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ABSTRACT

Wavelength tuneable transmission is a requiren@rfuture reconfigurable agile optical
networks as it enables cost efficient bandwidthridhistion and a greater degree of
transparency. This thesis focuses on the developamehcharacterisation of wavelength

tuneable transmitters for the core, metro and adsased WDM networks.

The wavelength tuneable RZ transmitter is a funddalecomponent for the core
network as the RZ coding scheme is favoured owerctinventional NRZ format as the
line rate increases. The combination of a widehetible SG DBR laser and an EAM is a
propitious technique employed to generate wavelehgieable pulses at high repetition
rates (40 GHz). As the EAM is inherently wavelengiiependant an accurate
characterisation of the generated pulses is cawigdusing the linear spectrogram
measurement technique. Performance issues assbcwth the transmitter are
investigated by employing the generated pulses1if(® km 42.7 Gb/s circulating loop
system. It is demonstrated that non-optimisatiorthef EAM drive conditions at each
operating wavelength can lead to a 33 % degradatisgstem performance. To achieve
consistent operation over a wide waveband the dromditions of the EAM must be

altered at each operating wavelength.

The metro network spans relatively small distancesomparison to the core and
therefore must utilise more cost efficient solufoto transmit data, while also
maintaining high reconfigurable functionality. Dteethe shorter transmission distances,
directly modulated sources can be utilised, as pessise wavelength and chirp control
can be tolerated. Therefore a gain-switched FPr lasevides an ideal source for
wavelength tuneable pulse generation at high dats (10 Gb/s). A self-seeding scheme
that generates single mode pulses with high SMSB0(dB) and small pulse duration is
demonstrated. A FBG with a very large group delspelses the generated pulses and
subsequently uses this CW like signal to re-injbet laser diode negating the need to

tune the repetition rate for optimum gain-switchopgration.

The access network provides the last communicadliitk between the customer’s
premises and the first switching node in the nekwdfTTH systems should take
advantage of directly modulated sources; therefioeedirect modulation of a SG DBR
tuneable laser is investigated. Although a directhodulated TL is ideal for

reconfigurable access based networks, the moduléself leads to a drift in operating
frequency which may result in cross channel interiee in a WDM network. This effect
is investigated and also a possible solution to pmeate the frequency drift through

simultaneous modulation of the lasers phase seistiexamined.
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INTRODUCTION

The continued growth in bandwidth hungry serviagshsas VolP, live video streaming
and peer to peer communications has lead to asponeling increase in consumer
demand for high-speed fibre connections, both ¢ohthme and to the business. Carriers
have employed several multiplexing techniques tmaunodate the soaring bandwidth
requirements, which are generally offered over aabtifibre originally deployed for
single or multi-wavelength point-to-point links. tAbugh greater fibre capacities may
have alleviated the available bandwidth deficienity,distribution has become rather
cumbersome in today’s opaque networks. The need foore dynamic optical network
is therefore becoming more apparent as it is capabloffering greater agility, cost
efficiency and transparency. Such networks couldbknreduced lead times for the
introduction of new services and also allow for thgamic allocation of stranded or
locked bandwidth within the network, thus resultinglewer lost revenue opportunities

and less network management.

A fundamental component for the realisation of suekonfigurable agile optical
networks is the wavelength tuneable transmittee fdguirements of high-speed optical
transmitters such as data rate, modulation formatransmission distance, varies
depending on the application it is intended for.efBfiore, various transmitter
configurations must be developed for each appboatind the characterisation of such
devices is critical to ensure that acceptable gewékystem performance are maintained.
This thesis investigates three different transmstt@apable of operating in long, medium
and short haul reconfigurable optical networks. @aeelopment of each transmitter and

their respective characterisation requirementsiibned in detail.
Main Contributions
The main contributions of this work are:

o Development and characterisation of a widely tulee&®2 transmitter for long
haul applications — The combination of a widelyeable laser and an electro-
absorption modulator provide an ideal source foghtgpeed stable pulse
generation. However, as the characteristics ot#need pulses are dependant on
the EAM drive conditions, an extensive pulse analys carried out using the
linear spectrogram measurement technique. Therpeafae of the EAM based
pulse source is demonstrated by implementing theér&xsmitter in a 1500 km

transmission system. It is shown that the optinosatof the EAM drive
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conditions greatly increases the performance umityrof the pulse source over

a wide wavelength range and also enhances thenabtaitransmission reach.

Development of an all-optical technique to achibigh quality pulse generation
for metro based applications — Gain-switching ie ohthe most simple and cost
efficient techniques employed to generate shoitalppulses at data rates up to
10 Gb/s. However, inherent impairments associai#id this method are SMSR
degradation and large timing jitter. Therefore,caal self-seeding technique is
investigated to increase the temporal and speptreaty of such pulses. It is
demonstrated that a highly linearly chirped gratiag be used to disperse the
generate pulses, thus providing a CW like signalrésinjection into the gain-
switched laser. This effectively negates the neetlime either the laser cavity
length or the pulse repetition rate for optimumngavitching performance.
Pulses with 30 ps durations and side mode suppresatios of greater that 30

dB over a range of operating frequencies are detraiad.

Development of a widely tuneable NRZ transmitter ézcess based optical
networks — A widely tuneable NRZ transmitter, commimg of a directly
modulated SG DBR laser is proposed. One inhereobl@m with this
transmitter is that the direct modulation itselfises a time dependant drift in the
carrier frequency. Therefore the frequency drifeafommercially available TL
module is investigated and the effect it has on DMVperformance is also
characterised. A novel compensation technique, hwhaonsists of the
simultaneous modulation of the lasers gain and elsastion is also explored

and almost complete compensation of the frequehtp s demonstrated.

Report Outline

This thesis is structured into six chapters a®vadl:

Chapter 1 outlines the main motivation for both timeplementation and future

development of optical communications. An overviedv the various multiplexing

schemes which will be used to increase the capatioptical networks such as ETDM,

OTDM and WDM are presented. Diverse bandwidth iiistion is required to

effectively utilise the increased capacity providbg such multiplexing schemes.

Therefore, reconfigurable network topologies arel ftmdamental components required

for their realisation are also discussed. Finalg topic of modulation formats is

investigated.
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Chapter 2 mainly focuses on picosecond pulse ggoerand a description on the
critical pulse parameters that are a requirementrfedium to long haul applications.
The three main pulse generation techniques, modénig, gain-switching and pulse
carving are reviewed. Some of the most common phseacterisation techniques, such
as fast photodetection are discussed, however esispiga placed on more advanced
pulse measurement techniques such as the lineetr@agp®am measurement scheme. The
main impairments experienced during the transmissfesuch high-speed RZ pulses are

also investigated.

Chapter 3 focuses on the development and charsatieri of a widely tuneable RZ

transmitter, which consists of a tuneable laserameélectro-absorption modulator. The
principle operation of an EAM is explored in detaild a complete characterisation of
the generated pulses as a function of EAM drivaditmms is performed, using the linear
spectrogram measurement technique. Performancesisssociated with EAM based
pulse carvers are investigated by employing theeleangth tuneable pulse source in a
42.7 Gb/s re-circulating loop transmission systdéimis demonstrated that the non-
optimisation of the EAM drive conditions at eachwvetngth can lead to a severe
degradation in system performance. Finally a sysgmulation using the Virtual

Photonics Incorporated software package shows lextelgreement when compared to

the experimental results.

Chapter 4 explores the operation principles of dhe-switching technique in greater
detail, including the important pulse parametersoasted with this scheme, such as
SMSR, jitter, pulse width and frequency chirp. TWwe methods commonly employed to
increase the temporal and spectral purity of gaittebed pulses, self-seeding and
external injection is also presented. Experimemtatk outlining a novel technique,
which provides cost efficient cavity length indegdent self-seeding of a gain-switched
FP laser is performed. Pulse widths and suppresat@ms of approximately 30 ps and 30
dB respectively are maintained over a continuopstion rate tuning range from 2.5 to
10 GHz.

Chapter 5 investigates the direct modulation of &@ely tuneable laser for
implementation in short haul access based optetaarks. The requirements and tuning
mechanisms of commercially available TLs are disedsin detail, with focus placed
specifically on the SG DBR laser. An inherent pembl associated with directly
modulated sources is the resulting frequency dxfierienced at the output of the laser
during modulation. Therefore, the magnitude andisgttime of this frequency drift
from a commercially available TL module is charased. The impact of this drift on

DWDM performance is analysed through BER measurésném a back-to-back
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experimental setup. Finally a novel compensatidrese to reduce the frequency chirp

of a SG DBR tuneable laser is explored.

Chapter 6 provides a brief summary and analysithefmain work presented in this

thesis,
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Chapter 1 - Future Agile Optical Networks

1.1 Introduction

Optical fibre based communications is now the ordglistic platform capable of
providing the bandwidth requirements necessary Mmaodern day telecom and
information technology applications. Therefore, tloerrent progress in optical
communications is no longer a matter of mere perémce increase, but rather of market
development [1]. Statistics released by the Orgaiois for Economic Co-operation and
Development (OECD) showed that broadband penetraticreased by 18 % within the
OECD member countries in year ending 2007. They idlsstrated that high speed, all-
optical fibre to the home connections accountedfét of all broadband connections in
the OECD. The consumer migration from low speeitaligubscriber line (DSL) to high
speed fibre connections mirrors the exploding ghoaftbandwidth hungry services such
as high definition television (HDTV), live videorsaming, voice over IP (VolP) and

peer-to-peer communications.

To accommodate these bandwidth demands carrieesdraployed several multiplexing
techniques to further exploit the bandwidth captidl of optical fibre. These include
wavelength division multiplexing (WDM), optical tendivision multiplexing (OTDM)
and electrical time division multiplexing (ETDM).Ithough these techniques vastly
increase the transmitted data rate, the distributiothis bandwidth has become rather
cumbersome in today’s static networks. It is thenefperceived that dynamic optical
networking could introduce more agile, cost effestisystems that offer greater
transparency. Such networks could dynamically siow locked or stranded bandwidth

to areas in greater need, thereby improving efiye scalability and flexibility [2].

This chapter will further discuss the multiplexitgchniques employed to increase
system capacity, some of the key enabling comparfentre-configurable agile optical

networks and the modulation formats such all-opnedworks utilize.

1.2 Multiplexing Techniques for High Speed Networks

Once a single wavelength fibre optic link reaches upper limit for serial bit
transmission, whether that is 10 or 40 Gb/s, thly enlution to increase the system
capacity is to install a second fibre cable or $e a data multiplexing scheme [3].This
can be achieved optically through wavelength divismultiplexing and optical time
division multiplexing. The most commonly installédchnique used to exploit the

terahertz bandwidth capacity of optical fibre is WIand this scheme will become the



primary network layer for future service provideirs.order to increase the data rate per
WDM channel, it is envisaged that ETDM may repl@HEDM at a bit rate of 100 Gb/s
(for 100 GbE) or even 160 Gb/s in the future, ohigh bandwidth (BW) and high gain
electrical amplifiers are realised at these dat@srauntil such technology is sufficiently
developed OTDM will remain an important technigbattmay be incorporated in hybrid
multiplexing schemes combined with WDM. It enablle efficient generation of 160
Gb/s data signals and has the capability to geméeahbit per second signals on a single

channel with currently available technology [4].

1.2.1 Electrical Time Division Multiplexing

For high capacity optical systems, the cost persiritted bit per second can be reduced
by employing electrical time division multiplexinglhis cost reduction could be
attributed to smaller power consumption, smallestfiant, reduced management and
system complexity [5]. An example of a basic ETDy&tem is illustrated in Fig. 1.1.
Several lower bit rate electrical data signals aggregated together by temporally
multiplexing them into one single line. This comdih signal is then electrically
amplified before being applied to an optical carneith the aid of a high speed
modulator. The optical signal then travels throutfte dispersion compensated
transmission line before being detected by a hjpted photodiode. Electrical clock

recovery is performed before the signal is de-rpldiied back into its constituent data

tributaries.
dispersion compensated
transmission line clock
| ______ | recovery
|DFB Iaserl— data modulator nigs Sp.eed
photodiode v
LEDFA EDFA |
_____ ETDM demux
electrical
amplifier ++++j+"
outgoing data
ETDM mux tributaries

111141

incoming data
tributaries

Fig. 1.1. Basic ETDM system.

As 40 Gb/s optical systems are currently beingetbbut, the next step in the data rate
hierarchy, if SONET/SDH prevails, will be 160 Gbr ETDM applications, this data
rate is currently out of reach, due to a numbdunfiamental issues, namely the current
speed of electronics and the availability of higeed electro-optic or electro-absorption
modulators. Therefore, 80 Gb/s (twice the curréamndard data rate) or 100 GbE (100
Gb/s Ethernet), seems likely to be the most intexg@sapplications for future ETDM



systems, although even for these bit rates to &leseel numerous problems will have to
be resolved [6]. Firstly, for the transmitter, t@mbined electrical data signal will have
to be amplified before being applied to an optim@idulator, which typically requires a
large modulation voltage swing (3-6 V). The redlma of high-gain amplifiers at data
rates above 40 Gb/s has proved to be quite difficalthough there have been
demonstrations using amplifiers with 3-dB bandwsdtbf approximately 60 GHz
operating at data rates of 80 and 85 Gb/s [7, Bes€ low driving voltage amplifiers
could thus be used in conjunction with an opticabddmator that requires a low
modulation voltage, for example an electro-absormptinodulator (EAM) [9] or a low
drive mach-zehnder modulator (MZM) [10].

The receiver side of a high speed ETDM system aigters from speed limitations.
High speed photodiodes capable of detecting 103 @bta signals are only in the
research stage [11] and generally require largetippwers due to low responsivity,
although there have been successful demonstratdnd00 Gb/s receivers [12].
Therefore, binary ETDM is still a number of yeargag from entering the 100 GbE
market as a viable contender. In order to meetctdst points, commercially available
optical modulators, electrical amplifiers and pltibales operating at this data rate need
to be introduced and at a reasonable price. Altelg, a multi-level modulation format
could be implemented, such as differential quadeaphase shift keying (DQPSK)
where a symbol rate of 50 Gbaud is used to generd®®0 Gb/s data signal [13]. The
advantage of this technique is that the electromidonly need to operate at 50 Gb/s to

achieve the 100 Gb/s data signal.

1.2.2 Optical Time Division Multiplexing

The principle behind OTDM involves modulating a rhen of lower bit rate electrical
NRZ data signals onto an optical pulse source heigge a corresponding number of RZ
data channels, which are all on the same carriseleagth. These RZ signals are then
passively interleaved in the temporal domain primgjch combined higher bit rate signal
on the one wavelength channel. Fig. 1.2 illusgrdibe basic setup diagram of a 160 Gb/s
OTDM transmission system. The pulse stream is gpiit four copies which are then
individually modulated using four separate modukatdriven at a repetition rate of 40
Gb/s [14]. The four modulated signals are tempyprddllayed relative to each other and
are therefore bit interleaved generating a 160 Ghlysal. The key component in an
OTDM transmitter is the short optical pulse souffee optical pulses must exhibit low
temporal jitter, high extinction ratio, low amplite noise and a pulse width that is
significantly shorter than the bit period of theltiplexed signal [4]. Gain-switching of a

laser diode, pulse carving using an EAM and mode&ig are all excellent candidates



to perform as the short optical pulse source irhsat OTDM transmitter as they have

the potential to generate short pulses with lowrtgnitter and low frequency chirp.

The receiver side of the system incorporates akclacovery unit and an optical
demultiplexer. There are various demultiplexinguohs employed to perform this task,
for example using either electro-optic modulatorsad-optical techniques [14, 15].
When using an optical modulator the gate width nbeskarge enough to demultiplex the
entire tributary but must not overlap into an adjachit slot, which would inevitably
cause degradation in BER performance due to ctuasnel interference. At data rates
beyond 160 Gb/s however, the more sophisticatedpi¢al demux techniques are
required, like a nonlinear optical loop mirror (NRI).for example [16]. Once the signal
is demultiplexed back into its constituent datanalg, they are received using individual

40 Gb/s optical receivers.

modulator

dispersion compensated l____| clock |
transmission line ' [ecovery

'

1

modulator
modulator

Short Optical
Pulse Source

4*40Gb/s

Fig. 1.2. 160 Gb/s OTDM system.

As research currently continues on 100 Gb/s ETDMhshigh speed OTDM systems
have been demonstrated over a decade ago [17]efdherthe future for OTDM is to
investigate the feasibility of ultra-high speeda#étansmission and to determine the
ultimate capacity for fibre transmission on a singlavelength channel, as demonstrated
in [18]. The advantages of such high speed OTDMesys will eventually be eroded
however by the substantial increase in system imgits, such as dispersion tolerance
and fibre non-linearity. It is therefore envisagiedt future OTDM systems may be
incorporated in a hybrid scheme combined with agrothultiplexing technique such as
WDM.

1.2.3 Wavelength Division Multiplexing

Wavelength division multiplexing is an alterativechnique employed to increase the
capacity of a transmission system. The transmisspmattrum is sliced up into several
different channels, each with a different wavelangarrying a convenient bit rate,
similar to that of frequency division multiplexing radio technology [19, 20]. The
spectral efficiency (SE) (measured in bits per sdc@er hertz) with which this
bandwidth can be accessed is becoming importaitt defines the upper limit on the

number of available operational wavelength chan’elBM takes advantage of the fact



that optical sources have very narrow spectramlidén and can therefore be tightly
packed together without causing any cross chanitsfference when transmitted down a
single fibre [21].

The channel spacing (the range between two congeq#ak wavelength emissions) in
current WDM systems is as low as 50 GHz as defitgd the International
Telecommunication Union (ITU) standardised gridclssystems are known as dense
WDM (DWDM) and recent research has demonstratedehrmmaller spacing of 25 and
12.5 GHz for ultra DWDM (UDWDM) [22, 23]. The chaginspacing in a WDM system
has to be chosen carefully in order to avoid cedsstherefore maintaining the signals
integrity for subsequent retrieval at the receside of the network. Fig. 1.3 illustrates a
schematic of a simple WDM system. Many differenwvelangth channels are generated
using an array of transponders which simultaneomglgiulate the light-wave signal with
an electrical NRZ data signal. Conventional tramsigss have incorporated fixed
wavelength distributed feedback (DFB) lasers toegate the WDM channels [24],
however as optical networks have become more fiexibese fixed wavelength devices

have been replaced with more agile transmitterstitiae tuneable lasers.

For efficient multiplexing and demultiplexing ofghWDM channels, more advanced
technologies have also been used in place of dptmaplers and filters. One such
component is the arrayed waveguide grating (AWG) g5], which will be discussed in
more detail in section 1.5.2. Gain-flattening ogkiamplifiers which incorporate gain-
equalisation filters to reduce the intrinsic wawefh dependant gain curve of an erbium
doped fibre amplifier (EDFA) are also required topdify the WDM signal, overcoming
the accumulated attenuation of the fibre link. Ae treceiver the combined signal is
demultiplexed into the constituent wavelengths gissnsecond AWG before they are

optically received and processed.

wavelength tuneable

transponders tuneable receivers
10 Gb/s
10 Ghls 40Gbis N, g N
10 Gbrs _ . & V
gain flattening gain flattening
EDFA EDFA

10 Gb/s

Fig. 1.3. Simple WDM system.

Driven by the desire to augment the capacity desardl increasing cost of scaling
SONET/SDH connectivity, WDM has emerged as the anjtransport network layer
for current and future service providers [27]. he ffirst quarter of 2008, sales of WDM

optical systems overtook sales of SONET/SDH muKjplg equipment for the first



time, due to the continual upstart in IP transfdraraprojects by service providers [28].
The main areas driving this growth in WDM systems eorporate networks, storage
networking, consumer broadband (including IPTV &Rdvideo) and service provider
mobile backhaul. The per channel bit rate in a WBJdtem used to accommodate these
services is currently limited by the speed of comuiadly available electronics (40
Gb/s), therefore in order to increase the overaflacity of a DWDM system another

multiplexing scheme must be incorporated, like OTexample.

1.2.4 Hybrid OTDM/WDM Systems

As previously discussed, one way to currently iaseethe overall capacity of a WDM

system is to increase the per channel data rat®MDiE an ideal candidate for this

hybrid approach as it can offer enhanced bandwagitplacing time multiplexed coding

on top of each WDM channel. This technique offersater transmission capacity
without increasing the number of WDM channels dmastfurther reduces the cost per
bit ratio. This technique was first demonstrated2®] where four wavelength channels
each carrying a 100 Gb/s OTDM signal was transohiteer 100 km of dispersion

shifted fibre. Such hybrid schemes have advanaedtantially in the last decade with
multi-terabit systems demonstrated [30, 31]. A camrkey requirement of such hybrid

schemes is the multi-wavelength short optical pudseirce. This source must be

wavelength tuneable if reconfigurable functionalgyequired.

1.3 Network Topology

While the optical layer of current transport netksis generally static, the emergence of
on demand services has lead to fluctuating traféitterns that are difficult to predict.
The need for more agile, flexible and reconfiguealblptical networks is therefore
becoming more apparent. As bandwidth requiremeoigirwie to soar, this evolution
towards next generation optical networks is pravate not only the metro and access
network, but also the core network infrastruct®ech reconfigurability however, relies
on the continual development of various optical ponents such as tuneable lasers,

optical add/drop multiplexers, optical cross cots@nd wavelength converters.

1.3.1 Network Agility and Scalability

As carrier networks scale to accommodate the sigmif increases in bandwidth
requirements and the fluctuating traffic pattemstdday’s diverse environment, there
exists a new focus for the WDM networks to beconudytagile and reconfigurable.

These networks must support quick provisioning faeguent reconfiguration in order to

meet customer needs [32]. This diverse environriseptoving difficult to be served by



current opague WDM networks that are based on é&eigoptical-to-electrical-to-optical

(OEO) conversions. Such OEO conversions take gtaiceach wavelength and require
significant power consumption, therefore rendetimgm very expensive. In the quest to
reduce this cost the optical add drop multiplex2ADM) was developed [33] to extract
the individual channels from a WDM signal for locatld/drop or through-pass
functionality. However, most OADM systems fixed whiwavelengths were to be
dropped and added at each specific node in the onletwhereby restricting the

reconfigurability in response to new service densdi3d].

