figurd-16 presents the
SSR andQ-factor of the converted oVSB signal for two scévsrin the first, the CW
probe signal is disabled, and the data signal ipliied in the SOA; in the second, the
probe power is 1.9 dBm and both signals are aregliin the SOA. The input signg-

factor is 6.5.

-1 10

Q-factor

A

N\ O-factord
A g -6
N \

; ;
L} }WlthoutCW probg

N KA N\ probepower |4
1/ A,A/A/A LN F} =1.9dBm
O : l\.\ . .
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-18 15 12 9 -6 -3 0 3 6

Power of the data signal [dBm]

Figure 4-16: SSR and-factor as a function of the data signal powerhat t
SOA input. Inset: eye diagram for data signal powafei8.2 dBm and disabled
CW probe.

When the probe signa disabled, a lowQ-factor, 4.2, is retrieved for the power
value of the data signal that enables the high&R.3Jnder such condition, the SOA

optical gain varies 4 dB between the two logicalele of the data signal (measured in
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continuous wave conditions) resulting in high SGhl &ye diagram distortion, which can
be observed inset Figuel15. Similarly, a low SSR, 6.2 dB, is obtainedhwihe input

signal power is tuned for maximum outpHfactor.

As discussed above, enabling the CW probe sigsaltsein faster SOA response;
therefore, lower gain variations are required fog same amount of chirp, and the SGM
induced distortion is reduced. By optimizing thelge power, an optimum operation point
can be reached, where the input data signal pdwari¢éads to the maximum SSR also
enables the maximur@-factor. Considering a CVgrobe power of 1.9 dBm a maximum
SSR of 15.7 dB is retrieved, for data signal powafei0.4 dBm. In this condition, the SOA
optical gain only varies 1.4 dB between the twoidaljlevels of the data signal, so the
SGM effect does not affect negatively the eye diagrFurthermore, gain saturation leads
to improvements in the data eye diagrid®5], and aQ-factor of 10.2 is retrieved. Under
these conditions, the oVSB optical spectrum and diggram are presented in Figure
4-15.a) and c). Considering a minimum SSR requirgnoé 13 dB to assure the VSB
characteristic, and a minimu@-factor of 6.5 for the oVSB signal, the power oé thnput
data signal can vary between -1.9 and 1.7 dBm,enkdéleping the probe signal power

constant.

If the probe signal power is adapted to the inpgha power, higher operation
range is expected. Higher data signal power leadset increase of the frequency chirping
above the optimum level. To compensate, the prayakpower should also be increased
to drive the SOA further in saturation. Similarfgy lower data signal powers, the probe
signal power should also decrease to reduce the S&ation. Figuré-17 presents a
characterization of the converted oVSB signal S8R @-factor as a function of data

signal and the CW probe powers.

Figure4-17 demonstrates that SSR above 13.0 dB can hevadhsimultaneously
with an outpuQ-factor higher than the input (6.5), for a rangesighal input power higher
than 13 dB (from -9.2 dBm to 4 dBm), provided tha probe power is optimized. The
probe signal is required to change from -16 dBm5t® dBm to allow the referred
operation range, Such results demonstrate the tmtéor the converter operation in a
meshed network, where optical power values maynassarbitrary values, depending for
example on wavelength, fiber type and fiber lengtid other factors.
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Figure4-17: Converted signal characterization as a fonabf the power of the
input data signal and of the CW probe.

Input signal extinction ratio

The impact of the input signal extinction ratio the converter operation is studied

in this section. For such purpose, the ER of tlgmadi to be converted is varied by

actuating the voltage swing of the electrical sigrdriving the MZM; the maximum ER

obtained with the experimental MZM is 8.3 dB. Thearacterization of the converter

output signal is presented in Figutel8, where the signal SSR a@efactor are depicted.

The input signal and CW probe powers are kept emmsat -8 dBm and 2.5 dBm,

respectivelly.

SSR [dB]
Q-factor

3 4 5 6 7 8 9

Input Extinction Ratio [dB]

Figure 4-18: Characterization of the converted signal 3% Q-factor as a
function of the input signal ER.
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The converted signal SSR is above 13.0 dB for plexvithat the input ER is higher
3.5 dB. The converted sign@-factor is above the inpup-factor, which is 6.5 for all
tested ER. The decrease @ifactor observed for high ER is due to penalty fr&@&M
effect, which has a higher impact for higher inpatver variations between the two logical
levels. TheQ-factor degradation could be compensated by adagtie probe power
separately for each ER. Nevertheless, these reiteonstrate wide ER operation range.

Input signal wavelength

The proposed setup is expected to depend on tlu Wwrvelength, since the SOA
gain is not constant with the wavelength: it ha8 @B gain bandwidth of 41 nm. Figure
4-19 shows the variations in tiigfactor and SSR for different data signal wavelaagt
The power conditions are maintained in all the mesments of Figurd-19, and the CW
probe wavelength was set to 1550.8 nm. The dataakigavelength is varied from
1531 nm to 1569 nm, excluding 3 nm around the preéeelength, due to the use of the
FBG notch. An SSR higher than 13 dB is observeddfda signal wavelengths ranging
from 1537.3 nm to 1563.3 nm (26 nm). For this ratigee measure®-factor is always
above 8.5. The operation range can be increaseahiniply the power levels at the SOA

input for each wavelength or using a SOA with wigain bandwidth.
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Figure4-19: Impact of the signal wavelength on the ouf B8R and)-factor.

Transmission tests

One of the most interesting features of sidebappssed signals is its robustness
to chromatic dispersion. The original oDSB and théSB signals at 1552.38 nm are
transmitted over fiber with positive dispersion (DESSMF); the measured receiver
sensitivity for a bit error rate (BER) of 2@s plotted in Figuret-20 as a function of the
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accumulated dispersion. The optical power at tberfinput is kept below 0 dBm, to
ensure that non-linear effects are insignificartr €hirp free signals, such as the oDSB
signal used throughout this work, transmission opesitive and negative dispersion
results in identical penalties; to verify the impa¢ the chirp induced by the SOA, the
oVSB signal was also transmitted over fiber withgateve dispersion (D-) (dispersion

compensation fiber).

The oDSB signal presents a 4.0 dB penalty in theeiver sensitivity for

1360 ps/nm of accumulated positive dispersion (edent to 80 km of standard single
mode fiber (SSMF)), relatively to back-to-back. e other hand, the oVSB is penalized
by only 1.1 dB for 1360 ps/nm of D+ and the trarssiwn distance can be further extended
to 2720 ps/nm (160 km of SSMF) with only 5.3 dBpehalty, demonstrating the enhanced
tolerance of oVSB to chromatic dispersion. The graission results and inset eye
diagrams are in agreement with those of anothempskt generate 0SSB signdls7].
Transmission of the oVSB signal over accumulateghtiee dispersion also demonstrates
enhanced tolerance compared to oDSB, since -272hpsf dispersion result in a penalty
of 8.2 dB. Small difference between transmissioergositive and negative dispersion are
due to SOA induced phase modulation. Improved tesate expected if electrical

dispersion compensation is used after the recghgat].

—n—0VSB-D+
—0—0VSB-D-
—A—0DSB-D+

Receiver Sensitivity [dBm]

'28 T T— 7 7 T 1 T T __7 T T T T |
340 680 1020 1360 1700 2040 2380 2720 3060
Absolute accumulated dispersion [ps/
Figure4-20: Receiver sensitivity for the oDSB and oVSgnsils. Insets: oVSB
signal diagrams after 1360 and 2720 ps/nm of actatedipositive dispersion.
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Electrical dispersion compensation after directedsion

An important characteristic of sideband suppressigdals is their aptitude to
electrical dispersion compensation using very sangispersive lines. In this section, the
sideband suppressed signal generated with SOAarsmitted and detected, and then
filtered with an ideal dispersion compensatiorefilt

Due to the unavailability in our facilities of anleetrical dispersive filter
appropriate to compensate dispersion on a lowebaid signal at 10 Gb/s, the tests of
this section are performed through simulationsufég-21 compares the eye diagram of
an oSSB signal generated with the methofll6¥] when an ER of 6 dB is considered (a),
and of a VSB signal generated by SPM in a SOAAB)previously noted, the detection of
the oSSB signal generated by the method[1&7] does not present any amplitude
distortion due to the Hilbert transform. On the estthand, the signal generated by the
method presented in this work presents some ardplitdistortion after detection.
Nevertheless, the simulated sideband suppressedl| 0§ Figure4-21 still presents an

open eye diagram, which can be employed in trarssomover fiber.

Electrical Current [mA]

Time [ps] Time [ps]

Figure 4-21: Detected eye diagrams of ideal 0SSB si¢fball] with 6dB ER
(left), and oVSB signal generated with SOA (right).

The optical spectra of the optical SSB signal dftéi7] and of the oVSB signal are
compared in Figuret-22. The oSSB signal presents a SSR of approxiyn2&0 dB,
whereas the oVSB signal SSR is around 15.5 dB. fiégsslt is in agreement with the

experimental results of the previous section.
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Figure 4-23 compares the eye diagrams of the oSSB sigmaltlae sideband
suppressed signal after transmission over 160 kenwEDC is not used — (a) and (b),
respectively —, and when ideal EDC, realized byagign @-8), is considered — (c) and
(d), respectively. Before EDC, both eye diagramssent significant opening, due to
accumulated dispersion. When EDC is applied, th®BSignal presents an eye diagram
with reduced distortion, proving the effectivenedsEDC. The oVSB, resulting from
conversion in SOA, also presents eye diagram imgmmants when EDC is considered, but
it demonstrates considerably higher distortion tthenoSSB signal, arising from non-ideal

sideband suppression in the SOA.

—— deal optical SSB signal
——OVSB signal

Normalized optical power [dE
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Frequency [GHZ]

Figure4-22: Optical spectra of the 0SSB signal generaftst[157] and of the
0VSB signal generated with SPM in SOA.

In [186] and [187] it was demonstrated that a composed elettdcgpersion
compensation filter, realized by the cascade aspeilsion compensation device with non-
ideal transfer function — a microstrip line — andtransversal filter, obtains results
comparable to the ideal dispersion compensatioer fdf equation4-8). In this work the
ideal dispersion compensation filter is cascadetth \&i transversal filter to improve the
transmission results of the sideband suppressedlsigote that microstrip lines can not be
considered, since these can only compensate fperdi®n of upper sideband signals (in
the frequency domain). The composed filter is prese in Figure4-24. The input
electrical signal is first equalized in the ide@persion compensation filter. The resultant
signal is fed to a transversal filter with 7 tapsthe transversal filter, the input signal is
split in seven replicas. The replicas suffer contiee delays ofr, are amplified with gain
a and are added at the filter output. The delay betwtapsy, is 50 ps. The gain of each

tap, &, is optimized to improve the signal eye openinthvei modified simplex algorithm,
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known as Nelder-Mead methdd88]. The number of taps is chosen as a compromise

between convergence time and obtained improvenreiii® output signal.

The modified simplex method uses the general canmiegimplex In geometry, a
simplex generalizes the concept of a triangleNtalimensions. The modified simplex
method creates ail dimension object where each dimension represenés aj the
optimization variables (the filter coefficientstims specific case). In each step, the method
modifies the object shape in size in order to cogeedo a minimum of the function to
optimize (EOP in this case). The modified simplégodathm is simple to implement and
allows fast initial convergence. Moreover, it ibust as it allows discontinuities. The main
disadvantages are that it may converge to locairmims, and its convergence pace slows

close to the minimum. In depth description of tepdex algorithm can be found [d88].
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Figure4-23: Eye diagrams after transmission over 160 k@SB signal and of

the oVSB signal after conversion in SOA. Two scasaconsidered: no EDC
and EDC via ideal filter.

Figure 4-25 compares the eye opening penalty as a funcdtfiche transmission
distance for optical DSB, optical SSB with and with ideal EDC, and the sideband
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suppressed signal with and without the composed BOXgure4-24. If a maximum EOP
of 6 dB is allowed, optical DSB is limited to 100kaf transmission, according to the
results of Figured4-25. Optical SSB and the sideband suppressed Isigmarease this
distance to 140 km without any EDC. When the coraddsDC filter is employed, the
maximum transmission distance for the oVSB sigsaldubled to 280 km. This represents
nearly the triple of the transmission distancehaf ©DSB signal. Optical SSB signal and
ideal filter allows transmission over distance l@gthan 500 km. The inset in Figu#e25
presents the eye diagram of the oVSB signal whencttmposed EDC is considered,
which presents considerable improvements when coedpt the signal obtained with
only the ideal EDC filter depicted in Figude23 d).

Einﬁ Heocd(f)

=

Eout

Figure 4-24: Composed filter to compensate dispersion e sideband
suppressed signal. First stage consists on th¢ fittea of equation 4-8), and
second stage is an adaptive filter with 7 taps.
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Figure4-25: Comparison of the transmission capabilities@SB signal, 0SSB
signal with and without ideal EDC, and oVSB signaithout and with
composed EDC. Inset: eye diagram of the oVSB sigifr 160 km and
composed EDC.
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4.2.3.2Results at 40 Gb/s

In the previous section we have experimentally destrated conversion of a
10 Gb/s oDSB signal to the oVSB format with SOA.this section the same operation
principle is exploited to obtain conversion at 40/ First, theslow SOA device (the same
considered in the 10 Gb/s tests) is employed;\aftets thefast SOA is considered. Back-

to-back and transmission tests are performed.

Performance with slow SOA device

The process underneath suppression of sidebandr pdve®SB signals proposed
here is based on the SPM induced by SOA. Howeueh son-linear process is limited by
the SOA carrier lifetime. If the carrier lifetime short in comparison to the bit period
duration, the SPM process will be too fast and owegy suppression will occur in the
frequencies near to the optical carrier. On thewokand, if the carrier lifetime is too large
in comparison to the bit period duration, frequenailistant from the optical carrier will

suffer insufficient power suppression

To illustrate the affirmation above for the caseevéha too slow device is employed
(larger carrier lifetime), it is attempted to suggs a sideband of a 40 Gb/s signal with the
slow device (employed in sectioh2.3.1 to perform conversion at 10 Gb/s). Theaoapti
powers of the CW probe and of the data signal aiBr@ and 0 dBm, respectively. These
values are approximately the optimum power valugsined in the previous section for
conversion at 10 Gb/s. The resultant output optgpéctrum and eye diagram are
illustrated in Figuret-26 where it can be observed that reasonable andiebuppression is
obtained close to the optical carrier; however, Fogher frequencies the sideband

suppression mechanism is not efficient.

It was observed in the secti@3 that one of the techniques to improve the SOA
carrier recovery time is to increase the powerh@ signals at its input. Figuré-27
represents the SSR and EOP as a function of CW\esiginal power at the SOA input, for
different input signal power values. The convertgut signal presents an EOP around
1.2 dB, corresponding to ER of 6 dB.
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Considering a minimum acceptable SSR of 13 dBHEO® of the output signal is
5.6 dB, 5.0 dB for data signal power of 5 dBm, &0ddBm, respectively (for 0 dBm, of
input power, SSR of 13 dB is not obtained withia frobe power range under test). Such
EOP values represent a significant degradatiorhefdata signal when compared to the
input; therefore, we may conclude that for accdptalower levels in the SOA (below 10
dBm) it is not possible to obtain acceptable sidebsuppression at 40 Gb/s with tlew
device employed for the 10 Gb/s tests.
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Figure 4-26: Simulation of sideband suppression at 40 @btk the device
used for 10 Gb/s.
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Figure 4-27: SSR and EOP the 40 Gb/s oVSB signal conventdtie device
used for 10 b/s, as a function of the power ofitipeit signals.
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Back-to-back performance and sideband suppressittnfast SOA device

The setup of Figurd-14 is employed to experimentally test the corerevperation
at 40 Gb/s. For such purpose a 40 Gb/s data genésamployed, originating an intensity
modulated oDSB signal with a pattern length Bf2bits. ThefastSOA device is operated
with 400 mA.

Figure 4-28 presents the experimental optical spectruth@finput oDSB signal,
and of the converted oVSB signal. The convertedaigresents the vestigial sideband
characteristic spectrum, as significant power seggion of the signal upper sideband is
observed; the measured SSR is 13.5 dB. Regarden@yb diagram, some distortion is
observed in the converted signal, particularly he transitions from ‘0”s to ‘1”s: this
distortion is due to self-gain non-linearity. Theffect is more preeminent in the
experimental results of 40 Gb/s than in the 10 Gégsilts, due to the particular shape of
the eye diagram of the input oDSB signal employtetDaGb/s; nevertheless, the converted
signal eye diagram depicted in Figur&8 resembles the converted signal eye diagram of
the 10 Gb/s simulations of Figude21 b).

25 ps

— Input DSB signal
= Sideband suppressed sighal |

Optical magnitude [dE

Optical frequency [GHZ] |

Figure 4-28: Experimental optical spectra of o0VSB conveitgut and output
signals. Inset: input signal eye diagram and cdedesignal eye diagram.

In addition to the SSR, bit error rate measuremargsperformed to evaluate the
intensity of the distortion introduced by the SGiigure 4-29 presents the BER and SSR
of the oVSB converted signal, as a function ofdapg&cal power of the oDSB data signal at

the SOA input; the CW probe power is kept conséarit.5 dBm. The optical power at the
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input of the receiver EDFA was chosen to grant BER=for the input oDSB data signal
when the oDSB generator was characterized in batlatk.

Figure 4-29 shows that with constant probe signal powse, donverter enables
SSR values above 13 dB for input data signal paweging from -2 dBm to 3 dBm,
enabling a 5 dB variation of the signal power; thaximum SSR obtained is 14.5 dB,
corresponding to a data input power of 0 dBm. h t& verified that there is a BER
degradation when compared to input, which is dUBS&NR degradation in the SOA and to
distortion induced by SGM. Moreover, the degradatierified in the BER curve with the
increase of the input data power is due to thedsw@rtion provoked by the SGM; such
distortion increases with the data signal powercas be verified from the inset eye
diagrams. For the power range that allows highé® 8% BER is around 38* which

represents a degradation of 4.5 orders of magnituden compared to the input signal.

log, (Bit Error Rate)

Sideband Supression Ratio [dB]

Power of the data signal at SOA input [dBm]

Figure4-29: BER and SSR of the converted oVSB signah &sction of the
data signal power at the SOA input for constanbprpower of 0.5 dBm. Inset:
eye diagrams for input signal power of -6 dBm ahdBm.

Transmission results

Experimental tests of previous section showed tih@t40 Gb/s converter output
signal presents penalties in the BER in back-tdbamndition. Here, the resilience to
chromatic dispersion accumulation is assessed.sbEoh purpose, different lengths of

standard single mode fibre (SSMF) are introducetthéntransmission link after the oVSB
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converter, as illustrated in the setup depicteBigure4-14. The oVSB signal power at the
SSMF input is below 5 dBm, guaranteeing negligilmepact from the nonlinear
transmission effects. The power levels of the dagaal and the CW probe at the SOA
input are -2.0 dB, and 0.4 dBm; such power levets chosen from Figurd-29, as a
compromise between SSR and BER degradation. Figud@ presents BER curves for
oDSB and oVSB signals for different accumulate@fidispersion values, as a function of
the optical receiver input power. The back-to-bae&eiver required input power for a
BER of 10° is 2.4 dB higher for oVSB than for oDSB; whichifsagreement with the
conclusions of Figurd-29. However, after 102 ps/nm, the BER curve efdNSB signal
presents an improvement of 2.2 dB compared to batlack , due to the chirp introduced
in the sideband suppression process using the $B&power penalty for a BER of 0
verified by the oVSB signal after 170 ps/nm, isB @hen compared to the back-to-back
oDSB signal. Overall, the results of Figur€0 demonstrate that the oVSB signal extends
the maximum transmission distance when comparedigmnal oDSB signal: whilst oVSB
reaches 170 ps/nm (10 km of SSMF) without BER fladnilst the oDSB signal already
presents a BER floor after 102 ps/nm of accumuldiggersion (6 km).

3 ' : 25 ps
] 0DSB: 0 ps/nm a 0DSB: 102 ps/nm -
o NN
: SN
g | \‘ ,,,,,,,,,,,,, B
w 1 m b) 0DSB eye diagram fo
[ 102 ps/nm dispersion
8 9 T w s
—— . .
-30 -25 -20 -15 -10 -5
Power at the input of the optical receiver [dBm]
a) Bit error rate characterization c) oVSB eye diagram for

102 ps/nm dispersion

Figure4-30: BER as a function of the optical receiverinpower for different
fibre dispersion values.

As detailed previously, self-homodyne detectioropfical DSB signals introduces
the so calledspectral back-foldingwhich prevents from the use of simple methods to
perform EDC. On the other hand, signals with a st suppressed, suffer reduced
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spectral back-folding after self-hnomodyne detectiberefore, oVSB signals allow the use
of efficient EDC at the receiver side. Hereaftepexxmental 40 Gb/s EDC, implemented
using a transversal filter (TF) with 5 taps and depay of 18 pg189], is employed after

self-homodyne detection. The degrees of freedothariTF are the gain of each tap, which
can be independently optimized to minimize the BERe to experimental constrains,
there is no automatized feedback loop availableretiore, tap gain optimization is done
manually. Figure4-31 presents BER as a function of the opticalivecanput power for

different fiber dispersion values, using the TEh&t receiver side.