To overcome this problem and to increase the ggilitd dynamic nature of the optical
network, the reconfigurable OADM (ROADM) was devadal [35]. ROADMs provide
carriers with the ability to provision resourcesnogely, thereby ensuring that there is
sufficient optical capacity in the right areas bk tnetwork, where changing traffic
patterns and up-take in next generation serviceseaperienced. They also offer the
advantage of simpler planning and engineering, thuse proofing the network for any
un-forecasted bandwidth requirements. ROADMS haenkimplemented in all-optical
schemes [36] and also in new digital configuratiotere cheap OEO conversions are

implemented using highly dense photonic integrateziits (PIC) [32].

There are significant cost advantages to both aapipenditure (CapEx) and
operational expenditure (OpEx) for carriers thaplement such optical cross connect
(OXC) based agile optical networks, by negating teed for expensive OEO
regeneration for each WDM channel. For a truly sparent reconfigurable optical

network however, the following functions shouldaalse supported:

0 various advanced modulation formats

o bit-rate specific services

0 scalability

0 optical performance monitoring

To achieve these goals variable bit rate transmitted receivers that are capable of
tuning to a number of modulation formats are destme cope with services that may

require a number of different bit rates and codialgemes. Network scalability, in terms
of bit rate and modulation format is also a keytdador reducing CapEx when new

services are required. The reconfigurable optieaork will therefore become a key

transport platform for future WDM core, metro amat@ss networks [37].

1.3.2 Core Networks and Long Haul Transmission
The core network is the backbone of any opticalefibommunication system and is

required to have terabit per second transmissi@aaity that is capable of travelling



several thousand kilometre distances between titesrand receiver. Legacy backbone
long haul networks typically operated with OEO megmators which converted every
wavelength back into the electrical domain, regzssllif the traffic was destined for that
node or not. The line rate was typically 2.5 Gh/snasome instances 10 Gb/s providing
a total fibre capacity of approximately 50-200 Glo@rried on WDM channels over the
entire C-band wavelength range [38]. With the coréd deployment of fibre to the

home (FTTH), access speeds of up to 100 Mb/s perare envisaged in the near future

putting a strain on the core network.

ACCESS
Fig. 1.4. Schematic of telecommunication network.

To accommodate such system requirements the capdciturrent backbone networks
have been increased dramatically over the pasttéiten years. The most significant
development is the optical by-pass in the head sodbere traffic can remain in the
optical domain if it is not intended for that loicet, therefore reducing the cost and size
of the digital cross-connects (DXC) significantl®]. The nodes can also be remotely
reconfigured providing optimum distribution of siees. The number of operating
wavelength channels has increased to approximeighty, covering both the C and L-
bands, with 40 Gb/s data rates per channel. TlEsrtaeased the fibre capacity to over
3 Th/s, which is a vast improvement on legacy neta/¢39]. Fig. 1.4 illustrates the
basic concept of a telecommunication network digptathe core, metro and access
networks. The core network represents an amplid®dDM link interconnected by a
number of nodes that combine either all opticaltcvimg or digital OEO conversions
and some service element, in a mesh configurafiba.distance between core nodes can
be very large and it is important from a CapEx @piEx perspective that these distances
can be traversed using only optical amplificatiaihereby avoiding expensive

regeneration modules [40].



Long haul high capacity transmission systems ati@alynmited (assuming optimum per
channel dispersion compensation and gain equalisadi carried out) by accumulated
amplified spontaneous emission (ASE) EDFA noise fioi@ non-linearity [41]. ASE
noise degrades the optical signal to noise rat®NR) of the WDM channels; therefore
a larger optical launch power is needed to ensu@daquate OSNR at the receiver [42].
This increase in power combined with long transiarsslistance results in severe signal
distortions due to fibre non-linear effects. To mene these effects advanced
modulation formats have been employed on long trankmission systems. The initial
legacy networks started with the non-return-to-z€M&®RZ) format but this was later
replaced by the RZ and chirped RZ (CRZ) formatstdudeir greater robustness to non-
linearity’s [43, 44]. More recently the RZ differttal phase shift keying (DPSK) format
has been employed in long haul systems due tamitareed non-linear tolerance and the
3 dB improvement on receiver sensitivity it offesger other formats. The various
advantages and disadvantages of each modulati@meckvill be discussed in greater
detail in section 1.4. It is important to note heeethat optical pulses are required for
all RZ coding schemes making the wavelength tumealptical pulse source a
fundamental component in long haul core network$iere reconfigurability is
employed. A widely tuneable laser combined withrausoidally driven EAM is one of
the most cost efficient and small form factor desicapable of performing this task and

this technique is explored in greater detail inpteathree of this thesis.

1.3.3 Metro and Access Networks

The metropolitan area network (metro) usually foaming topology (as in Fig. 1.4) and
generally spans a maximum distance of approxima&t&8/km. This feeder ring is used
to transparently deliver signals to local nodesaccess rings. The metro network is
shared among fewer customers than long haul baekbetworks and therefore must
utilize more cost effective solutions, while als@imaining network reconfigurability
and agility. It must also support a large rangéraffic types (i.g., IP, ATM, GbE etc.)
that may be operating at a number of alternate rdé¢a [45]. The main impairments that
limit the size of a metro network are componengitisn losses, noise accumulation,
fibre and component dispersion, filter concatematind fibre non-linearity [46]. Due to
the lower transmission distances required for meg&tworks, low cost technologies can
be implemented, such as directly modulated lasess, precise wavelength control and
arbitrary fibre types. Gain-switching of a fabryrpe(FP) laser diode is one of the most
simple and cost efficient techniques to directlyduate a lightwave signal. It can
provide a low cost, small form factor and singled@ulse source ideal for use in metro

networks and will be discussed in greater detathapter four.



The optical access network or ‘the last mile’ ie final communications link between
the customer’s equipment and the first switchinglenin the network. It is the most
expensive part of the network because it is pralioie a unique basis to each customer,
with this cost intensifying when rural networks a@nsidered due to the geographical
spread of the end users [47]. While these highsduste impeded the direct replacement
of the copper subscriber network with fibre, thepartance of installing the fibre as
close as economically possible to the residencesbban widely accepted [48]. In the
early 1990’'s cable TV companies began enhancing table TV infrastructure with
hybrid fibre coax (HFC) systems which brought fiie within approximately one
kilometre of the end user [49]. This access petietrehas now been extended to use
fibre-to-the-curb (FTTC) systems, which places hirgt close to a home at the curb,
bringing the fibre to within 150m of the end usEhis is also a hybrid technique and is
used in conjunction with DSL or very high speed OSDSL) over the existing twisted
copper pair infrastructure. There are many variamtthis technology such as fibre-to-
the-node (FTTN) which bring the fibre to within kB of the user. For all these hybrid
approaches however, as the distance between tieepldnt termination and the end user

increases, the bandwidth capacity of the copperdagstems decreases.

To ensure the maximum available data rate can jyelisd directly to the user, the final
part of the access network can be achieved altalpti by employing FTTH. This
technology differs from FTTC and HFC in the facittimo active devices and powering
are required outside the plant. Passive opticakaréss (PON) distribute FTTH using
point to multi-point passive components, negatimg meed for any active devices and
ultimately reducing cost [50]. FTTH systems mustoatake advantage of low cost
directly modulated NRZ transmitters that are capalof operating over short
transmission distances. This application could ealised by employing a directly
modulated tuneable laser which would allow for rdigurable functionality to be
achieved. This will become an important aspecutore WDM PON based architectures
as it will allow for the dynamic distribution of bdwidth to accommodate the fluctuating
and unpredictable traffic patterns in modern optigaworks. Today FTTH is becoming
a reality with 1.4 million FTTH connections in Egey 3.4 million in the United States
and 27.4 million in the Asian Pacific (APAC) regifsi].

1.4 Modulation Formats

In high capacity long haul or even metro WDM systeihis of great interest to increase
the optical launch power prior to transmission liova for greater distances between
optical amplifiers or repeaters, thus reducing ¢lerall cost and complexity of the

optical system. The upper limit of the signal povierdetermined by the fibre non-
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linearities, such as cross phase modulation (XPh)faur wave mixing (FWM) due to
inter-channel effects and self phase modulatiorM)S@ue to intra-channel effects [43].
Therefore as optical systems continue to upgradease rates of 40 Gb/s, modulation
formats and line coding techniques have becomentagrial topic of research in the
attempt to mitigate the linear and non-linear imp&ints experienced in transmission
systems. In the last decade the conventional niomrréo-zero format has been replaced
with the RZ and CRZ formats in long haul submagpstems due to their enhanced non-
linear performance. However for current and futiniemsoceanic and terrestrial systems
operating at even higher bit rates (100 Gb/s ov@pmore advanced formats are being

investigated, namely RZ differential phase shiftikg [52].

1.4.1 Standard Formats: NRZ or RZ?

The non-return-to-zero on-off keying (OOK) modubati format is the simplest to
generate and detect, making it the most widely agu format in fibre optic
communications today. The NRZ format is generatedbdulating the amplitude of an
optical carrier in the time domain and can be aadeby applying an electrical NRZ
signal directly to a laser diode or by externallpdulating a continuous wave (CW)
source with an optical modulator. As indicated oy hame itself, the optical power does
not return to zero between two consecutive “1” p8]. An example of a 10 Gb/s
optical spectrum and intensity eye diagram is ftithted in Fig. 1.5(a) and (b)
respectively. Due to the inherent simplicity of NRAd hence the subsequent low cost,
this format has been extremely popular for highegdpgystems. However, at 40 Gb/s the
NRZ modulation format is generally out-performeddignost all other coding schemes
due to its limited robustness to fibre non-linetiees at this data rate, thus restricting

the maximum channel launch power.

The RZ modulation format out performs the NRZ cgdstheme at higher data rates
over longer transmission spans [54] and generatiyires 1-3 dB lower optical signal to
noise ratio (OSNR) for a given BER due to the redudmpact of inter-symbol
interference (ISI) [55]. The broader spectrum a #nort optical pulses also generally
favours non-linear transmission especially at hdgha rates of 10 Gb/s and above. The
RZ format is generated by employing a second opticadulator (either EAM or MZM)
and driving it with a sinusoidal signal at the sampetition rate of the NRZ data. This
technique essentially carves the optical pulse®bilte NRZ signal. Pulse shaping using
an MZM can typically generate three distinctive RZmats that exhibit different duty

cycles (bit slot duration for a given modulatioteja
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o Sinusoidally driving a MZM at half the data ratetween the minima
transmission peaks produces a pulse whenever ikie doltage passes the

transmission maximum, producing 33 % duty cyclesesl Fig. 1.5 (c, d).

0 Sinusoidally driving the MZM at the data rate betwethe minimum and
maximum transmission points results in optical esilsvith a full width half
maximum (FWHM) of 50 % of the bit duration, Fig5X(e, f).

0 Sinusoidally driving the MZM at half the data rabetween the maxima
transmission peaks produces pulses with 67 % dytlecand an alternating

phase. This format is known as carrier suppres@efSRZ), Fig. 1.5 (g, h).

CSRZ is characterized by reversing the sign ofoghtecal field at each bit transition and

is completely independent of the information cargypart of the signal. Due to the phase
inversion between adjacent bits, half the optitabits have positive sign and the other
half have a negative sign, resulting in a zero nugatical field envelope. Therefore the

optical carrier at the centre frequency disappea8RZ generally provides an increased
resistance to self phase modulation and has arldigeersion tolerance than NRZ and
RZ systems. Therefore higher input powers per WDidnoel can be used providing a
greater transmission reach and a larger OSNR i3, 5

(a) , () (e) | @

‘_.. I.‘f‘_/- . ‘-"|‘.‘.‘ f ,\‘ ‘.". .“‘

wobira! L Vs il b bt "W
Wavelength (0.2 nm/div)

Intensity (5 dBm/div)

Intensity (A.U.)

Time (35 ps/div)

Fig. 1.5. Optical spectra and optical intensity ei@grams of standard NRZ and RZ modulation
formats. (a, b) NRZ-OOK, (c, d) 33 % RZ-OOK, (e5f % RZ-OOK and (g, h) 67 % CSRZ

Another variant of the RZ modulation format is geid RZ. This technique utilizes a
third optical modulator, which is generally a litim niobate (IN,Os) phase modulator

(PM) which is sinusoidally driven to impart a vargi chirp on the optical RZ pulses.
Although this technique spectrally broadens thenaidandwidth, which reduces its
spectral efficiency, it generally increases itsusthess to fibre non-linearity. It has been
used predominantly for ultra-long haul transoceanamsmission systems where full
periodic dispersion compensation is carried out.sAsme uncompensated dispersion

slope remains across the wavelength band, theyatalgenerate a tuneable chirp across

12



the transmitted pulses becomes very important tontepact the varying residual
dispersion at each wavelength [57]. Therefore, palsinarine transmission systems with
capacities of a few hundred gigabits per secondSfid of approximately 0.1 b/s/Hz,
utilized the CRZ modulation format. However as tgdaystems capacities have grown
to several terabits per second, advanced modulédionats such as DPSK have been

proposed for next generation high speed opticalonds [58].

1.4.2 Advanced Modulation Formats

On-off keying modulation formats carry informatibg modulating the amplitude of the
optical carrier, but can also modulate the phaserion-information bearing way such as
CRZ and CSRZ as previously discussed. Conversaigelshift keyed (PSK) formats
carry the information in the optical phase itsElfie to the phase insensitivity of direct-
detection receivers, the phase of the precedinig bied as a relative phase reference for
demodulation, resulting in the differential phabkétskeying modulation format. In the
DPSK format, optical power appears in each bit @dher NRZ or RZ) and is encoded
with either a 0 or phase shift between adjacent bits, by using amamtsly oscillating
straight line PM or MZM [59]. A PM modulates thegde of the optical signal and a

second modulator is used to carve the optical pidseseen in Fig. 1.6 (a).
@)
| laser I—)I PM I—)lpulsecarverl—}
/\
| data | P02

Differentially encoded
NRZ data

RZ-DPSK (b) constructive

RZ-DPSK
signal | / \

balanced

optical power.

Fig. 1.6. (a) Typical RZ DPSK transmitter and (bjJemced DPSK receiver

Fig. 1.6 (b) illustrates a balanced receiver whishrequired to detect the phase
modulated signal. The RZ DPSK signal initially pesshrough a delay demodulation
stage known as a MZM delay interferometer (DI) whacts as a phase-to-intensity
convertor [60]. The signal is essentially splibimivo paths with one arm delayed by one
bit period and reinserted back into the signal patiere is constructive interference if
the phase difference between the two interferingiguus of the signals is zero and
destructive interference if it is Hence the signal acts as a phase referencelio Bsth

the destructive and constructive signals are deteasing two photodiodes and then
subtracted giving a balanced electrical output. Huwantage of such a complex
modulation format and balanced detection schentieeisequirement of a lower OSNR

of 3 dB for a given BER over OOK modulation format$his OSNR advantage can
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directly translate into double the obtainable traission reach and as DPSK has shown
to be quite robust to fibre non-linearity [61] hias been employed to demonstrate many

transmission records at 10 and 40 Gb/s over thef@asyears [62, 63].

Even greater transmission distances and highetrapefficiencies have been obtained
by using variants of the DPSK modulation formatff&ential quadrature PSK is the
only true multilevel modulation format as it trangsrtwo bits per symbol by using four
separate phase levels. Therefore, for a 40 Gbfwalsighe symbol rate is only 20
Gsymbol/s, reducing the spectral content by a fagtdwo making this technique ideal
for 50 GHz spaced DWDM systems. This techniquediss been advanced to include
alternate polarization on every other bit and isvikn as APol RZ-DQPSK. It offers a
greater non-linear threshold over standard DQP 3idits [64, 52].

1.5 Key Components in Reconfigurable Optical Networks

The ability to realise a truly transparent recoafaple optical network depends on the
continual development of dynamic, agile componeajsable of operating over a large
wavelength range, varying bit rates and numerougdufation formats. Tuneable lasers
are becoming critical for the future developmentagfle networks as they can switch
between any channels on the ITU grid in the narmsktime frame. They can also be
employed with remotely controlled reconfigurableticg add drop multiplexers or

optical cross connects to enable the dynamic pimnisg of services, thus increasing the
flexibility and efficiency of the DWDM network. Aamnplimentary component for these
aforementioned devices is the all-optical wavelengbnverter which is capable of
performing conversions at extremely high bit rat@hjch cannot be performed in the
electrical domain due to the current speed linotatf electronics. Future networks will

incorporate all of these components to harnessutheapacity of the optical transport

layer in a more flexible, efficient and scalablefiguration.

1.5.1 Tuneable Laser

Traditional DWDM systems use fixed frequency DFBeliss to generate the broad range
of wavelength channels needed for transmission.reéfbie dozens of different
wavelength specific line cards must be manufactuaed inventoried in case a
replacement is needed in the future. As the DWDMistry has seen enormous growth,
it has been difficult to forecast and supply thneIcards with the correct wavelength. As
a result, widely tuneable lasers (TL) capable afeasing any channel on the ITU grid
were considered as a cost effective solution tediftequency devices. Albeit a slightly
unglamorous application, tuneable lasers are ctlyremployed to reduce sparing costs

and inventory, thus alleviating the difficult foeesting of line card requirements [65].

14



For future dynamic and reconfigurable networksttiveeable laser is set to play a more
critical role. As discussed earlier in this chapR®DADMs are a key component for
future agile optical networks. Tuneable lasers a@mplimentary component in such
ROADM based systems, as they can switch betweenchagnel on the ITU grid to

provide a new channel for re-modulation and trassian. Other switching mechanisms
which require TLs are photonic cross-connects asi packet switching for optical

packet switched (OPS) networks [66]. The ability fome tuneable lasers to be
implemented on photonic integrated circuits withaage of other optical components
such as modulators also represents an importamd ire optical communications as it
reduces the power consumption, size and cost, wdilde® greatly increasing the

functionality of the device [67].

There are several key tuneable laser technolopmsare vying for supremacy in the
telecom industry. Some examples of these includereal cavity lasers (ECL), vertical
cavity surface emitting lasers (VCSEL), gratingistes co-directional coupler with rear
sampled reflector (GCSR) laser and the sampledhgrdistributed Bragg reflector (SG
DBR) laser. Almost all can generate wavelength nk&nover a large tuning range (> 40
nm) with a high side mode suppression ratio (SM8Ryreater that 40 dB and high

output powers.

1.5.2 Arrayed Waveguide Grating

The arrayed waveguide grating, or phased arrayeldh8®OR) grating, is a simple yet
ingenious technique to demultiplex several wavetleggannels from a single fibre input
[68]. It has proved to be of significant importarfoe several reconfigurable DWDM
applications such as optical cross connects, ROALRMd wavelength convertors.
AWGs are typically implemented on passive plarghtivave circuits (PLC) using silica
on silicon or InP technology, providing a smallrfofactor low loss device [69]. The

layout of a typical AWG demultiplexer is illustratén Fig. 1.7.

The AWG consists of input/output waveguides, tweufssing slab regions and a phased
array of multiple channel waveguides with a constaath length difference of L
between them. The fibre input to the first propamatregion carries a number of
wavelength channels 1, 2, 3,..n) and is split equally into N parts, with eachtpar
coupled into one of the waveguides in the phaselyaAs the optical signals traverse
the arrayed waveguides they acquire a differens@tdelay due to the different path
lengths, which is also dependent on the channeklsagth. According to the phase
relationship between the same wavelengths fromNtheaveguides, each wavelength

interferes constructively in a specified locatidteathe second free space propagation
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region and interferes destructively elsewhere. @loee by placing a fibre at the position
where each wavelength experiences a maximum intrcmtise interference, the

different wavelength channels can be demultiplergalseparate fibres [70].

array waveguides

A s A
—>

Fig. 1.7. Schematic configuration of an arrayed e@gande grating demultiplexer

1.5.3 Reconfigurable Optical Add/Drop Multiplexer

An optical add/drop multiplexer is a device thalpwk simultaneous access to all
wavelength channels in a WDM system and can baddcat any point in the network to
provide dynamic provisioning of services [33]. Aimgoming channel to the OADM can
be removed (dropped), for its content to be tratiechionto another optical fibre. A
replacement WDM channel can then be inserted (duefdre being multiplexed with
the combined signal to resume transmission. A &Ip@ADM usually consists of an
input and output port combined with a demultipleaad multiplexer with some sort of
wavelength selective filtration device in betwe&ixed OADMs are static switching
devices where the channels or band of channels tvdpped or added is usually chosen
during the system design phase and reconfigunabitit realised through manual

intervention at each OADM node, resulting in highEX costs.

}\'l l I
1> |
40 [ D [LA a v 402
DWDM 351 . =1 U |RWDM
: X
)lé 2 switching fabric
! —
> |

drop T add
|TTX|

Fig. 1.8. Architecture of a reconfigurable optiaedd/drop multiplexer

For this reason ROADMs were developed which allbe temote configuration of the
add/drop multiplexer providing a more cost effiti@nethod to dynamically provision
services. Fig. 1.8 illustrates the basic configoraif a single degree reconfigurable
OADM. Each wavelength can perform a through-passtfan or can be dropped using a

switching fabric device. Channels are added usitgnaable transmitter (TTX) which
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incorporates a TL [71]. The implementation of reetptconfigurable OADMs provides

many advantages for network providers including:
o Simple and flexible delivery of any service/wavejmto any node
0 Maximum service capacity, thus minimizing the néadcostly line overbuilds
o Maximum wavelength capacity to avoid stranded okdal bandwidth

0 Remote hands free provisioning, thus reducing OpEx

1.5.4 Optical Cross Connect

Unlike ROADMSs, which are generally used to add ospddata from a single WDM

path, optical cross connects are required where dvanore WDM paths cross, for
example at the interconnecting nodes in the coteark (as seen in Fig. 1.4). In Fig.
1.9(a) any incoming wavelength channels from thetwan be dynamically switched to
any output port on the north, east or south nddgactical OXC, channels could arrive
from any direction and require add/drop functiotyaliherefore a multi-degree ROADM
with cross wavelength selectable switches wouldebeired.

(a)

DWDM (b)

WDM MEMs

— *g: 2 mirrors
add ports g h

|
I
AWG I
1l

‘WDM out

ZO=0

-

G — drop ports

\ Zou=suU /

DWDM

Fig. 1.9. (a) Typical optical cross connect and\igMs based OXC switch

There are two types of optical cross connects teguire switching at different
granularities. The first is on the fibre level, wheall the combined optical WDM
channels are rerouted from one fibre to anothers €hables the OXC to provide a
function of restoration in the optical layer (sueh a cable or fibre cut) and for future
maintenance of the transmission line [72]. Alteively the OXC can switch at the
wavelength level, where the input signal is dempidtied before the WDM channels are
individually switched to any number of output mpléxers before transmission is
resumed. This technique enables individual wavédltenqmths to be groomed. Many
optical cross connect switching fabrics have baepgsed such as liquid crystal, lithium
niobate, thermo-optic and micro electromechanigatesn (MEMS) switches [73]. Fig.

1.9 (b) illustrates a typical MEMS switch where thput optical signal is demultiplexed
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using an AWG before the individual wavelengths swetched using the 3-D MEMS

mirror matrix and multiplexed again using a secANdG prior to transmission.

1.5.5 Wavelength Converter

Wavelength converters are seen as an important aoemp for future reconfigurable
optical networks to combat wavelength contentiofwvben nodes or network edges. The
conversion process allows WDM channels to be sakctrelocated adding to the
network flexibility and efficiency. A simple schenievolves using an optoelectronic
regenerator in which the signal is receivedaand converted to the electrical domain.
The transmitter then modulates the electrical digaal back onto an optical carrier at a
different wavelength,,. Such a technique is easy to implement using otiyravailable
electrical components but comes at the cost oftdithitransparency to bit rate and

modulation format and is also limited by the spegdlectronics [74].

To overcome the limitation of the current speedetdctronics and the inherently
expensive OEO conversions, all-optical wavelengthvertors have been proposed.
There are many approaches capable of performingpéttal wavelength conversion
including FWM in fibre, XPM or cross gain modulati¢XxGM) in semiconductor optical

amplifiers (SOA) and IN,O; waveguides [75]. Recently, demonstrations haustilated

operation of a XPM SOA based wavelength conversgrable of performing an error
free conversion of a 640 Gb/s OTDM signal, thussiitating the prevalence of an all-

optical wavelength converter for future high spegstems [76].

1.6 Summary

Advances in the core backbone network technology the past decade have shifted the
bandwidth and operational bottlenecks into the matrd access networks. However, in
order to combat the continual growth of bandwidtindgry applications such as video
streaming and HDTYV, service providers have begannstall FTTH based access
networks capable of providing up to 100 Mb/s pestemer. Such high speed on demand
applications has led to fluctuating and unpredietataffic patterns, thus placing a strain
on current opague metro and core networks. ltdesflore envisaged that next generation
core and metro networks will require significant prmvements in capacity,
reconfigurability and resiliency. Capacity demandd#l almost certainly be met by
DWDM combined with some sort of time multiplexingchnique. The choice of which
TDM technique will depend on the required transioissspeed, cost per bit,
performance, power consumption and complexity. Tdeology of an all-optical
transparent network will also continue to dependhengrowth and development of key

optical components and advanced modulation fornatshis thesis, novel all optical
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components/subsystems are presented for high speaelength tuneable pulse
generation and processing to meet the demands tofeficore, metro and access

networks.
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Chapter 2 - High Speed Optical RZ Transmitters

2.1 Introduction

Wavelength tuneable picosecond pulse generatiaf {garamount importance for the
development of future dynamically reconfigurablghispeed communication systems.
As network carriers begin to deploy systems opegatit speeds up to 40 Gb/s, more
advanced modulation formats that exhibit a gredtderance to transmission line
impairments are required. It has been demonstrifi@dalmost any variant of the RZ
coding scheme offers enhanced transmission perfaenaver the NRZ format [1].
Therefore, stable picosecond pulses that exhibigh degree of spectral and temporal
purity will become a pre-requisite for future higipeed core or even metro based
networks. There are many pulse generation techsido@t are capable of producing
wavelength tuneable picosecond pulses such as,-tockiag of a semiconductor laser,
pulse carving and gain-switching. However, befdreytcan be implemented in a high
speed system, a number of critical pulse paramebeist be met. These requirements
include high SMSR, high temporal pedestal suppoessiow timing jitter and low

frequency chirp.

While most of the critical pulse parameters can dssessed using conventional
photodetection monitoring schemes, the phase ofofiteeal pulses cannot. The full

electric field characterisation of a short optipalse is vital prior to transmission in order
to verify the effects of impairments such as chrieendispersion and fibre non-linearity.

Therefore more sophisticated pulse characterisatewhniques such as frequency
resolved optical gating and the linear spectrogaggchnique are required. This chapter
therefore presents an overview of the most commuasepgeneration techniques and the
vital parameters the pulses must adhere to befermeghmplemented in a high speed
system. Several pulse characterisation methodsasidered and the prevalent effects

that limit the transmission performance of suctsesilare also explored.

2.2 Important Picosecond Pulse Parameters

Picosecond optical pulses are a fundamental reqgaine for long haul optical systems
that utilise any variant of the return-to-zero miadion format. They are also a key
component for high speed OTDM systems which reqeixéeemely narrow pulses

suitable for temporal interleaving. Before any oglipulse can be considered for such
systems they must first adhere to a number ofcafifparameters, such as pulse width,

spectral width, timing jitter, frequency chirp, sidnode suppression ratio (SMSR),
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extinction ratio and temporal pedestal suppressitio (TPSR) [2]. The importance of

each pulse parameter will be discussed in greaterldn this section.

2.2.1 Pulse Width and Spectral Width

The duration of an optical pulse is defined as fille width at half the maximum
(FWHM) power and determines the upper limit on sraission capacity for a high speed
OTDM system. It has been demonstrated that a dutte of less than 40 % is required to
reduce penalties due to the incoherent crosstadikdas neighbouring OTDM channels.
This duty cycle is also generally accepted foradgser channel transmission in a high
speed WDM system. Therefore, pulse widths of apprately 9 and 2 ps would be
required for optimum transmission in 40 and 160 sG&ystems respectively. For an
OTDM system, as the pulse width decreases theratlil® overall transmission capacity
increases because more pulse trains can be physidalleaved generating a higher bit
rate signal [3]. As a result there has been extensisearch over the past two decades
into ultra-short optical pulse generation for conmioations applications in the pico and
femtosecond range, leading to demonstrations afieper second systems utilizing

pulses with durations less than 500 fs [4, 5].

The optical spectrum illustrates the correspondmeguency components of an optical
pulse and is an extremely important parameter wtemsidering WDM or OTDM
transmission. The spectral width determines theeupmit on transmission distance due
to the influence of fibre dispersion, which is maasl in ps/nm.km and is intrinsically
dependant on the spectral width itself. Thereibtiee spectral width of an optical pulse
is greater than its minimum value, the effect bfdidispersion will be increased, leading
to crosstalk between adjacent time slots ultimatefnifesting as degradation in system
performance. For WDM systems it is also importanhave narrow spectral widths to
decrease channel spacing, thus increasing systpatitaand to reduce the effects of
cross channel interference. As a result pulses dkhibit a minimum spectral width,
known as transform limited, are generally requii@dhigh speed transmission. The time
bandwidth product (TBP) is a measurement whictstitates how transform limited the
pulses are and is calculated by multiplying the AWbBIf the pulse (s) by the spectral
width (Hz) which is also measured at the FWHM. Ass fproduct is a function of pulse
shape, the TBP for a Gaussian and a’seglse are 0.441 and 0.315 respectively [6].

2.2.2 Timing Jitter
Timing jitter is defined as a short term variatioithe position of an optical pulse from
its ideal position in time. Fig. 2.1 displays a ghaptical pulse which exhibits a large

temporal jitter and a pulse with a small value iti€f. Large temporal jitter can result
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from a number of different processes such as leageer phase noise, direct modulation
(gain-switching), walk off between the data andtoarsignals in an optical receiver, the
Gordon-Haus effect (soliton transmission) or thitougersymbol interference[7,8,9,10].
Jitter can cause bit errors by preventing the cl@dovery circuit in the receiver from
sampling the signal at the optimum instant in tiamel can also prove prohibitive when
demultiplexing in high speed systems. Although déffect may be approximately
negligible at low dates (i.e. 2.5 Gb/s), it becormesemely important at data rates greater
than 40 Gb/s where pulse-to-pulse timing jitter dmees the dominant process.
Experiments and theory have illustrated that therable timing jitter should be less than
one twelfth of the switching window width to achéea bit error rate (BER) of Powhen
using a 20 % duty cycle pulse [11]. Thus, for aGlYs system the root-mean-squared
(RMS) jitter must remain below 2 ps for a 25 pstehing window to achieve error free
performance. This requirement is more stringerit6it Gb/s where the RMS jitter must

remain below 500 fs for a 6.25 ps switching window.

(b)

Amplitude (A.U.)

e b

Time (10 ps/div)

Fig. 2.1. Optical pulse illustrating (a) large tesral jitter and (b) low temporal jitter

2.2.3 Frequency Chirp

Frequency chirp is a variation of the instantandoeguency of an optical pulse and can
be acquired when a pulse propagates in opticaé filwcause the different frequency
components of the pulse travel at slightly différepeeds due to the group velocity
dispersion (GVD) of fibre. In standard single mditee (SMF) the red components
travel faster than the blue components, thus a tlelay between the different spectral
components is experienced leading to frequencypchiiis chirp, due to the fibre

transmission is linear and the accumulated pulsadaning will eventually cause ISI

resulting in a closed optical eye and poor BER gremhnce. Conversely, in the
anomalous dispersion regime however, the blue cass of the pulse travel faster than
the red [12].

Frequency chirping also occurs in directly modudatasers and in some external
modulators. Chirp due to directly modulated sourreses from refractive index changes
in the active layer caused by carrier density maiitah, while for an EAM for example,

an alternate chirp profile is exhibited at eaclslgaint due to the Kramer-Kronig relation
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[13]. This chirp is deemed deleterious for optic@mmunications systems as it limits the
transmission distance by enhancing the broaderfinigeodata bits. However if the sign
and magnitude of the frequency chirp can be turtecan have an opposing effect to
GVD, thereby achieving greater transmission re@bls in essence is similar to the CRZ
modulation format discussed in section 1.4.1 amdlmaachieved by tuning the bias and
radio frequency (RF) drive applied to an EAM [1E]g. 2.2 illustrates a short optical
pulse with both negative and positive chirp prafittbtained from a sinusoidally driven

EAM by slight adjustment of the bias voltage.

1 - - - 60 1

(@) (b)

Intensity (A.U.)
Freqaency Chirp (GHz)
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40 -40
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(5 10 -10 ] 10
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Fig. 2.2. Optical pulse exhibiting, (a) negativeduency chirp and (b) positive chirp

2.2.4 SMSR and TPSR (Extinction Ratio)

Side mode suppression ratio is defined as the ddtibe intensity of the main spectral
lasing mode to the intensity of the next largestienand is a critical parameter associated
with optical pulse propagation in communicationteyss. In WDM networks, signal
lasers that exhibit a poor SMSR contain modulaige siodes that propagate throughout
the network and destructively interfere with adjgc&/DM channels leading to cross
talk. This interference generates a beat noise hwhban seriously degrade the BER
performance of the optical system by manifestingeasporal jitter, thus decreasing the
opening of the received optical eye. This potentmpairment from poor SMSR is

suppressed by using sources with a suppressiangraater than 30 dB [15, 16].

Mode partition noise (MPN) is also a limiting factehen considering CW or pulsed
sources for optical communications systems. laissed by random fluctuations between
the longitudinal modes in multimode or nearly sengiode lasers, combined with optical
filtration and/or dispersion [17]. For a gain-sviiécl pulse source for example, as the
multi-mode pulse propagates through optical fidie spectral components travel at
different speeds and hence spread out in the teshdomain. The random fluctuations
between these modes will manifest as intensityenaksus reducing system performance.
To overcome the prohibitive effect of MPN the SMBRst be increased to greater than
30 dB, as seen in Fig. 2.3 (a) [18].
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Fig. 2.3. (a) SMSR of an externally injected FRefaand (b) TPSR of a mode-locked source

The optical pulse extinction ratio (ER) is definasl is the ratio of the pulses on-state
power to the off-state power. As most pulse germratechniques create a ‘satellite’
pulse or pedestal, the ER can be referred to aethgoral pedestal suppression ratio. If
an optical pulse is employed in a high speed OTHMesn the TPSR becomes extremely
important to maintain an optimum level of systermfgrenance. If the TPSR is two small,
the pedestal may interact with the adjacent OTDMnckel thus causing interference. As
a result, this interaction between the pulses pedesd the next OTDM channel
generates coherent interference noise, thus degr&ER performance [19]. In order to
suppress this effect a TPSR of greater than 30sd®quired [20]. Inset of Fig. 2.3 (b)
illustrates the pulse intensity profile of a modeked laser source. The pulse is
represented on a linear scale and appears to hgeedaER. However, if presented in a
logarithmic scale (Fig. 2.3), the TPSR is approxeha 16 dB. This poor level of
extinction would cause severe performance deg@dath an OTDM system. It is
therefore of paramount importance to accuratelyastarise the generated pulses for
both TPSR and SMSR.

2.2.5 Wavelength Tunability

Widely wavelength tuneable pulse sources are bewprai key component for future
dynamically reconfigurable long haul and regionptical networks. There are several
techniques available to generate short tuneablsepulFor example, the emission
wavelength of a directly or externally modulatedBolgser can be thermally tuned over
approximately three to four nanometres, thereforeamay of 8-10 DFB lasers with
central wavelength spaced approximately 4 nm aj@artaccess most wavelengths on the
C-band ITU grid. Alternatively a number of FP modes be seeded in a gain-switched
source providing tunability over approximately 30.nAs with the DFB laser, more than
one FP laser mode spectrum can be placed sidedbyoffiering an even greater tuning
range [21]. Mode locking of a semiconductor lasathwan integrated wavelength
selective device can also provide widely tuneahl&tsoptical pulses, however the most

common technique and the simplest is to combinanaable laser with a sinusioally
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driven modulator [22]. The ability to generate #atvavelength tuneable pulses with
high TPSR, tuneable chirp, small PW and large SM&Rbe examined throughout the

remainder of this thesis.

2.3 Pulse Generation Techniques
One of the key requirements of a dynamically reicpméble OTDM or long haul WDM

network is the wavelength tuneable optical pulsee® since they provide several of the
important functions necessary for high speed systesnch as sources for optical
modulation, demultiplexing, optical clocks and opti logic [23]. As previously
discussed, a pre-requisite for a short opticalestsurce is its ability to generate pulses
that are both temporally and spectrally pure, s @rovide the greatest resilience to
transmission impairments such as, chromatic digpeend fibre non-linearity. There are
several established pulse generation techniquésathacapable of performing this task

with the most common being, mode-locking, pulseiogrand gain-switching.

2.3.1 Mode-Locking of a semiconductor laser

When a conventional semiconductor laser is opeyaitinits normal regime, it will
resonate over all the frequencies in the cavity rehiine gain of the medium can
overcome the losses. These modes are known asudimgil modes and are separated by
a finite frequency which is a function of the roumigp time of the cavity, given by:f=
(c/2nL), where c is the speed of light and L is taity length. These modes are
continuously competing for gain by stimulated emissand therefore experience large
fluctuations in relative amplitude and phase. A®sult of this, the output of the laser
diode will fluctuate with time in an uncontrolledammer. If the phase relationship
between the modes is fixed and the frequency spaeimains constant, a constructive
beating occurs at a specific instant in time betwie phase locked modes. At the same
instant destructive beating occurs everywhereialsige cavity except at a short distance
from the point of constructive interference. Theajer the number of modes the shorter
this distance becomes and hence the shorter tiealoptilses become. When the laser is
in this regime it is said to be mode-locked [24]. Zthe mode-locking condition of a

semiconductor laser can be induced by implemeraipgssive or active approach [26].

Passive mode-locking is performed by inserting &urahle absorber (SA), which
inherently has a non-linear transmission functioitp the laser gain medium. The SA
effectively attenuates light with low incident insdty through absorption and passes light
with high incident intensity. Initially, if the uasurated gain in the cavity is greater than
the losses and the oscillating modes have unecwdep the longitudinal modes will

experience a strong fluctuation in their relativepéitudes. As the power increases the
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strongest intensity maxima will begin to saturdte SA, thus experiencing the lowest
amount of attenuation and therefore will begin limimate the lower intensity modes by
acquiring all the gain of the medium. This processults in the production of a train of
optical pulses which travel back and forth withive tcavity and have a duration that is
inversely proportional to the spectral width of thede distribution supporting them [27].
Fig. 2.4 (a) illustrates the combination of theelagain medium and the non-linear
transmission of the SA, which leads to the creatbman optical pulse. Passive mode-
locking can generate very short and stable opfialdes, however it can be problematic

to initiate the mode-locking regime as it dependisandom noise fluctuations [28].
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Fig. 2.4. (a) Passive mode-locking with a SA anjdagtiive-mode locking

Active mode locking is achieved by modulating tbssl of the diode laser at a frequency
that is equal to or a harmonic of the round triggtrency of the laser cavity. As the
modulator is driven by an external power source résulting sidebands will lie on top of
the existing longitudinal modes or in their neacimity. As a result the longitudinal
modes tend to injection lock with the sidebandssitayia global phase locking over the
entire spectral distribution, as seen in Fig. ¥ By correctly adjusting the frequency
applied to the loss modulator to approximately mmend trip time of the cavity, light that
undergoes loss at one instant in time will expegethe same loss again after the next
round trip. Therefore, all the light will experiena loss; except for the portion that passes
through the modulator when its loss is zero. Is thay the same portion of light travels

back and forth in the cavity thus producing a sbgttcal pulse [25].

Hybrid mode-locking combines a mixture of both pass&nd active mode-locking. This
technique offers the ability to generate short agbtipulses similar in width to that
achieved through passive locking and can also iwgptbe pulse jitter by bringing it
close to that of the applied electrical signal. Waungth tunability of mode locked pulses
can be achieved by placing a tuneable wavelendgictsee device, such as a diffraction
grating, inside the cavity arrangement. Althougle tmode-locking technique can
generate very short pulses that make it ideal foD& applications, it suffers from a

complex cavity arrangement as just discussed winicteases the cost of mode-locked
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pulse sources. Another major drawback is the limoiteto mode-locking at a harmonic of

the cavity frequency due to its fixed cavity len{28].

2.3.2 Pulse Carving using an External Modulator

Pulse carving is an alternative pulse generatiamrigue that requires an external
modulator to gate CW light. This pulse generatiechhique is based on the non-linear
transmittance of the modulator as a function ofliedpvoltage and can generate very
short pulses at high bit rates (> 40 Gb/s) thatlmimplemented in high speed long haul
networks. The most common intensity modulatorstiaeeMZM and the EAM. A MZM

is typically constructed using lithium niobate apakically consists of an input straight
line waveguide, following by an input Y-branch wguéle that splits the light equally
onto an interferometer consisting of two arms. Twe waves are then combined from
the interferometer arms using an output Y-branchickv is followed by the output
straight waveguide. When no voltage (V=0) is agptie one of the interferometer arms,
both the input waves propagate with the same amdditand phase, recombining
constructively at the output. Upon an applied \g@t@to one arm) the refractive index of
the waveguide changes, through a process knowheasléctro-optic effect, causing a
phase difference between the two waves. When tipéedpvoltage equals the value
required for a phase shift (V), the waves destructively interfere at the ouput and
the light amplitude becomes zero. When the applEthge is between V and Vthe
phase difference and hence the output power vi8i§s An example of the non-linear

transmittance of a MZM as a function of appliedsbialtage is illustrated in Fig. 2.5 (a).
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Fig. 2.5. Non-linear transmission profile as a tiort of applied bias voltage for (a) a MZM and
(b) an EAM

Electro-absorption modulators generate short dppickses by altering the absorption of
an optical waveguide to modulate the intensity led tight passing through it. This
condition is obtained through an electric fieldundd wavelength shift and broadening of

the semiconductor absorption edge [31]. By applgnglectric field to a semiconductor,
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a reduction in the effective bandgap can be radgligéiich in turn shifts the devices
absorption edge, thus absorbing photons with erlemggr than the bandgap energy. This
effect can be achieved through the Franz-Keldy$bce{FKE) in bulk EAMs and the
guantum confined stark effect (QCSE) in quantum ®@A&Ms [32]. As the photon energy
changes as a function of wavelength, the transamsgsiofile of the EAM changes as a
function of wavelength also. Fig. 2.5 (b) illusgatthe transmittance of a multiple

quantum well EAM as a function of reverse biasrabperating wavelength of 1550 nm.

Although mach-zehnder modulators can generate 8i§pcycle pulses at data rates up
to 40 Gb/s, they are inherently polarisation sémesiand require a large DC bias voltage
and modulation voltage to obtain pulses with asfatiory width and extinction ratio.
However as mentioned in section 1.4.2, by modujatire MZM at 2 V, a pulse train
with a repetition rate at twice the value of thedwlation frequency can be obtained,
although this comes at the cost of even greateepoansumption. Alternatively, EAMs
require substantially less levels of bias and maiituh voltage to obtain much shorter
pulses with even greater extinction ratios. Thetengulses and large ER (> 35 dB) arise
from the highly non-linear transmission profiletbe device, which can reach 20 dB/V.
EAMs can also be fabricated on the same chip @snécenductor laser, thus reducing its
inherently large insertion loss and providing tlapacity for an extremely small form
factor transmitter. As the ER, PW and most impdlyasign and magnitude of the
frequency chirp of the generated pulses can bedt@sea function of both bias and
modulation voltage at each wavelength, an exteridatsmission reach in a long haul
system may be achieved. Therefore, there is a egrdatus placed on this pulse

generation technigue in chapter three.