The use of the TF, allows significant improvementdack-to-back. This occurs
because the TF optimizes the receiver bandwidtlyaieg the total noise; moreover, the
TF compensates for the inter-symbol interferendeoduced by the SGM of the SOA.
Additionally, the TF also extends the allowed Ciga from 170 ps/nm to 238 ps/nm for
0VSB. A penalty of 10 dB in the received power #0BER of 1 is observed after 238
ps/nm of accumulated dispersion (14 km of SSMR)gishe TF. This result demonstrates

the potential of the proposed method, especiallgrmdombined with adaptive EDC.

oDSB 0 ps/nm w/o TF

N \ \ \&A
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Figure 4-31: BER as a function of the optical receiveruinpower for oVSB
and an adaptive transversal filter (TF), for diffier accumulated dispersions

We have proposed and experimentallly demonstrai28BDto oVSB conversion in
a simple SOA-based scheme. This converter is eesito input signal variations, such as

power, wavelength or extinction ratio. Moreover, wlemonstrated promising fiber
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transmission results without any optical dispersiompensation devices. Since this thesis
is developed in an industrial environment, 10 Gdnisl 40 Gb/s stand-alone prototypes

have been developed. These are reported in detagpgendix IV.

4.3 On-off keying to CSRZ converter

4.3.10peration Principle

In this section a converter from on-off keying (Ooid carrier suppressed return-
to-zero (CSRZ) signaling, based on cross-gain andsephase modulation in SOA, is
proposed. For comparison, Figude32 a) presents the conventional CSRZ modulator
scheme[167]. A continuous wave (CW) signal is first modigd at a MZM, biased at
quadrature, fed by an electrical NRZ signal. TheMMdutput signal is common optical
OOK NRZ signal with double sideband modulation. Togical NRZ signal is then
modulated in a second MZM; this modulator is biagechinimum transmission and driven
by a clock signal, at half the repetition rate lué tata signal. At the output of the second
MZM, the optical signal intensity presents an RAs however, consecutive the phase of
consecutive bits is shifted af Since this method requires the use of two casti&aV
devices, it presents several drawbacks: high ilsetoss (IL), polarization dependence
(since MZM are polarization dependent), an eleatridock generator is required, and is

not cost effective.

Figure 4-32 b) compares the CSRZ signal optical spectrturihe output of the
CSRZ modulator scheme, and the optical spectrutheoNRZ optical signal at the output
of the first MZM, for a bit rate of 40 Gb/s. The MRignal has one optical carrier at the
center of the spectrum; on the other hand, the CSIBZal has two optical carriers with
equal intensity, separated by +/- 20 GHz from tkater of the spectrum. The central
frequency of the CSRZ spectrum, which correspond&dquency 0 in Figurd-32 b),
coincides with the frequency of the continuous wawyeut signal and with the optical

carrier of the NRZ signal.
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Figure 4-32: CSRZ signal generation via the conventiorahhique[167].
Optical spectra and temporal shapes for 40 Gb/s.
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The temporal intensity and phase of the CSRZ sigreatlepicted in Figu4-32 c).
As mentioned above, the CSRZ signal intensitynsilar to that of a common RZ signal.
The optical signal phase is analyzed considerilogvgpass equivalent of the optical signal,
where a reference frequencig)( relative to the input CW signal central frequgnis
considered. To obtain the optical signal phasenadraitrary reference frequendy, the
signal time domain phase obtained when the referethe input CW central frequency
(fr=0) should be added to exp(qt2fr), wheret represents time. Whdp corresponds to
the central frequency of the CSRZ signal (0 GHZigure 4-32 b)), constant phase is
observed within the bit period, amdphase shifts occur between adjacent bits. Such
phase shifts contribute to the absence of optaaler of the CSRZ signal. To facilitate the
comprehension of the proposed converter, basedddy) e signal phase is also analyzed
consideringfr detuned from the CSRZ central frequency towardgatiee frequencies by
half the signal bit rateff = -20 GHz in Figurel-32 c). For such reference frequency, linear
phase with slope equal fgr Tt (fsr iS @ frequency equivalent to the bit rate) is obse
within the bit period, andrt phase shifts occur between consecutive bits. We wi
demonstrate hereafter that similar phase evolutan be obtained due to self-phase

modulation in a SOA.

The proposed all-optical NRZ to CSRZ converter Hase XGM and XPM in SOA
is presented in Figurd-33 a): an input optical OOK signal (here an NRgnal is
considered), akl, is coupled to an optical probe clock signahat with repetition rate
equal to the signal bit rate. The two signals aentsimultaneously amplified in a SOA.
The optical clock can be obtained from a clock vecy circuit, not represented in the
figure for simplicity. The power of each opticagysal incoming the SOA is optimized so
that the SOA non-linear effects are dominated leyagtical clock signal.

Figure4-33 b) represents the intensities of the sigrtald and\2 at the SOA input
(to improve visualization, the intensities are nalized to their peak values). To guarantee
correct operation of the proposed converter, tloekckignal pulses must be aligned with
the bit transitions of the NRZ signal. As referradove, the SOA non-linearities are
dominated by the optical clock signal. The SOA gaitherefore depleted due to the clock
pulses: due to XGM non-linear effect, the intensityape of the input NRZ signal is carved

into a RZ-like shape. The clock signal at the SQ#pat is removed by an optical filter.
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Figure4-33: Proposed on-off keying (OOK) to carrier suggsed return-to-zero
(CSRZ) converter based on cross-gain and crosspmasiulation (XGM and
XPM) in SOA.
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The signal intensity after OF, obtained by meansiofulation, is illustrated in Figure
4-33 c¢), confirming the return-to-zero shape. Tlangsaturation, caused by the clock
signal pulses, also leads to cross-phase modulatibich provokes periodic variations in
the information signal phase. The phase of therinédion signal after the SOA is
presented in Figurel-33 d) (consideringr correspondent to the input NRZ carrier
frequency): when a clock signal pulse enters thé S®Ofast phase decrease is observed
(caused by fast carrier depletion); when the oppase leaves the SOA, the phase slowly
recovers to the initial value (the phase recovemnostly determined by slower inter-band
processes). The power of the clock signal at theéA Sdput is adjusted to achieve
approximatelyrt phase shifts between adjacent bits. The commonZCSghal phase is
also depicted in Figure4-33 d) consideringfr =-20 GHz, which presents strong
similarities with the phase of the information saagmafter SOA. From the SOA output
signal intensity and phase of Figute33 d), we conclude that the input OOK NRZ signal
is converted to the CSRZ format, with detuning éftcal frequency by 20 GH#£/2).

The principle of operation of the proposed convedapports conversion of
multiple input NRZ signals. For such purpose négessary to ensure that the power of the
input signals is kept at a low level, so that te-inear effects are still dominated by the
clock signal. Moreover, all the input NRZ channelast have the same baseline bit rate,
and the bit transitions of all input signals musttemporally aligned with the clock signal
pulses. These conditions may be granted withoutpéexity, for example in multicast
applications, where all the input NRZ signals hthesame origin. Although the principle
of operation has been presented for NRZ signathmgproposed converter is not limited to

NRZ signals: conversion of OOK RZ input signalgliso supported.

4.3.240 Gb/s simulation tests

4.3.2.1CSRZ generation with SOA

The 40 Gb/s conversion is performed using thst SOA device. The input
information signal is a NRZ signal with infinite axction ratio; -5 dBm optical power,
measured at the SOA input; and central wavelen§th5d8.0 nm. The clock signal is
composed by optical pulses with 3 ps full widthhalf maximum (FWHM), intensity
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Gaussian shape, and 2.0 dBm power at 1561.0 nmopteal filter at the SOA output
(OF in Figure4-33 a)) is a 8 order Gaussian filter detuned from the NRZ wavglerby
40 GHz and -3 dB bandwidth of 90 GHz. The impactha optical filter bandwidth is
studied in sectiod.3.2.2.

Figure4-34 a) depicts the optical spectra at the SOAtiapd output. Similarly to
a CSRZ signal, the SOA output signal has two opteariers with approximately the
same power, separated by a frequency equal to itheate (40 GHz in this case).
Comparing to the SOA input, the tone at the centealelength is maintained, but the tone
at 40 GHz is enhanced by the SOA non-linear behawAdditionally, the SOA also
enhances the tones at -40 GHz, -80 GHz, etc. Tthareement of the red tones is due to
the ultra-fast carrier depletion. After the optiddder these tones are removed and the
output spectrum is similar to the conventional CS#p&ctrum, presented in Figu4e32
b). The converted signal eye diagram, presenté&dgure4-34 b), is open, undistorted and
presents RZ pulse format.
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a) Optical spectra; b) Eye diagram.

Figure4-34: Optical spectra of the signals at SOA in8®A output, and OF
output; and signal eye diagram at OF output. ((fical filter at SOA output)

The phase of the NRZ to CSRZ converter output $ignaresented in Figuré-35,
consideringfr = +20 GHz, and compared to the phase of a the CSgtial generated by
the conventional method. For this comparison, thtecal carriers of the SOA output signal
are tuned to the carriers of the CSRZ signal geeérdy the conventional method.

Similarly to the CSRZ signal, it can be verifiechthn each bit there is a phase shift of
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approximatelyr (i.e. polarity inversion). Nevertheless, this noetidoes not generate an
ideal CSRZ signal, since the output phase is onhapproximation to the ideal CSRZ

phase evolution.

—NRZ signal
— CSRZ signal (common method)

Phase [rac

Normalized intensit

0 1 2 3 4 5 6 7 8 9 10 11
Time normalized to the bit period

Figure 4-35: Comparison of temporal intensity and phasapshk for the
converter output signal and CSRZ signal generaidda@mmon method. NRZ
signal envelope is presented for reference.

One of the methods to verify if an optical sigrehiCSRZ consists in feeding it to
a delay-add interferometer. The interferometer irgignal is split in two replicas; the two
replicas suffer a delay of a bit period relative dach other and are added at the
interferometer output. Considering a set of conseeUCSRZ pulses at the input, the
interferometer retrieves an optical pulse at thgirbeng of the pulse sequence; all
consecutive pulses cancel mutually due to theivelgghase shifts oft finally, after the
last pulse of the input signal, another pulse tiseeed. Figuret-36 presents the delay-add
interferometer output when it is fed by the coniamdl CSRZ signal and by the proposed
converter output signal. The signal generated k& phoposed converter behaves as
expected: a high power optical pulse is retrievedha beginning of a pulse train and
another after the pulse train. Due to the non-ige@ese of the converter, low power
satellite pulses are also retrieved. Neverthekassh satellite pulses are 12 dB below the

pulses power when there is constructive interfezenc



All-Optical Processing Systems with Semiconductpti€al Amplifiers 143

From the spectrum and intensity shape of Figdi& and from the delay-add
interferometer output of Figuré4-36, we conclude that the proposed method is tble

effectively convert an input OOK NRZ signal to t68RZ format.
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Figure4-36: Temporal shapes at the output of a delaynatgdferometer, when
it is fed by the conventional CSRZ signal and by @SRZ signal generated by
the proposed method. NRZ signal envelope is predeort reference.

4.3.2.2Comparison with common transmitter

One of the key benefits of CSRZ signals, when caegpso common RZ is high
tolerance to tight optical filtering: since two catutive bits have oppose phase, CSRZ
signals are more tolerant to inter-symbol intenieeecaused by tight filtering. Figude37
a) presents the simulated EOP, as a function obftieal bandwidth of an optical filter
placed at the transmitter output for the proposed eonventional converters. A photo
detector with 40 GHz -3 dB bandwidth is consider€de considered optical filters are
Gaussian of second and third order. The presengsdlts evidence that for high
bandwidths (superior to 1.5*Bit Rate fofrder filters, and 2*Bit Rate for 3rd order
filters), the conventional transmitter EOP excéls proposed transmitter, due to residual
SOA amplitude distortion. However, for lower bandthis the signal originated by the
proposed converter presents similar or even lowstodion than the common transmitter.
The eye diagrams of Figure37 b) and c) present the filtered signals 8t dtder filter
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with bandwidth of 1.2*Bit Rate: the signal genedatey the proposed converter presents
lower distortion than the signal generated by theventional transmitter.
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b) Eye diagram of filtered CSRZ signal c) Eye dagrof filtered CSRZ signal
generated by conventional method.; generatedéyprbposed method.

Figure4-37: CSRZ signal tolerance to tight optical filkgy. N denotes the order

of the Gaussian filter. Eye diagrams representotiedesignal for %' order filter
with -3 dB bandwidth of 1.2*Bit Rate.

Another important characteristic of CSRZ is the arded tolerance to non-linear
effects. Figurel-38 presents a simple comparison of the robustoeassn-linearities of the
signal generated by the proposed converter, andiginal generated with the conventional
method. The optical CSRZ signals are filtered b§“aorder Gaussian filter with -3 dB
bandwidth of 90 GHz and are transmitted over SSidérfwith D of 17 ps/nm, attenuation
coefficient of 0.2 dB/km and non-linear refractinelex of 2.6.0%°. The signals under test
are transmitted over 5 and 10 spans of 70 km of ESMter each span the chromatic

dispersion and transmission losses are perfectiypensated. No noise is considered in
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these tests. Since the chromatic dispersion i@iyfcompensated, it is observed that for
very low powers the calculated EOP after transmrsss similar to back-to-back: the
conventional transmitter presents better EOP. Roreasing power, the proposed and
common transmitter present similar evolutions, wille proposed converter slightly
excelling. The superior results of the proposeddnatter are most likely due to higher
pulse width (56% of FWHM), when compared to the varional method (45% of
FWHM).

—&— Conventional Transmitter, 5 spans
3 71 —&— Proposed converter, 5 spans f
—&— Conventional Transmitter, 10 sp
|| == Proposed converter, 10 spans

Eye opening penalty [d

Span input optical power [dBm]
Figure4-38: CSRZ signals degradation with non-lineargnaission.

Since the SOA induces chirping, caused by SPM aBiIXit is also necessary to
compare the tolerance to chromatic dispersion aatatian of the CSRZ signal obtained
with SOA with the conventional CSRZ signal. Figdr89 plots the eye opening penalty of
the signals generated by the proposed and comransntitter as a function of dispersion
accumulation. For such tests the non-linear effestd attenuation of the fiber are
disregarded and only the effect gf is considered. The CSRZ signal generated by the
proposed method presents enhanced tolerance toiveedaspersion, when compared to
positive dispersion, due to SOA induced chirpingvéltheless, similarly to the non-linear
transmission tests, the proposed converter presentenced chromatic dispersion
tolerance, due to higher pulse widths.

The results presented in this section have denairdtrthat the CSRZ signal
presents similar tolerance to tight filtering, whmympared to the conventional transmitter.

Moreover, slightly improved tolerance to non-lineffiects and accumulated dispersion are
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obtained; mostly due to higher pulse width, whemmpared to the conventional

transmitter.
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Figure4-39: CSRZ signals degradation with accumulatedrolatic dispersion.

4.3.2.3NRZ to CSRZ converter robustness to input signahtians

We have demonstrated in the previous section thdemuoptimized conditions,
feeding a SOA with a data signal and an opticaktlgloa CSRZ signal is obtained.
Although the phase of the resultant optical sigltes not present a perfect match with the
ideal CSRZ signal phase, the converted signal ptesemilar advantages for optical
network applications when compared to a CSRZ sigbtined through the conventional
method: tolerance to tight optical filtering, tombnear effects, to the accumulation of
chromatic dispersion. In this section, the convertdustness to variations in the input
signal is assessed via simulations at 40 Gb/s. &sth allow further understanding of the
true potential of the proposed converter applicatioa real network.

For practical application in a network, the congershould operate over a wide
range of input power values. Figu4e40 presents the imbalance between the two CSRZ
signal optical carriers, as a function of the ingntl clock signal powers. The imbalance is
measured as the absolute value of the power difteréetween the two spectral tones at
+/- 20 GHz of the CSRZ spectrum. The results demnates that optimum performance
over a wide range of input powers is possible, piey that the clock signal power is
adapted accordingly. For the modeled device chanatts, the optimum clock signal

power is approximately equal to the input powereatdy 7 dB. Figurd-40 also presents
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in grey the range where the output EOP is belo@ dB, it is observable that the grey area
overlaps with the area where minimum power diffeeeetween the two carriers is
achieved. For constant input power, the clock digoaver may vary by approximately +/-
0.75 dB relatively to the optimum value while keepithe power difference between the
two carriers below 1 dB. On the other side, simplawer variation is allowed for the input

signal, when the clock signal power is constant.
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Figure 4-40: Absolute value (in dB) of the power differenicetween the two
CSRZ signal optical carriers as a function of inpad clock signal powers.
Grey area denotes the operation range where thaldP is below -2.0 dB.

The impact of the clock signal pulse width is amaly in Figure4-41, which plots
the power difference between the two optical cesraf the converted CSRZ signal, for
varying clock signal power and different FWHM vatudhe input NRZ signal power is
constant at -5 dBm and the SOA output signal ferid by a % order Gaussian filter with
90 GHz of -3 dB bandwidth. It is verified that feigher FWHM, higher power is required
to achieve the same frequency chirping; therefaith the increase of the FWHM, the
optimum clock power increases. For FWHM = 0.4, tleeal condition (the two carriers
having the same power) is never achieved. The EOBldck FWHM of 0.1, 0.2, and 0.3
was measured at target power difference betweengtieal carriers, 0 dB, and is 2.8 dB,

3.1 dB, and 3.2 dB, respectively. As a conclustbe, optimum clock signal FWHM is a
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compromise between converted signal EOP and neggssaer at SOA input. Moreover,
very short optical pulses are also more complegetterate.

—&— F\WHM =0.1*Bit Period
—&— FWHM =0.2*Bit Period
—— FWHM =0.3*Bit Period
—>— FWHM =0.4*Bit Period
— Target

Power difference between optical carriers

-2 0 2 4 6 8 10 12 14
Clock signal power [dBm]

Figure 4-41: Power difference between the two CSRZ sigmical carriers
(power of the spectral tone at +20 GHz, relativeéh® center of the spectrum,
subtracted by the power of the spectral tone atGR{2), as a function of the
clock signal power, for different clock signal fullidth at half maximum
(FWHM). Horizontal line represents the power diffiece target of 0 dB.

As referred above, the proposed method is alsoopppte for OOK RZ input
signals. The converter operation with input OOK &lgnals is assessed in Figutel2.
The RZ signal is generated using two cascaded MiBMhe first stage, a CW signal is
first modulated in a MZM biased at quadrature andeth by an NRZ electrical signal. The
resultant optical signal is fed to the second MZWjch is biased at quadrature and driven
by a electrical clock signal, which oscillates la¢ signal bit rate frequency. The resultant
RZ signal has an approximate FWHM of 0.5 * Bit BdriThe RZ signal is then fed to the
SOA-based converter with -5 dBm input power; thémpm clock signal power is now
4.5 dBm. Figuret-42 a) presents the converted signal spectrunghaddso presents carrier
suppressed characteristics. The red chirped pdhieo$pectrum presents lower power than
in the NRZ spectrum of Figure-34. This part of the spectrum is mostly generatgded
frequency chirping originated by the leading edfji¢he clock signal pulses. For the RZ
signal case, the optical clock pulses leading adgemporally aligned to the RZ signal

ditch between two pulses. As a consequence thehigging occurs in an instant where the



All-Optical Processing Systems with Semiconductpti€al Amplifiers 149

RZ signal has no (or very low) power. The resuleye diagram of Figur4-42 b) is clear
and undistorted (EOP of -3.3 dB).
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Figure 4-42: RZ to CSRZ conversion (OF“ ®rder Gaussian optical filter at
SOA output with -3 dB bandwidth of 90 GHz).

The results of this section have demonstratedttieaproposed converter is fit for
arbitrary input powers, provided that the clocknsigpower is adjusted accordingly. The
ideal clock signal FWHM is a compromise betweendhput signal EOP and the required
clock power. Finally, we have demonstrated that pheposed converter setup is also
appropriate for input OOK RZ signals.