2.3.3 Gain-Switching

Gain-switching is one of the simplest and cost affie pulse generation techniques.
Unlike mode-locking, gain-switching has the advgetahat no external cavity or
sophisticated fabrication technologies are requilted achieved by directly modulating a
laser diode with a large amplitude electrical pulssually with a sub-gigahertz step
recovery diode (SRD) or a large sinusoidal wavee Thethod originated from
observations of relaxation oscillations in the @ardensity when turning on a laser diode
from below threshold using electrical pulses witfast leading edge [33, 34]. Therefore
if the first spike of the relaxation oscillation svaxcited and if the electrical pulse was
terminated before the onset of the second osoiflatin optical pulse would be emitted,

as illustrated in Fig. 2.6.

Gain-switched pulses generally have un-compresatse pvidths varying from 10 to 30

ps depending on the laser parameters and driveitmored The narrowest obtainable
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pulse width achieved through gain-switching is tedidue to the difficultly in sustaining
a large initial population inversion prior to emdss of the optical pulse [35]. The large
variation in carrier density also creates a nundfetetrimental pulse characteristics that
are inherent to this technique. These charactsisinclude SMSR degradation,
substantial timing jitter and a large frequencyrghiThe pulses exhibit a large chirp
because the on-off nature of the applied electrgighal resulting in a continuous
variation in carrier density, thus causing a cqroegling variation in the refractive index.
Although these pulse characteristics would haveadwverse effect on performance if
employed in a high speed transmission system, tiere been numerous simple and cost
efficient techniques proposed to mitigate these ainmpents [36, 37]. Wavelength
tunability can also be achieved by externally itifgga gain-switched FP laser [38] or by
implementing a number of cascaded directly moddla-B lasers that can be

individually thermally tuned to cover the entirédb@nd wavelength range.

—— — Current

----------- Carrier density

Optical Pulse

(@) Time () Time

Fig. 2.6. (a) lllustration of relaxation oscillati® observed in both the carrier and photon dessitie
of a laser diode when a step current is appliech foelow threshold and (b) gain-switching

process producing a short pulse

As a result gain-switching has become a viable iB@simitter, especially for metro based
optical networks where directly modulated sources favoured due to their low cost.
Therefore a more detailed explanation of the gaiitefiing process as well as a simple
and cheap method to increase the spectral and tahmeoity of such pulses is discussed

in chapter four.

2.4 Pulse Measurement Techniques

High speed measurement techniques for optical cariwation systems are extremely
importance and enable the continual monitoringegfldyed networks and the tracking of
impairments within these networks. Before implerirena short optical pulse source in
such applications as high speed transmission, ptitad demultiplexing or optical

sampling, it is imperative to perform some tempaatl spectral diagnostics. The full
electric field is required in order to obtain thieage characteristics of an optical pulse,

which is crucial when determining long haul transsion performance [39]. However,
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sometimes this difficult measurement in not a neitesand there exists many pulse
measurement techniques which simplify their operably only measuring one aspect of
the pulse.

2.4.1 Fast Photodetection

The most common component employed to monitor ithe tlependant intensity of an
optical pulse is a high bandwidth photodetector.eWhised in conjunction with an
equally high bandwidth sampling oscilloscope thésuidth, pulse shape, extinction
ratio, jitter and optical power can be displayetdisTmeasurement technique is the most
widely deployed pulse characterisation method &sused in communication systems to
monitor the optical eye diagram. However this téghe requires that the bandwidth of
the detector (and oscilloscope) is much higher thahof the pulse to be measured. If the
bandwidth of the pulse exceeds that of the detettfmrmation about the pulse intensity

is lost and only the impulse response of the preggaror is measured [40].

Fig. 2.7 illustrates the temporal measurement of different pulse trains, one with a 30
ps pulse width and the other with 2 ps pulse widith measured using a 50 GHz
photodetector in conjunction with a 50 GHz oscilmse. For the 30 ps pulse, the
detection system measures the pulse accuratelyealsandwidth of the pulse is inside
that of the photodetector. For the 2 ps pulse hewethe photodetector is bandwidth
limited and no longer provides a good representatiothe pulse. The width was over
estimated (~ 15 ps) and ringing results in exttafacts which were not present in the
pulse. Although this method for short pulse measerd can obtain many of the
important pulse characteristics which are adeqt@mtestandard OOK BER analysis, it

does not provide phase information, therefore nsoreplex techniques are required.

(b

Intensity (A.U.)
——

Time (50 ps/div) Time (15 ps/div)

Fig. 2.7. Comparison of pulse measurement using @z photodetector in conjunction with a
50 GHz sampling oscilloscope for (a) a 30 ps patse (b) a 2 ps pulse

2.4.2 Optical Spectrum Analysis

The spectral analysis of an optical pulse is a ¥&portant measurement, especially for
DWDM networks as it provides information such as NBRS channel spacing,
transmission wavelength, cross-talk, channel rigpld non-linear induced impairments

(such as FWM). The principle techniqgue employedntonitor the pulse spectrum
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generally consists of a grating spectrometer anadble filter in conjunction with a slow
response optical detector. The precision of therflletermines the spectral resolution of
the optical spectrum analyzer (OSA). At low resolutthe signal becomes slightly
averaged which limits the absolute values, suchspectral width or peak lasing

wavelength for example, therefore reducing the maguof the device.

2.4.3 Intensity Autocorrelation

One of the most conventional techniques employeddasure the duration of an optical
pulse, which is too short for a high speed osdlbpe and detector, is an intensity
autocorrelation [41]. Fig. 2.8 illustrates the urkgieg principle of such an intensity
autocorrelator. The input pulse is split into twopies of itself, with one arm
experiencing a variable time delay. The two spgtiaverlapping pulse replicas interact
with each other as a function of the delay in a-lmear medium, such as a second
harmonic generation (SHG) crystal. As the beamsateo-linear when passing through
the crystal, it is possible to individually meastine cross product of the pulse and its
copy, while ignoring the single arm signals. SH@duces a light signal that is twice the

frequency of the input pulse and is given by:

ESeC(t- t)p E(E(t- t) (2.1)
where is the delay. This electric field has an intendityat is proportional to the

intensities of the two input pulses:
ISho(t- ) pI)I(t-t) (2.2)

As the photodetector is too slow to resolve thisnsity, the detected signal produces the

time integral, which is the autocorrelation:

¥
A= 1)1 tydt (2.3)
Input
Pulse
¢ Begm
VA4 Splitter
E(t4) SHG
QA A—F Crystal Eyglt 0
D A
Variable \ Detector
Delay, t

Fig. 2.8. Setup apparatus of a typical SHG intgrasittocorrelator

The autocorrelation technique can be implemente@ah time and as can be seen from
Eq. 2.3, it is defined entirely by the pulse inigngherefore all the phase information is

lost. As a one dimensional sequence is not unigdeRned by the magnitude of its
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Fourier transform, there could be an infinite numbiiepulse shapes that would result in
the same autocorrelation. Consequently, to measuezcurate measurement of the pulse

duration, it is necessary to know the pulse shdpg [

2.4.4 SHG Frequency Resolved Optical Gating

The need for a complete electric field charactédaato obtain both intensity and phase
information, is highly desirable for any wavelengtimeable RZ transmitter as it enables
an accurate optimization of the generated pulsi&s pr transmission. One such pulse
measurement technique capable of retrieving baghiritensity and phase is frequency
resolved optical gating (FROG) [43]. The secondrt@ric generation FROG technique
is similar to that illustrated in Fig. 2.8 excepat the cross product of the two interfering
pulses is recorded using a spectrometer. Thereforiéke autocorrelation, the FROG
technique records the spectrum of the gated sagal function of the delay. This creates
a 3-D spectrally resolved representation of thegutnown as a spectrogram, which can
determine the complete electric field E(t). An epdenof a FROG spectrogram is
displayed in Fig. 2.9 (a) and is represented by2&4.

Sw,t) =| E(t)E(t- t)expdwt)dt2 (2.4)

As the spectrogram is merely a series of speaitainsity measurements, it does not
contain any direct phase information about the eouws the gate that it consists of.
However, if applied to a 2-D phase retrieval aljori both E(t) and E(t) can be
extracted, thus providing the intensity and phaderination for both the pulse and the
gate. This algorithm is based on an iterative Fsuransform algorithm and is known as
the generalised projections algorithm [44]. A cqtoal diagram of this phase retrieval
technique is illustrated in Fig. 2.9 (b). The alon starts with an initial guess for the
electric field, E(t) and then generates the sidiedd Egyt, ) through Eq. 2.1. This field
then undergoes a Fourier transform as a functidntofobtain B, , ) in the frequency
domain. The experimentally measured FROG tracengfin Eq. 2.4) is applied to this
function to obtain an improved signal field,s§ , ). This signal is then transformed
back into the time domain by using an inverse Furiansform to generate, Jgt, ).
This modified signal is finally used to generateeav, more accurate guess for E(t). This
process is repeated and the algorithm generatetex Quess after each iteration until the
error between the original FROG trace and the geedrFROG trace goes below an

acceptable value, which is defined as convergefisle |

Although the FROG pulse measurement technique taairothe intensity and phase
information of an extremely short optical pulseairvery quick and efficient manner, it

does suffer from some disadvantages [46]:
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0 It does not measure the absolute phase

0 There is no absolute time reference because tise psilused to measure itself,

therefore the pulse arrival time and delay is neasured

0 As the pulse and gate are symmetric, there is imdgirambiguity, because if the

pulse is reversed temporally it would result in shene spectrogram

0 Requires high optical power for good non-linearcgfhcy

Apply
) constraint
g Esig(t’r) ) E(t) ) Esig(t7T)
<=
§’ Inverse Fourier
= Fourier Transform
% Transform
=
Delay (fs) ESig (0)’ T) ~ Apply Experimental ESiQ (OJ’ T)
(a) (b) data

Fig. 2.9. (a) lllustration of FROG spectrogram, wehthe colour indicates intensity and (b)

principle of FROG pulse retrieval algorithm

2.4.5 Linear Spectrographic Pulse Measurement Technique

While FROG is an excellent characterisation tecmignd still remains one of the most
propitious methods to measure ultra-short pulsessuffers from a few inherent
drawbacks which limit its true usefulness for tel®munications applications. Firstly,
the sensitivity of the device is proportional tcethon-linear efficiency of the SHG
crystal. As the duty cycle of the pulses increaies peak power decreases, resulting in a
corresponding decrease in non-linear efficiencystMelecommunication pulses exhibit
duty cycles of approximately 33 %, while also opiegaat high data rates of up to 40
Gb/s. Therefore, a high saturation power EDFA @uned to increase the pulse power
before a successful measurement can be made. TBa&iHnique also requires that the
pulse and gate are phase matched, therefore mikiighly sensitive to the polarisation
of the incoming pulse. This again adds complexitgt aost to the measurement scheme.
As a result an alternative linear pulse measurerteshinique has been developed, which

uses the gate of an EAM to scan across the incoputgg to produce a spectrogram [47].

AE(t AEE(; 1)

EAM Spectrometer

Phase
5(]) Shifter

RF

Fig. 2.10. Basic linear spectrographic pulse meamant setup
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Fig. 2.10 illustrates the basic setup diagram & linear spectrogram measurement
technique. The incoming pulse to be characterisesl &n electric field, E(t) and is

convolved with EAM gate as a function of the delmtween the two. The delay is
introduced using an RF phase shifter before the EBM can also be achieved with an
optical delay line. The spectrogram is createddnording the spectrum of the pulse at
each value of delay, using a spectrometer. For fast operation thetspeeter can be a

tuneable filter followed by a photodiode or for i@eased sensitivity, a commercially

available grating based OSA. The resultant spemdgs represented by:
2
swit)=| EMG(t- t)eprwt)dt‘ (2.5)
where G(t-) is the EAM gate function.

This technique is equally as powerful as the FROGrdtrieving the intensity and phase
information of a pulse and uses the same robustepterieval algorithm. As it does not
rely on non-linear optics it is extremely sensitaugd can be implemented completely in
fibre with standard commercially available equipmérnere is also no restriction on the
modulator being used, provided that the gate dumasi within a factor of ten of the pulse
width. By using an EAM, this technique is virtualfyolarisation insensitive, further

reducing the complexity of the measurement [48].

2.5 Transmission Line Impairments

The main limitation on transmission performanceeither a single channel or WDM
system is the transmission line impairments. Theoua phenomena that limit the
obtainable transmission reach in an optical compaitiin system are attenuation,
chromatic dispersion, polarization mode dispergieMD) and fibre non-linearity. It is
therefore of critical importance that a detaile@dlgsis of the effects of each impairment
is evaluated prior to transmission to ensure aimph level of performance [49]. This
section will describe how these impairments caritiMDM or OTDM systems and
briefly discuss some of the solutions that canrbplémented to minimise their effects

and hence maximise performance.

2.5.1 Attenuation and Chromatic Dispersion

Signal attenuation or optical loss is defined a&srtitio of the optical output power from a
fibre of given length to the optical input powertéauation of the light signal is mainly
caused by absorption, scattering and radiativeefos$ the optical energy due to bending
[50]. Attenuation is an important parameter in cgticommunications as it determines
the maximum distance between optical repeaterseSinch repeaters are expensive to

install and maintain, the attenuation of an opticahsmission line has a large influence
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on system cost. Prior to 1990, attenuation wasomvee by using electrical repeaters
which, as mentioned in chapter one, require expenser wavelength OEO conversions
before the signal can be amplified. With the adweinthe EDFA [51], optical gain in
excess of 20 dB across the entire C-band wavelemgite could be achieved, thereby
mitigating the effect of attenuation in a more @ént and cost effective way. Amplifiers
aside, there have also been great improvementseiroptical fibre itself, with modern

commercial fibres exhibiting losses as low as @B/&m at 1550 nm.

Chromatic dispersion is a more complicated phen@meassociated with optical fibre
and arises from the fact that both the refractingek and the propagation constant ¢f
the fibre medium are both functions of wavelendiB][ An optical pulse that contains a
single moded spectrum is never purely monochromatit contains a narrow band of
wavelengths. Therefore, as an optical pulse trathglsugh a fibre optic medium, the
spectral components travel at different velocitiesating a relative delay between them.
This causes the pulse to spread out in time ahkaasvn as chromatic dispersion. This
effect is detrimental in transmission systems aspthise broadening leads to intersymbol

interference which results in a severe degradatidER performance after detection.

The dispersion of standard single mode fibre ig@pmately 17 ps.nm/km. Therefore if

a conventional 10 Gb/s transform limited pulse watispectral width of 0.15 nm was
transmitted over this fibre, a maximum transmissilistance of approximately 50 km

would be achieved. When moving to a higher dat 040 Gb/s, the constraints due to
chromatic dispersion increases by a factor of sixtg3], thereby further restricting the
achievable transmission distance of the commurigatsystem. Therefore, in an OTDM
transmission system that requires an extremely Ishitlslot (6.25 ps for 160 Gb/s

transmission), chromatic dispersion is critical aocdn have a severe impact on
performance. Fortunately, like fibre attenuatiohromnatic dispersion is a linear effect
which enables deterministic compensation. This amption can be achieved through
fibres with negative dispersion values such aselfpn compensating fibre (DCF), zero
dispersion fibres such as dispersion shifted fittP€F) or non-zero dispersion shifted

fibre (NZDSF), electronic pre-distortion [54] anidjglersion compensating gratings [55].

Current long haul WDM networks employ periodic disgion compensation schemes
where a large local dispersion is maintained tacedhon-linear mixing and a low end-
to-end dispersion for high signal fidelity. Thigghme is accomplished by employing a
dispersion managed amplified link, known as a d&spa map. This technique makes use
of two fibre types with opposite signs of dispersisuch as standard SMF and DCF [56].
In such a link, the optical signal first incurs pinge dispersion (unless pre-compensation

is utilised) and then negative until the overallugaeventually returns to zero. This
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characteristic of returning to zero however is omlye for the channels near the mean-
zero dispersion wavelengths as seen in Fig. 2.ighaf wavelength channels accumulate
a positive residual dispersion and lower wavelengthnnels accumulate a negative
value. This mismatch in compensation is due to rs@écorder dispersion known as

dispersion slope and inevitably leads to perforreategradation.

A Long wavelength channel
=
'g \ Fibre dispersion
o \slope mismatch
8~
@ E
8 <o e\ |
_-a Short wavelength channel //
7]
4 LA
Length (km) ”
1 2}
SME DCF SME bcF “ i
EDFA EDFA| EDFA EDFAS

dispersion compensated transmission line

Fig. 2.11. Accumulated residual dispersion as atfan of distance for the amplifier chain

illustrated at the bottom of the figure

If both fibre types have a positive slope, chantieds are located far from the mean-zero
wavelengths will experience large residual dispersiresulting in intersymbol
interference, once a sufficient amount of competsdinks have been passed. It is
therefore imperative to overcome this effect ané @ray of achieving this is to use
dispersion matched fibre where the sign of the adisipn slopes are opposite to each
other providing large bandwidth compensation [5&hy further slight mismatch or
residual dispersion could be controlled by adjugstime chirp of the transmitted pulses at

each wavelength prior to transmission.

2.5.2 Polarization Mode Dispersion

Polarisation mode dispersion is a limiting transiags impairment in optical systems
operating at high data rates and over long haulstréssion distances. It is caused by
random imperfections of the rotational symmetry ua the fibre axis known as
birefringence. The phenomenon of birefringence dependence of the fibre refractive
index to the input signals state of polarisatio®P$ [58]. If an optical pulse with an
arbitrary SOP traversed an optical link with a higilue of PMD, two replicas of the
pulse would travel on both the fast and slow axXithe fibre. Due to birefringence, both
pulse replicas would travel at different velocitiesulting in a relative delay between
them, known as differential group delay (DGD). Thiseffect will result in two time-
displaced replicas of the pulse at the receivars fimiting the ability of the receivers

decision circuitry to distinguish between a one aero bit [59].
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PMD can be a difficult impairment to monitor asviries from fibre-to-fibre, from
wavelength to wavelength for a given fibre at amgtance in time and at each wavelength
over time. This is because the fibre permutatidmst tcause PMD are continually
changing due to environmental sensitivities andeiotin-line equipment. Although a
serious problem, PMD is mainly a considerable impant in installed fibre optic routes
that were implemented before this problem surfaedi when high data rates (40 Gb/s)
were not envisaged [60]. PMD has been dramaticeliiuced to as low as 0.04 psaih
with current fibre manufacturing processes. Assallteit does not pose a serious problem
at 40 Gb/s with currently available fibre cable.wéwer, when operating over installed
fibore of a decade or more ago, some PMD compenmsaihemes may have to be
employed either before, or integrated with the isare if long haul transmission at 40
Gb/s is desired [49, 61].

2.5.3 Fibre Non-linearity

Optical fibre non-linearity is another determinifagctor which underlies the maximum
obtainable transmission distance in a single ottirabhannel WDM system, governs the
maximum optical repeater spacing and causes sepalse distortions and channel
mixing in high speed systems. Non-linearity is aute of very strong confinement of
single mode fibres which leads to high optical msiges. If the intensity is large enough
the refractive index of the optical fibre can beemdd, through a process known as the
Kerr effect [62]. This intensity induced changer@fractive index alters the phase of the
signal, which when combined with chromatic dispamnsiesults in waveform distortion.
The Kerr non-linear effects are translated int@e¢hmajor phenomena, SPM which is due

to intra-channel effects and XPM and FWM which due to inter-channel effects [63].

The index of refraction, n, of silica optical fibikedependant on the power, P, through the

following Eq. (2.6):
=]
n=no+n2A—e (2.6)

2 nL N 2 n,lL

(L)= (2.7)

where R is the nominal refractive index at low optical mown is the non-linear
refractive index coefficient of the fibre, which i®rmally in the region of 2.6 x 8
m/W for standard SMF [64] and.As the effective area of the fibre. The phasehef t
light after propagating through the fibre with I&éimg. (relative to the phase of the
injected light) is given by Eq. 2.7. From this efjoia it is clear that any change in the
optical intensity, | (which is equal to PLAwill result in a corresponding change in the

phase due to the non-linear index of refractiomheffibre. As a result of this change in
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phase, the peak of the pulse will travel at a diffe velocity relative to the wings of the
pulse. Therefore the leading edge of the pulseisegja red shift and the trailing edge
acquires a blue shift. This effect is known as S#d results in spectral broadening. The
signal is broadened by an amour as illustrated in Eq. 2.8, wheres the non-linear
coefficient, L, is the effective non-linear length of the fibredadP/dt is the time
derivative of the pulse power. This broadening canse performance penalties due to
the limited bandwidth requirement of optical fisein a WDM network and can also
cause pulse distortion, in the form of amplitudiefi when combined with the effects of
chromatic dispersion [65].

B= Le% (2.8)
When the chromatic dispersion is negative the fepdidge of the pulse, which is red
shifted, travels more quickly and moves away from tentre of the pulse. Conversely,
the trailing edge is blue shifted and thereforgdls more slowly, thus also moving away
from the centre of the pulse. This results in pblsedening leading to distortion and ISI.
In the anomalous dispersion regime where the chiiontispersion is positive, the
opposite effect is experienced and pulse compressiobserved. Therefore, SPM can be
used to compensate for chromatic dispersion ank gulses are known as solitons [66].
In single channel systems and WDM systems withelazigannel spacing, SPM is the
dominant non-linear impairment. In dispersion congaged transmission links that
exhibit large values of local dispersion the pulsesaden rapidly and hence dramatically
reduce in peak power, causing a reduction of SPNtade-off therefore exists between
high optical launch power to provide good OSNR aoptical non-linearity, thus

illustrating how SPM can have a significant affentthe cost of an optical network.

The effects of cross phase modulation are simitathat of SPM as the intensity
fluctuations cause a corresponding phase variattdoh results in a large timing jitter on
the optical pulses and a consequent degradatiB&R performance. However, for XPM
the responsible intensity fluctuations arise fréva modulation of adjacent channels in a
WDM system [67]. The resultant spectral broadewning to XPM is given by:

DB = 2g_e‘3—': 2.9)

This expression is similar to that of SPM excepttfe factor of 2. This indicates that the
effect of XPM is twice that of SPM, which would te#o the belief that XPM is a more
severe limitation on WDM transmission systems. L#@M, the spectrum of the optical
pulses are broadened due to the intensity indubedepvariations, however there is no
impact of this broadening on the optical pulsesssilit is combined with chromatic

dispersion, which in turn results in pulse distmrtiln a WDM system, each pulse stream
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at each different wavelength channel will expereeatternate group velocities and will
therefore not interfere with each other indefinitelherefore large local dispersion helps
to suppress the effects of XPM as walk off occurckly and the peak power of the
pulses is also simultaneously reduced [68]. XPM @ian be further reduced if there are
differences in polarisation between channels, lagp@nnel spacing and if the optical

power is maintained at a sufficiently low level.

Four wave mixing is the second inter-channel nopdr phenomenon experienced in
WDM transmission however its effects are considgralifferent from that of XPM.
FWM, in its simplest form, is caused when two cofgagating waves at frequencigs f
and $ mix and beat together. Their difference in frequyemodulates the phase of one of
the channels at that frequency, generating newstasesidebands at;2ff, and 2§ - f;.
These sidebands co-propagate with the initial wawneksgain power at their expense [69].
The total number of these ghost wavelengths isngbse number of ghosts = 0.5(NI-

1), where N is the number of initial channels. Hfere, if a 32 channel WDM system is
considered, through FWM 15872 new spectral compsneould be created. These new
spectral components create shadow pulses in olligieanpty time slots and add
amplitude jitter to the remaining pulses, whichhbabntribute to a reduction in the

optical eye opening leading to severe performameggatiation [70].

Fortunately, phase matching between the opticajuiacies is required for efficient

FWM. For this to be realised in single mode fibresty low amounts of dispersion are
required. If the amount of dispersion is low, &k toptical frequencies will experience a
limited amount of GVD and will therefore travel thie same speed, remaining spatially
close to each other. In this regime, the chanratseasily influence each other through
FWM leading to signal deterioration, which was alpem that was highlighted when

carriers considered employing dispersion shiftbde over SMF [71]. If the chromatic

dispersion is large, the interacting waves will dadifferent group velocities, thus

destroying the phase matching condition and lovgettire efficiency of power generation

at new frequencies. Therefore, the use of fibrd warger dispersion such as non-zero
DSF and larger or unequal WDM channel spacing nggult in a significant suppression

of FWM problems [72].

Inter-channel non-linear effects are the dominaatise of serious transmission
performance degradation in 10 Gb/s WDM systems, elvew while operating at data
rates of 40 Gb/s or above it is the propagatioraufh individual channel that dominates
performance. Fig. 2.12 illustrates the dominantinear impairments at each bit rate and
as a function of fibre chromatic dispersion for @®K modulation format and was

demonstrated by Winzer and Essiambre in [73]. Titparé displays the most dominant
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non-linearity for a given spectral efficiency andeg the optimum per-channel bit rate
that allows for the greatest signal launch power dofixed penalty due to the non-
linearity. It also illustrates how the local fibdespersion can affect greatly the dominant
non-linear transmission impairment. For exampleah be observed that the effect of
FWM is most dominant when a very low dispersiondils used and that intra-channel

effects are dominant at data rates greater thabb4§.

Spectral efficiency (b/s/Hz)
0.025 0.1 0.4
T

| sem |\ ixPm |

Fibre dispersion (ps.nm

1 1
2.5 10 40 160
Bit rate per channel (Gb/s)

Fig. 2.12. Significance of inter and intra-channeh-linear effects in a WDM system as a function
of fibre dispersion and bit rate [73]

2.6 Summary

The need for picosecond pulses for implementationhigh speed, long haul RZ
transmission systems has been acknowledged for rjaags now. Numerous pulse
generation techniques have been developed and takiioare capable of generating
pulses with high spectral and temporal purity. Doiehe perceived dynamic nature of
future communication networks, the ability of symiise sources to operate over a wide
wavelength range is becoming more apparent. Coes#lgugreater research has been
attributed to the development of widely tuneabBnsmitters for a variety of network
topologies. Such transmitters should be simpleysplzost effective, energy efficient and
have a small form factor. Therefore, the remaindethis thesis will focus on the
development of such wavelength tuneable transmifigr implementation in the core,

metro and access networks.
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Chapter 3— Wavelength Tuneable Pulse

Generation and Transmission using an EAM

3.1 Introduction

The electro-absorption modulator is a very attv&cticomponent for high speed
transmission and/or processing in a core opticaloik operating at data rates up to 40
Gb/s. When combined with a widely tuneable laselE&M can provide stable pulse
generation over the entire C-band wavelength rangking it ideal for reconfigurable
WDM networks. There are also significant advantames other modulator types such as
size, power efficiency, compatibility with monolith integration and the ability to
generate very short pulses that exhibit zero oratiegy chirp. Electro-absorption is
dominated by two processes, either the Franz-Kblaftect or the quantum confined
stark effect. The QCSE is the dominant process W®Imodulators and is the most
popular modulator configuration as it providesrgéaon-off ratio and negative chirp with
a reasonable insertion loss [1]. In an EAM, intgnsiodulation is realised by shifting the
absorption edge of the semiconductor, thereforeh sactechnique is inherently
wavelength dependent. Additionally, as the absonpéind hence the change in refractive
index is greater for an increased electric fieltle generated pulses exhibit varying
characteristics as a function of bias and modulatiatage. It is therefore imperative to
analyze the generated pulses at each wavelengténsare optimum transmission

performance when operating over a wide waveleraytge [2].

This chapter investigates high speed pulse geperatid transmission using a 40 GHz
MQW EAM. An accurate performance map of the gemeraiulses, in terms of pulse

width, extinction ratio and frequency chirp is cwasted using the linear spectrogram
measurement technigue outlined in section 2.4.6h pallse characteristic is recorded as
a function of operating wavelength, reverse biad arodulation voltage. Once this

characterisation is complete, the EAM is implemdrde a 42.7 GHz RZ transmitter in a
1500 km circulating loop transmission setup. ltdé&monstrated that non-optimisation of
the EAM drive conditions, after a WDM switching eweéhas occurred, leads to severe
degradation, in terms of both obtainable transmissgeach and performance consistency
over a wide wavelength range. By constructing anMEperformance map prior to

transmission, an optimum bias and drive conditian be selected for each wavelength
on the ITU grid, thereby achieving extended traission reach and a greater level of

performance uniformity over the entire C-band wawgth range.

54



3.2 EAM Device Operation

The electro-absorption effect for optical intengitpdulators is based on two dominant
mechanisms; the Franz-Keldysh effect for convemtidoulk semiconductor modulators
and the quantum confined stark effect for multigleantum well (MQW) modulators,

both of which are prominent near the bandgap of@@muctors. As optical absorption is
the dominant process by which both EAM structur@erate, they are inherently
wavelength dependant and also exhibit varying feegy chirp characteristics as a
function of absorption [3]. Therefore this sectioitl investigate the differences between
the two modulator types and examine how the dgsigoess can have a significant affect

on the performance of such devices.

3.2.1 Franz-Keldysh Effect in a Bulk EAM

The Franz-Keldysh effect is denoted as the vanaticabsorption of a semiconductor in
the presence of an electric field and results énathsorption of photons with energies less
than the bandgap energy of the material [4]. Fi§.(8) illustrates the band diagram of a
transparent bulk semiconductor material when notedefield, E, is applied. Under this
condition the valence electron must tunnel throadharge barrier from point A to B to
absorb an incident photon with energy,, which is less than the bandgap energy,
Therefore, in the absence of an electric fieldahsorption of a photon with energy, <

¢ IS impossible. In the presence of an electricdfitie band structure tilts and the
distance AB decreases, as seen in Fig. 3.1 (b)hidtpoint the electron wavefunctions
turn from an oscillatory to a decaying behavioud &egin to overlap. As the overlap of
the wavefunctions increase the valance electron easily tunnel through to the
conduction band with the aid of an incident phofbhe net result is that a photon with
energy < 4is absorbed and therefore the Franz-Keldysh effeirt essence, photon
assisted tunnelling. The probability of this traiosi and hence the level of absorption of

a semiconductor is greater with an increase iretbetric field [5].

FKE based electro-absorption modulators provide eapellent source for intensity
modulation and exhibit high polarisation insend§iv in contrast to mach-zehnder
modulators which are inherently polarisation sévesitBulk EAMs also provide a large
spectral bandwidth, making them ideal for integmativith widely tuneable lasers [6],
however the level of absorption per unit volt ofpbgd bias is much lower than that
achieved through the QCSE. Significantly, for FKBséd EAMSs, the sign of the
exhibited chirp profile as a function of operatingvelength is negative and when
combined with chromatic dispersion has a detrimlentapact on transmission

performance. Therefore, in order to obtain optipallses with positive chirp (to
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counteract dispersive effects of fibre) and a laageoff extinction ratio, MQW

modulators must be considered [7].

vB _Y

(@)

Fig. 3.1. (a) Band diagram of a transparent butkisenductor and (b) optical absorption of a

photon due to the Franz-Keldysh effect

3.2.2 Quantum Confined Stark Effect in a MQW EAM

A MQW structure consists of a series of thin semétators with alternating bandgap
energies. In such devices, electrons and holesupeadby the absorption of a photon of
near bandgap energy pair to form an exciton. Ersitbave a dramatic effect on the
optical properties of a semiconductor and showngtn@sonances in the absorption and
emission spectra of the material at energies bét@aband edge. In bulk semiconductor
devices the exciton dissociates in a very fast time is barely detected in the absorption
spectra at room temperatures. In MWQ devices horyehis situation is vastly altered.
By confining the electrons and holes in a smaliceglefined by the well width, the
overlap of the wavefunctions is greatly increasetlich results is greater oscillatory
strength and a greater binding energy, as seengin3R2 (a). The binding energy in a

MWQ device is approximately four times that of thék semiconductor [5].
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Fig. 3.2. (a) Band structure of MQW EAM under zéetd and (b) absorption of a photon due to
the QCSE in the presence of an applied electrid fie

In the presence of a transverse electric fieldathergy bands tilt and the electron and
hole wavefunctions are pushed to opposite sidéseoivell, making their ground energy
states smaller. Consequently, the transition enexgyired to absorb a photon is reduced
and a corresponding change in the exciton bindimgrgy is experienced. This is the

dominant process in a MQW EAM and results in a pumted red shift in the
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semiconductor absorption edge, known as the quactumfined stark effect [8]. It is

important to note that the binding energy of theitex is decreased slightly as the
electron and hole wavefunctions are pushed to dfgpssles of the well; however this
effect is about ten times smaller than the shifthe bandgap [1]. This shift is much
stronger than that of the Franz-Keldysh effect uikbsemiconductors and therefore

demonstrates more efficient absorption characikesist

The operation of a MQW EAM is therefore quite a#fitt and works as follows. If the
operating wavelength of the CW light source exkilpihoton energies 15-20 meV below
the exciton resonance at zero applied bias, nétgigir no absorption of the incident
photons occurs. With the application of a transwelsctric field, the excitonic resonance
will undergo a red shift and coincide with the pirotenergy, resulting in strong
absorption. If a sinusoidal drive voltage is applito the device, the absorption
characteristics of the EAM can be modulated, produa short optical pulse [9],

therefore very efficient intensity modulation canriealised.

3.2.3 Chirp Characteristics

An important aspect of electro-absorption modukatisr the variation in the refractive
index of the semiconductor as a function of absonpat a specific operating wavelength.
The real and imaginary parts of the refractive xndee related to each other through the
Kramers-Kronig relations, where the imaginary para measure of the loss of a wave
propagating through the semiconductor and is tbezeflirectly proportional to the
absorption of the material. According to this riglat if the loss that is due to the
imaginary part (k) of the refractive index is vatighen the real part (n) will undergo
some modulation [10]. The change in the real pérthe refractive index is typically
associated with the corresponding change in therptien through the parameter:

Dn
=k (3.2)
The parameter is sometimes referred to as the chigmpeter as it is directly related to
the phase of the optical signal and hence theritestaous frequency [11]. It is an
extremely useful and important measurement of aMEA it gives an indication of the
magnitude and more importantly the sign of chirp generated pulses will exhibit for a
given bias and modulation voltage at each speeifivelength [12]. For long haul
communication systems it is desirable to have atieg value for as this leads to a
positive chirp. When combined with the dispersifeeas of SMF in the anomalous
dispersion regime, the pulses will first experieacemall amount of compression due to
the positive chirp before eventually broadeningthvthe net result being an extended

transmission reach. However, if the sign of thaplig negative, it will combine with
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fibre dispersion, degrading the optical signal dndting the obtainable transmission
distance. As the absorption characteristics of AMary as a function of wavelength,
reverse bias and modulation voltage, the alphanpatex will also exhibit a varying value
as a function of the same conditions [13]. Therefibris important to perform a static

characterisation of the alpha parameter profilergo transmission.

3.2.4 Design Considerations
There are several key parameters that must bedmraesli in the design stage of an EAM

for it to be implemented in a high speed transmissiystem. Such parameters include:
0 BWresponse
o Contrast ratio
0 Insertion loss
0 Modulation efficiency

Bandwidth response: High bandwidth modulators areequisite for high speed
communication systems operating at serial datasrafe to 40 Gb/s. The electrical
bandwidth of a device is defined as the frequeatge over which its response remains
within 3 dB of the peak. This is equivalent to frequency at which the voltage across
the junction capacitor decreases to 50% of the RfDev If the junction capacitance
remains low, a greater bandwidth response can lhead. As the junction capacitance
of an EAM scales with the area of the junction &edce the length of the device, it is

desirable to limit the overall size of the modutdtmmaximise the bandwidth capability.

Contrast ratio: The contrast ratio (extinctionaatf the EAM depends on the number of
quantum wells or indeed the length of the activgia®e Therefore by increasing the
number of wells or the length of the device a greain-off ratio can be achieved.
However, one drawback associated with increasiegleéhgth of the active region is a
corresponding increase in the junction capacitanttemately limiting the bandwidth

response of the EAM. As a consequence, there miflys be a trade off between optical
extinction and bit rate. Additionally, increasidgetnumber of quantum wells will provide
a greater contrast ratio, but this improvementripdired by a proportional increase in

insertion loss.

Insertion loss: The insertion loss of an EAM is goised of two main effects, absorption
and scattering losses in the waveguide and secomdlypling losses. Waveguide
absorption is caused by residual absorption inattteve region while scattering losses
result from defects in the material or roughnesthewalls of the waveguide. Coupling

losses occur when the light exiting the EAM facetcoupled into a fibre core. If the
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effective mode guide in the EAM core is too smahe insertion losses will be
substantial. The confinement factor can be incibdeeallow for a larger mode size,

although this comes as a trade off to ensure simglded operation within the cavity.

Modulation efficiency: The active layer of an EAM composed of material with a
bandgap energy slightly greater than the photomggnef the wavelength the device is
intended to operate at. The difference betweerbémelgap energy of the device at zero
applied bias and the operating wavelength is ddfasethe detuning energy. By reducing
the detuning energy, the modulation efficiencytaf tlevice is increases, as it will require
a weaker electric field to induce the same levedlugorption. However, by reducing the

detuning energy the residual absorption at zer® Willh increase [1, 14].

3.3 Static Characterisation

From section 3.2 it is evident that the performaeealuation of an EAM is vitally
important prior to implementation in a high spegstam. Important pulse characteristics
such as, extinction ratio, insertion loss and alpaameter of an EAM can all be easily
obtained through various static characterisatidhss section will therefore focus on the
basic transmission profile of a MQW EAM, which defs the insertion loss and
extinction ratio as a function of wavelength anderse bias. The corresponding alpha
parameter profile, which provides an indication abfirp magnitude and sign is also

investigated.

3.3.1 Transmission Profile

Fig. 3.3 (a) illustrates the experimental setupdusecharacterise both the insertion loss
and static extinction ratio of a 40 GHz EAM. TheMAised for this characterisation and
for the remainder of this thesis was a commercialigilable fibre pigtailed InP device
that operated over the entire C-band wavelengtgeraand had 10 InGaAs wells with
InAlAs barriers (specification sheet in Appendi¥ IA peltier controller, thermistor and
heat sink were used to ensure stable temperaturtorpance throughout the
measurement. The insertion loss of the modulats eearacterised by coupling light
from a widely tuneable CW source into the EAM,Fa zero bias point. The input power
was subsequently subtracted from the output poweayive the total loss of the EAM.
This process was repeated for several differenteleagths over the operating range of
the device. Table 3.1 illustrates the loss of th&MEas a function of operating
wavelength. The insertion loss decreases as aidunat increasing wavelength because
as the spacing between the operating wavelengthtl@adband edge of the device
increases, the absorption is reduced, thus limithmgy incurred loss. At an operating

wavelength of 1525 nm the insertion loss was 1&B4which is extremely high and
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would render this component unacceptable for implg@tion in an optical

communications system at this wavelength. For vemgths that have a large detuning
energy, the insertion loss is dominated by the togdosses of the device. This is
evident from the minor variation in insertion log channels greater that 1565 nm in

comparison to the variations demonstrated from 162560 nm.

Wavelength (nm) | 1525 | 1530 | 1535 | 1540 | 1545 | 1550 | 1555 [ 1560 | 1565 [ 1570
Insertion loss (dB)| 18.64 | 15.26 | 13.3 | 11.83 [ 10.86 | 10.15 | 9.356 | 9.14 | 7.82 | 7.26

Table 3.1. EAM insertion loss as a function of wawngth

To measure the static extinction ratio of the deyvithie CW laser was initially set to
operate at 1525 nm. The reverse bias applied t&#M was altered from 0 to -2.8 V in
0.2 V steps and a power meter recorded the thraugafier each adjustment. This
technique was repeated for the same wavelengtle rdagonstrated in the table above.
Fig. 3.3 (b) illustrates the transmission profifettte EAM as a function of reverse bias
and operating wavelength, relative to the througlgp® V. It is evident from this graph
that the operating wavelengths of 1525 and 153@uonid not provide optimum pulses
if driven with a 40 GHz sinusoidal signal. Thishecause both wavelength channels are
in close proximity to the band edge of the devind therefore exhibit large values of
absorption under the application of a relativelyaelectric field. The linear response in
the low bias voltage range would result in largéspwidths and static maximum on-off

extinction of 22 and 26 dB respectively.

(a) L (b)

Varied DC o : B LA A

-12 ok
— ! /
40 GHz g -1
Bl
EAM c
2 .18
Bias A £ 20
Tee a ———— 1525nm
§ 22 1530 nm ||
= 24 : 1535 nm |-
CW light [T I S 1540 nm | |
source 28 A 15450m | |
g ——k—— 1550 nm

—O— 155nm [
—&—— 1560 nm
7 1565nm

* 1570 m |

i i i i i
3 28 26 24 22 -2 18 -16 14 12 1 08 06 04 -02 0
Bias Voltage (v)

Fig. 3.3. (a) Experimental setup to characterisgicsttransmission profile of commercially

available 40 GHz EAM and (b) transmission profideaafunction of reverse bias and wavelength

The transmission profile at the remaining wavelenghannels exhibit the non-linear
characteristic typical of electro-absorption modls. The absorption curve is initially
flat at low bias voltages and then increases rggiulslope with the application of a

larger electric field. Extinction ratios of at |¢&8 dB are exhibited for all wavelength
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channels, with the exception of 1570 nm. Althoubh itnsertion loss is lowest while
operating at this wavelength, due to its large wiety energy from the bandgap of the
device, it undergoes limited absorption as a famctf applied electric field and thus
exhibits a lower extinction ratio of 24 dB. Thenmefato generate pulses with narrow
width, high extinction ratio and moderate insertimsses, the optimum operating

wavelength range of this device is between 15351&6& nm.

3.3.2 Alpha Parameter

The characterisation of the alpha parameter is itapb when employing an external
modulator as an RZ transmitter. The alpha valuerdehes the magnitude and sign of
chirp the generated pulses will possess and herttieates if the dispersive effects of
fibre will enhance or degrade transmission perfareea Recalling Eq. 3.2, the alpha
parameter is a function of both the refractive inded the absorption of an EAM. The
variation in phase () with intensity () is also related with the alpparameter through
the equation 3.3 [12]. Therefore, the phase vanatif the generated pulses and hence the
chirp, is proportional to the alpha parameter.

, -anl
o =% (3:3)

A simple and accurate measurement technique fosunieg the alpha parameter of an
EAM was outlined by Devaux et al. [15]. This teajue uses a fibre response method
where small signal measurements in the frequenmadoare recorded after the light has
traversed a length of dispersive fibre. After pggting a specific length of fibre, two

simultaneous interferences between the carrietlamdwvo sidebands occurs, resulting in
sharp resonance frequencies, appearing as a cémecaétaoptical power on an electrical

spectrum analyzer (ESA). By analyzing the frequesiet which these resonances occur,

an accurate value of the alpha parameter can heddd

x10*

%0 (b) (c)
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Frequency (GHz) 2u (u = order of resonance)

Fig. 3.4. (a) Experimental setup for alpha parameteasurement, (b) small signal frequency
response of EAM after transmission through 100 KimSMF and (c) resonance frequencies

squared times the fibre length versus twice therasce order

Fig. 3.4 (a) illustrates the experimental setupdusecharacterise the alpha parameter of

an EAM as a function of both bias voltage and wergth. An external cavity laser
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provided a constant CW light signal to the EAM, ghivas initially biased at zero volts
via a bias tee. Before the small signal analysishef EAM could be obtained it was
important to calibrate the measurement, thus chngehe frequency response of the
modulator, detector and electrical cables. A 50 Gtdrwork analyzer recorded the
combined frequency response of these componentshwhas subtracted from the

subsequent bandwidth measurements.