4.3.340 Gb/s single- and multi-channel experimentaldatlon

The 40 Gb/s setup, considered in the experimeatdb,tis represented in Figure
4-43. Single- and multi-channel operations are erpntally assessed. In single channel
operation, an NRZ signal ak; = 1547.72 nm is fed to the converter. In multi-ohal
operation two configurations are tested: conversiotwo independent NRZ signalsias
and at\s, = 1549.32 nm with different binary information @wonversion) but temporally
aligned; and a configuration for multi-cast appicas, where four ITU 200 GHz grid
wavelengths Xsi, Asz Asz = 1550.92 nm, andss = 1552.52 nm) with similar binary
information are converted simultaneously to CSRdaftfuple conversion). In all cases,
the NRZ signals are obtained by driving a MZM wiih Gb/s signal with a pattern length

of 2°%-1 bit. The input data signals are coupled to aGHls optical clock signal at
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1562.23 nm with 2 ps pulses, generated by a madkedblaser diode (MLLD). The optical
pulses are aligned with the data signal bit traosst by a variable delay line (VDL). The
signals are amplified in thiast SOA device. Low SOA polarization dependensy0(5
dB) avoids the use of polarization controllers. Bignal after the SOA is filtered at OF1,
which isolates the wavelength under analysis addaes its spectral occupancy. OF1 is a
tunable optical filter with intensity response appmated to a '8 order Gaussian and -3
dB bandwidth of 91.2 GHz. The signals are detettedpre-amplified receiver, composed
by an optical filter (OF2) with 130 GHz optical lwamdth centered with the wavelength of
the signal under analysis, and a photo-detector) (Rh a -3 dB cut-off frequency of
37 GHz. The signals are characterized via bit elater measurements, as a function of the
optical signal to noise ratio at the photo-deteatput. The OSNR is adjusted by adding

optical noise with variable power and maintainihg signal power constant at 0 dBm.

40 Gb/sinput M’\N*/O}
)\'Silv )\'82 )\'53 )\'54
As3, vy
\ ASE VOA1 %%}
fo/Q] }—%—D OF2 PC
MLLD VDL VOAL SOA OF1 EDFA

Figure4-43: 40 Gb/s format converter setup for experimltasts.

Single channel conversion is characterized in g4, Optical spectrum and
eye diagram of the NRZ signal at the SOA input @depicted in Figurel-44 a). Figure
4-44 b) depicts the optical spectrum of e signal at the SOA output when the optical
pulse train is amplified simultaneously with the AIRignal. The optical pulse train power
is adjusted to 8 dBm: this value was found to oemthe CSRZ shape at output. The NRZ
signal power is adjusted to -4 dBm, which is theximam level at which the non-linear
effects are still dominated by the clock signaltiis situation, the heavily saturated SOA
induces conversion to the CSRZ format, as desciiibéide previous section. The spectral
shape of the signal at the SOA output is similathtd obtained in the simulation tests; the
spectrum presents identical power of the two mpecsal tones (difference of 0.17 dB),
as expected for a CSRZ signal. OF1 is centered thighoutput CSRZ signal central
wavelength: detuned frors; by 20 GHz. The resultant signal presents redupedtsal

occupancy and a RZ shaped open eye diagram witlgitdg distortion, as can be verified
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by the spectrum and the inset eye diagram in Figuté b). Comparing to the simulation
tests, the experimental results require higherkckignal power; such difference is due to
the fact that the simulation model ignores wavellendependency, since the input

wavelength is much lower than the clock signal iewgth, lower conversion efficiency is
observed experimental[2].
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c) Signals after SOA for dual conversion; d) Sigradter SOA for quadruple conversion.

Figure4-44: Optical spectra and eye diagrams (10 ps/div).

Dual and quadruple conversions are achieved byirfgethe SOA with 8 dBm
clock signal power. All input wavelengths are temgbly aligned with the clock signal.
The input signals total power is maintained apprately constant when the channel count
increases, by reducing the power per channel. bat donfigurationis; and As; NRZ
signals with powers of -6.9 and -7.1 dBm are fedhe SOA; whereas for quadruple

configuration, the powers 0Ofsy, Asz, As3, andAsq4 are -9.8, -10.0, -10.1, -10.2 dBm. The
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clock signal power is kept constant at 8 dBm irtesdls. The multi-input conversion results
are presented in Figure44 c) and d). All signals present identical powethe two main
spectral tones at the converter output. The ingetdeagrams are obtained detuning OF1
by 20 GHz fromig; (similarly to the single channel test). Clear ape&n eye diagrams are
obtained in both tests for all wavelengths.

—*— input NRZ

—e&— 1547.72 nm (SC)
—0—1547.72 nm (DC
—A—1549.32 nm (DC

—eo—1547.72 nm (QC
—A—1549.32 nm (QC
—*—1550.92 nm (QC
—— 1552.52 nm (QC

10

log, (BER)

o 10 11 12 13 14 T 16 17 18
Optical Signal to Noise Ratio [dB]

Figure 4-45: BER characterization versus OSNR (SC, DC, @@l - single,
dual, and quadruple conversion).

The converter performance is characterized in Eigu45 in terms of BER as a
function of the OSNR. The input NRZ signal requifés1 dB OSNR for a BER of T0
(OSNReg). When single input is considered, a convertedadigvith 13.1 dB OSNR; is
obtained. The lower OSNR requirement of RZ sigmalsommonly observed, since these
require lower power than NRZ for the same verteyd opening. Considering two input
channels, the output signals OSNRs 13.4 and 13.7 dB (0.6 dB of maximum penalty
relatively to the single input test). When four shals are converted, the output OSNR
ranges from 14.4 to 14.6 dB, representing a maximpenalty of 1.5 dB compared to the
single input converted signal. From such resultss expected that the maximum number
of simultaneously converted channels can be furitheneased; the limiting factors will
probably be the SOA induced noise, since the pamaél power is reduced by a factor of
3 dB every time the channel count is doubled; ioteannel non-linearities in the SOA
(such as XGM, XPM or FWM) are not expected to bdoainant factor, since the non-

linear effects are dominated by the high poweraapitlock signal.
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4.4 Summary

This chapter has focused on all-optical format niatton converters. Such
schemes are especially required at the interfatexptical networks with use different
modulation formats. Two novel format modulation wersion schemes have been
proposed. The first converts optical double side@®DSB) signals to the optical vestigial
sideband (oVSB) format. To the authors knowledge ighthe first all-optical method that
does not depend on optical filtering and does rmmjuire Hilbert transforms of the
information signal. The second converts on-off kgysignals to the carrier suppressed

return to zero (CSRZ) format with operation fortlb&iRZ and RZ input signals.

The oDSB to o0VSB converter operation is basedherfriequency chirp generated
by the self-phase modulation (SPM) nonlinearityairsemiconductor optical amplifier
(SOA). An additional CW signal is introduced to mmiize the self-gain modulation
(SGM) distortion, improving the converted signalafity. The converter has been
experimentally assessed at 10 Gb/s with sidebapression ratio (SSR) above 15 dB and
an improvedQ-factor, due to the resultant gain compressioncefdm the SOA. Using a
faster device, 40 Gb/s operation has also beenriexgetally achieved with SSR results
above 14 dB.

Enhanced tolerance to chromatic dispersion accumanlawhen compared to
oDSB has been verified with and without electridapersion compensation (EDC). At
10 Gb/s experimental transmission was possible @8@km of SSMF (2720 ps/nm of
dispersion), while the oDSB signal allowed only 86 (1360 ps/nm). By simulation the
use of EDC was assessed with transmission up tck@BWithout any optical dispersion
compensation. At 40 Gb/s extended dispersion toterdnas also been verified: without
optical or electrical dispersion compensation, graission over 170 ps/nm (10 km of
SSMF) has been allowed, while oDSB allows only p8hm (6 km). Using only EDC at
the receiver side, implemented by an adjustablestersal filter, fiber dispersions up to

238 ps/nm (14 km) have been experimentally toldrate

Format conversion from OOK to RZ with modulatiomnfat conversion to carrier

suppressed (CS) was proposed in a simple scheme @V and XPM interact in a
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SOA. The converter operation was compared to tmvexttional CSRZ transmitter via
40 Gb/s simulations: tight filtering penalty simik® the common transmitter was verified,;
improved tolerance to chromatic dispersion accutimriawas obtained by the proposed
transmitter; and also enhanced tolerance to fibarlmear effects. The converter is able to
operate with both NRZ and RZ input signals. Singlad multi-channel operation up to
four channels has been experimentally assessed &tb#. Carrier suppressed spectrum
and clear RZ eye diagrams have been obtained atdheerter output for all input
configurations. For all input channel counts, thenwerted signal present improved
required OSNR, when compared to the input NRZ sighla expect that the channel count
can still be further increased without major degtamh of the output signal quality. To our
knowledge, this is the first 40 Gb/s all-optical ltrahannel demonstration of a OOK to
CSRZ converter.



Chapter 5
Pulse format conversions between RZ

and NRZ

5.1 Motivation

Wavelength division multiplexing (WDM) and opticine division multiplexing
(OTDM) technologies respond to the bandwidth demiandease, motivated by the data
exchange growth. In transport networks, severahiobls are aggregated using OTDM,
through the bit interleaving technique. Return<oez (RZ) pulse format is usually
preferred in such networks due to superior tolexangolarization mode dispersion, inter-
symbol interference, and nonlinear effects. Onatirer hand, non-return-to-zero (NRZ) is
commonly employed on lower bit rate access netwakshese require pulse formats with

improved spectral efficiency and enhanced jitted atispersion toleranc§l90]. As

Ultra-high bit rate RZ signal ' '
from transport network @1 Lower bit rate NRZ signal to

| access network @2
".NWMUW“ +—wc + Prc—— I l I l

OTDM demultiplexed RZ
signal @A1

OTDM
demux
I

Figure 5-1: lllustration of pulse and wavelength convemsifunctionalities
required in the interface between transport anéscoetworks.
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illustrated in Figurés-1, in the interface between transport and acecesgorks, all-optical
OTDM de-multiplexers, wavelength converters, andmiat converters are required to
enable a transparent inter-connectivity betweentivee networks[190]. In the reverse

direction the inverse functionalities are required.

Promising results for de-multiplexers and add-dnopltiplexers have been
reviewed already in sectidh9. Wavelength conversion is also thoroughly itigesed in
Chapter 3. NRZ-to-RZ format conversion can be syngiitained by replacing the probe
signal in the SOA based wavelength converteGlapter 3 by a pulsed clock sigia9d1]

- [193]. Such functionalities have also been repousidg highly non-linear optical fibers
[194]. On the other hand, optical RZ-to-NRZ pulseniat conversion is a more complex

functionality.

Current implementations of all optical converteesween RZ and NRZ include: a
scheme which uses XGM and WDM to TDM conversjp80]; a SOA based non-linear
optical loop mirror (NOLM)[195]; a Fabry-Perot laser with injection lockingheme
[196]; a scheme in which the red and the blue edinparts of the spectrum of a XGM and
XPM signal suffer different delays after which aeeombined110]; a scheme using XPM
in a SOA Mach-Zehnder interferometer (MZI) struetiand a pulse duplicat¢t97]; a
SOA based Michelson interferometer (MI18]; and finally, a method based on FWM in
SOA [199]. From these methods, only the scheme whiclibased on MI has been

demonstrated at 40 Gb/s; however, MI-SOA is natraroercially available structure.

In this chapter we propose and experimentally destnate two solutions to obtain
wavelength and simultaneous pulse format conversmn RZ to NRZ. In sectio®.2 a
scheme is investigated, where amplification in S@#d detuned optical filtering are
combined to reach wavelength and simultaneous R¥R@ format conversion at bit rates
up to 40 Gb/$200]. A second novel method is presented in se&i8[64][201]; the setup
consists in two stages: in the first, the input$kghal modulates the internal laser of a gain
clamped SOA (GC-SOA); in the second stage, thisadigs wavelength converted using
XGM in a common SOA. Both proposed methods are lejrgince these do not require
interferometric schemes or non-linear loops; andene a non-inverted converted signal.
Moreover, in the scheme based on GC-SOA the owliguial wavelength can match the

input one if required.
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5.2 RZ to NRZ converter with SOA and detuned filtering

Detuned optical filtering can be used for sevepgligations, as mentioned already
in this work: oVSB generatiofiL70], enhancement of the modulation bandwidth @AS
[202], or isolation of either the red or blue cleidppart of the spectrum of a XGM
converted signal to obtain RZ to RZ wavelength @swn[110]. In this section we
investigate format and simultaneous wavelength emion based on XGM and detuned
filtering. Experimental results according to thiethod have been presented[R0D3];
however, to the author's knowledge, the operationciple has not yet been investigated,

the filter shape has not been optimized and onl¢h( results have been presented.

Pulse format conversion from RZ to NRZ based onmd optical filtering only is
first presented in sectioh.2.1; in sectiorb.2.2 a XGM stage is added to the setup to
reduce the insertion losses, allow input wavelengtlependence and enable wavelength

conversion.

5.2.1Pulse format conversion based only on detunedifiie

5.2.1.10peration principle

In this section the principle of operation of th&@ B NRZ converter based on
detuned optical filtering is presented and demaitstt by means of simulation. The
principle of operation is bit rate (BR) independegmbvided that the characteristics of the
optical filter are dimensioned according to a s¢attor dependent on the bit rate.

The proposed scheme to convert RZ to NRZ signadiejscted in Figuré&-2. An
input RZ signal ai\l is fed to a detuned optical filter. If the filtespectral response is
optimized, its output signal is converted to theA\Bulse format. The spectral tone at the
clock signal, typical of RZ signals, becomes thetizé wavelength of the converted NRZ
signal. In absence of phase modulation, the RZalpsipectrum is symmetrical relatively
to the optical carrier; therefore, the opticaldilican either be detuned for positive or for
negative wavelengths. For simplicity, the studyspréed hereafter considers always that

the optical is detuned towards negative wavelengtbsitive frequencies).
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Figure5-2: RZ-to-NRZ signal conversion based on deturgatal filtering

Figure 5-3 illustrates the optical spectra of NRZ and Rghals. The NRZ signal
central frequency is detuned by a frequency equahe bit rate. The RZ pulses have a
raised cosine shap@04] with a roll-off factor of 0.5, a full widthtahalf maximum

(FWHM) of a quarter of the bit period (BP). The NRignal was generated as rectangular
pulses and limited by d%order Bessel filter with a cut-off frequency 08&R.
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Figure5-3: RZ and NRZ optical spectra. NRZ signal is detiby a frequency
equal to the bit rate.

The transfer function of the ideal optical filt&r ¢onvert a RZ signal to the NRZ

format,Hrz.nrZA(f) format is given by equationS-1) and $-2):

SNRZ( f+Af)

|HRZ—NRZ(f)|: SRZ( f)

: (5-1)

TH(f):_igmz__l[?[q)mz(f+Af)_¢RZ(f)]' (5_2)

2 of 2 of
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Where |HRz_NRz(f)| and r,, (f) stand for the filter spectral intensity responsd a

group delay, respectivelye stands for the phase, and S stands for spectnadrpdensity.

In Figure5-4 the intensity and the group delay of the idgalcal filter for format
conversion are depicted. Regarding the intensigponse of the filter, several lobes are
observed. However, considering the RZ and NRZ spextFigure5-3, it can be observed

that only the lobe centered aBR has significant influence, since the other lobes
centered in frequencies where the resulting NRAadigas low spectral power. Regarding

the group delay of the ideal filter, in the freqogrrange of most interest (0 -BR),

correspondent to the main lobe, variations lowanth/- 0.1bit period are required. From

the considerations above, if the main lobe is aereid the most important part of the filter
spectrum, the results anticipate that an optid&drfiwith linear phase response can be
employed. The intensity response of such optidtarfis also simple to obtain by feasible

filters, since there are no discontinuities in ba@d of interest.

0.5 1

-0.51

Normalized optical powerdB]

Group delay normalized to the bit rate

4 3 -2 -1 0 1 2 3 4 4 3 2 -1 0 1 2 3 4

Frequency normalized to the bit rate Frequency normalized to the bit rate
a) Intensity response; b) Group delay.

Figure5-4: Simulated ideal filter response to convertt@NRZ pulse format,
HRZ-NRZ (f)

5.2.1.2Simulation results

In the simulation tests, Gaussian shaped optittergi will be considered, due to
their similarity to available experimental opticélters and to potential for simple
implementation. The transfer function of a Gausdilier is described by the following
expression205]:
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Heomse( ) = exp[— In(\/—Z) EEMJZN ] , (5-3)

A1:3dB

wherefc is the center frequency of the optical filtexfzqs is the -3 dB optical
bandwidth andN represents the filter order. The group delay & @aussian filters is
constant, which should not be impairment sinceideal filter required small variations in

the group delay in the band of interest.
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Figure 5-5: Comparison of ideal filter spectral responsiéhvone 2° order
Gaussian filter, and with a cascade filter compobgda f' and 4' order
Gaussian filters.

Two filtering configurations are considered, anceithspectral response is
compared in Figur&-5 a) with the spectral response of the ideafilThe characteristics
of such configurations have been optimized to alfoghest similarity with the ideal filter

intensity transfer function of Figuie4:

« The first filtering configuration consists in a gia 2" order Gaussian filter
with a -3 dB bandwidth of 1.1*BR and a detunindldd5*BR.

« The second configuration consists in a cascade ¥ and a 4 order
Gaussian filters. The -3 dB bandwidth of teahd 4" order filters were
0.8*BR and 1.6*BR, respectively; the detuning rekly to the optical

carrier was 1.05*BR for both filters.
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The single filter configuration is simpler; howeyéne spectral response diverges
from that of the ideal filter. The cascaded filpresents an excellent match with the ideal
filter for the main lobe. The spectra of the conedrsignals are compared with the target
NRZ signal in Figurés-5 b); as expected, the cascade filter enablettartapproximation
to the target spectrum, particularly near the @pbtoarrier. However, both filtered signals
present low-pass characteristics; since both dpfittaring configurations only allow
transmission of the main spectral lobe, there swapass filtering effect in both output
signals. The insertion losses of the filtering-lsh$ermat converter are 6.3 dB for the
single filter and 6.7 dB for the cascade filtere&eaSuch high losses are due to the fact that
the NRZ signal optical carrier is effectively a spal tone at clock frequency of the RZ
signal; and such component presents much lower padien compared to the original

optical carrier.

The signals after the filter-based converters arapared in Figur®-6 in terms of
eye diagram and temporal evolution. Both signa¢s@nt NRZ signal shapes and open eye
diagrams. As expected, both signals present hgghand fall times when compared to the
target NRZ signal (inset Figuf3), due to the low pass filtering effect. Thgnrsil after
the cascade filter presents improved eye openidgeatuced distortion, when compared to
the signal after the single filter. The ER of theneerted signals is very high (ideally
infinite). This is related to the fact that the mowatio of the spectral component at the
clock tone and the adjacent spectral tones in aiBZal is similar to that of the optical
carrier and adjacent tones in a NRZ signal witimitd ER. As will be verified later in this
section, the converted signal still presents végh IER even when the input signal has low
ER.

To allow operation over arbitrary pulse rates @f ttansport network, the converter
should ideally be independent on the pulse duratibthe input signal. However, the
spectral shape of the RZ signal is dependent asepldration. Figure-7 characterizes the
optical spectrum of the RZ signal for different FWHfor small FWHM the RZ spectrum
is very broad, while for higher FWHM, the spectoatupancy is reduced. Moreover the
RZ signal presents spectral notches which becowseclto the optical carrier when the

FWHM increases and affect the spectrum of the adegesignal.
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Figure 5-6: Comparison of temporal evolution and eye diaw of converted
signals when the single and cascaded filter corditipns are employed.
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Figure5-7: RZ signal optical spectrum for variable FWHM.
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To characterize the converter resilience to thetimulse width, Figur&-8 depicts
the eye opening penalty (EOP) (consult appendixfdtl definition of EOP) and the
insertion power losses as a function of the inpatsynal FWHM. The filters were kept

constant throughout the test.

For low FWHM the input signal spectral occupanayr@ases, spreading the power
over a wider spectrum. As a consequence, the iosddsses of the converter are high
under such conditions. On the other hand, for @fHM the RZ signal spectral power is
concentrated closer to the optical carrier, redydime power of the clock signal tone,
which also leads to an increase of the losses EDie shows reduced variation for FWHM
between 0.1*BR and 0.5*BR and 0.6*BR for the singled cascaded configurations,
respectively. For higher FWHM, the notch observedhe RZ signal spectrum (Figure
5-7) causes severe eye diagram degradation. Neles#) input signals with high FWHM
(>0.5*BR) are not an interesting use case, sineetypical signals to be used as input of
the proposed converter are demultiplexed signais fa high bit rate transport network,

which consist in short optical pulses.
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Figure5-8: Characterization of converter performance aagiable input pulse
width. Inset: eye diagrams of converted signal tbe cascaded filter
configuration when input FWHM = 0.1*BR and 0.7*BR.

The conceptual principle of the RZ-to-NRZ convenslmased on detuned optical
filtering is to be applied to the XGM signal af@ISOA, which has inverted polarity and

low ER. Therefore it is essential that the convergirinciple is independent on the input
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signal polarity and ER. The ER and polarity of a®@kOsignal are determined by the
intensity and phase of the optical carrier, regpelgt with the exception of the optical
carrier, the entire RZ signal spectrum is indepahdé its polarity and ER. The proposed
method nearly removes the original optical car@ed the resultant NRZ signal is centered
around the spectral tone at the clock frequencychvis not affected by the original RZ
signal polarity or ER; therefore, independent openaover a wide range of ER and

absolute independence on the signal polarity ieebgal.
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Figure5-9: Converted signal when at the input RZ sigred mverted polarity
and 3 dB of ER.

The filter-based format converter is characteribedrigure 5-9 with an input
inverted RZ signal with low ER (3dB). It can be ebsed that the output NRZ signal is
inverted in relation to the input RZ signal; howewe is non-inverted in relation to the

original logical information. Moreover, the ER dfet converted signal is not affected by
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the input ER. Negligible impact from the input =R and polarity is observed in the
converted signals eye diagrams. The EOP was meh$urea range of input signal ER
between 3 dB and 50 dB and less than 0.1 dB vansitivas obtained.

The RZ-to-NRZ converter with detuned filter has dastrated promising results:
undistorted eye diagram regardless of input sigméihction ratio, independence of input
signal polarity, and high tolerance to input FWHNbwever, it has high insertion losses
and is dependent of the input signal wavelength¢chvivould require wavelength tracking

in realistic network scenarios.

5.2.2Pulse format and wavelength conversion based on SQA

detuned filtering

The previous section demonstrated detuned optittarimg as a simple and
effective method to convert RZ signals to the NR#Arfat. Such method is robust to the
input signal FWHM, ER and polarity. Moreover, itssalable to any bit rate, provided that
the optical filter bandwidth is adjusted accordindfowever, it is highly dependent on the
input signal wavelength, which would require wawejéh tracking of the input signal
wavelength; has high losses; and does not featavelength conversion.

In this section we propose the use of the deturidifig method on the signal
resulting from XGM wavelength conversion of an ihRZ signal. Several advantages are

foreseen when combining XGM and detuned filtering:

* No wavelength tracking is necessary, since theriiity is done over a

locally generated laser;
* The high filtering losses can be mitigated by tlAyain;
» The converter features wavelength conversion;

* The converter output signal is not logically inestrtand presents high ER

(unlike the typical XGM converted signal);
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» Higher operation speed is expected due to the ddtfitiering technique,

according to the results from secti®R.2.1;

» The overall operation principle is simple and us@scost components.

5.2.2.10peration principle

The principle of operation of the RZ to NRZ and wlmngth converter, based on
wavelength conversion in SOA and detuned optidtring, is presented in Figufe10.
An input RZ signal akl and a continuous wave (CW)X& are simultaneously amplified
in a SOA. At the SOA output, the signali& is intensity modulated due to XGM. Such
signal is logically inverted; has reduced extingtratio; and presents patterning effects due
to the SOA slow gain response. This signal is tfeghto a detuned optical filter with
optimized transfer function. The detuned filter Iwgtrieve at the output a non-inverted

NRZ signal with high ER, as demonstrated in theviores section.

Cross phase modulation (XPM) occurs in the SOA kaneously with XGM;
hence, the signal aR presents phase modulation in addition to amitodulation. As
a consequence, the signali&t is shifted towards the red and blue wavelengtingie
rising and falling edges of thel input signal, respectively. Detuned filteringtbé SOA
output signal ak2 will induce phase-to-intensity conversions. Ithen expected that the
detuned filtering will exploit fast frequency ching to enhance the converted signal
quality, together with the format conversion. Detdrfiltering of the SOA output signal
has been presented @hapter 3 as a common technique to obtain wavdietmtversion

of RZ signals with bit rates beyond the SOA gasponse; however, without pulse format

conversion.
SOA OF
CW signal @h2 Py
> > >
RZ signal @1 — ad
SOA output @\2 NRZ signal @2-A\

Figure5-10: RZ-to-NRZ signal conversion based on detwpital filtering.
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5.2.2.2Simulation tests and optimization

As previously referred, one of the main applicasiéor format converters is in all-
optical interfaces between transport and accessonies. At such interfaces, the time
multiplexed channels of an ultra-fast OTDM signed¢ aeparated using a 1Nktime de-
multiplexer, and converted to the NRZ format. Aftards, each signal is routed to the
correspondent access network. Hereafter, a 40 REb&signal with 3 ps pulses is fed to the
format converter. Due to its FWHM, this signal caapresent one of the 4 time de-
multiplexed signals obtained from a 160 Gb/s OTDighal delivered from a transport

network.

40 Gb/s conversion with fast SOA device

Figure5-11 a) presents the simulated SOA output specirben the input signal
presents 3 ps FWHM, with -5 dBm power, and wavdlergj 1550.7 nm; and the CW
probe signal power is 3 dBm and wavelength is 16481. The SOA considered in these
simulations was théast SOA device (consult appendix Il for more detailfhe SOA
output signal at the probe wavelength (common XGdnal) is presented in Figuie11l
b). This signal was obtained after a broad opfittal centered with the probe wavelength.
The signal is inverted, has low ER and presentsopgning distortion due to the SOA

slow response.
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a) Optical spectrum; b) Eye diagram.

Figure 5-11: SOA output spectrum, and eye diagram at thabep signal
wavelength after SOA when a broad optical filtensed.
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Figure 5-12 illustrates the optical spectrum of the SOApat signal around the
probe signal wavelength in more detail. The spectaf a 40 Gb/s NRZ signal with
infinite extinction ratio is also depicted. The NRignal carrier is detuned from the probe
signal by a frequency equal to the bit raf@)( to match the wavelength of its optical
carrier with the discrete spectral tone at the lclobequency of the probe signal. The
transfer function of the ideal filter to converet®OA output signal to the NRZ format is
obtained dividing the NRZ signal spectrum by thiathe SOA output signal at the probe
wavelength. The ideal optical filter spectral aryale response is also depicted in Figure
5-12. In the frequency range of the NRZ main spédtbe (between 0 and 80 GHz), the
filter response does not present significant disnaities. This result is consistent with
that obtained in the previous section for an uwodiet RZ input signal. The phase
response of the ideal filter is not presented siitcpresents negligible group delay
variations in the frequency range of interest, Eirty to the converter of the previous

section.

The ideal optical filter intensity response carapgroximated by feasible filters in
the frequency range of interest, due to the redgcedp delay variations and well behaved
intensity response. Gaussian optical filters preskrmpromising results in the previous

section; therefore such filters will be also coesatl also hereafter.

| — SOA output signal
0 | — NRZ signal
— Ideal optical filten

Normalized optical power [dB]
w
o

-160 -120 -80 -40 0 40 80 120 160
Optical frequency relatively to 1543.4 nm [GHZz]

Figure 5-12: Optical spectra of: SOA output at the prolgma wavelength;
NRZ signal with infinite ER detuned from the prolavelength by 40 GHz;
and ideal optical filter to convert the SOA outpptNRZ pulse format.
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Two filtering configurations are considered andirtlebaracteristics are optimized
in order to allow maximum approximation with theead filter: a single first order
Gaussian filter with -3 dB bandwidth of 25 GHz atetuning of 51 GHz relatively to the
probe signal central wavelength; and a cascade foktaand a second order Gaussian
filters with -3 dB bandwidths of 30 GHz and 57 GHad detunings of 55 GHz and
39 GHz, respectively. The intensity transfer fuocs of the two filtering configurations
are compared in Figur&-13 with the response of the ideal filter. Bothtefing
configurations present a good agreement with tlealidilter curve for the main lobe

frequencies.

— Ideal optical filten
— Cascade Filter |
0 + — First order filter | - --

Normalized optical power [dB]

-80 -40 0 40 80 120 160
Optical frequency relativelly to 1543.4 nm [GHZ]

Figure5-13: Intensity response of ideal filter to conviéie@ SOA output signal
to the NRZ format, and approximation by a cascdditers, and by a single
first order Gaussian filter.

Figure5-14 a) compares the optical spectrum of the cdegiesignals after SOA
and detuned filtering with the spectrum of NRZ sigwith infinite ER. The spectra are
reasonably approximated for the main spectral Iédxehigher frequencies, the converted
signals have complete spectral suppression dudediltering. Figure5-14 b) and c)
present the converted signals eye diagrams. Tmalsafter the cascade filter presents an
open and undistorted eye diagram. Comparing todaal iINRZ signal, the converted
signals have high rise and fall times due to thive-pass filtering effect. The single filter
provides insufficient suppression of the opticaleaat 80 GHz (as can be verified in the
optical spectrum), and as a consequence the ressigmnal presents an oscillation in the

logical ‘1’ level. Both signals present very higktiaction ratio. Comparing the converted
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signals eye diagrams to the converted signal obdawhen a broad filter tuned with the

probe wavelength is used (Figur€el1l b)), demonstrates that the proposed schemanhot

performs format conversion, but also improves th@AStemporal response. Both

configurations feature optical gain, since the S@plifies the signals, and the

information is converted to the higher power prolMith the single filter, the output signal

optical power is 3.4 dB, corresponding to 8.4 dRjain relatively to the input RZ signal;

with the cascade filter a gain of 7.

3 dB was oladin
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Figure5-14: Optical spectra and eye diagrams of convesigadals after SOA
and detuned filtering for single and cascade filgiconfigurations.
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The impact of detuning of the probe signal wavelenglatively to the optical
filter is assessed in Figurg-15, by means of output signal eye opening penatg
converter gain. For negative detuning, the optgaih of the configuration increases;
however, the optical tone at the probe signal eagauses distortion in the eye diagram
and penalties in the EOP (as can be verified froenupper inset). For positive detuning
the optical tone at 80 GHz becomes preponderanichwéilso causes distortion in the
converted signal (although the EOP is not necdgsiggraded): the output signal becomes
shaped as an RZ (lower inset); moreover, positeterdng reduces the gain of the optical
converter. Nevertheless, around +/- 4 GHz of fittetuning are allowed with a variation of
the converter gain below 1.5 dB and with EOP beloa8.
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Figure 5-15: Impact of detuning of the probe signal cdntreavelength
relatively to the optical filters. Inset eye diagi® of the converted signals for:
cascade filter structure with detuning of -10 GHmd single filter with
detuning of 6 GHz.

The input signal pulse width may vary, for examgiles to tight optical filtering of
the signal to convert or due to accumulated chranti$persion. Therefore, it is important
that the converter is tolerant to such pulse widihations. Figurés-16 characterizes the
dependence of the converter performance on the pylse width. Since the optical filters
were designed for input FWHM of 3 ps, EOP penaltasse for both filtering
configurations when the converter input signal pnés higher FWHM. The optical gain is
also penalized for higher pulse widths since umtdeh circumstances the converted signal

spectrum has lower power in the side lobes. Negka#ls, input pulse widths up to 7 ps or
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9 ps are tolerated without penalizing the convesigdal EOP above 0 dB, for the cascade
and single filter configurations, respectively.
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Figure 5-16: Impact of input signal pulse width. Inset ajiagrams of the

converted signals for: cascade filter structure B¥WHM of 1.5 ps, and single
filter and FWHM of 12.5 ps.

The powers of the input data signal and of the Qwb@ impact the converter
performance. For constant probe signal power, tranaf the input signal power leads to
changes in the modulation of the SOA carrier dgresid, as a consequence, in the amount
of XGM and XPM suffered by the probe signal. Simijtafor constant input signal power,
changes in the probe signal power affect the |@feBOA gain saturation, which also
impacts the amount of XGM and XPM. Changes in thie gnd phase modulation suffered
by the probe signal lead to different output s@cthape: different optical filter transfer
function is then required. FiguBel17 characterizes the converted signal EOP asdifun
of the input and probe signal powers for the siragld cascaded filter configurations. Both
filtering structures show high tolerance to inpiginal power variations, provided that the
probe signal power is adapted accordingly. Whenpitede signal power is adapted to
optimize the converted signal EOP, the power of toaverted signal is also kept
approximately constant. For example, when the ismgrial power varies from -14 dBm to

-2 dBm and the probe power is optimized to maxinitee EOP, it was verified that the
output power varies less than 1 dB.
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Figure 5-17: Converted signal EOP as a function of inpud @robe signals
power.

It was referred in the previous section that theeiraked optical filter can be applied
both to the positive (blue) and negative (red) gaftthe optical spectrum, when its input
RZ signal is unchirped; however the SOA output aigmresents chirp due to XPM. To
verify if it is possible to perform format convewsi using also the red chirped part of the
spectrum, the ideal filter transfer function wasivkl for such condition. Figurg-18 a)
presents the intensity response of the ideal fittetuned towards the negative frequencies.
A reasonable approximation has been found by aadasof a first order and a third order
Gaussian filters. The -3 dB bandwidths of the fastl third order filters are 27 GHz and
67 GHz, respectively; and the detunings relatitelyhe probe signal central wavelength
are -46 GHz and -43.5 GHz. Figusel8 b) presents the converter output spectrumrunde
such conditions, and compares it to the ideal apNiRZ signal spectrum. The optical gain

of this configuration is 7.7 dB.

Figure5-19 a) presents the eye diagram of the conveitgdilsafter the cascaded
filter when applied over the red part of the SOApot signal spectrum. Severe signal
distortion is observed in such eye diagram whenpaoed to the converted signal when
using the blue part of the spectrum, which is depidn Figure5-14 a). The amplitude
distortion is due to the strong and fast red cbicpurring in the leading edge of the input
optical pulses; this chirp translates in the oveostobserved in the ‘0’ to ‘1’ transitions of
the output signal in Figurg-19 a). To eliminate such distortion, it would fecessary to

consider an optical filter with non-constant gralglay. To confirm such assumption, the
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ideal filter of Figure5-18 a) has been applied to the SOA output sigaralideal NRZ
signal is obtained when both intensity and phaspamse of the filter are considered (not
presented in any figure); when only the intensagponse of the filter is employed (the
group delay is a constant), the distorted signdigire5-19 b) is obtained. Therefore, we
may conclude that the blue part of the spectrunm@e appropriate for RZ-to-NRZ
conversion than the red part of the spectrum.
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Figure5-18: RZ to NRZ conversion by filtering the “redan of the spectrum
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40 Gb/s conversion with slow SOA device

We have previously demonstrated RZ to NRZ convaratod0 Gbit/s using thiast
SOA device, with recovery times of approximately @0 The detuned filtering not only
enabled conversion to the NRZ format, but also ceduhe patterning effects due to the
SOA slow response. Hereafter, the potential of thisthod for overcoming the gain
recovery limitations is investigated by using g#lew SOA device, with recovery times of
around 380 ps.

The input signal FWHM is 3 ps, similarly to the yicus tests. It was verified that,
for optimum performance, higher probe signal poweequired when compared to the test
with thefast device, for constant input signal power. Thereftine input signal power is
-3 dB, and the probe signal power is 9 dBm. Highebe power requirements are due to

the fact that the SOA response improves for higaéuration.

Figure 5-20 a) compares thslow SOA output spectrum at the probe signal
wavelength with the equivalent spectrum when fémt SOA is employed. The slower
response of the SOA acts like a low pass filtethin converted signal (consult secti®3
for more details), as can be verified from the agdtspectrum of the converted signal when
the slow SOA is used. The spectral tone at thekcfuency, which will be the NRZ
signal central tone, presents power approximat@lgB lower for the slow SOA. A broad
optical filter, centered with the probe signal wWawgth, is used to extract the common
XGM signal. The resultant eye diagram is represemerigure5-20 b): due to the slow
SOA response the converted signal eye diagrammipletely closed.

The spectral intensity response of the ideal filteconvert to NRZ format, when
theslow SOA is used, is compared in Figr1 a) to the ideal filter response for the fast
SOA. The two filter responses are similar in thembabe, with the exception that the slow
SOA requires a much higher attenuation at the abwnimvelength of the probe signal. The
higher attenuation relates to the lower modulatiepth obtained from the slower SOA.
The ideal filter is approximated by cascading stfand a third order Gaussian filters with
-3 dB bandwidths of 27 GHz and 64 GHZ, respectivalyd detunings of 48 GHz and
45 GHz. Figures-21 b) presents the converted signal eye diagvamch presents very
high ER and complete suppression of the distorti@mt was present at the SOA output
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(Figure5-20 b)). Unlike thdast SOA configuration, which features optical gaire glow
SOA converter scheme presents 12 dB insertiondo3des result proves that the detuned
filter provides conversion beyond the SOA modulatioandwidth; however, in such

condition the converter is penalized by a reductibthe output signal power.
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Figure 5-20: SOA output spectra, and eye diagram at thebeprsignal
wavelength when a broad optical filter is used.
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Figure5-21: Spectral response of filters for conversibi®OA output signal to
NRZ format, and eye diagram considering a casca@auossian filters.

The simulation results of this section demonstrtite great potential of the

configuration with SOA and detuned filter for sitarleous wavelength and format
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conversion. Using the fast SOA device the scherasgmts optical gain and an undistorted
output signal was obtained at 40 Gb/s. Independehdde input signal FWHM was
demonstrated and tolerance to a high input powegeaas enables, provided that the probe
signal power is adapted accordingly. With the samethod the slow device was also
capable to convert an input 40 Gb/s RZ signal te NMRZ format with negligible
distortion. The main drawback of using the slowideare the high insertion losses, due to

lower carrier modulation at high bit rates.

5.2.2.3Experimental validation

40 Gb/s conversion with fast SOA device

The converter is experimentally tested at 40 Glsimgithe experimental setup
depicted in Figur&-22. The input RZ signal atl = 1549.9 nm is obtained by modulating
the output of an ultra-fast optical clock (UOC), ielhgenerates 3 ps optical pulses, in a
MZM. The optical RZ signal spectrum and eye diagama depicted in Figurg-23. The
RZ signal is coupled with a continuous wave (CW)2at= 1552.52 nm and amplified in a
SOA. Thefast SOA is considered for this test. The power of R and probe signals at
the SOA input are adjusted to -2.0 dBm and 5.0 dBygpectively. After the SOA, the
signal is filtered by optical filters OF1 and OFRjch cascade of filters is employed to
obtain an approximation of the ideal filter, as atdmed in the previous section.
Transmission of the converter output signal oveMBSs carried to assess its dispersion
tolerance. The resultant signal is detected ataaprplified receiver, where OF3 is used to
reduce the amplified spontaneous emission (ASE3enspectral bandwidth. The -3 dB
bandwidth (BW) of OF3 and the photo-detector ar@ 43d 37 GHz, respectively.
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Figure5-22: Wavelength and RZ to NRZ converter setup.
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Figure 5-24 presents the optical spectrum at the SOA owtpd the XGM signal
eye diagram, retrieved at the SOA output when adrmptical filter is considered. The
XGM signal was obtained after a broad optical filttuned with the probe signal
wavelength. The eye diagram presents reduced ERIB), and patterning effects due to
the SOA slow gain response. The experimental eggrdin and optical spectrum present
similarities with those obtained via the 40 Gb/swdation tests presented in previous
section (Figuré-11).
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Figure5-23: Optical RZ signal with 3 ps optical pulseyeHliagram obtained
with a 65 GHz photo detector.
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Figure5-24: SOA output spectrum; and SOA output eye diagwhen a broad
optical filter tuned with the probe signal waveldng used.

Figure5-25 presents a detailed view of the probe sigpttal spectrum, and the

spectrum of an NRZ signal with infinite ER. Fronesle two spectra, the intensity spectral
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response ideal filter to convert the SOA outputtite NRZ format is obtained and
represented also in Figuke25. For comparison, the ideal conversion filtbtamned via
simulations (originally presented in Figusel?2) is also represented. An excellent match of

the two filters is observed in the main lobe.

— NRZ signal
— Ideal filter obtained by simulatio
— ldeal filter obtained experimentally

— SOA output signal 'J

Normalized optical power [dE

-80 -40 0 40 80 120 160

Optical frequency normalized to 1552.52 nm [GHZz]

Figure 5-25: Optical spectra of: experimental SOA outpttpeobe signal
wavelength, NRZ signal with infinite ER detunedrfréhe probe wavelength by
40 GHz; and ideal optical filters to convert the AOutput to NRZ pulse
format obtained by simulations in sectibr2.2.2 and obtained from the SOA
experimental output spectrum.

Figure 5-26 presents the intensity transfer function & tifter that enables ideal
conversion to the NRZ format, obtained from theezkpental SOA output spectrum. Due
to our experimental constraints, it was not possiblachieve an optimal approximation, as
that obtained in the simulation results. Two caedafilters are considered: OF1 and OF2,
which can be approximated b and 3 order Gaussian shaped characteristics, with -3 dB
bandwidth of 42 and 37.5 GHz, respectively. OF1 a@E2 have tunable central
frequencies, which are optimized considering tlealidilter optical spectral response, and
the output NRZ signal eye diagram. Optimum deturmih§l GHz and 45.5 GHz relatively
to the probe signal central wavelength were foworddF1 and OF2, respectively. Under
such conditions, the measured spectral intensgyarses of OF1 and OF2 are depicted in
Figure5-26; also the resultant intensity response otctszade of the two filters; and the
ideal filter response are illustrated. Comparing thsponses of the ideal filter and the
experimental cascade filter, a reasonable apprdiomas observed from 25 to 68 GHz,

with intensity response difference lower than 3 dB.
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Figure 5-27 a) and b) presents the converted signal dpsigactrum and eye
diagram. The signal eye diagram is open and habgiidg distortion; moreover, this
signal features high ER (12.1 dB). The signal skise and fall times (approximately
17 ps), are due to the high decay of the experiahditier cascade for frequencies between
0 and 25 GHz and from 68 to 80 GHz, when compavelé ideal filter.