The network analyzer supplied a small signal 100btpgrequency sweep from 0.045 to
40 GHz to the input of the EAM and monitored théedted frequency response of the
signal after transmission through the dispersivdiom. The frequency response displays
a number of resonances which appear as sharp paskseen in Fig. 3.4 (b). By
extracting the values of the resonance frequerf€jeand plotting them as a function of
twice their order (u), a linear relationship shodxist, as seen in Fig. 3.4 (c). The
intercept of this line can be used to calculatedipba parameter as both the value of the

resonance frequencies and their orders are relatgha through the equation [15]:

f2 =_°C

E 1+2u- %arctan(a) (3.4)

From Eq. 3.4, it is evident that the exact valuehef fibre dispersion at each operating
wavelength is critical in order to obtain a lowarin the measurement. Therefore the
dispersion of the 100 km reel of SMF was also meskusing the same interferometric
technique outlined above. However, to overcomecthigp dependence of the EAM, a
commercially available chirp-free 40 GHz Mach-Zedndhodulator from Avanex was
employed to perform the measurement. The sidebandshe carrier frequency of the
intensity modulated signal propagate at differegibgities in the fibre due to chromatic
dispersion and are detected using a high-speeddgibde. At certain frequencies the
chromatic dispersion length product causes the gidte bands to be in counter-phase,
thereby producing a zero in amplitude [16]. Therefthe frequencies that correspond to
a null in amplitude are directly related to the arhatic dispersion times the length,
through Eg. 3.5, where D is the dispersion, L & ldngth of fibre, T is the dispersive
delay, fis the null frequency andis the wavelength.

DxL = DT —— (3.5)
| 2Df

From this characterisation, the dispersion of tb@ Bm reel of SMF was measured to be
17.3 ps.nm/km at 1550 nm. The dispersion of theefivas recorded at operating

wavelengths from 1535 to 1565 nm in 5 nm steps.eCarcaccurate measurement of the
dispersion was complete the alpha factor could ddeutated at each wavelength using

Eq. 3.4. The alpha parameter was recorded at easlelength as a function of bias
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voltage, from O to -2.6 V in 0.2 V steps. Fig. Bl@strates the alpha parameter profiles as
a function of reverse bias over the desired wagtlemange. As the value of alpha is
inversely proportional to the absorption through &&, the largest values of chirp should
be realised at wavelengths where the least amdwatisorption is experienced. Therefore
wavelength channels with the greatest detuning ggnevill have the largest alpha

parameter, which is confirmed in our experimentalcalation. The alpha parameter

decreases with a decrease in both operating waytblamd reverse bias.
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Fig. 3.5. Alpha parameter profile of EAM as a fuontof bias voltage and operating wavelength

3.4 Dynamic Characterisation

Although the static characterisation of the EAM\ides an accurate indication of the
insertion loss as a function of wavelength, botk transmission curves and alpha
parameter profiles are measured with either sinjée voltage adjustment or small
signal analysis. Both of these characteristics wafiler under large signal modulation,
therefore while the static characterisation offargood indication of the expected
performance of an EAM, it will not provide exactlwas. Consequently, it is imperative
to analyse the carved pulses using either a higlkedsgampling oscilloscope or a more
advanced measurement scheme before employing tbespga a high speed transmission
system. By analysing the pulse extinction, widtll ahirp as a function of wavelength,
bias and modulation voltage, an accurate performamap of the device can be
constructed. Such a map could then be used asch teference guide to enable the
selection of optimum EAM operating conditions acleavavelength, thus providing

consistent system performance.

3.4.1 Pulse Characteristics as a Function of EAM Drive Cnoditions
The experimental setup used to generate shortabptitses from an EAM at a repetition

rate of 40 GHz is illustrated in Fig. 3.6. A widdlyneable laser provided a constant CW
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light source with an average power of 5 dBm to E#&M. The pulses were then
generated by gating the CW light with an amplifedusoidal wave from a 40 GHz
signal generator. This RF signal was applied injumetion with a DC reverse bias
voltage, via a 50 GHz bias tee, to the modulatbe Bias voltage was altered between -1
and -2 V in 0.2 V steps and the generated pulses aralysed at RF drive voltages from
2.51t0 3.7 Vpp in 0.3 Vpp increments. This chamnasa&tion was implemented over a wide

wavelength range from 1540 to 1560 nm in 5 nm steps

Amp |
Linear
40 GHz EDFA spectrogram
EAM
. Bias A E‘ﬁ;ﬂ
Signal generator Tee
40 GHz scope
CW light il
source
OSA

Fig. 3.6. Experimental setup used for 40 GHz pgksgeration and subsequent characterisation

The output of an EAM was passed through a boodidfAEto overcome the insertion
loss before being monitored by an OSA and a 50 @dddloscope in conjunction with a
50 GHz photodetector. Due to the limited respoimee of the temporal detection system
(scope and detector), it was difficult to obtaifoimation about the characteristics of the
generated pulses. In addition as the bias and ratdnlvoltages applied to the EAM
were varied, there were no noticeable changesendbilloscope (not even pulse width).
Therefore a more sophisticated pulse charactayisatechnique was required to
characterise not only the pulse width and shapiealso the phase. This characterisation
was accomplished by using the linear spectrographige measurement method outlined

in section 2.4.5.

Pulse under
test

RF Phase *

Shifter

m 40 GHz

© OKI EAM
4 Bias

I — L]

OSA

Fig. 3.7. 40 GHz linear spectrogram pulse measunésetup

The linear spectrogram setup used to retrieve ritensity and phase of the generated
pulses is depicted in Fig. 3.7. A 40 GHz clock aigfwhich was referenced to the pulse
carving clock) passed through a phase shifter bebaing amplified and applied to a
commercially available 40 GHz OKI EAM, which perfioed the temporal gating. The
relative delay between the input pulse train tontEasured and the gate was modified

with the voltage controlled phase shifter, which a#troduce a delay sufficient enough to
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cover the 25 ps time window. The spectrum of thiegowas recorded at each delay with
an OSA which had a spectral resolution of 0.01 Ansomputer was used to control the
phase shifter and to record the spectra of thedgaiése, to build up a spectrogram on a
128x128 grid. The intensity and phase of the geedraulses were then resolved by

using a phase retrieval algorithm [17].

Fig. 3.8 illustrates the intensity and chirp predilof the generated pulses at an operating
wavelength of 1540 nm. For this characterisatioa thodulation voltage remained
constant at 2.5 Vpp while the bias voltage wasedariF-rom the figure it is evident that
there is a large variation in pulse width, chirgrsend magnitude and extinction ratio.
The pulse width varies from 7.1 to 5.4 ps, while ER has a low value of 22 dB at -1 V,
which gradually increases with greater bias voltagaching 26 dB at -2 V. More
significantly, there is a large variation in thdrphsign and magnitude. For example, at a
bias voltage of -1.4 V the chirp has a positivepslchowever as the bias is increased by
0.2 V, the chirp sign flips and now has a negasi@pe. The reason for this can be
understood by considering the small signal alph@meater characterisation shown in
Fig. 3.5. The alpha parameter passes through rerdias voltage of -1.2 V and changes
from a positive to a negative value. As mentionadier, a negative value of alpha will
result in a chirp with positive slope. This is extrely important when implementing the
RZ transmitter in a long haul transmission systenthés tuneable chirp can be used as a
significant advantage in combating any residuapelision that may be present in the

dispersion map.

Fig. 3.9 displays the corresponding pulse charisetigon at an operating wavelength of
1560 nm. The performance of the EAM, in terms dsewvidth, contrast ratio and more
importantly chirp, varies significantly at this wedength in comparison to 1540 nm. The
absorption experienced through modulation of théVE& much lower than that at 1540
nm, as demonstrated in Fig. 3.3. Therefore whiksddl at -1 V, the gradient of the
transmission profile is quite low, resulting in agp extinction ratio of 8 dB. As the
modulation voltage is relatively weak (2.5 Vpp)e tbff state is not fully reached. As a
consequence the pulse intensity in sitting on a €&@Wponent and does not go to zero,
further degrading the extinction. This value ofimstion would be prohibitive in a long
haul transmission system and would inevitably lithé achievable transmission distance.
As the detuning energy at 1560 nm is greater thah540 nm, a lower amount of
absorption is experienced; therefore the alphanpeter at this wavelength is larger.

Consequently, a negative alpha value is only egpeed at -1.9 V.

The pulses analyzed at these two wavelengths éxhilsirge variance in performance

even though the EAM driving conditions have remdirenstant. If the EAM was
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implemented in a long haul transmission systemh wiinstant driving voltage and bias,
there would be a large inconsistency in performatagifferent wavelengths. Therefore,
it is imperative to characterise the pulses at esatelength, not only over a range of
bias voltages but also as a function of modulatioftage. By recording the pulse

duration, extinction and chirp at each permutatam,accurate performance map of the
device can be obtained. This would allow for theect@on of optimum EAM operating

conditions at each wavelength, to suit the interalgalication of the device, whether that

is pulse transmission or pulse processing.

To validate the EAM pulse characterisation, theegated pulses were analysed using a
commercially available FROG (outlined in sectiod.2) from Southern Photonics and a
high speed PicoSolve optical sampling oscilloscdpee FROG measurement technique
provided both the intensity and phase charactesisti the generated pulses, which were
directly comparable to the linear spectrogram atterssation. Both the duration and
chirp of the generated pulses, characterised ametidn of operating wavelength and
EAM drive conditions, agreed with our linear spegtiam characterisation. The only
discrepancies between the two pulse measuremdmtitees were the optical extinction
ratio of the pulses. This is a result of the poaensitivity realised with the FROG
technique, which is inherent to the non-linear psxt As a result of the poorer
sensitivity, higher values of noise threshold werguired to achieve convergence of the
phase retrieval algorithm, which subsequently iitbibthe extinction ratio measurement.
Therefore, the linear spectrogram technique pravalenore accurate measurement of the

optical ER, to values of approximately 30-35 dBavethe peak of the pulse.

The PicoSolve sampling oscilloscope was also enegldp measure the duration of the
optical pulses. It operated over the 1525 to 1565vavelength range and had a temporal
resolution of less than 1 ps, with an ultra-lowitighjitter of less than 50 fs. As with the
FROG characterisation, the high-speed samplindloscbpe measured the duration of
the generated pulses. The values of pulse widtlorded using the PicoSolve, agreed
comprehensively with our linear spectrogram charégation. The performance of the
linear spectrogram characterisation has therefeem lvalidated by employing these two
commercially available pulse measurement tools mtlicates that the linear pulse
characterisation provides an extremely accuratéectiep of the performance of the EAM

based transmitter.
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3.4.2 Performance Map of EAM

Fig. 3.10 illustrates the performance map of oumuwrcially available electro-
absorption modulator while operating at two differevavelengths of 1560 and 1540 nm.
The generated pulses at each wavelength are agaliysad using the linear spectrogram
measurement technique for a range of reverse bidsR& drive voltages. The bias
voltage was altered between -1 and -2 V, while Rifemodulation voltage was varied
from 2.5 to 3.7 Vpp. A modulation voltage of 3.7p/g large when considering the static
transmission profile (Fig. 3.3b) of the device amduld usually exceed the damage
threshold. However the EAM response at 40 GHz wd8 %ower than that obtained at
lower frequencies, therefore slightly larger driyivoltages are required to achieve
maximum on-off contrast. For each permutation asldand modulation voltage, the pulse
width, extinction ratio and chirp slope were re@atdor each wavelength.
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Fig. 3.10. Performance map of an EAM as a functibreverse bias and modulation voltage, for

two wavelength channels. (a-¢c) 1560 nm and (d-éPXtn
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Fig. 3.10 (a-c) displays the EAM performance mapthe pulse width, extinction ratio
and chirp slope respectively, at an operating wength of 1560 nm, while (d-f)
illustrates the corresponding performance maps 201nm. From this detailed
characterisation, it is evident that there is adawariability in pulse characteristics
between the two wavelength channels. For exambpée shaded area marked A in the
1560 nm performance maps defines the optimum lidsvedulation voltages that could
be applied to the EAM, generating pulses that deali for long haul transmission
systems that exhibit a net positive value of reglidlispersion [18]. At point A, the bias
voltage was set at -1.8 V, while a modulation \gdtaf 2.8 Vpp was applied to the EAM.
The generated pulses had an approximate duratiéghpsf, a large ER of 30 dB and a
positive chirp profile. In a reconfigurable opticaktwork, WDM channels can be
switched from one wavelength channel to anothesrder to accommodate fluctuating
traffic patterns and to increase bandwidth in gaplical areas where there is higher
uptake in new services. Therefore if the EAM driviconditions remained constant and a
WDM channel switching event occurred from 1560 @40 nm, there would be a

significant impact on transmission performance.

While biased at -1.8 V at an operating wavelendtiis0 nm, the performance map
indicates that the pulse duration would be sligbtlgader and the extinction ratio would
be marginally reduced, in comparison to the vabl#sined at 1560 nm. However, more
significantly the sign of the chirp slope would dygposite to that experienced at 1560 nm.
If the transmission system had a net positive valuesidual dispersion, this change in
chirp slope would result in degradation in BER parfance, inevitably leading to a
shorter transmission reach. Therefore optimum hiad modulation voltages must be
selected for this operating wavelength and areligigted by the shaded area labelled B
in Fig. 3.10 (d-f). If the sign of the residual pssion changes across the wavelength
range in a long haul transmission system, as iifitestl in Fig. 2.11, it may be necessary
to generate pulses with alternating signs of chigpe. Therefore the optimum operation
of the EAM can be adapted to obtain the highestllef transmission performance for a

wide range of system designs.

It is extremely difficult to select one bias poartd one modulation voltage that would
give acceptable pulse characteristics over a wideelength range. Therefore it is
imperative to utilise a control system that wilk@matically adjust the driving conditions
of the EAM when a switching event in an agile oglticetwork occurs. By doing this, an
enhanced level of transmission performance candbéeved with a high degree of

consistency across a large wavelength range. Toowsnate the effect of a non-
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optimised EAM transmitter, the performance of a742b/s EAM based pulse source in a

1500 km transmission system is investigated intgredetail in the following section.

3.5 Wavelength Tuneable RZ Transmission

This section investigates the optimisation of a eW@ngth tuneable RZ transmitter,
consisting of an EAM and a SG DBR tuneable lasgriniplementing it in a 1500 km
42.7 Gb/s transmission system. The performance mhti&e EAM constructed prior to
transmission (as in 3.4.2) are employed to allownaegd selection of the bias and RF
modulation voltages to be applied to the EAM atheaperating wavelength. To achieve
long haul transmission, a circulating loop confifion had to be utilised, which
essentially mimics a terrestrial system comprisih@ periodically amplified dispersion
map. The 42.7 Gb/s transmission system was alsolegi@d using the Virtual Photonics
Incorporated (VPI) software package and good ageeétnetween the experimental and

simulated results was obtained.

3.5.1 Circulating Loops

With the advent of the EDFA over two decades age potential for ultra-long haul, high
bit-rate transmission systems became a realityaagteat deal of research interest was
placed on pulse propagation over transoceanic miisga Field trials achieving
transmission distances over 2000 km at a dataofa®e5 Gb/s were demonstrated [19],
however, one drawback of such experimental setugss the requirement for extensive
amounts of equipment such as EDFAs, spools of fim filters. Consequently a more
feasible solution was required to enable lab basqreriments with relatively modest
amounts of equipment to simulate long haul disperstompensated transmission

systems. The solution to this problem was the tatmg loop [20].

The circulating loop allows for the simulation ofl@ng haul transmission system by
reusing or re-circulating the optical data stredmough an amplifier chain of modest
length, ranging from tens to hundreds of kilomef&g. Once a specified number of
circulations have been completed the reused dataeléssed from the loop and BER
analysis is carried out. Fig. 3.11 illustratestcal setup of a simple re-circulating loop
configuration. The loop consists of a switchingnedat that allows data to flow into the
loop or indeed to allow data to re-circulate wittthne loop. A dispersion managed
segment of fibre, which typically combines approxigly 50 km of SSMF with a

corresponding dispersion compensation module (DG#81ombined with an EDFA to

overcome the fibre attenuation. Finally an optisahd pass filter (OBPF) removes the
out of band ASE and an isolator ensures singlestilime operation. It is important to open

the switch for a period, which should allow the loop to be sufficientlyidd with data,

71



thus reducing EDFA transients. Therefore, one metation is completed if the switch

remains closed forand two round trips if it remains closed forghd so on [22].

switch

Fig. 3.11. Simple circulating loop configuration

Once the desired transmission distance has bedavadh by completing the required
number of circulations, the switch toggles andvafidhe used data to exit the loop for bit
error rate analysis. The key to BER analysis faireulating loop is to synchronise the
optical switch and the BER tester. This is alse fiar any other measurement equipment
such as an OSA or digital communications analy§eCA). Synchronisation can be
achieved be using an electronic gate function H#s a duration equal to an integer
multiple of . This function can then be used to simultaneot#dger the BER tester.
Therefore by counting the errors made on the N#s pd the data around the loop, the

BER is measured as a function of received optioalgr and transmission length [23].

3.5.2 42.7 Gb/s Transmission Test Bed

The experimental setup used to analyse the perfarenaf our wavelength tuneable pulse
source is depicted in Fig. 3.12. The pulse soures wientical to that used in the
preceding sections and again consisted of a 40 Gz EAM and a commercially
available widely tuneable SG DBR laser. The tunedhser provided continuous wave
light with an average power of 8 dBm to the sindably driven EAM. A 42.7 GHz clock
signal (40 GHz base rate with 7 % overhead requioed=EC) from a pulse pattern
generator (PPG) passed through a phase shiftea gath-controlled electrical amplifier
before being applied to the EAM via a bias tee. Gaén-control on the electrical
amplifier allowed for easy adjustment of the peadpeak modulation voltage applied to
the modulator. A 42.7 Gb/s NRZ pseudorandom bisayuence of length’4 (which
was limited by our ability to generate a true 4&6/s PRBS bit signal) was used to
modulate the pulse train with the aid of a MZM wigolarisation controller. The phase
shifter aligned the pulse train and the NRZ daiaertsure that the pulses remained in the
centre of the NRZ bit slot. The resultant STM-256 $tgnal was then passed through an
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EDFA operating in saturation and followed by a &hle optical attenuator, to allow for

an easily adjustable power level.

40 Gb/s PPG Phase Shifter

50 km 3dB coupler

SMF 2 DCM 2

50 km 60 km
EDFA

40 Gb/s Receiver

Fig. 3.12. 42.7 Gbl/s Circulating Loop Transmissi@st Bed

The transmission performance of the EAM-based psiagce was evaluated through a
re-circulating loop. The loop has a round trip tifneof 600 us and consisted of two 50
km spans of SMF and two dispersion compensating ulesd approximately
compensating for 40 and 60 km lengths respectivEhe SMF exhibited a measured
dispersion of 17.37 ps/nm.km and specified disparsiope of 0.06 ps/km/rfnat 1550
nm, while the slope-matched DCM had a dispersior36fps/nm.km and a dispersion
slope of -0.12 ps/km/nfrat 1550 nm. The calculated residual dispersioriqugr was 4.3
ps/nm at 1550 nm, such that self phase modulat&s required to balance a portion of
the net residual dispersion. An average launch pawe the loop remained constant at O

dBm as the operating wavelength of the pulse souesevaried.

Two EDFAs with 5.5 dB noise figures were employedovercome the accumulated
attenuation of the fibre links whilst variable aati attenuators offered controllability
over the power within the loop. An OBPF with a 3 b&hdwidth of 2 nm was placed in
the loop primarily to minimise the accumulationcaft of band ASE but is also believed
to have provided a degree of pulse reforming inlwoation with self phase modulation
in the transmission fibre [24]. A PC was adjustedntaintain an optimum state of
polarisation by monitoring the BER performance. sThptimisation was carried out at
each of the operating wavelengths and for each eunatb loop circulations. This

optimisation in effect, ensured that the impacP®D on transmission performance was

equalised (minimised) for all wavelengths.

The 40 Gb/s receiver consisted of two stages a€apamplification with each amplifier

followed by a band pass filter to suppress ASEcKi@covery was performed by using
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an electronic phase locked loop (PLL) which wasdusetrigger the oscilloscope and
error detector for received eye and BER analyspeetively. The BER was recorded as
a function of the number of transmission loops, dach wavelength and EAM drive
condition. An optical spectrum analyser and a hsgleed oscilloscope were used to
monitor the pulse spectrum and received eyes régplyc All test equipment was gated

using the loop timing signal to isolate the outafier a given transmission distance.