— Ideal filter obtained experimentally
—OF1

5 —OF2 I—
— Cascade filter

Intensity response [dB]

-10 0 10 20 30 40 50 60 70 80 90

Optical frequency normalized to 1552.52 nm [GHZz]

Figure5-26: Ideal and experimental optical filters gp#dantensity response.

T — NRZ signal
— Signal after OF2

Normalized optical power [dE

-40 0 40 80 120
Optical frequency normalized to 1552.52 nm [GHZ]

a) Optical spectra; b) Eye diagram.

Figure 5-27: Comparison of ideal NRZ signal optical spactrand spectrum
obtained after the experimental filter cascade; exgkrimental eye diagram at
converter output.
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Figure5-28 compares the temporal shapes of the inputi¥akwith the signals
obtained after the SOA when a broad optical figgtracts the probe wavelength (XGM
signal), and after the filter cascade. It is visilihat the information carried by the signal
after the SOA is logically inverted relatively thet input signal data, and presents strong
patterning effects due to the SOA slow carrier vecp. However, the filter output signal is

no longer inverted and overcomes the signal degmadeaused by slow carrier dynamics.

¢) NRZ signal after detuned optical filtering.

Figure5-28: Experimental temporal shapes of input RZ&igdGM signal and
signal after the cascaded filter.

The converter performance is characterized in Eigi#29 for different central
frequencies of OF1 and OF2, by means of bit eabto (BER) measurements. The power
at the input of the pre-amplifier receiver was kieped at -26.9 dBm. A bit pattern length
of 2'-1 is used for the BER tests. First, the centedjiency of OF2 is detuned from 45.5
GHz relatively to the probe signal wavelength arfell@entral frequency is varied. More
than 35 GHz of OF1 central frequency variationaltewed for the BER to rise from 18
to 10°. The BER demonstrated less tolerance to OF2 ddrerpiency deviations from the
optimum value, due to its higher out of band decaigh OF1 tuned at 61 GHz, the
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allowed variation of OF2 central frequency is omgound 7 GHz for the same BER

degradation.

-5.0

-6.0

-7.0 1

-8.0

log(BER) )

-9.0

-10.0

-11.0 w w \ \ ‘
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Filter central optical frequency relativelly to 2552 nm [GHZz]

Figure 5-29: Characterization of converter performancedsnction of OF1
and OF2 central optical frequency.

The influence of the filter shape was assesse@piacing the cascaded filters with
only one of the filters. Considering only OF1 (th order Gaussian shaped filter), the
spectral component at the probe signal wavelerggtioi sufficiently rejected, and a signal
with distorted shape and closed eye diagram isreedeOn the other hand, considering
only OF2 (the *§ order Gaussian shaped filter) detuned from 45 @otn the probe signal
central frequency, the NRZ eye diagram of FighH&0 is retrieved at the output. Although
presenting an open eye diagram, this signal presggnificant eye opening penalty, since
OF2 diverges from the ideal filter response. Iis tase, a 2.5 dB power penalty at the pre-
amplified receiver is obtained in back-to-back &BER of 1F, when compared to the
cascade of the two filters. Therefore, the casaddie two filters is required to obtain
proper converter performance, considering our expartal constraints. Nevertheless, the
ideal filter may be approximated by a custom desigeingle device, using fiber Bragg

grating technology, for example.

The converter performance is characterized in [ig6e31 for different
transmission distances, by means of bit error rd&BR) measurements, as a function of
the pre-amplified receiver input power. The cons@mRZ signal in back-to-back presents
a penalty in the required optical power for a BER.®® of approximately 1 dB, compared

to the input RZ signal. Such a power penalty is mamly observed even when comparing
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ideal NRZ and RZ signals, due to a higher vertged diagram opening of RZ for the same

optical power.

Figure 5-30: Obtained eye diagram when only OF2 is utilizz the SOA

output.

Since SOA induce phase modulation in the convestgdal through XPM non-

linearity, it is important to verify the convertegignal ability to be transmitted over

dispersive optical fiber. The converted signak@smitted over 4 km and 6 km of SSMF

(68 ps/nm and 102 ps/nm, respectively) to charaeteits tolerance to accumulated

chromatic dispersion. The optical power penaltyddER of 10, after such distances, is

0.7 and 3.3 dB, respectively, when compared toNR& signal in back-to-back. These

penalties are in agreement with the results oi@edt2.3.2 for conventional on-off keying

(OOK) format, demonstrating that the SOA inducedgeghmodulation does not impact the

dispersion tolerance of the converted signal.

= RZ input

-4
-5 -
-6 -
-7 -

log(BER)

¢ NRZ (back-to-back)
A NRZ (4 km)
0 NRZ (6 km)

-11

-32 -31 -30 -29 -28 -27 -26 -25 -24 -23

Input power at optical receiver [dBm]

Figure 5-31: BER as a function of the pre-amplified reeeinput power.
Insets: eye diagrams of the converted NRZ signialr & and 6 km of SSMF

transmission.
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10 Gb/s conversion with slow SOA device

The experimental 10 Gb/s RZ signal has a FWHM olalb0% of the bit period, a
Q-factor of 10.1, and an ER of 8.4 dB. The poweth& data signal at the SOA input is
-5.6 dBm and the CW prolgmwer is 2.3 dBm. The data signal wavelength is81&&m
and theCW wavelength is 1547.55 nm. The detuned optical sglecttensity response is
approximated by a"2 order Gaussian filter with a -3dB bandwidth of8L&Hz. Theslow
SOA device is employed in the 10 Gb/s tests.

In Figure5-32 the optical spectrum after the SOA is preskrds well as the eye
diagram of the converted signal when a broadbatidadilter tuned with the probe signal
is employed. The signal eye diagram presents pattgeffects due to the SOA recovery

time.
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a) Optical spectrum; b) Eye diagram.

Figure 5-32: Optical spectrum after the SOA, and eye diagof the XGM
converted signal.

Figure 5-33 presents the converted signal meas@+ddctor as a function of the
detuning relative to the probe signal wavelengthr. & detuning of 14.2 GHz from the
input CW probe signal optical carrier, a non inverted NR@nal with undistorted eye
diagram is obtained. The converted signal presantsmprovedQ-factor of 9.4, and
extinction ratio of 10.3 dB. It can also be vedfithat the slow response of the SOA is not

noticed in the detected eye diagram, similarlyh®40 Gb/s tests.
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Q-factor

Detuning from the optical carrier [GHZ]

Figure 5-33: Q-factor as a function of the detuning of th#tical filter; the
insets show the eye diagrams for selected valudstahing.

5.3 RZ to NRZ pulse converter with GC-SOA

5.3.10peration principle

As detailed in sectio2.8, GC-SOAare similar to a common SOA where lasing is
induced by a distributed Bragg reflector (DBR).dbsence of input signal, the internal
laser power is constant at a level determined byc#vity losses. When an optical pulse is
injected into the GC-SOA the internal laser powecrdases in order to obtain a constant
cavity gain. However, if the input power is highoegh, the carriers are depleted below the
lasing threshold, the laser turns ‘off’ and the GOA acts as a common saturated SOA.
When the input power level decreases and the caleiesity at the excited state becomes
sufficient to provide the necessary gain, the maelaser turns ‘on’ again. In Figute5-34
the GC-SOA carrier density and the internal lasewgr temporal evolutions are
represented when two consecutive optical pulsesnggeted, considering a pulse spacing
(Tp) close to the maximum modulation rate of the GCASfternal laser. Two situations

are considered:
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« When alow power pulse train is injected (Figurg-5-34. a), the carrier
density falls below the lasing threshold (i.e. tager is extinct). When the
pulse leaves the SOA, the carrier recovery timingolasing threshold level
(Torr-on) IS lower thanTp, and the laser turns back on before the next pulse
In this condition all the transitions of the inpignal are tracked by the
laser: it is modulated with the inverse of the inmignal logical

information.

* In case of ahigh powerpulse train (Figurés-5-34. b), the laser is also
extinct when an optical pulse enters the GC-SO/e difference from the
low powerpulses it that the amplifier is driven into deepaturation (i.e.
the carrier density is further reduced) afgtr.on is higher thanlp. As a
consequence, the laser remains ‘off’ during twoseentive pulses. In this
condition, the internal laser is NRZ modulated vihie inverted equivalent

of the input signal logical information.

Tp
£ T
Input E
Optical
Pulse
Carrier Lasing
Density threshol
Internal
Laser \
P : :
TOFF—ON TOFF—ON
time time

a) Low power pulses; b) High power pulses.

Figure 5-5-34: Schematic representation of the variationsthiea GC-SOA
carrier density and in the internal laser intensityien low and high power
pulses are injected.

As illustrated, if the power of the RZ pulses sigisachosen so thalorron is
slightly higher thanTp, the GC-SOA internal laser is modulated with theerse of the

input signal logical information and with NRZ forin& his laser is generated inside the
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GC-SOA, but due to the limited reflectivity of tleC-SOA facets and gratings, it is
available at the GC-SOA output. Such signal resfitism modulating a laser near its
maximum rate; therefore significant distortion Isserved. An additional stage, consisting
of a XGM wavelength converter in a common SOA Wi cascaded to overcome this
impairment, due to the low pass effect characterigtXGM. The resultant scheme is non-
inverting; moreover, the output signal wavelengtiyrhe the same as the input or it can be

converted to any arbitrary wavelength within theAS@orking range.

5.3.210 Gb/s experimental results

The setup of Figur&-35 is used to obtain format conversion based odutating
the GC-SOA internal laser and XGM in a common SO®e input 10 Gb/s optical pulses
at A, of 1547.3 nm have variable FWHM of 5 ps or 40 [sis signal is amplified in the
GC-SOA and modulates the internal lasergr = 1509.5 nm. As referred above, the
internal laser is modulated with the inverse ofitiput signal logical information and NRZ
pulse format. Due to the limited reflective of tB&€-SOA gratings, the internal laser is
available at the output; this signal is then anmgiifand filtered to remove the input
wavelength and optical noise (OF1 is centerethgt). The resulting signal is then fed to a
XGM stage, which removes part of the incoming dista and allows for flexible output
wavelength. In the tested scheme, the CW probe leagth is the same as the original RZ
signal,A;. At the SOA output, an optical filter removéssr (OF2 is centered a#l;). The
fast SOA device is employed in this test. Opticitels OF1 and OF2 have -3 dB
bandwidth of 0.4 and 0.46 nm, respectively. Theveoted signal is detected in a pre-
amplified receiver, which consists in an EDFA, atical filter with -3 dB bandwidth of
1.27 nm (OF3 is centered &f), and a photo detector (PD) with 10 GHz bandwidth.

In a first analysis, the photo detector is placetha output of OF1 to observe the
amplitude dynamics of the modulation suffered by &C-SOA internal laser. In Figure
5-36 b)-d) the time domain curves of this laser @esented for several RZ signal input
powers; the input signal is also depicted in Figbv& a). For this characterization the
input signal FWHM is 5 ps. Figue36 b) presents the laser temporal shape for mmep

pulses (-16.7 dBm); in this case the laser is sitgrmodulated with the inverse of the
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input signal logical information. Since the carrggnsity never falls beneath the lasing
threshold, the laser never turns ‘off’ and its mlation follows all the input signal

transitions with reduced extinction ratio. For aput power of -9 dBm, the temporal shape
of the GC-SOA laser is presented in Fig&re€86 c): the laser modulation speed is
insufficient to follow all the transitions; therety the laser turns ‘off when an optical
pulse enters the GC-SOA and remains in the ‘ofitestuntil the next logical ‘0’. In this

condition, the input information is converted tee tNRZ shape. Further increasing the
input power rives the GC-SOA into deeper saturatiarhnere stand alone ‘0’s are lost, as

depicted in Figur®-36 d) for an input power of 0 dBm.

S-band
MZM PC1 GC-SOA OF1 EDFA

_@_ 000 H=Al
~ soA OF2 Epra OF3 PIN

10Gpls | "_,/Z‘j_>_%_w¥
MLLD 10 Gbl/s . iR
1547.3 nmPRBS, 311 ; %
cw
1547.3 nm

Figure5-35: Setup to perform non-inverting format and alamgth conversion.
Inset: Optical spectra after GC-SOA and after SOA.

We have verified that the signal of Figuse36 c) is converted to NRZ format and
presents high extinction ratio (ER); however, itimsited by the GC-SOA characteristics.
First, the reflection band of the internal gratingsroad; therefore, the internal laser has
several modes, reducing its suitability for fibernsmission. Second, this signal presents
distortion due to the relaxation oscillations thatur when the laser turns ‘on’. Third, the
output signal presents inversion of the logicaloinfation; and its wavelength is
predetermined to the wavelength of the internaliggeof the GC-SOA. A XGM stage in a
common SOA is added to overcome such drawbackshdnXGM stage, a CW probe
signal is amplitude modulated, allowing the coneetb present wavelength conversion
capabilities to an arbitrary wavelength (differdrdm Apgr). Since the XGM stage is
inverting, the converter output signal will be nomerted in relation to the input RZ
signal. Furthermore, the resulting signal presdets distortion than the GC-SOA
modulated laser, due to the SOA gain compressifattednd the low-pass effect of the

XGM effect. In Figures-36 e), the temporal shape of the signal afteixiG&/ stage (after
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OF2) is depicted for -9 dBm input power. As disagsabove, the resulting signal is non-
inverted in relation to the input RZ signal, andsiof the amplitude distortion observed in

the modulated laser (of Figube36¢)) has been removed.

|| 1%

a) input signal

} : : : : 200 .0ps Adiv

b) laser generated by the GC-SOA for input powérd®.7 dBm;

d) laser generated by the GC-SOA for input powé&E®dBm;

=

e) Output signal after the XGM stage for an inpavpr of -9 dBm.

Figure5-36: RZ to NRZ format converter characterizatiga temporal shapes
of input pulses, GC-SOA internal laser and XGM oitgignal.
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The optical spectra after the GC-SOA and SOA aesgnted in Figurg-37. It can
be verified that after the GC-SOA the spectrumhaf optical signal is very broad, since
the converted signal consists in the GC-SOA geadrktser. After the second stage such
signal is converted to a local wavelength, and dbgput spectrum is now similar to a
common NRZ signal, with some residual chirping,bles from the unbalance of the red
and blue parts of the optical spectrum. Such umigal#s due to XPM non-linearity.

0

. _10 4
— 28]
5 =)
= -20 6
(5] -
z 3
8 -30 + a -
E g
N 40 N
s ®
€ .50 £
o S -
z
-60 z
-70 e -40 | ; |
1506 1507 1508 1509 1510 1511 1512 1513 1547.12 1547.22 1547.32 1547.42 1547.52
Wavelength [nm] Wavelength [nm]
a) After first conversion stage; b) After secondiwersion stage;

Figure 5-37: Optical spectra of the signals after thet fasnversion stage (in
GC-SOA) and after the second conversion stageofimoon SOA).

The converter operation is investigated using RBgaiwith FWHM of 5 ps and
40 ps; for the former case the RZ signal input powe9 dBm and for the latter the input
power is -10 dBm. The eye diagrams of the inputaRd the converter output NRZ signals
are illustrated in FigurB-38. From the converted signals eye diagrams,nbticeable that
the converter retrieves open and undistorted eggrains in both cases. The output signal
ER in both cases is around 6 dB. The jitter infling edges of the output signal is higher

than in the rising edges; such jitter is causethkyturn ‘on’ of the GC-SOA internal laser.

We have verified that GC-SOA input power can vayy #- 1.5 dBm without
significant performance degradation. For lower agitipowers, the output signal format
becomes RZ; and for higher optical powers, twodtaone ‘0’ are lost. The impact of the
GC-SOA driving current was also verified: the tgstssented above considered a driving
current of 200 mA; when this value falls below 1BfA, the internal laseorron

increases and the output signal does not followhallogical transitions.
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a) Input (FWHM =5 ps) b) Converted (input FWHM $%§)

¢) Input (FWHM = 40 ps) d) Converted (input FWHMI8 ps)
Figure5-38: Eye diagrams of the input and converted $gyna

To assess the impact of the CW probe signal wag#ient was set to 1530 nm
retrieving a converted signal ER of 7.5 dB, and. &0 nm, retrieving an ER of 4.8 dB.
Improved ER is expected if a GC-SOA with interreddr wavelength closer to the SOA
central wavelength is used, and if down convers@omperformed at the SOA206]

(conversion to lower wavelengths).

The eye diagrams presented in Figbf88 were obtained when the GC-SOA and
SOA input signals are polarized for the maximum Bfieps gain. Polarizing these signals
orthogonally originates a small decrease in th@wusignal ER (less than 0.6 dB), since

the employed SOA and GC-SOA present low polaripadiependence, of less than 0.5 dB.

The system BER is measured for the RZ input sigaats for the corresponding
converted NRZ signals, as a function of the optmaler at the pre-amplified receiver
input. The results are presented in Figh#®9. A 2'-1 sequence is utilized due to 3R and
BER equipments limitations; nevertheless, whenseémguence length is increased 1672
there is no visible eye diagram penalization.
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The 5 ps RZ signal is penalized by 6 dB for a BER®, comparing to the 40 ps
signal. This penalty is due to the low bandwidtitred photo detector, which was used to
simulate the lower bandwidth of an access netweckiver: as result, part of the spectral
energy of the short pulses is lost. The two ouNRE signals BER curves are similar, with
a difference of less than 0.8 dB; such similariggndnstrates the converter robustness to
the input pulse width. For a BER of 10the converted signal presents a power penalty of
2.5 dB relatively to the 5 ps pulses, and of appnaxely 8.5 dB for the 40 ps RZ signal.
Since the retrieved NRZ signals present open eggrains, as depicted in Figube38,
these penalties are mostly caused by two factarst, Fhe converted signal reduced ER,;
second, because RZ signals usually feature impreeeditivity when compared to NRZ,

due to higher vertical eye opening for the sameajppower.
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Figure5-39: BER measurements of the input RZ and condeéMfRZ signals.

In this section we have proposed and experimen@désnonstrated a 10 Gb/s
converter from RZ to NRZ pulse format. The convelite non-inverting and features
wavelength conversion. The converter delivers aanopnd undistorted eye diagram,
mostly limited by an ER of 6 dB. The output sigik& can be increased if the GC-SOA is
designed so that the internal laser wavelengthigben, so that down-conversion is
performed in the SOA. Optionally the XGM modulatican be replaced by XPM, which
typically allows high output ER.
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5.4 Summary

Return-to-zero (RZ) to non-return-to-zero (NRZ)gmuformat conversions are key
elements in the interfaces between high bit ratasjport networks and access networks.
For full functionality, these should allow convensiof short optical RZ pulses and feature
wavelength conversion. In this chapter we propaseti experimentally demonstrated two

schemes to obtain such conversion.

The first method employs cross-gain modulation (X3dMsemiconductor optical
amplifier (SOA) and detuned optical filter and wassessed via simulations and
experimental tests. The ideal optical filter shapas investigated, and approximated
experimentally cascading two filters. NRZ signa&s/é been obtained at 10 Gb/s and at
40 Gb/s. The converted signal presents high ERuaddtorted eye pattern. At 40 Gb/s the
converter input pulses had 3 ps full width at maé&ximum, demonstrating the potential for
support of 160 Gb/s networks. By appropriate fitesign, we have demonstrated 40 Gb/s
pulse format conversion using telew SOA device. We have verified that the converter is
robust to input signal power variations, providédttthe probe signal power is adjusted
accordingly. For constant optical filter shape,impted for 3 ps optical pulses, the input
signal FWHM can vary between 1 ps and 8 ps witlieDP increasing above 1.5 dB. The
converted NRZ signal presents similar tolerancehimmatic dispersion, when compared
to conventional OOK, demonstrating that its trarssiin capabilities are not prejudiced by
SOA induced chirp.

The second proposed scheme is based on two stagée. first stage the internal
laser of a gain-clamped SOA is intensity moduldtgdhe input signal; due to the laser
dynamics, the output signal presents NRZ pulse d&ramd high ER. The second stage
consists in a XGM stage in a common SOA, this staivs flexibility of the output
wavelength and removes some of the distortion ®fGIC-SOA laser. The resultant signal
is non-inverted and features eventual wavelengthvesion. The operation of the
converter was experimentally demonstrated at 1&,Gitiere 5 ps and 40 ps pulses were
successfully converted to the NRZ format, revealiolgustness to the pulse width. Open

and undistorted eye diagrams were obtained and fee®operation was verified.