3.5.3 Single Channel Transmission Performance

Initially, the RZ wavelength tuneable transmitteasaemployed in the re-circulating loop
setup at an operating wavelength of 1560 nm. Thadions allowing the greatest
number of re-circulations within the FEC limit wepbtained by tuning the DC bias of
the EAM between -1.4 and -2 V in 0.2 V steps andilyng the peak-to-peak drive
signal from 2.5 to 3.7 Vpp in 0.6 V steps.
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Fig. 3.13. BER as a function of transmission distaand reverse bias at an operating wavelength
of 1560 nm, for three modulation voltages. (a)\2@p, (b) 3.1 Vpp and (c) 3.7 Vpp
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Fig. 3.13 illustrates the BER as a function of srarssion distance measured over the
range of bias and modulation voltages outlined ab@hen the modulation voltage is set
at 2.5 Vpp (Fig. 3.13a) the transmission perfornearsc consistent for each value of
reverse bias, except for the case when the EAMbiaesed at -1.4 V. At this bias voltage
the pulse duration was 9 ps and the extinctiom natis 18 dB. The slight degradation in
performance (1400 km at BER of 40achieved at this bias voltage may be attributed t
the large pulse width and poor optical extinctiés.the chirp profiles of the generated
pulses are positive at all bias voltages from tb.42 V, consistent performance was
expected once critical pulse parameters, such asaP¥ER, were maintained within
acceptable values. The transmission performandbeopulses proved consistent at the
remaining bias voltages, achieving a transmissistadce of 1500 km at a BER of 4,0

which is below the FEC limit to allow a slight mardor aging.
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Fig. 3.14. Received eye diagrams and corresporgtiagtra at a modulation voltage of 3.1 Vpp
and a reverse hias of -2 V at 1560 nm, afteth)8,km, (c, d) 500 km and (e, f) 2000 km

The transmission performance at the remaining twoni®dulation voltages of 3.1 and
3.7 Vpp were similar, achieving a maximum transioisslistance of 1500 km at a BER
of 10% The increase in modulation voltage lead to adarf§R and narrower pulse
duration at a bias voltage of -1.4 V, therefore@erequalised level of BER performance
was realised over the bias range. Fig. 3.14 displag received eye diagrams and the
corresponding spectra when a modulation voltage.bfVpp was applied to the EAM,
which was biased at -2 V. Figures (a and b) shawdéceived eye and spectrum for the
back-to-back case, prior to transmission. The syepen and exhibits a low level of
temporal jitter, thus providing error free performoa. After a transmission distance of
500 km (c, d) the received eye remained open wilgat increase in jitter but remained

error free. The received eye after 1000 km exh#bitgeater level of jitter and is slightly
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closed with respect to the received eyes after @ 300 km and as a consequence
generated a BER of f0

In order to maximise the obtainable transmissitaglice of our optical RZ pulses, the
OBPF in the circulating loop was slightly detuneahi the carrier frequency, producing a
vestigial side-band (VSB) RZ signal. This is a dimdow cost method employed to
increase the spectral efficiency of the generatddes, therefore improving their fibre
dispersion tolerance [25]. This filter detuning daaobserved from the received spectra
displayed in Fig. 3.14 (b, d, f) as a slight in@®an magnitude of one of the sidebands
relative to the central carrier frequency. Althoudple transmission performance of our
RZ transmitter performed consistently while opémtiat one specific wavelength
channel, it is imperative to analyse the perforneaoger a wide wavelength range. As
illustrated from the EAM performance maps, the gateal pulse characteristics can vary
significantly as a function of operating wavelengthich is expected to significantly

affect transmission performance.

3.5.4 Transmission Performance Variation with Wavelength

Once again the RZ transmitter was implementedendth7 Gb/s circulating loop test bed
at an operating wavelength of 1560 nm. The biasRRdrive voltages were tuned to
provide the greatest transmission reach withinRBE limit and values of -2 V and 2.5

Vpp were selected respectively. Both of these EAMedconditions and the launch

power (0 dBm) into the loop were held constant dredoperating wavelength was varied.
Fig. 3.15 (a) represents this non-optimised scenafiere the RF drive (2.5 Vpp) and the
DC bias (-2 V) applied to the EAM remained constiomt each operating wavelength

(1540, 1550 and 1560 nm). The corresponding eygratias, recorded after 1000 km, are
also illustrated in Fig. 3.15 (b).

As can be seen, a great variability in transmisgierformance was obtained with the
error correctable maximum distance (a BER of)Marying from 1000 to over 1500 km,
or equivalently the BER varying by over two ordefsmagnitude. At a BER of 10a
transmission distance of 1500 km was achieved whentuneable laser in the RZ
transmitter operated at 1560 nm, which decreaseid@ km when operating at 1540
nm, representing a 33 % drop in transmission perhoce. Degraded performance is also
realised when operating at 1550 nm, which achieveansmission distance of 1350 km
at a BER of 10. Such a large variance in system performancetiifites that constant
EAM driving conditions will lead to unacceptablevéds of performance over a wide

wavelength range, which would be unacceptablereabsystem.
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Fig. 3.15. (a) BER as a function of transmissiostatice for a non-optimised transmitter and (b)

corresponding eye diagrams received after 1000ckrhi340, 1550 and 1560 nm respectively

To understand the discrepancies in performance aker wavelength range, the
performance map of the EAM can be considered inerord identify the pulse
characteristics that are leading to the transmisgigpairment. Fig. 3.16 illustrates the
intensity and chirp profiles, measured using tmedr spectrogram technique, for the
pulses under the constant drive conditions. Thepteat widths of the three pulses are
5.5, 5.3 and 6 ps respectively. It is anticipatiedt tsuch variations would result in a
negligible impact on transmission performance, sittthe measured extinction ratios (25
to 31 dB) would also result in a negligible chamgéansmission distance. However, the
chirp magnitude and more specifically sign of tiérg changes distinctively from one
pulse to another. At 1540 nm where the greatestadatjon in transmission performance
was realised, the chirp profile is negative actbsscentre of the pulse. At 1550 nm, the
chirp flattens out and becomes positive acroscémre of the pulse with a decrease in
magnitude. Significantly, at 1560 nm, the chip ppaosite to that experienced at 1540 nm

and there is a positive chirp profile with a largeagnitude.

The fibre used in the circulating loop is slope echad and as mentioned in section 3.5.2
there was a measured net residual dispersion gpgtr8n.loop (at 1550 nm), therefore
the positive chirp profile exhibited at an opergtimavelength of 1560 nm best suits the
given dispersion map of the transmission link, pimg the greatest tolerance to the
dispersive and non-linear effects during transmissBy comparing the intensity and
phase information of the generated pulses at eaatelength, with the reference
wavelength (1560 nm), an estimate can be made agich drive conditions for the
transmitter would achieve similar pulse profileseach wavelength, thereby achieving
extended transmission reach and greater performanidermity over the wavelength

tuning range.
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Fig. 3.16. Linear spectrogram characterisatiomefrton-optimised pulses with constant bias (-2
V) and RF drive (2.5 Vpp) applied to the EAM, farée different wavelengths, (a) 1540, (b) 1550
and (c) 1560 nm

An estimate of the optimum EAM driving conditiores each wavelength can be deduced
by considering the performance maps of the deviegacterised in section 3.4.2. From
the performance map the bias of the EAM must basaeljl to -1.4 V when operating at
1540 nm with a slightly larger modulation voltagé 321 Vpp. From Fig. 3.10 it is
apparent that this will result in a pulse with asifige chirp profile, a larger extinction
ratio and a slightly smaller duration. Similarlyh&n operating at 1550 nm, the bias must
also be slightly reduced to -1.8 V and again driwgth an increased RF driving voltage
of 3.1 Vpp. The corresponding pulse intensity ahttpcprofiles at the new optimised
EAM drive conditions for the three wavelengths illtestrated in Fig. 3.17.
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Fig. 3.17. Linear spectrogram characterisationthed optimised pulses for three different
wavelengths, (a) 1540, (b) 1550 and (c) 1560 nm

The sign and magnitude of the pulse chirp profdesall three wavelengths are now

similar, therefore indicating that a more consistemel of performance may be achieved
across the C-band. To verify this, the transmittas again employed in the 42.7 Gb/s re-
circulating transmission test bed to determinephdormance of the optimised pulses at
each wavelength. Fig. 3.18 illustrates the BER@arance as a function of transmission
distance, with the corresponding eye diagrams, rdecb after 1000 km of SMF. By

optimising the drive conditions of the EAM in ouZRuneable transmitter, a greater
transmission distance (within an error correctdblel) has been achieved at 1540 and
1550 nm. A distance of 1400 km at a BER of 1as realised while operating at 1540

nm, representing an improvement of 400 km, relativéhe non-optimised scenario. At
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1550 nm, there is an improvement of 150 km (re¢atovthe non-optimised case), thereby
ensuring a near consistent level of performancer e entire wavelength range.
Extrapolation suggests that the error correctabdeimum distances below fOwere
1500, 1600 and 1600 km at the operating wavelen@®#0, 1550 and 1560 nm

respectively.
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Fig. 3.18. (a) BER as a function of transmissiostatice for a non-optimised and (b)

corresponding eye diagrams received after 1000ckrhi340, 1550 and 1560 nm respectively

By utilising the linear spectrogram technique tddup a performance map of the EAM
over a wide wavelength range, optimal drive cood#i could be selected for each
wavelength on the ITU grid. This characterisationld be used to create a look-up table,
comprising of a modulation voltage and DC bias éach ITU wavelength channel.
Therefore, as the SG DBR tuneable laser is switdled one wavelength channel to
another, the drive conditions of the EAM would béer@d simultaneously, thereby
achieving the ideal pulse profile for transmissiensuring consistent performance is

maintained over the entire wavelength range.

3.5.5 Wavelength Tuneable Transmitter Comparison

To quantify the performance of our EAM based wangth tuneable transmitter, it was
compared to a commercially available SHF 44 Gb/sMMBased transmitter. This
transmitter consisted of two mach-zehnder modusatioat had 3 dB bandwidths of 30
GHz. Both of the chirp free lithium niobate modolat were thermally controlled and
individual amplifiers were used to control the apglpeak-to-peak modulation voltages.
To obtain 33 % RZ pulses the first MZM was modudade 2V with the 42.7 GHz clock
signal from the PPG and were subsequently fedgéiréimto the second modulator which
was driven at V with the 42.7 Gb/s NRZ data signal. This transenittssentially
replaced the EAM and MZM components in the testibastrated in Fig. 3.12. The BER
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was recorded as a function of the greatest obtkartadnsmission reach within an error
correctable maximum distance. Fig. 3.19 (a) illusts the BER performance of the
commercially available MZM based transmitter foreth different wavelengths, 1540,
1550 and 1560 nm. The corresponding eye diagrace$ves after 10 loop re-circulations
(1000 km) are illustrated in Fig. 3.19 (b).

Fig. 3.19. (a) BER as a function of transmissiastatice and wavelength for an MZM based pulse
source and (b) corresponding eye diagrams receifted 1000 km for 1540, 1550 and 1560 nm

respectively

As seen from the figure, the transmission perforeaof the MZM based source was
consistent across the 20 nm wavelength range. \Whéeating at 1540 nm a transmission
distance of approximately 1230 km was achievedBER of 10°. At 1550 nm there was
a slight degradation in performance as only 1200akams realised at this wavelength and
this was also evident from the higher amount ¢érjiseen in the received eye diagram.
There was an improvement in transmission performasfc100 km when the tuneable
laser was switched to 1560 nm. The consistenchiisfdevice was expected as the MZM
has a weak dependency on wavelength and has aa pdphmeter approximately equal
to zero, therefore the generated pulses exhibibstirero chirp and are transform limited.
The performance of this transmitter is inferiorthe EAM based source as the greatest
transmission reach was as much as 20 % less tlarathieved with the EAM. The
extended transmission reach of the EAM was duédduneable chirp profile exhibited
by this device, combined with smaller pulse durai@nd slightly high ER. This is
illustrated in Table 3.2, which outlines the norhmised and optimised EAM based

transmitter performance and the MZM source perforceaas a function of wavelength.

Not only does the performance of the EAM basedstratier exceed that of the MZM in
achievable transmission reach, the peak-to-peaikaged required for each device differ

substantially. The EAM generally requires a maximomodulation voltage of 3.7 Vpp,
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however to achieve 33 % RZ pulses from an MZM, itsinbe driven at 2V which
generally requires a voltage of approximately 1(pVBecondly, the MZM based pulse
source was inherently sensitive to the state ainsation and hence a PC was required
for constant adjustment of polarisation. ConversieédyEAM was polarisation insensitive,
thereby providing more simple and stable operatamally, the integrability of the EAM

is much higher than that of a MZM and when combingith its lower power
consumption and extended transmission capabilityviges the ideal platform for a low
cost, small form factor wavelength tuneable RZ graitter ideal for implementation in

future long haul reconfigurable WDM networks.

Table 3.2. Transmission performance for both the-oytimised and optimised EAM based

transmitter and the MZM based transmitter for tire¢ wavelength channels

3.5.6 Simulated 42.7 Gb/s Transmission System

To confirm the performance of our EAM based trartaniover a wide wavelength range,
the circulating loop transmission test bed desdrilpesection 3.5.2 was simulated using
the VPI transmission maker software package. Thaptete transmission system is
illustrated in Fig. 3.20. Continuous wave light hwian average power of 7 dBm was
applied to a sinusoidally driven EAM. The EAM modebntained both the static

transmission and alpha parameter profiles for eeabelength that were experimentally
obtained in section 3.3. An initial pulse charasegion was performed for a number of
reverse bias and modulation voltages for severakleagths from 1535 to 1565 nm. The
pulse duration, extinction ratio and chirp magnguehd sign were recorded. This was
necessary as it would give an indication as toopmum bias conditions of the EAM,

similar to the performance maps that were consttlekperimentally.

Once this characterisation was complete the gergbatlses were then modulated with a
42.7 Gb/s PRBS of length-2, with the aid of an ideal amplitude modulatorpéwer
combiner was used to add white Gaussian noiseetgeherated pulses to emulate more
realistic system performance. The pulses were sulesdly amplified before entering a
re-circulating loop that consisted of two 50 kmlseef SMF and two compensation
modules, compensating for lengths of 40 (DCF 1) @dhdém (DCF 2) respectively. Two
5.5 dB noise figure EDFAs overcame the accumulateshuation of the fibre links and a

2 nm OBPF was used to suppress the out of band 8BEe the desired number of
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circulations was complete the signal passed threug® Gb/s receiver. This receiver was
similar to that employed in the experimental setnd consisted of two low noise EDFAs
and two band-pass filters with 3 dB bandwidths & &8nd 1 nm respectively. Clock
recovery was performed and BER measurements wererded as a function of

transmission distance for each EAM drive conditon from 1535 to 1565 nm in 5 nm

steps. A scope and an OSA monitored the receives &yd the corresponding spectra.

Fig. 3.20. 42.7 Gb/s VPI transmission model

As in the experimental procedure the RZ wavelengtieable transmitter was initially
employed in the circulating loop simulation modeélaawavelength of 1560 nm. The
conditions allowing the greatest number of re-datians within the FEC limit were
obtained by tuning the DC bias of the EAM betwekmnd -2.2 V in 0.2 V steps. As the
EAM model had an infinite electrical bandwidth respe, the modulation peak-to-peak
voltage was altered from 1 to 2.6 Vpp in 0.4 V stePnce the greatest transmission
distance was achieved, the bias and RF drive \edtagd the launch power (0 dB) were
held constant as the operating wavelength was diaffibe optimal values were -1.4 V
reverse bias and a modulation voltage of 1.4 Vpys 15, as in the experiment, referred
to as the non-optimised scenario and is illustratdeig. 3.21 along with sample received
eye diagrams at 1540, 1550 and 1560 nm.

As can be seen, a great variability in transmisgierformance was obtained with the
error correctable maximum distance varying from@@® 1500 km. At a BER of 10a
transmission distance of approximately 1500 km \wekieved when the transmitter
operated at 1560 nm, which decreased to 1100 & a6¥ representing a 30 % drop in
transmission performance. The shortest transmissiach achieved at a BER of 1®vas
950 km at 1535 nm. As previously mentioned, sucharge variance in system
performance over the C-band wavelength range nditest that constant EAM drive
conditions, in the transmitter will lead to un-agptable levels of performance over a wide

wavelength range.
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Fig. 3.21. (a) Simulated BER as a function of traission distance for a non-optimised EAM at
wavelengths from 1535 to 1565 nm and (b) sampledegrams received after 1000 km for 1540,
1550 and 1560 nm respectively

To understand the varying levels of performanceieaglil as a function of operating
wavelength the intensity and chirp profiles (as soeed in VPI) were analysed. Fig. 3.22
(a-c) displays the intensity and chirp profilestioé generated pulses under the constant
EAM drive conditions (-2 V bias and 1.4 Vpp cloggrsal). At 1540 nm where one of the
poorest levels of transmission performance wassesl the chirp profile is negative
across the centre of the pulse. At 1550 nm howekersign of chirp has flipped and is
now positive, while at 1560 nm the sign of chir@lso positive, although with a slightly
larger magnitude. This change in chirp sign is @odyagreement with the experimental
results and gives an accurate indication as to dffect the pulse chirp has on
transmission. At 1535 nm, there is a large degfeagegative chirp and when combined
with the net positive dispersion of the loop resift degraded transmission performance.
Another limiting factor is a low ER of 12 dB thatéxhibited at this wavelength under the
application of a small reverse bias. This valuexifnction ratio and the slightly broader
pulses also contributed to the degraded transmissiach (950 km at a BER of 10

achieved at this wavelength channel.

By comparing the intensity and phase of the geedraiulses, with the reference
wavelength (1560 nm), an estimate can be made agich drive conditions for the
transmitter would achieve a similar pulse profiteeach wavelength, thereby achieving
extended transmission reach and greater performaméamity over the tuning range.
At 1540 nm for example the DC bias of the EAM wakuated to -1.4 V and the
modulation voltage was increased to 2.2 Vpp. Sitgilat 1550 nm, the bias voltage was

decreased to -1.8 V and the EAM was again driveh waipeak-to-peak voltage of 2.2
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Vpp. The optimised pulse profiles at these two Mevgths are illustrated in Fig. 3.22 (d-
f).

Fig. 3.22. (a-c) Intensity and chirp profiles famoptimised scenario at wavelengths 1540, 1550,

and 1560 nm and (d-e) corresponding intensity doigh @rofiles for the optimised scenario

This selection of bias and drive voltages was cetagl for all wavelengths until the sign
and magnitude of the pulses were similar. The dpéthtransmitter was again employed
in the 42.7 Gb/s circulating loop simulation modsel verify if a greater level of
performance uniformity over the C-band could beieddd. Fig. 3.23 illustrates the
optimised transmission performance, again withcthreesponding eye diagrams at 1540,
1550 and 1560 nm, received after 1000 km. By aidigighe bias conditions of the EAM,
a greater transmission distance has been achi¢\abveavelengths. A distance of 1450
km at a BER of 10 was realised while operating at 1535 nm, représgnan
improvement of 500 km, relative to the non-optirdisgansmitter. At 1550 nm, an
improvement of 150 km was achieved. The increaseel lof performance at 1540 nm is
visually apparent by comparing the received eygrdias for both EAM scenarios. The
eye for an optimised transmitter contains a lovesel of temporal jitter and exhibits a

greater eye opening, both of which contribute tséased BER performance.

Table 3.3 displays the achieved transmission redittin a BER of 1d for the non-

optimised transmitter, where constant DC bias aodutation voltages were applied to
the EAM. The corresponding optimised EAM drive cibiotis are also shown with the
improved transmission reach, obtained over theemtavelength range. The simulation
results are in good agreement to the experimersallts outlined in section 3.5.4 and
demonstrate that the wavelength tuneable transnfitte the capability to operate over

the entire C-band wavelength range. Consistenbpaence was achieved by generating
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pulses with similar pulse width, shape, extinctaomd most importantly chirp sign. The
same chirp sign was desired at all operating wagths in the experiment and
simulation because for both cases there was aaséive residual dispersion in the fibre
link across this waveband. If the dispersion map sianilar to that shown in Fig. 2.11,
then opposing chirp signs would be required for elangths on the opposite ends of the
spectrum. This is an important issue, but furtrEmdnstrates the dynamic capabilities of
EAM based RZ transmitters as both positive and tiagaigns of chirp can be achieved
by simple adjustment of the reverse bias and mdidulavoltages. Therefore RZ
transmitters based on an EAM and SG DBR tuneabkr lare a viable option for future

long haul reconfigurable WDM networks.

Fig. 3.23. (a) Simulated BER as a function of traission distance for an optimised EAM at
wavelengths from 1535 to 1565 nm and (b) sampledéggrams received after 1000 km for 1540,
1550 and 1560 nm respectively

Table 3.3. EAM bias and drive conditions for eagterating wavelength and corresponding

transmission reach for both the optimised and nunvosed transmitter scenarios

3.6 Summary

An electro-absorption modulator, when combined sitlvidely tuneable laser such as an
SG DBR TL, provides an excellent source for highegpwavelength tuneable pulses that

are ideal for implementation in future reconfiguealzore optical networks. As the
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characteristics of an optical pulse, generatedgusmEAM device, are highly dependant
on operating wavelength, reverse bias and modulatttage, it is important to carry out
pre-transmission characterisation. Such a pulseactezisation can be advantageous as it
allows the pulse parameters (specifically chirppéctuned to match the given dispersion
map of a core network. The complete pulse chalisat@n of a commercially available
EAM has been completed for a number of wavelendthnoels across the C-band
wavelength range. This lead to the constructiopeformance maps for the chirp, ER
and PW as a function of bias and modulation vokdge each wavelength. It has been
demonstrated that the optimisation of the EAM droanditions is imperative when
employed in a long haul wavelength tuneable optiedvork. An extended transmission
reach of up to 30 % (1540 nm) was achieved in ¥peemental re-circulating loop setup
and improvements of up to 50 % (1535 nm) were destnated in the corresponding VPI
simulation model. This transmission performance ganson illustrates the importance
of EAM optimisation, if such a RZ transmitter was@oyed in a long haul network. The
advantages associated with a tuneable chirp prafédealso significant in combating the
alternating signs of residual dispersion associatithl the dispersion map of long haul

networks.
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Chapter 4 — Pulse Generation using Gain-

Switching Technique

4.1 Introduction

As discussed in Chapter 3, the return-to-zero nadttul format is favoured for long haul
transmission in the core optical network as it ffenhanced transmission performance
over the conventional NRZ scheme due to its ine@@asbustness to fibre dispersive and
non-linearity effects. For metro networks, the NfRZmat is normally employed due to
its low cost and simplicity of operation. Howevexs the line rates and indeed the
transmission distances spanned by metro netwonkinc@ to increase, the RZ format
may be required in the future to maintain optimgdtem performance. As the metro
network is shared among fewer customers than the wetwork, more cost effective
solutions must be utilised, such as directly motalasources or arbitrary fibre types.
Gain-switching is one of the most cost efficientdasimple techniques to generate

picosecond optical pulses from a directly moduldaeser.