Chapter 6

Optical regeneration

6.1 Motivation

With the outcome of the EDFA and dispersion compBos techniques,
transmission of optical signals over hundreds ousiands of kilometers became possible
without intermediate OEO regenerators. The incregpdemand for optical bandwidth has
lead to the development of WDM systems and tortheease of the per channel bit rate. In
parallel to the explosion of per channel bit rated transmission distances, optical systems
are also evolving from simple transmission systémre higher level of complexity, where
switching and signal processing is supported by dpgcal layer. By eliminating the
electronic bottlenecgkall-optical signal transmission and processirggextpected to enable
the next generation of optical networks, by draoaly reducing costs, energy

consumption, and increasing the network throughput.

The increase of the per-channel bit rate usualigdeto a reduction of the signal
tolerance to optical impairments. Such optical impants are mostly originated from
propagation and from signal processing. Propagadegrades the optical signal due to
various distortion sources; such as: uncompensetiedmatic dispersion, polarization-
mode dispersion, non-linear effects, or noise acdation. Optical signal processing
degrades the signals by tight optical filteringpsstalk in photonic-cross connects;
polarization dependent losses (PDL) of componerded by imperfect optical
functionalities, like wavelength or format conversi Usually, signal distortion is divided

in two main categorie$207]: amplitude distortion, and temporal distonticAmplitude

195
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distortiondegrades the contrast between logical ‘1’ anaviije temporal distortiorrefers

to temporal fluctuations between optical pulsesq&nown as phase timing jitter).

Signal degradation in optical systems is typicayercome by adding regeneration
stages at periodic transmission distance intervds. most common type of regeneration
consists in detecting the optical signal, recowgrnin the electrical domain and re-
transmitting it. However, this technique suffersnfr the general disadvantages of OEO
signal processing. On the other hand, all-optiegénerators are expected to overcome the
drawbacks of OEO converters and are consideredtiselements for fully-functional

optical networks; however, all-optical regeneratbmigh bit rates is still a research topic.

Regeneration can be divided in the three main fanatities of Figure6-1:
re-amplification, re-shaping, and re-timing. Thepglest functionality ige-amplification
(or 1R), which consists in simple optical amplifioa. A device which also provides-
shapingin addition tore-amplificationis known as 2RRe-shapingconsists in increasing
the contrast between the two logical levels; whiaproves the required optical signal to
noise ratio (OSNR) for a specific bit error rateE@) level. Finally, 2R is combined with

re-timing, to create a full 3R. Re-timing refers to the mdhn of the signal jitter.

A O

Re-amplification Re-shaping Re-timing

Figure6-1: illustration of the basic regeneration funotitities applied to an RZ
signal eye diagram.

Section6.2 reviews the state-of-the-art in all-opticaleegration using SOA based
devices. Sectiot.3 reports for the first time to the author's kiedge regeneration of
coherent optical code division multiple access (®AA) signals with distortion provoked
by multiple access interference (MAI). The regetierascheme is based on a Mach-
Zehnder interferometer exploiting cross phase naithid in semiconductor optical
amplifiers. Experimental regeneration of an 8 CHpP Gb/s OCDMA signal is
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demonstrated with improvements in the required captisignal to noise ratio and
elimination of bit error rate floor. This work h&®en presented if208] and in[209].
Section6.4 presents a novel scheme based on Gain-clai§el which has been

assessed with 2.5 Gb/s input signal and reportEDioy.

6.2 All-optical regeneration techniques in SOA

Figure 6-2 depicts the basic all-optical 3R schef@#0]-[{212]. The input signal is
split in two replicas; one of the replicas feeddazk recovery sub-system, which produces
stable optical pulses with reduced jitter. The selcmput signal replica is then used to
control a non-linear gate, which encodes the ldgidarmation in the optical clock signal.
Usually 3R features also wavelength conversionthasoutput signal wavelength is the
same of the clock signal. This scheme only suppmrtsff keying input signals. The two
main building blocks of Figuré-2 are revised hereatfter.

Degraded inpL \ l
signal @1 I
Clock mwm Non-linear ﬂ_ﬂﬂﬂ

recovery | clock signz gate
@ A2 Regenerate

output signal @\2

Figure6-2: Common all-optical 3R scheme.

6.2.1Non-linear gate

In an optical regenerator, the non-linear gateessponsible for thee-shaping
functionality. Therefore, non-linear gates are eyet in 2R and in 3R. Figuré-3
illustrates the conceptual transfer function oftenon-linear gat§213]. The input signal is
improved in two distinct manners. First, signal nmgement is achieved through an
increase of the ER; obtained by the steep slopkeofransfer function between the logical
‘0’ and ‘1’ of the input signal. Second, fluctuat®in logical ‘0’ and ‘1’ levels are reduced
by the approximately constant output power oveuinpgical ‘1’ and ‘0’. Such re-shaping

functionality is similar to that performed in elemtic decision circuits, present in most
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opto-electronic regenerators. The main drawbackhefdecision circuit like transfer of
Figure6-3 is that input amplitude noise is convertedutpat timing jitter[213]; therefore,

in 2R regeneration there is a trade-off betweenlitude regeneration and output jitter

degradation.
o
= 1pdfou,
ERout
— " pdfou,
ERn Prn
pdfin,o pdfin,l

Figure 6-3: Transfer function of non-linear gatg, 81d B, input and output
power; pdf probability density function; ERand ER,: input and output
extinction ratio.

Optical 2R and 3R regenerators with non-linear gateh as the one illustrated in
Figure 6-3 do not necessarily allow recovering from ernorghe input signal: the input
BER is not improved. Therefore, 2R and 3R shouldoegodically employed over the

signal transmission line to decrease the errorraatation with further transmission.

Optical re-shaping requires a scheme to providenthrelinear transfer function
depicted in Figuré&-3. SOA can be employed to achieve such purpasegh one of two
means: directly using the SOA non-linear intensignsfer function, which arises from
carrier density modulation; and recurring to thedfinear transfer function of a scheme
employing SOA. SOA-based non-linear gates are lysa@ided in two groups: pass-
through, and wavelength-conversion, as depictedrigure 6-4 [214]. In pass-through
schemes, the input signal is self-modulated at 8@A-based regenerator; as a
consequence, the output and input signal wavelengttfe the same. Pass-through
regenerators can only perform 2R. In wavelengthsemsion schemes, the input signal at

Al is fed to the non-linear gate together with a €ighal or an optical clock signal (CLK)
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at A2. The non-linear transfer function is applied frdine input signal aAl to a local
wavelengthA2. The input signal is also know esntrol-signal Such non-linear gates are
appropriate for both 2R (when the signahdtis a CW) or 3R (when the signalX is an

optical clock).

Input signal @\1

LI ] et g

gate Regenerated signal
@Al
a) Pass-through 2R regenerator;
Input signal @A1
-1 Non-linear
CW or CLK signal ate —>"
@N2 T 9 Regenerated signal

@ A2
b) Wavelength-conversion 2R / 3R regenerator.

Figure6-4: Use of non-linear gates in pass-through angeleagth-conversion
schemes.

One of the most common regeneration schemes with S®ased on MZI-SOA
devices, which is a wavelength-conversion scheniés basic regeneration scheme is
similar to the wavelength conversion scheme of lE@47, when standard operation is
considered, or to that of Figur8-10, when differential operation is employed. To
understand the principle behind regeneration in J8@IA structures, consider the
conceptual schematic of Figu@5, which depicts an interferometer with a noredin
medium in one of the arms. The input signahatis the control signal of the non-linear
medium and the CW signal &2 is the local probe wavelength. Considering thatrion-

linear medium response to a control signal is ag@maodulation of the probe signal:
Eprobe out = E probe in@Xp[ J [qa [Pctl+ (D)] ' (6_1)

Where Eprone,out@Nd Epronein are the electrical fields of the input and outpptical
signals,P¢y is the power of the control (information) signahda and® are constants.

The interferometer output power is then given by:
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P
Pprobe out = pf°4be - [Gl"' COS(O' |:Pctl + (D)) ! (6'2)

WherePpope,inis the CW signal input power, affione outlS the output power at the

CW signal wavelength.

L

Input signal @\1

Non-linear

medium
CW signal

@A2

R

Regenerated signal

OF @ N2

Figure6-5: optical 2R regeneration via interferometribexmes

Figure6-6 exemplifies the static power transfer functodran interferometric gate,
similar to Figure6-5, when parametera and ® are optimized to obtain optimum
regeneration characteristics. It can be verified fuch transfer function reshapes the input
signal, since for logical ‘0’ and ‘1’ the input pewcan vary by +/- 10% around the
nominal logical level and the output power onlyigarby +/- 2.5%. Cascading two of
these interferometric gates results in further mrpments of the 2R characteristics: with
two gates the input signal power at each logicaeéllean vary by +/- 15% with only

+/- 2.5% of output power variation.

With the aforementioned simple example, we hawvestithted the potential for
signal regeneration of interferometric structurethywhase modulation in one of the arms.
MZI-SOA are excellent candidates to implement noedr gates with regeneration, and
have been experimentally demonstrated in schente skigle MZI-SOA[215] and with
cascade MZI-SOA216], where 4000 km of optical transmission aral@ed. MZI-SOA
can also be used in pass-through configuratiomsjigeed that the parameters of the system
are optimized, as demonstrated2417]. A similar operation principle has been prdsd
with GC-SOA[218].

Optical regeneration has been achieved in other -8&#%&d schemes, such as a

method which employs SOA birefringence in passtiglpand wavelength conversion
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schemeq219], [220]; the use of cross-gain compression (XGC), mhibe SOA is fed
with the signal to regenerate and a second sighathwis the logical complement of the
input signal[221]; a pass-through method where a saturablerlabsowhich regenerates
the logical ‘0’, and a SOA, which regenerates tigidal ‘1’, are cascadd@22]; a scheme
where a highly non-linear fiber and a SOA with #aglenterferometer enable transmission
of 40 Gb/s signals over 1.000.000 [223]; and a scheme where parameters of FWM in
SOA are optimized to enable reshapjag4].

1+-|—onegate  |[--—-—-—---——=
c
S — two cascaded gates
© 08+ S
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= 0.2
£
o
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0 0.2 04 0.6 0.8 1

Normalized input power [linear uni

Figure 6-6: Characteristic of non-linear gate similar tigufe 6-5, when the
signal passes by one gate, and by two cascadesl gate

6.2.2Clock recovery

Clock recovery is a key element to achieve 3R apeitforms there-timing
functionality. One approach for the clock-recoveybsystem is to use electro-optical
schemes; the other is to use an all-optical scheétieptical 3R can employ electro-
optical schemes to achieve clock-recovery withoosing theall-optical label[207]. All-
optical 3R allows some electronic processing, pledithat such processing is narrow-
band, as is clock recovery. Several electro-opteziemes have been proposed with
operation at high bit ratef25], [226]. However, electro-optical schemes have higher

power consumption and costs; therefore, all-optitatk recovery is generally preferred.

One simple method to recover the clock signal és@nted in Figuré-7[227]. The

clock-recovery consists in a first stage, where #h@®rmation signal is wavelength
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converted in an MZI-SOA. The converted signal liefed with a Fabry-Perot filter (FPF),
which extracts the clock components of the condesignal. The power of the pulses at
the FPF filter output fades exponentially for cangare ‘0’ of the input signal. Therefore,
a second MZI-SOA wavelength conversion stage isl useequalize the power of the
optical pulses. The first wavelength conversiongstaould potentially be omitted;
however, since the FPF central frequency must beduwith the input wavelength,

wavelength tracking would be required.

The clock recovery scheme based on MZM-SOA with RB§ great potential due
to its simplicity, and very fast clock acquisititime, which is very useful in packet or

burst applications, for example.

-]
Input information EPE

signal @\1 }UU\ / MZI-SOA

Yindl ”
CVés}igznal ?% — [~ Output clock
CW signa signal @A3

@A3

Figure6-7: Clock recovery circuit using MZI-SOA and Faii?grot filter.

Other all-optical SOA based schemes to extractaptlock include: the use of a
FPF and a single SORR28]; a technique where a phase-comparator baseleVéM in
SOA is employed229]; in [230], SPM in SOA and a detuned optical filter amed to
convert a NRZ signal into a pseudo-RZ signal arowaklock recovery of input NRZ
signals; and if231], a pulse format independent principle is preed, based on a SOA
and a FPF to extract and enhance the clock compoméran input signal, and a self-

pulsating DFB laser to recover the clock signal.

6.3 2R Regeneration of OCDMA with MZI-SOA

Wavelength and time division multiplexing (WDM, TDMyave been found as
interesting solutions for the increasing demand dandwidth in metro and wide-area

networks. However, for local area networks (LANptioal code division multiple access
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(OCDMA) is a very attractive and common solutioredo its promising featurg232].
These includ¢233]:

e Full asynchronous transmission;

* Low latency access;

» Soft capacity on demand;

» Protocol transparency;

e Simplified network control;

* Increased flexibility of QoS control;
* Robust information security.

Several different OCDMA implementations have bee&oppsed; these can be
roughly classified according to the operation ppieas incoherent and coherent OCDMA
[233]. ThecoherentOCDMA technique has received growing attention ttughe overall
superior performance over incoherent OCDMA and oswpments on compact and reliable
encoder/decoders, such as spatial light phase m@mwdulSLPM), super-structured fiber
Bragg grating (SSFBG), and planar lightwave cir¢BitC) [234]-[236]. PLC encoder and
decoder are illustrated Figure6-8. An optical pulse arrives to the converter angpht in
N replicas, each delayed by a multipletofThe replicas suffer a phase shift,of O ort
and are coupled again. At the encoder output, aeptrhin is present with positive or
negative amplitude. The decoder performs the imvéuaction: a strong optical pulse is
transmitted when the code of the encoder and decodth.

The maximum number of active users in an OCDMA wekws usually limited by
multiple access interference (MAI) noi$234]. MAI is illustrated inFigure 6-9: three
signals are fed to an OCDMA decoder: a signal wmatches the decoder sequence, a
signal which is orthogonal with the decoded seqegmlnd a third signal which is not
matched nor orthogonal. In the first case a stqouge is retrieved at the decoded output.
For the orthogonal signal, no MAI is created sinoepulse is generated after the decoder.

However, for the last signal a low power opticalsgus generated, which creates MAI.
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Input pulse
Optical encoder

Encoded signal

Decoded signal

Figure6-8: lllustration of PLC based OCDMA encoder andater.

1;)ptu(:jall N J\ ﬂ
ccoder Matched  Orthogonal Interference
signal signal signal

Matched Orthogonal  Interference
signal signal signal

Figure6-9: lllustration of generation of multiple accasterference noise.

Several techniques have been employed to supprédsnMse, such as optical
thresholding based on supercontinuum generatiodispersion flattened fiber (DFF),
second harmonic generation (SHG) in periodicallpled lithium niobate (PPLN), and
non-linear effect in highly non-linear fiber (HNLE)34].

In this section the use of cross phase modula$\V) non-linear effect in MZI-
SOA is used for the first time to suppress MAI roi8s referred above, MZI-SOA based

regeneration is in principle similar to MZI-SOA lealswavelength conversion, which has
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been studied in sectioB.5. Regeneration in MZI-SOA has several advantaglesn
compared to other techniques: compactness andydbiliintegration; regeneration of both
‘1’ and ‘0’ logical levels; reduced input power ks required; high conversion efficiency;
allows the use of differential mode to overcome S®&pgeed limitations; and wide
bandwidth operation.

The utilized device is the MZI-SOA cased at Institde Telecomunicacdes in a

stand alone box, as described in Appendix II.

6.3.1 Experimental Setup and Operation Principle

The setup employed in the experimental tests isctigpin Figure 6-10. A 10 Gb/s
2 ps pulse train at 1545.0 nm, generated by a nodesd laser diode (MLLD) is
modulated using a Mach-Zehnder modulator with'a 2 PRBS data sequence at 10 Gb/s.
The modulated signal is split, and fed to two 8pcplanar lightwave circuit OCDMA
encoders, with codes 1 and 2. Polarization comr®llare employed to align the
polarization of the signal and the encoder. Thelltast encoded signalg; andE,, are
combined and decoded at tHecoder which is matched to code On the other hand,
code 2 is neither matched nor orthogonal with cbdeenceE, will produce MAI noise
on the signal to recover at tldecoderoutput. As the pulses are generated by the same
source, 200 m of standard single mode fiber (SSME)used prior tencoder2to avoid
coherent distortion whel; andE; are addedglelaylis tuned to align the pulses Bf and
E,, maximizing the interference at tdecoderoutput; andvOAlcontrols the power of the

MAI noise.

After the decoder module, the decoded signal with MAI noise is wawnelh
converted to therobe signal wavelength, 1535.0 nm, and simultaneousigmerated in
the MZI-SOA. VOA2 and delay?2 control the differential mode operation. The SO& a
operated with currents of 400 mA, the power ofnebe and data signal at armdsandD
are 10, 2.9, and -2.7 dBm, respectively; the dbktyveen arm# andD (delay 2) is 23 ps.
The input and regenerated signals are detectedclaachcterized through bit error rate
measurements. The -3 dB bandwidths of the opticéérd and photodiode are

approximately 105 GHz and 10 GHz, respectively.
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Figure6-10: Experimental setup for OCDMA MAI 2R regerara.

The MZI-SOA has been experimentally characterizetiOaGb/s in sectio8.5. Of
particular interest is the static characterizavbrrigure3-37. From the results, voltage of
7.5 V enables optimum destructive interferencerefoee, PS is set at 7.5 V. Moreover,
Figure3-37 also demonstrates that such scheme is fRRaoregeneration, as over 25 dB of

output extinction ratio are obtained with compressit the ‘1’ and ‘0’ logical levels.

6.3.2Experimental OCDMA Regeneration Results

The OCDMA regenerator is characterized in threeasibns regarding distortion:
in the first, the output ofencoder2is blocked (without MAI); in the second, the
interference signal power at thecoderinput is -4.7 dBm (MAI case 1), and in the third
the interference power is -3.4 dBm (MAI case 2)allrcases the power of the signal coded
by encoderlat thedecoderinput is 0.5 dBm.

In Figure6-11 the eye diagrams of the decoded signals tite©OCDMA decoder

and after the MZI-SOA based regenerator are predefdr the three MAI cases. In
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absence of MAI, an undistorted signal is retriead#r the regenerator; however pulse
broadening is noticed. When MAI noise is considethd signals at the regenerator input
present very high eye diagram distortion in bothidal levels. The regenerator achieves
compression of the two logical levels with partasuimprovements in the ‘1’s, retrieving

opened eye diagrams in both cases of MAI noise.

a) Dec. signal without MAI;

c¢) Dec. signal with MAI, case 1; d) Signal aftegrwith MAI, case 1;

e) Dec. signal with MAI, case 2; f) Signal aftegr with MAI, case 2.

Figure 6-11: Eye diagrams (obtained from an oscilloscogéh V80 GHz
bandwidth) after the ODCMA decoded (dec.) and aftee MZI-SOA
regenerator (reg.). (20 ps/ div)

In Figure6-12 the BER is presented for the signals after theodeicand the 2R
regenerator. For the BER measurements, the OSN&djissted at the PD input by
changing the ASE noise power (WMOA4), while keeping the signal power constant at

-1 dBm to ensure linear operation of the PD.
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A dec. without MAI

m dec. with MAI (case 1)

e dec. with MAI (case 2)

A reg. signal without MAI

O reg. signal with MAI gcase 13
o reg. signal with MAI (case 2

log(BER)

10 12 14 16 18 20 22
OSNR [dB]

Figure6-12:BER as a function of the OSNR, of the sigradler decoder (dec.)
and regenerator (reg.).

When the signal without MAI crosses the regeneratd® dB OSNR penalty is
verified for a BER of 18, comparing to the signal at the decoder outpiis; plenalty is
mostly due to the increase of the pulse width dfterregenerator, as the regenerated signal
does not present distortion or patterning effeEigure 6-11 a) and b)). In the two cases
where MAI is added, clear BER floors are observieova BER of 80° (case 1), and of
510" (case 2); these are due to the severe eye opeeiifigd in Figure6-11 c) and e).
After the regenerator, both BER floors are elimiatBER floor-free curves down to 10

are retrieved.

These results demonstrate the ability of MZI-SOAduhregenerators to enhance
performance of OCDMA networks by suppression MAiseo Moreover, improved results
are expected if the single MZI-SOA, which is biasedegenerate the two logical levels, is
replaced by a cascade of two MZI-SOA,; in this cgafation the operation point of one
MZI-SOA is optimized to regenerate the ‘0O’ levelhife the other is optimized to
regenerate the ‘1’ leve]216].
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6.42R Regenerator using a GC-SOA

6.4.1 Operation principle

A GC-SOA is a regular SOA with a distributed Bragglector (DBR), which
create an internal DBR laser, as discussed8nThe gain-clamping mechanism consists in
a self-adaptation of the internal laser power, wttenpower of a signal being amplified
varies. As a consequence, the gain of the cavitytaias constant. However, when the
power of the input signal increases above a thitdskite carrier density falls below lasing
threshold and the gain can no longer be maintasnedtant and the laser is disabled. Since
the gratings have low reflectivity, a consideraptaver of the laser leaks to the SOA

output.
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a) Experimental setup; b) Optical filter (OF1) tséar function.
Figure6-13: Setup to test the GC-SOA regenerator at B/5.G

Figure6-13 a) presents the setup of the regenerator lmas&C-SOA. A degraded
2.5 Gb/s NRZ signal at1l = 1550.8 nm is fed to a GC-SOA. At the GC-SOApatithe
laser generated by the GC-SOA is encoded with tlkierse of the input signal logical
information. As will be detailed below, this signaksents notorious re-shaping in relation
to input. After the GC-SOA the input wavelengii) is removed by an optical filter. The
GC-SOA internal laser is centered at 1509.5 nmclwvis outside the C-band; therefore, in

our facilities there are no means to amplify thgnal (regular C-band EDFA do not have
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gain at 1509.5 nm); moreover, there is no availéiliter centered at 1509.5 nm, which can
isolateApgr. TO remove the input wavelength a cascade of arHvejection filter and a
fiber Bragg grating (FBG) with a notch at 1509.8 ame cascaded. The resultant transfer
function is depicted in Figur6-13 b): although not ideal this filter allows reviay the
input wavelength and also part of the ASE generégdhe GC-SOA. The employed
photodiode has a 3dB bandwidth of 4.5 GHZ.
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Figure 6-14: Power of the laser generated inside the GB-8®a function of
the input signal power under static conditions.

In Figure6-14 the power of the laser generated by the GC-SOgrasented as a
function of the power of a signal being amplifi@ehen the input signal is replaced by a
continuous wave (CW) signal at the same wavele(gg#tic measurements). This power is
measured at the power monitor (PM) module of Figile3. When the power of the input
signal is at a low level, small variations are afed in the power of the generated laser.
Under such conditions the internal cavity gaineptkconstant. Above a threshold power,
of about -3 dBm and -4.5 dBm for currents of 250 mmdd 200 mA, respectively, the
power of the internal laser drops considerably: @@ dB variation of the input power, the
output power decreases 12 dB. For higher poweildeyethe input signal, a variation in
the laser power of about 0.6 dB per each dB oftippwer variation is observed. Note that
under such conditions, the laser is completelynextihowever, due to our measurement
setup, significant amount of ASE is being fed te gower monitor. From observation in
an optical spectrum analyzer, the internal lasextsct for input powers above -2.8 dBm
and -1.4 dBm, for currents of 200 mA and 250 mA.itkildemonstrates also regeneration
of the input logical ‘1’ level. From this static &tacterization is evident that simple

modulation of the GC-SOA internal laser presenshaping characteristics. This scheme
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could be cascaded with a second stage of wavel@ogiversion in SOA to allow flexible
output wavelength. However, our available SOA dewido not have considerable gain at
1509.5 nm.

With the available GC-SOA the maximum operationraie is 2.5 Gb/s, for higher
bit rates the laser dynamics cause signal distgrsoce the bit rate becomes close to the
laser maximum modulation rate. Therefore, this waka proof-of-concept: for real

applications at higher bit rates, an improved dewould have to be custom designed.

6.4.2 Experimental regeneration of a distorted signal

In this section a preliminary characterization bk tproposed regenerator is
presented. A full characterization is not possiklace the GC-SOA internal laser
wavelength is 1509.5 nm, and in our facilities ¢hes not experimental equipment

appropriate for such wavelength.

To test the capacities of regeneration of the pgegdscheme, a 2.5 Gb/s signal was
distorted and then fed to the regenerator undér Fegure6-15 presents the eye diagrams

of the signal before and after the regenerator utidtee scenarios:

» Figure6-15 a) presents the back-to-back signal withoyt distortion and
with 10.8 dB of ER. The signal after the 2R (FE6r15 a)) is perfectly
undistorted, and preser@sfactor improvement in relation to input. The ER
is penalized in relation to input, but this penatiian is also due ASE-ASE
beating since substantial amount of ASE is fecheoghoto-detector. Note
that oscillation relaxations are not visible in 8€-SOA modulated laser,

because of the low bandwidth of the photo detector;

* Figure6-15 c) presents a back-to-back signal with reddfed3 dB). After
the regenerator (Figuré-15 d)) the signal still presents undistorted eye

diagram, but the ER is increased to 8 dB;

* Figure 6-15 e) presents an optical signal which was obthiafter cross-

gain modulation in a SOA device with recovery tinaesund 800 ps. This
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signal presents high degradation when comparedetdack to back signal
both inQ-factor and in ER (7.5 dB). After the regeneraféig(ire 6-15 f)),
this signal is fully recovered: the output signgk ediagram presents no
distortion and the ER is increased to 10.2 dB.

S
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a) Back-to-back signal, b) Back-to-back signal after 2R,
Q-factor = 9.9, ER = 10.8 dB; Q-factor = 13.1, ER = 10.1 dB;

X!

¢) Back-to-back signal, d) Signal of c after 2RQ-factor = 7.5,
Q-factor = 8.7, ER = 3.0 dB; ER =8.0dB.

e) Distorted signal via XGM in slowf) Signal of e) after 2R,
SOA,Q-factor=4.4,ER=7.5dB; Q-factor=10.8, ER =10.2dB;

Figure6-15: Eye diagrams of distorted and regeneratathisat 2.5 Gb/s.

To quantify the regeneration capacities of our zetivle BER of the detected signal

is measured for variable added optical noise. Smawise source at 1510 nm is not

available (and commercial C band EDFA have littlBEAat this wavelength) out of the

band ASE noise is added, which produces mainly ASE- beating noise. For such
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purpose ASE with 25 nm of bandwidth and centereltb80.0 nm was added to the signals
under test.

The dependence of the BER with the relation betwkerpower of the signal and
the added optical noise (OSNR) is depicted in F@ut6 for the signals of Figuré-15.
The back to back signal with ER of 10.8 dB presapmigroximately the same BER as the
same signal after the 2R, demonstrating that thel@& not cause signal degradation to
the back-to-back signal. The back-to-back signahvd dB of ER presents an OSNR
penalty of around 4 dB in relation to the back-&mb signal with 10.8 dB of ER.
However, after the 2R the OSNR penalty is reducedinty 1 dB. For the signal distorted
by a slow wavelength converter, a BER floor at appmately 10° is verified. When this
signal is regenerated, a behavior very similarhi hack-to-back case is verified and no
BER floor is observed for BER down to 10 Such results demonstrate that the proposed

converter is able to recover from low input ER &min severe eye distortion.

B2B signal, ER=10.8dB
B2B signal, ER=10.8dB // after 2R
Distorted signal with XGM

o Distorted signal with XGM // after 2R
—— B2B signal, ER=3dB
—— B2B signal, ER=3dB // after 2R

moe

10*log(BER)

1 2 3 4 5 6 7 8 9 10
Optical Signal to Noise Ratio [dI

Figure 6-16: Dependence of the BER with the OSNR Only aftltand ASE
noise is considered. B2B — back to back signal.

Ideally, a 2R regenerator should be resilient toat@ns of the input signal ER.
The ER andQ-factor of the regenerated signal are presenté&igure6-17 as a function of

the input signal ER. It can be verified that foe ttange of input ER tested, the converter
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always enhances the ER; furthermore, for input kghdr than 5 dB, the output ER is
always above 10 dB. The regenerated si@hédctor is also superior to input for input ER
higher than 5 dB.

= - = =
o N ESN (o))
OutputQ -factor

(00]

Output extinction ratio [dB]

1 3 5 7 9 11
Input extinction ratio [dB]

Figure 6-17: Regenerated signal ER a@dfactor as a function of the input
signal ER (dashed lines represent input ER@ifidctor).

12

Extinction ratio [dB]

GC-SOA input power [dBm]

Figure6-18: Characterization of the regenerator perfoigador different input
optical power.

To assess the constraints of the regenerator mstef input power, th€-factor
and the ER of the regenerated signal are plottedfasction of the input power in Figure
6-18 the input signal ER is 10.8 dB. According to theve, the optimum operation range
of input signal power is between 4 and 6 dBm. Baver power, the input laser does not
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shutdown; therefore the output signal ER is noinopt. For higher input powers are
severe distortions at the laser wavelength duedassayain modulation.

In this section we have demonstrated optical 2Rmeration of a 2.5 Gb/s signal
using GC-SOA. We have demonstrat@dactor, ER and required OSNR improvements
over wide range of input ER and when the input a@igoitesents amplitude degradation.
Further studies of such method would require aefaSiC-SOA device which is designed

so that the internal laser wavelength is in thea@eb

6.5 Summary

This chapter is devoted to all-optical regenerasionemes; from which we focused
in optical reshaping, which is essential to 2R negation. Two 2R schemes have been

experimentally exploited.

A cross-phase modulation (XPM) based regeneratangusMach-Zehnder
interferometer with semiconductor optical ampligsie(MZI-SOA) was experimentally
tested for multiple access interference (MAI) nosmgpression of coherent OCDMA
signals. To the authors knowledge this is the agtlication of MZI-SOA regenerators in
OCDMA networks for 2R purposes. Experimental resultemonstrate clear noise
compression of both logical levels in an 8 chip, Gb/s OCDMA signal. After
regeneration, signals with BER floors al® and 510° retrieve BER free curves and
improved receiver sensitivities. These results destrate promising application of SOA

based technology for OCDMA networks.

A novel 2R regeneration method was proposed. In iethod the gain-clamped
SOA (GC-SOA) internal laser is modulated via XGM day input distorted signal. Due to
the non-linear power transfer from input to theelawavelength, optical regeneration is
obtained. The converter was experimentally charaet for an input 2.5 Gb/s signal,
demonstrating true regeneration characteristics extishction ratio improvements. With
the GC-SOA device considered the maximum bit raae 2.5 Gb/s, above which the bit

rate becomes close to the laser maximum modulaiittnand distortion occurs; therefore,
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for real network applications at high bit ratestéas<GC-SOA devices would have to be

designed.



Chapter 7

Conclusions

7.1 Summary and conclusions

This thesis has investigated all-optical signalcpssing based on semiconductor
optical amplifier (SOA) non-linear effects. The maobjective was to develop key
functionalities which can replace optic-electrotofOEQO) conversions in photonic cross-
connects (PXC). The work developed is mostly basedross-gain modulation (XGM)

and cross-phase modulation (XPM) non-linear effects

Chapter 2 has presented a high level overviewehtbtory of SOA development,
the principle behind amplification in semiconductoaterials, and techniques employed
for the design of SOA. Different SOA-based solusidor various network applications
have been presented, like multi-electrode SOA (MEAY] gain-clamped SOA (GC-SOA)
or reflective SOA (R-SOA). SOA non-linear gain goltase dynamics are the base of all
applications studied throughout this work and hlbgen detailed in this chapter, together
with the simulation model employed in the simulatitests throughout the rest of the
thesis. Finally, the state-of-the-art regarding esalv applications of SOA has been

presented.
The work developed in the context of this thesis loa divided in four groups:
» Wavelength conversion,

* Format modulation conversion,

217
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* Pulse format conversion,
* Regeneration.

Wavelength conversionis the most basic all-optical functionality andshaeen
studied in chapter 3, which has presented an aaeraf the main SOA-based schemes.
Such schemes can be divided based on the mainimear-leffect involved: cross-phase
modulation, cross-gain modulation, cross-polargatrotation, and four-wave mixing.
From these, cross-phase modulation and cross-gaiulation have been chosen to
perform the required functionalities, due to theirperior characteristics: robustness to
variations in the input signal like polarizatiomgveer and wavelength; simple processing
schemes are allowed, which operate at ultra-highabes; and these two non-linear effects

can be used together to achieve versatile confiigms

Cross-gain modulation wavelength conversion islyikihe simplest non-linear
functionality in SOA; however, it is usually limdeto operation over few GHz by slow
inter-band processes. We have proposed and stxdiM bandwidth enhancement by
detuned optical filtering, which converts phase miation to intensity modulation. By
means of simulations, we have verified that a samipit order Gaussian shaped filter
allows promissing results: thslow SOA device, which was designed to operate at
2.5 Gb/s, has allowed conversion up to 40 Gb/s.edeer, at 10 Gb/s higher output
extinction ratio (12 dB) has been enabled. The Etman results have been supported by

experimental tests.

We proposed and experimentally demonstrated thefugaletuned optical filter to
convert the cross-phase modulation of the proberasigt the output of a GC-SOA in
intensity modulation. This method is commonly usedonvert return-to-zero signals in
common SOA; however, it is expected that when coeibiwith GC-SOA, the carrier
recovery time is enhanced and the conversion effay is increased. Operation has been
demonstrated at 2.5 Gb/s and at 10 Gb/s with imggt@xtinction ratio an@-factor, when

compared to the input.

Phase-to-intensity conversion in a Mach-Zehndesriatometer with SOA (MZI-

SOA) was characterized at 10 Gb/s with standardd#ifielential mode operation with an
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optical signal to noise ratio (OSNR) penalty beldvwdB when compared to input. The
impact of several converter parameters, such aaripation, optical power, and relative
delay between arms, has been experimentally exaluAtsimilar scheme was exploited to
allow 40 Gb/s multi-wavelength conversion. Conwvamsof a single input to four output
signals has been reported for the first time. Weeheerified that the main souce of
distortion is four-wave mixing between the seveddlannels and the data signal;
nevertheless, open and undistorted eye diagranss leen obtained with high extinction

ratio.

All-optical modulation format conversion is a key functionality to allow
transparent inter-connection of networks whichliagél different modulation formats. In
chapter 4 we have proposed two novel all-opticatimfation format conversion schemes

with operation up to 40 Gb/s.

First, conversion from optical double sideband (BD&® optical vestigial sideband
(oVSB) has been proposed. To the author’'s knowledigeis the first all-optical method
for such format conversion which does not requipécal filtering or Hilbert transform
filters. The converter is based on the frequencypclgenerated by the self-phase
modulation non-linearity in a SOA. To avoid distont caused by self-gain modulation, a
continuous wave signal is amplified simultaneouislythe SOA with the information
signal. Experimental and simulation characterizata 10 Gb/s retrieved high sideband
suppression ratio (15 dB) and improv€dfactor when compared to input. Enhanced
tolerance to chromatic dispersion accumulation,rattaristic of oVSB signals, was
obtained: transmission over 160 km of standardlsingode fiber (SSMF) was enabled
without any dispersion compensation, doubling #ech of oDSB. With simple electrical
dispersion compensation (EDC) simulation resultsnalestrated transmission beyond
400 km. The converter is resilient to input powariations, provided that the continuous
signal power is adapted accordingly: operation ol@rdB power variation has been
reported without degradation of the output sig@eflactor or sideband supression ratio.
Similarly, high tolerance to variations of the immignal extinction ratio and wavelength
has been experimentally verified. Promising resattgl0 Gb/s have also been obtained
with transmission over 10 km of SSMF without dispen compensation (the reach of
oDSB was 6 km), and over 14 km with EDC realizedabyadjustable transversal filter.
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Since this work was developed in an industrial emnent, stand alone prototypes were
developed for 10 Gb/s and 40 Gb/s operation; taeseescribed in detail in appendix IV.

The second modulation format converter is an alieapscheme to convert on-off-
keying signals to the carrier suppressed formais $imple scheme is based on a mix of
cross-phase and cross-gain modulations in SOA, wheninput signal is amplified
together with a high power optical clock signaleTgroposed converter is able to convert
both non-return-to-zero and return-to-zero inpgnals. The conversion scheme has been
compared to the common transmitter through simutatests, with similar resilience to
tight optical filtering, and enhanced tolerancditear and non-linear transmission. Single-
and multi-channel operation up to four channels hasn experimentally assessed at
40 Gb/s. Carrier suppressed spectrum and clearyRdiagrams have been obtained at the

converter output for all input configurations.

Pulse format conversionis required at the interfaces between ultra-fieesidport
networks, which preferably use return-to-zero puisenat, and lower bit rate acess
networks, which are likelly to employ non-returnzero pulse. Chapter 5 reports two

schemes to convert return-to-zero signals to timeraturn-to-zero format.

In the first method a wavelength converted sigryatimss-gain modulation in SOA
is filtered with a detuned optical filter. The idegtical filter shape has been investigated,
and approximated experimentally cascading tworfilt€onverted NRZ signals have been
obtained at 10 Gb/s and at 40 Gb/s with high ektincratios and undistorted eye patterns.
At 40 Gb/s, the converter input pulses had 3 dswidth-at-half-maximum, demonstrating
the potential for support of 160 Gb/s networks. i&intolerance to chromatic dispersion as
a conventional NRZ signal was obtained, demonsgatiat the transmission capabilities
are not prejudiced by the SOA induced chirp. By mseaf simulation we have
demonstrated 40 Gb/s operation with glew SOA device, since the optical filter also

enhances the SOA recovery times.

A second method, based on the modulation of a ¢gjamped SOA internal laser
and on a second cross-gain modulation stage inmemom SOA, has been proposed. The
operation of the converter was experimentally destrated at 10 Gb/s. The resulting

signal is non-inverted and features eventual wangle conversion. Robustness to the
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input pulse width was verified, since 5 ps and d@plses were successfully converted to
the NRZ format. The main drawback of this schemghéslimited output extinction ratio,
which can improved if the cross-gain modulation elamgth conversion stage is replaced

by cross-phase modulation.

All-optical Optical regenerationis one of the most desired functionalities for an
all-optical network, since transmission and procegsof optical signals generally

introduce jitter and amplitude distortion.

We have demonstrated for the first time suppressianultiple-access interference
(MAI) noise of coherent optical code division mplg accesss (OCDMA) signals using a
2R scheme based in MZI-SOA. The converter demaestr@covery of severely distorted
eye diagrams in an 8 chip 10 Gb/s OCDMA signal afichinated error floors. It is
expected that further improvements are possiblevd cascaded MZI-SOA stages are

employed.

We have proposed a simple 2R regeneration scheraeewthe internal laser of a
gain-clamped SOA is modulated with the input digdrsignal. Due to the clamping
mechanism, the modulated laser signal presentapexi when compared to input. The
scheme operation has been demonstrated at 2.5M8b/sue regeneration characteristics
and extinction ratio improvements. To allow regatien of higher bit rate signal, gain-

clamped SOA with faster lasing are required.

7.2 Directions for future work

It is commonly stated thdtthe only constant in technology is changeAs a
consequence the work developed in the scope ofttesss is far from being a closed-topic.

Subsequent investigations are recommended:

* In the past years, gain-clamped SOA have genelmbn forgotten by
research in all-optical processing. We have dematest the potential of
such devices by proposing several functionalitgsulation models, fit for
high bit rates, are required for gain-clamped SOAe simulation model
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detailed in this thesis (appropriate for common $©duld be developed to
consider the dynamics of the internal laser. Sucehcould be used to
perform more accurate comparisons between reg@ar &d GC-SOA. To
allow operation over higher bit rates, modern dedsigchniques, which
allow operation at bit rates around 40 Gb/s, shdudd applied to the
development of GC-SOA with faster lasing mechanisms

Wavelength converters are usually limited to onetheff four main non-
linear effects. In this work we exploited intendwecenarios where cross-
phase and cross-gain are combined. One step almad e to combine
cross-polarization rotation with cross-phase matutain MZI-SOA. We
expect that such schemes allow MZI-SOA to operat&ge switches with
high extinction ratio in both output ports.

The topic of modulation formats is one of the mesblving areas in
research and development. Currently, it is foredbah signals with only
intensity modulation will have reduced applicationreal optical networks
beyond 40 Gb/s. The study of wavelength convershbould then be
extended to allow conversion of the most modernutaitbn formats (such
as differential phase shift keying (DPSK), and c¢ehe polarization-
multiplexed quadrature phase shift keying (CP-QRSHinilarly, format
converters which are able to cope with complex ntedchn formats must be

developed to enable the all-optical networks offthare.

In [45] we proposed a scheme based on multi-elect®0@, which is
expected to allow optical intensity modulation i©A& without phase
distortion and phase modulation without intensitgtaition. However,
further simulations and experimental tests are irequto assess the full

potential of this method.
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Appendix I

SOA devices used in this work

The most relevant semiconductor optical amplif@®fA) devices considered in the
experimental tests are a bulk device from OptoSg&B80OMRI/P: R1408 — L932) and a
multi-quantum well device from CIP (SOA-NL-OEC-15501.55um Non-Linear). The
former device is called throughout this work &swsSOAand the latter afast SOA The

main characteristics of these devices are sumnahiiz€able |I-1.

Typical value

Parameter

Slow SOA Fast SOA
Peak wavelength 1555.0 nm 1550.0 nm
Polarization dependent gain 0.8dB 0.5dB
Noise figure (NF) 9.6 dB 8-11dB
Saturation output power (-3dB) 6.1 dBm 7 dBm
Maximum gain 21.3dB 34 dB
Unsaturated recovery time (1D-

380 ps 80 ps

90%)

Table II-1: Typical parameters of the two devicesdiin this work. Slow SOA
refers to OptoSpeed (1550MRI/P: R1408 — L932) aast SOA to CIP (SOA-
NL-OEC-1550 - 1.55um Non-Linear).

The parameters considered in the simulations atailelé@ in Table 11-2. These

parameters are fit to the simulation model desdribadetail in section.6 and2.7.
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Appendix Il Performance assessment in simuatests

Parameter Slow SOA Fast SOA
Number of sectiond\y) 1 5
Differential gain @g/dN 2.810°m’ 2.210°m’
Carrier density at transparendy} 1.210%m? 1.010% m?
Injection Current( 0.25A 0.30A
Active layer volumeY) 1.110% m? 2.210" m?
SOA cavity length() 0.4510°m 1.010%°m
Optical confinementlY) 0.15 0.35
Absortion coefficient @) 2.510° m* 4.010° m*
Rec. rate related to non-radiative procegses 1.8 1.01¢° s*

Rec. related to spontaneous emissByp)(

1.410 m*s?

0.810° m*s?

Rec. rate related to Auger recombination B2 m°s' | 1.510* m°s®
Relaxation time related to CHd) 5.110%s 5.110%s
NL gain compression related to Ckk) 1.210% m® 1.210% m?
NL gain compression related to SHBs(s) 4.010*°m’ 4.010% m®
Linewidth enhancement factor for CD&\] 6.0 5.5
Linewidth enhancement factor for CHd) 0.0 1.2
Linewidth enhancement factor for SHB 0.0 0.0

Table II-2: Simulation parameters of the two desicesed in this work. Slow
SOA refers to OptoSpeed (1550MRI/P: R1408 — L938) Rast SOA to CIP
(SOA-NL-OEC-1550 - 1.55um Non-Linear). Rec.: recamaion; CH — carrier
heating; SHB: spectral hole burning; CDP: carriengity pulsation.

Apart from the two referred devices, a gain-clamp&hA (GC-SOA) from Alcatel
was utilized in the scope of a joint experimentisTdevice was gently lended by Instituto
Superiore delle Comunicazioni e delle Tecnologi#' deformazione (ISCOM), Rome,
Italy. Since this device is no longer commercialiailable and we had limited access to it,
there was very few information available: maximumingof 15 dB; output saturation

power of 10.3 dBm ; and noise figure of 6.8 dB.

The Mach-Zehnder interferometer with SOA (MZI-SOMcluded SOA with
characteristics similar to the ones of thast SOA The utilized MZI-SOA device was

operated in a stand alone box at Instituto de Dehemicacdes, pictured Figure 11-3 with
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electrical circuitry which performs variable curteimjection, temperature control and
phase shift adaptatioRigurell-3 a) presents the SOA schematic, with indepenhdemnent
control for the two SOA, and independent phaset siuhtrol in the two output arms.
Generally V2 is set to zero and the phase shitoistrolled by PS1 onlyFigure lI-3 b)
presents a photography of the MZI-SOA inside thet@m made box.

1112 V1V2
A ||
B [0 . E
SOA PS1
C 4 o)) . F
D - soaz  PS2

a) Photography of the MZI-SOA inside the stand aloanfiguration.
Figurell-3: MZI-SOA in a box with electrical stand alone caht






Appendix I
Performance assessment in simulations

The simulation tests performed in this work focusimty in assessing the
deterministic distortion induced by semiconductgotical amplifiers (SOA) based
schemes. Since SOA induced optical noise is nosidered in the utilized model,

performance is assessed via the eye opening p&Eaty).

The EOP does not depend on the signal optical kignaoise ratio (OSNR);
therefore, it is fit to account for deterministigrsal distortions. Moreover, it has the
advantage that low computation effort is requiredifs calculation. There are numerous
definitions of the EOP in the literatuf237], [238]. In this thesis the following definition

is considered:

EOP= —10[Iog( Ale J , (111-1)
Ref
WhereAlg is the height of the highest rectangle, with attvidf AT, that can fit
inside the eye diagram of the signal to analyzel &lres refers to the highest rectangle
with similar width that can be fitted inside theeegiagram of a reference signal. In this
work AT is considered 20% of the bit period and the efee signal is an unfiltered NRZ
signal with extinction ratio (ER) of 9 dB and 10 € 10 Gb/s and 40 Gb/s, respectively,
according to the standard data for long-haul sys{ego].

Figure llI-1 illustrates an eye diagram with thefided rectangle oAT = 0.2Tsg,
with Tg the bit period. EOP is adequate to account fanadigegradation, but also for ER

degradation.
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254 Appendix Il Performance assessment in simadatests

Tr

Al | Al yax

AT
Figure IlI-1: lllustration of eye opening penaltglculation.

To characterize the opening of a signal eye diagradependently of its ER, a
modified version of the EOP, MEOP is also considenethis work:

Al

max

MEOP= —10[109[ Ale ] , (11-2)

With Alyax the difference between the maximum and minimureltewef the signal
under analysis. This figure of merit is appropri@teharacterize reshaping systems which
do not alter the signal ER, but enhance its opening



Appendix IV
Optimization and development of a

prototype to convert optical DSB to VSB

In Chapter 4 we have proposed a novel format convérten optical double
sideband (oDSB) to vestigial sideband (o0VSB). Theverter operation is based on self-
phase modulation (SPM) non-linearity in a semicanoluoptical amplifier (SOA). SPM
induces a frequency chirp which has similaritieshwthat of a vestigial sideband signal.
Due the promising results obtained by the convesterh as: high tolerance to input power
variations, extinction ratio, or wavelength, an@ tflow cost potential of SOA devices,
Siemens Networks filed a patent for the proposeweder[173] and requested that stand-

alone prototypes were developed for 10 Gb/s an@1#8.

Figure IV-1 presents two stand-alone configuratiémsthe proposed converter.
Figure IV-1 a) presents a co-propagating scheneeingbut signal is split in two replicas by
a 90/10 coupler. The lower power replica is detkdte a slow photo-detector — the
bandwidth of this photo-detector can be as lowwa Hz. The current at the photo-
detector output is measured by slow electrical ggemg, which then adapts the current
that controls an optical laser source. The contisuwave (CW) signal is coupled (in a
50/50 coupler) to the higher power replica of thput signal and fed to the SOA. At the
SOA output a notch optical filter removes the C\3hsi wavelength. This scheme has the
advantage of using low cost optical components; dwan, the input signal passes by a

splitter and coupler, suffering high losses; moexpan optical filter is required to remove
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DSB to VSB

the CW signal wavelength. Figure 1V-1 b) represent®unter-propagating scheme, where
the CW signal is back-fed to the SOA, through autator. Since the CW signal counter-
propagates in the SOA, an isolator is requirechatinput. This scheme does not require
optical filtering at the output, has lower insentimsses than the co-propagating scheme,
and has potential for lower costs since a coas® kean be used and the CW signal suffers
less attenuation before being fed to the SOA, emgthe use of a lower power laser

(higher power lasers are usually more expensive).

input oDSB signal

output oVSB signal

2 — }— /L 8
g A, g
%? ] ,—->¥% SOA Notch
1 OF A
PD | iCcwW @A, 1
Svlow

electrical
control

a) Co-propagating scheme;

output oVSB signal

input oDSB signal :>_> @_

ATRE T

PD | | cwal,

Slow electrical
control

power

power

T
N

b) Counter-propagating scheme.

Figure IV-1: Stand-alone configurations to conwaptical DSB to VSB.

10 Gb/s prototype

For the 10 Gb/s prototype the counter-propagatihgme was employed due to its
potential for low costs and simplicity. In this §ea we first characterize the optical

equipment required to build the 10 Gb/s prototypdterwards, the prototype is
experimentally characterized.
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Equipment characterization and optimization

Laser characterization

A low price coarse laser was employed as probeakigime optical spectrum of the
laser is depicted in Figure IV-2. The laser speutisi very broad (it is a Fabry Perot laser);
however, since is travels in counter propagatiothwie signal, this should not be an
impairment to the operation of the setup. The spetiandwidth at -20 dB of the peak

spectral power is around 6.5 nm.

Optical power [dBm]

-70 T
1540 1550 1560 1570 1580

Wavelength [nrr
Figure IV-2: Coarse laser optical spectrum (drivaogrent of 34 mA).

As concluded in Chapter 4, a wide range of powettHe input signal is allowed,
provided that the CW probe power is adapted acoghgdi The CW power at the SOA
input can be adapted either by using an externaghbla optical attenuator (VOA) or by
varying the laser driving current. To enable lowssts, the second alternative was
adopted. In Figure IV-3 a) the optical power at ldmger output is plotted as a function of
the electrical current, from where we verify thhe tlaser power can vary from 2.9 to
-9.0 dBm. In Figure 1V-3 b) linear units are usedd a linear approximation is presented.
The linear approximation, which presents an exoelieto the measured power, was used
for the peripheral interface controller (PIC), whigerformed the “slow electrical control”
block.
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and linear approximation.

Figure IV-3: Optical power at the output of the s®mas a function of the
driving current.

Photo-detector characterization

The input signal power measurement was done bytisglithe input signal in a
80/20 splitter, with the lower power copy feedingslaw photo-detector. The photo-
detector was assembled in a setup similar to Fijtwe Vout was measured by an ADC

(analog to digital converter).

Noise Filter

PIN
e

Vi DC_——_ f— R, Vout

/77
Figure IV-4: Setup for measuring the input powengs slow photo-detector.

There are two critical parameters for the operatbrihe photodiode setup: the
values of \4¢c and R. Vpc should be as high as possible to allow a big seitgito the
input power; however increasingy above a threshold value will provoke an increase i
the dark current. The value ofp¥ was optimized as 2.9 V, which was the maximum

possible value at which the dark current was nédflégR_is also a compromise, since a



All-Optical Processing Systems with Semiconductpti€al Amplifiers 259

high value of R allows a high range of input powers; however th&ey becomes more
sensible to the electrical noise. Ras chosen to be 1&kto allow a maximum power of
about -10 dBm.

In Figure IV-5 a) the voltage measured ati® presented. Figure 1V-5 b) presents
the error between the optical power at the photeaier input and the optical power
expected from the measured Voltage: P = Vout / R, with [0 = Responsivity = 0.9. A
range of input power from -9 dBm to -22 dBm is waléa with an error smaller than
+/- 0.05 dB.

2.5

N
I

-0.17

Error [dB]

Measured Voltage [
.

0.5
-0.25 1

-29 -24 -19 -14 -9 -29 -24 -19 -14 -9
Input Power [dBm] Input Power [dBm]

a) Voltage measured at RL; b) Error between optical power at photo
detector input and expected power.

Figure IV-5: Photodiode output voltage and powaoreras a function of the
input optical power.

CW power optimization

After characterizing the laser and photodiodesinecessary to find the relation
between the optical power measured at the photcttetand the optimum power of the
CW signal when using the counter-propagation schérhe optimum CW laser power
was obtained as the value which allows the optimelation between SSR ai@ifactor at
the converter output. In Figure IV-6 the measurptinoum laser power is plotted as a
function of the input power. The continuous linetle figure depicts the estimated laser

power value for each power at the photo-detecfautinlt was obtained as:



260 Appendix IV Optimization and development ofratptype to convert optical
DSB to VSB

Poser=! jaser [0.08-0.6¢. (IvV-1)

aser” ' laser

This relation was obtained from Figure IV-3 b). Tredation between the laser

current and the measured voltage atNds optimized to be:

==V _217.0+V_[47.3 4., (IV-2)

laser — out out

With Vout obtained from:

_ (R ) _
V., R (IV-3)

4 O Measured Value
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10 ‘ ‘ ‘
-22 -20 -18 -16 -14 -12
Power at the PIN [dBm]
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Figure IV-6: Optimum laser power as a functionla# power at the photodiode.

Final prototype and results

Back-to-back results

The 10 Gb/s experimental prototype setup is simdathat represented in Figure
IV-2 b). Figure IV-7 presents the photography of getup, including the configuration
where the PIC was assembled together with the |Gl laser and photo-detector to

measure the input power. The prototype results baea presented [240] and[201].
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In Figure 1V-8 the SSR an@-factor of the output converted signal are plotisch
function of the input signal power, measured atitipait of the 90/10 coupler. The local
CW laser power was optimized by the PIC, basedhenresults of previous section;
therefore a stand alone adaptive system is impladeiihe input signal ER was 6 dB and
had aQ-factor = 6.5, the signal wavelength was 1547.51 fire converted signaD-
factor is always above input for input powers bel@dw dBm. The SSR of the converted
signal is above 12 dB for input powers above -@86ndand is above 13 dB for input
powers above -4.6 dBm. This represents an allowd& $hput power variation for SSR
above 13 dB and-factor above input; which is a considerable insee#o the 3 dB
obtained in sectiod.2.3.1 for the case where the pump power was aonst

90/10 Power
W splitter at input

SOA +
controller

PIC microcontroller + Laser
+ photodiod

Figure IV-7: Photography of experimental 10 Gb/stptype.

18 7| =SSR 9
—&— Q-factol

-8 -6 -4 -2 0 2 4
Input Power [dBm]

Figure IV-8: SSR an@-factor as a function of the input signal power.
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The converter output power is plotted in Figure9\as a function of the input

power, measured at the 90/10 splitter input. Fer&hdB input power range where SSR is

above 13 dB and th@-factor is better than th@-factor at the converter input, the power

varied less than 0.7 dB. The converter then ade ak a amplifier / attenuator with

constant output power.

1

[y

(&3]
|

Output power [dBm]

Input Power [dBm]

Figure IV-9: Power of the output signal as a fumctof the input signal power.
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Figure IV-10: Converted signal characterizationifgout power of 2.5 dBm.
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In Figure 1V-10 the optical spectrum at the congedutput is depicted for an input
power of 2.5 dBm. The output optical spectrum réyaaresidue of the coarse laser; this is
mostly due to reflections in the fiber splicing athde to a finite isolation of the optical
circulator, however a the data signal carrier isiB6superior to the highest power spectral
component of the residual laser. The convertedepitesan open eye diagram with reduced

distortion due to SGM non-linearity.

VSB signal generation after transmission over fiber

In Chapter 4 we have demonstrated that the VSB sntained after conversion
with the proposed method presents enhanced dispetsierance when compared to
common DSB signals. Moreover, it also allows simafel effective EDC after direct
detection. However, in all presented tests fornmiversion has been performed over
undistorted oDSB signals. In a meshed network tB8 Bignal can travel through several

kilometers before being converted to VSB.

2.3

IDG A E T

10.0
dB/D

-102.3

L i L L i i i
193.489 193.5137THz 0.005THz/D 193.539

a) Input oDSB signal eye b) Input oDSB signal spectrum;
diagram Q-factor = 6.15);
1 N
A\

L e

10.0
dB/D

c) Converted oVSB signal eye d) Converted oVSB signal
diagram Q-factor = 6.4); Spectrum (SSR =11.4 dB).

Figure IV-11: Eye diagrams and optical spectrumaof oDSB signal after
40 km of fibre and of the 0VSB signal obtained aftenversion.
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To test the impact of an input DSB signal with éispon induced degradation in
converted signal eye diagram and SSR, an oDSB Iswgas transmitted over 40 km of
SSMF and then converted with the proposed setup.

Figure IV-11 a) and b) presents the eye diagramspedtrum of the experimental
oDSB signal after 40 km of SSM fiber (680 ps/nmdddpersion). The reference oDSB
signal was obtained similarly to that of sect®@.3.1. Figure IV-11 c¢) and d) characterize
the converted oVSB signal. The SSR achieved witk itheme was 4.2 dB smaller
compared to the case when the conversion is peefbrover an undistorted signal. This
penalty is due to the transitions of the oDSB dighaing less sharp (due to the
accumulated dispersion).

The oVSB signal converted in the current scenairilbe input oDSB signal has
already been transmitted over 40 km — should gtdsent enhanced dispersion tolerance.
Figure 1V-12 presents the eye diagrams of the o¢®al after it has been transmitted
over more 40, 80 and 120 km — total transmissiomgties of 80, 120 and 160 km,
respectively The obtained eye diagrams are stiknppeven for 160 km of total
transmission length. These results demonstratesgikence of the converter to dispersion

induced degradation of the input signal.

a) Total length = 80 km; b) Total length = 120 km; ¢) Total length = 160 km.

Figure 1V-12: Eye diagrams of the oVSB signal wheis transmitted over
40 km, 80 km and 120 km of fiber. The VSB generai® performed after the
oDSB signal has already been transmitted over 40fkiber.
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40 Gb/s prototype

Due to the promising results of the counter-propgagascheme for 10 Gb/s, it was
tested also for 40 Gb/s. The SSR results are sinmlahe co- and counter-propagating
modes. Figure 1V-13 compares the eye diagram ottimwerted signal in co- and counter-
propagating modes. In the counter-propagating madde, signal presents increased
distortion and jitter when compared to the co-pgateg mode: the jitter of the converted
signal in co-propagating mode is 5.2 ps and ircthenter-propagating mode is 8.0 ps. The
penalties in the counter-propagating mode eye dimagare due to counter propagating
interaction between the data and CW signals, stheeSOA cavity length is around
0.5 mm, which corresponds to approximately oné fift the bit period.

5259§: E25|QsE

a) Input DSB signal, b) Converted signal c¢) Converted signal
(co-progagation); (counter-propagation).

Figure IV-13: Input and converted signals eye diatg.

Due to the signal distortion caused by counter-pgapion, the co-propagating
scheme was chosen for the 40 Gb/s prototype. Amseguence, a CW laser with central
wavelength around 1530.0 nm was employed. Howdwgrer wavelengths are farther
from the SOA gain peak (1560.0 nm); as a consecgubigher probe powers are required.
The required CW probe power as a function of dapaas input power is plotted in Figure
IV-14 for CW wavelength of 1530.0 nm and 1540.0 rincan be observed that using a
laser at 1530.0 nm with maximum power of aroundBindowers the maximum allowed
input to -3 dBm. It should be noted that the CWhaigmaximum output power is a key

issue, since low cost lasers are usually limitefié¥o dBm of maximum output power.
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Figure 1V-14: Optimum laser power as a functiortted data signal at the SOA
input, when laser wavelength is 1530.0 nm and 1bdih.

The detailed equipment characterization will notdygeated here for 40 Gb/s, since
the basic design rules of 10 Gb/s can be applied.4D Gb/s prototype was assembled in a
stand alone setup, appropriated for transporta@isnpresented in the photos of Figure
IV-15 and Figure IV-16.

The prototype includes the current source and temtyre control for the SOA as
well as the PIC controller for the CW probe curreptimization and the passive optical
equipment (splitters at the SOA input). Since thmp is co-propagated, an optical filter is
required at the prototype output to remove its wenwvgth. The prototype allows for
operation with and without local laser, so that 8@A device can also be used for other
purposes.

Figure IV-15: Photography of 40 Gb/s prototype exaéview.
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F

Figure IV-16: Photography of 40 Gb/s prototype iinté view.

Figure IV-17 presents the converted signal spectamth eye diagram when the
input power is -1.8 dBm and wavelength is 1551.66 A SSR around 14 dB is retrieved

and the converted signal presents patterning,shstili open.

Normalized optical power [dI

1551.3 1551.6 1551.9 1552 PR
Wavelength [nm] '

Figure IV-17: converted signal spectrum and eyg@rdia when input power is
-1.8 dBm.
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For the characterization of the prototype a preldiag receiver composed by an
EDFA, an optical filter with -3 dB bandwidth of ¥9Hz, and a photo-detector with -3 dB

bandwidth of 37 GHz was considered.

In Figure IV-18 the power of the output signal aridhe CW signal are depicted as
a function of the input power. For input powersdvel3 dBm the CW signal power varies
proportionally to the input power (since the cohtsgstem reads the input power and
adapts the CW driving current) and the output poisekept constant with a variation
below 0.5 dB. For input powers higher than 3 dBm rtieximum output power of the CW

is reached and the output power increases propaitjoto the input power.

9 —=— Output signal
—8B8—CW probe

Output signal power [dBm]
CW probe signal power [dBr

Input signal Power [dBm]

Figure IV-18: Output and CW signals power as a fiancof the input power.

In Figure IV-19 the output signal BER and SSR dated as a function of the
input signal power measured at the input of thee@®&plitter at input. The power at the
pre-amplified receiver was maintained at -18.5 dBrhich corresponds to a BER of 10
for the input oDSB signal; the input signal wavgignwas 1551.72 nm and the ER was
8 dB. The converter presents a BER penalty (alreadied in sectiord.2.3.2) due to a
decrease in the converted signal ER, caused bgdimecompression in the signal logical
‘1’ level. The prototype presents a high input povage: the input signal power can vary
from -5 to 6 dBm (11 dB of variation) maintaininget SSR above 13.0 dB and the BER
below 10°.

Finally, the data signal wavelength dependencesigied in Figure 1V-20, where

all the control system was kept unchanged, andnigt power was constant at -4 dBm.
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The SSR is above 13 dB for data wavelengths betwBBf nm and 1563 nm. This range
could be extended if the calibration curve of th& @riving signal was optimized for each

wavelength.
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Figure IV-19: BER and SSR as a function of the trgignal power.
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Figure IV-20: SSR variation with the signal wavejtn