This chapter explores the process of gain-switciindept and discusses the detrimental
characteristics exhibited by the generated pulsash as SMSR degradation and large
timing jitter. Some of the most common techniquepleyed to increase the spectral and
temporal purity of gain-switched pulses are alsgl@ed, with particular attention placed
on self-seeding of a semiconductor laser. A nogHlseeding scheme to generate short
picosecond pulses, which exhibit low jitter andthigMSR, from a gain-switched FP
laser is presented and a discussion on how to dideyRZ transmitter for implementation

in a WDM based reconfigurable network is also pméesh

4.2 Gain-Switching Principle of Operation and Rate Equdions

A basic description of the gain-switching pulse gyation technique was outlined in
section 2.3.3 and was illustrated in Fig. 2.6. #swshown that if a current step was
applied to a semiconductor laser below threshdid, dutput power of the laser will
initially increase and then undergo a number ofllasions before a steady state value is
reached. The oscillations observed in the careasidy are due to the time delay between
the build up of the gain in the active region ahd generation of photons. Under the
application of an electric current step, the cardensity increases in the absence of a
sizeable amount of stimulated emission. Once tlire\g#dhin the laser cavity overcomes
the accumulated losses, the photon density willirbég increase due to stimulated

emission. As the photon density rises, the cardeesdepleted faster than the level at
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which they are injected, therefore the carrier paijan decreases, thus leading to a
collapse in the free carrier density, eventualljowethat of the threshold level. The net

result is a decrease in the gain within the casitg a corresponding decrease in the
electromagnetic field intensity. As the photon dindecreases there is a subsequent

increase in the carrier density and the cyclestarer again [1].

The idea of gain-switching came from the observatibthis carrier density oscillation. It
was demonstrated that by cutting off the appliegtteilc step just before the onset of the
second carrier density oscillation, an optical putseuld be emitted. Another interesting
demonstration illustrated that the generated pdilsation was considerably shorter than
that of the applied electrical pulse. The most camrtechniques employed to achieve
gain-switching are to either apply a large eleatrjgulse, typically from a SRD [2] or a
large RF sinusoidal wave [3], to a DC biased lafieus switching the optical gain

through the modulation of the driving current.

The dynamics of a gain-switched FP laser can benstabd by considering two multi-
mode rate equations [4]. The differential rate ¢igua illustrate the relationship between
the electron (or hole) density N and the photonsiterP. Egs. 4.1 and 4.2 define the
change in carrier and photon densities as a fumctigime for the M longitudinal mode

of a gain-switched multimode laser, where N is thaerier density, J(t) is the applied
current density, q is the electronic charge, dhésthickness of the active region,is the
group velocity, g is the optical material gain angd and , are the carrier and photon
lifetimes respectively. The carrier density and tohodensities are represented by N and

Pn respectively, while s, and are the spontaneous emission factor and the @mént

factor.

dN _ J(t) N

—==<- vg P -— (4.2)

d qd Tt

dP P, N

d—;n = (Egmpm - t_m+_bsp (42)
p n

J(t) = j, +j,Sin2pft (4.3)

Dt=t,+— (4.4)

P gmNi '

From the differential rate equations it is cleaattthe carrier and photon densities are
dependant on the modulation frequency and amplitdidiee applied electric current. Eq.
(4.3) defines the injected carriers as a functibf,@nd j which are the DC bias and
modulation current densities respectively. It hagrb demonstrated from simple rate
equation analysis, that if the modulation frequeiscypo low, multiple optical pulses will

be generated within the same modulation periods T&idue to the carrier density
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relaxation oscillations. However, if the modulatimaquency is increased, the number of
generated pulses within the same modulation windallv decrease until eventually
single pulse operation is achieved. A further iaseein the modulation frequency will
result in a reduction of the pulse amplitude aretdfore indicates the cut-off frequency
[5]. Therefore to generate pulses in the MHz fregqyerange, an electrical pulse
generator is typically required to gain-switch sela however at higher repetition rates in

the GHz regime a RF sinusoidal wave can be used.

If the laser is electrically pumped by a very shoptical pulse, such that the initial
inversion carrier density (Ni) is much larger ththe carrier density at transparency, an
approximation of the optical pulse width can be em&tdm Eq. 4.4. From this equation it
is evident that a large differential gain (whichhie change in gain as a function of carrier
density) as well as a higher level of excited easriand a lower photon lifetime will lead
to the generation of a pulse with small duratioh f6good approximation of the shape
and duration of a gain-switched pulse can therdberenade from the carrier and photon
density rate equations. The dynamics of gain-swigbulses will be discussed in greater

detail in the following section.

4.3 Important Parameters Associated with Gain-SwitchedPulses

As mentioned in the introduction, pulses generdtedugh the gain-switching process
can suffer from a number of inherent charactesstiwat limit their usefulness in high
speed optical transmission. Such characteristickide asymmetric pulse shape, large
duration, SMSR and jitter degradation and larggudesncy chirp. Therefore, in order to
improve the purity of the generated pulses, théfsets and the causes of such effects
must be discussed in greater detail. This sectipfoees the underling mechanisms that

determine the characteristics of a gain-switchddegou

4.3.1 Pulse shape and Duration

A gain-switched pulse can be described as the amatibn of two exponential curves
with time constants, (rising edge) and; (falling edge). Without careful optimisation of
the laser DC bias, gain-switched pulses are gdpersymmetric in shape with fall times
approximately equal to 1.5 to 2 times the rise tfifie The rise time of the optical pulse
is proportional to the maximum level at which thenrequilibrium carrier density is
driven above the carrier density at transparendyigtherefore inversely proportional to
the net charge transferred to the active mediunthiyelectric pulse. The decay time
(falling edge) is dependant on how far down belbveshold the carrier density is pulled
during the emission of the pulse and consequerttyehdependency on the bias level of
the laser [8].
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At low DC bias a gain-switched laser diode will geate a broad optical pulse with
relatively low amplitude and will be pedestal fr@ée disadvantages associated with a
low DC bias are larger pulse duration, a longen tom delay time and a subsequently
large timing jitter. As the DC bias is increased flulse width becomes shorter, while the
peak power increases, with the shortest duratiamesponding to the greatest peak
power. However if the bias level of the laser isrgased to the threshold level of the
device or greater, pedestals begin to form on th#ing edge of the pulse. These
pedestals are created if the carrier density ionthed down far enough below the lasing
threshold of the device and can cause extremely legels of TPSR (< 10 dB), which
would limit the performance of a high speed OTDMsteyn due to intersysmbol
interference. It has been demonstrated that thienapt bias point for the operation of a

gain-switched laser is approximately half the thodd current ) [9].

Fig. 4.1 illustrates a gain-switched commercialrgitable DFB laser diode. A 10 GHz 28
dBm sinusoidal signal was applied to the laseravibias tee. The laser diode had a
threshold current of 15 mA. Fig. 4.1 (a) displays generated pulse when the laser has a
DC bias of 35 mA and (b) shows the correspondirigepprofile when the laser was at a
DC bias of 60 mA. The first pulse is more symmethas a smaller duration and is
pedestal free (as observed on a sampling scop&je¥éws, due to the lower bias voltage,
a larger turn on delay time is experienced andetbes the pulse jitter is slightly higher.
When the bias current is increased, the carriesiiefs not pulled down far enough
below threshold and a large pedestal forms. Thaenidpias however provides greater
peak power and a lower value of jitter, althougbsthimprovements are nullified as the

low TPSR would render this pulse useless for hjggred transmission.

Fig. 4.1. Gain-switched DFB laser diode with (ayloias and (b) high bias

From Eq. 4.4 it is evident that a lower photontiifee will result in a smaller pulse

FWHM. A shorter photon lifetime can be realisedd®screasing the length of the laser
cavity. It has been demonstrated that the gaincbed pulse widths decrease linearly
with shorter cavity lengths [10]. A disadvantage#wity shortening is that it suffers from
difficulties in device handling, including wire bdimg and mounting. Therefore an

alternate way of reducing the photon lifetime isapply anti-reflection coating to one of
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the laser facets. The second term in Eq. 4.4 thaghcontributing factor to pulse width is
the differential gain. A higher differential gainillweduce the pulse duration, however
this factor is difficult to increase as it is dedant on the material and structure of the
laser device. The pulse duration can also be redbgeobtaining a larger overshoot in
carrier density, which can be achieved by employrgser diode that can endure a high
level of current pumping without incurring signdict leakage. If a larger carrier
overshoot is realised, the peak power of the pwldleincrease, resulting in a smaller

duration.

Finally the nonlinear gain compression can alsoehaw effect on the generated pulse
width as it has a detrimental impact on the smajha resonance peak of lasers
frequency response at high power [11]. It imposed@nit on the photon density by
damping the large frequency oscillation, thus réuycthe peak power and hence
increasing the pulse width. Again, as with the atifhtial gain, gain compression is
dependant of the device structure. There are marangeters that can determine both the
pulse shape and the duration of a gain-switchedcappulse, however once the
fabrication process is complete, only adjustmentttef bias, RF drive voltage and

repetition rate may be used to obtain the smatlelsie duration with the largest TPSR.

4.3.2 Frequency Chirping

As discussed in section 3.2.3, the Kramers-Kronigtions indicate that if the gain (or
loss) that is due to the imaginary part (k) of te&active index is varied, then the real
part (n) will undergo some modulation. The real amaginary parts of the refractive
index are related to each other through the Henphaa factor or the linewidth
enhancement factor (LEF) [12]. In a gain-switchasdel, the applied current injection
causes a substantial change in the carrier demgityn the device, which causes a
corresponding variation in refractive index. Therigtion in refractive index alters the
effective guided mode index, which subsequentlyngba the phase of the frequency

components of the optical pulse and hence resuftegquency chirp.

The linewidth enhancement factor is related tocti@nge in refractive index through Eq.
4.5. Due to the free carrier plasma effect, thengkan effective index as a function of
carrier density is negative; therefore the alpheampeter is positive. Pulse chirp has a
detrimental effect on high speed transmission asntbines with fibre dispersion leading
to intersymbol interference. Another inherent peoblassociated with frequency chirp is
the longitudinal linewidth broadening. For a singlede laser the spectral width of the
dominant mode will increase, while for a multi-modieser such as a FP, each
longitudinal mode will broaden. Linewidth broadeginan be detrimental in a WDM

transmission system as it causes interchanneffen¢égice between neighbouring WDM
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signals, thus it is imperative to restrict the extef the spectral broadening in a gain-
switched pulse source in order to mitigate thisgraission impairment [7]. As spectral

broadening is inherent to the gain-switching teghaj the generated pulses are far from
transform limited and consequently limit the useéds of such pulses in medium to long

haul transmission.

4p dr/dN

| dg/dN

(4.5)

From the equation above, it is evident that a higferential gain will result in a lower

alpha factor and hence a smaller chirp profilefentioned in the previous section, the
differential gain is dependant on the device stmgctand can be increased by using
smaller cavity lengths. Conversely the magnitudthefelectrical pulse could be reduced,
thereby effectively reducing the change in camiensity. However this reduction in chirp
comes at the cost of short pulse duration and lpgtestal suppression, therefore
rendering this option unrealistic for substantiaifig reduction. Finally the chirp can also
be reduced by external injection into the laseritgavbecause the injected photons
decrease the threshold gain of the laser longialdimde, whose frequency coincides
with the frequency of the injected photons [13].isThssentially lowers the inversion

point and causes a reduction in the random fluitmain the carrier density, hence

limiting changes in the laser refractive indexutgsg in lower chirp.

4.3.3 Timing Jitter

The timing jitter inherent to gain-switching can beoken into two sub-categories,

correlated and uncorrelated jitter. Correlate@jjits mainly caused by the drive circuitry
of the laser diode and the RF source, therefd@nifnoise electronics are employed this
type of jitter can be reduced to a very low vali¢][ Un-correlated timing jitter is due to

the variation in the turn on delay time of the gated pulse. The delay time is equal to
the interval between the onset of the electricédgand the emission of an optical pulse.
Due to the fact that pulse generation in a gairtehed laser diode is dependent on
random fluctuations of the spontaneous light in ¢heity, the turn on delay time of the

pulse jitters in a random manner, both in the gatimr of single pulse and from pulse-to-
pulse. This random phase variation leads to nais¢he pulse and is known as timing
jitter [15].

The extent of timing jitter on a gain-switched mutzan be quite large and differs whether
the laser diode is multi-mode or single-mode. Tikterj exhibited by a gain-switched
single-mode laser is larger than that of a multieméaser by a factor ranging from 3-5.
The reason for the difference in timing jitter feach source depends on the photon

density. For a single-mode laser the photon demsityiribution is contained within one
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dominant mode, however for a multi-mode laser thetpn density is a convolution of
the single-mode photon numbers of all the moddkenasers gain spectrum. Therefore,
a higher photon density is realised in a multi-m&dr, thus reducing the turn on delay

time, resulting in a corresponding decrease ierjitt6].

The timing jitter of a gain-switched pulse can bwioved by increasing the bias level
above threshold to generate a larger photon nunblyeusing a laser with a broad gain
spectrum (such as a multi-mode laser) or by usitgser with a large differential gain.

All three techniques contribute to reducing thentan delay time of the generated pulse
and therefore decreases the temporal jitter. Hokyelre reduction in jitter comes at the
cost of other detrimental pulse characteristics. &@mple by increasing the DC bias,
poor TPSR and a large PW will be realised, whigmim-switched multi-mode laser is not
suitable for long haul transmission. Therefore haptpulse improvement technique is
required to increase the temporal and spectratypofigain switched pulses and this will

be discussed in more detail later in the chapter.

4.3.4 Side Mode Suppression Ratio

The side mode suppression ratio of a gain-switghase source is substantially degraded
due to the large fluctuation in photon densityleslaser is pulled below threshold, which
strongly excites the side modes. There is alsage lapectral broadening of the modes
within the laser cavity, coupled with a spectraftstue to the large frequency chirping.

Side mode excitation is not considered a problenminti-mode laser diodes as the
generated pulses are already supported by a nuafbgpectral modes. However for

single-mode lasers, SMSR degradation can have stasulal effect on transmission

performance, especially when considered for WDMebasptical networks [17].

Fig. 4.2. SMSR of a DFB laser diode under (a) C\Wrapon and (b) gain-switched operation

Fig. 4.2 illustrates the SMSR of a commerciallyitlde distributed feedback laser under
CW and gain-switched conditions. In Fig. 4.2 (ag tlaser is free running in CW
operation and exhibits a large SMSR of 43 dB, wiiile spectral width is extremely
small (beyond the resolution of the OSA). From H@ (b), it is evident that there is a
large degradation in SMSR after the DFB is gaintahdd, with the pulse exhibiting a
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value of 18 dB. There is also a substantial broadgein the laser spectrum in comparison

to when the laser operates in CW mode.

4.3.5 Extinction Ratio

The optical extinction of a gain-switched pulséhis ratio between the pulse on level and
the off level. It is different to the TPSR whichptgally measures the ratio between the
pulse peak and the most significant pulse pedeliaever the pulse ER is closely
related to the TPSR in a gain-switched source anchave an equally detrimental impact
on transmission performance, especially in a hjgged OTDM system [18]. The on-off
contrast of a gain-switched pulse can be increagedhaximising the differential gain,
carrier density overshoot and by reducing gain gesgion damping. The ER can also be
maximised through careful adjustment of the opegationditions of the laser diode. If
the DC bias is maintained below the threshold ciyran optimum zero level can be
obtained, while the magnitude of the modulatiomalgdetermines the maximum one

level. If the bias level is increased aboyg,the ER will be seriously degraded.

4.4 Optical Injection, Pulse Compression and Tuneabilig

Although gain-switching is a simple and cost effgxtpulse generation technique, the
poor temporal and spectral characteristics of #eegated pulses make them inadequate
for optical transmission. As discussed in the presi section, gain-switched pulses
exhibit large temporal jitter, high frequency chigmor SMSR and optical extinction and
also have large pulse widths from 10 to 30 ps. @loee, in order to implement such a
source in a high speed system, the temporal anctrap@urity of the pulses must be
increased. This can be achieved by injecting Itk into the laser cavity through self-
seeding or external injection. Such techniquesatsm be adapted to provide a degree of

wavelength tuneability.

4.4.1 Self-Seeding

Self-seeding is a cost efficient technique employethcrease the temporal and spectral
quality of gain-switched pulses. It is achievedusing a wavelength selective device to
filter out one lasing longitudinal mode, which iset re-injected back into the laser
cavity, essentially seeding the optical pulse spetfl19]. Fig. 4.3 illustrates the typical
experimental setup for a gain-switched FP laser ithaelf-seeded using a wavelength
selective external cavity. An amplified sinusoigadve is applied to a DC biased laser.
The output pulses pass through a polarisation albatibefore being split into two signals
using a 50:50 coupler. One arm goes to a wavelesgtittive device, which filters out
one longitudinal mode and reflects it back intoldmeer cavity. The PC is then adjusted to

ensure that the injected light is aligned with dmical axis of the laser. However, it is
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imperative to tune the length of the external gatit ensure that the re-injected light
returns during the build up time of an optical jpul§his can be achieved by either tuning
the repetition rate of the signal generator or ipkeying a tuneable optical delay line in
the feedback loop. This is a major drawback ofs#léseeding technique and reduces the
flexibility of the device. Therefore a novel sefexling scheme is discussed in greater

detail later in this chapter.

Fig. 4.3. Typical self-seeded gain-switched setup

For an un-seeded gain-switched laser diode, thpdeahjitter of the generated pulses is
caused by the random fluctuation of the photon ithergenerated by spontaneous
emission. This jitter, known as turn on jitter (TjOdan be substantially reduced through
self-seeding. In a self-seeded arrangement, theabgield inside the laser cavity is no

longer determined by the spontaneous emissionbypuhe optical feedback. Therefore
this excitation reduces the random fluctuationhaf photon density and hence the TOJ.
The output of the laser diode reaches a steady stadition after approximately 10 to 15
round trips of the external cavity and the pulsesreow single-moded and exhibit a low
value of temporal jitter [20, 21]. Fig. 2.1 illuates a gain-switched pulse without and
with self-seeding and there is a clear reductiorjitier, while Fig. 4.4 displays the

corresponding spectra with the self-seeded pulsi#igxg a large SMSR of 48 dB.

Fig. 4.4. (a) Spectrum of gain-switched FP laser @) corresponding spectrum with self-seeding
injection

The chirp of the gain-switched pulses is also reduby injecting light back into the
laser. With the injection of light, the threshol@img of the mode whose frequency
coincides with the frequency of the injected phetodecreases, which causes a

corresponding decrease in the carrier concentralibis the peak inversion level is
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reduced; therefore the gain variations during timssion of a pulse are also reduced,
resulting in a lower frequency chirp and a narroseectral width, albeit with a slight
increase in pulse width [22]. Therefore, single-m@dlse generation with low jitter, high
SMSR and reduced chirp can be obtained througlsdtieseeded gain-switched (SSGS)
technique. However due to the need for cavity lenmiing, an alternative seeding

method has been explored, known as external injecti

4.4.2 External Injection

Although self-seeding of a gain-switched laser disdbstantially improves the temporal
and spectral quality of the generated pulses,gbairement of the repetition frequency to
be maintained at an integer multiple of the extegsvity round trip time limits the
flexibility of the source. This is because the mgcted light is not a continuous signal,
but is also pulsed. Therefore, if the pulse trattemiwas operated at an arbitrary
frequency, the external cavity would have to betiooiously tuned for optimum
injection. To overcome this limitation another segdtechnique has been extensively
investigated and is known as external injection].[2®is scheme is similar to the self-
seeding technique except a second laser diode ptoged to provide a CW source for
injection. Wavelength selectivity is obtained byihg the emission wavelength of the
CW laser to match that of the gain-switched soufsethe second laser diode provides a
continuous signal, the affects of the injection emenediate, unlike self-seeding which

takes a short time to reach steady state.

The advantage of external injection is that theetiipn rate of the directly modulated
laser can be set at an arbitrary value and duehdofdct that the injected light is
continuous, the need to tune the cavity length égated. Therefore the same
improvements in pulse characteristics achievedutiitoself-seeding are also obtained
with external injection, in addition to enhancednsmitter flexibility. This flexibility is
essential for implementation in future reconfiguealmetro networks that must be
transparent to repetition rate and modulation farn@ne drawback to the external
injection technique is the necessity for an addéldaser diode, which adds a substantial
cost to the pulse source. Therefore, a more cditiesit device that is capable of
achieving the same level of performance is desaredl one such technique capable of

achieving this is discussed later in the chapter.

4.4.3 Pulse Compression
As gain-switched pulses typically have durationghe region of 10 to 30 ps, they are
only suitable for serial transmission at 10 or e20nGb/s. However, the performance of

gain-switched pulse sources in such transmissistesys is also greatly impaired due to
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the large frequency chirp, resulting in pulses that far from transform limited.
Therefore, the chirp exhibited by gain-switchedspslis a serious problem associated
with this technique, although it can be used asdwantage. If the generated pulses are
passed through a length of dispersion compenshlirg the chirp is compensated by the
negative dispersion, thus compressing the pulse f24imilar compression scheme that
utilises the chirp to reduce the pulse duration mabtain transform limited pulses,
employs a linearly chirped FBG that has a chirm sigposite to that of the generated
pulses. By using a reflective grating the pulsere®ean become quite efficient, as pulse

compression and self-seeding can be performed sinedusly [25].

Fig. 4.5. (a) Intensity and chirp profile of a gawitched DFB laser, (b) corresponding profile

after linear pulse compression and (c) after noedr pulse compression

However, as the chirp of a gain-switched pulséniedr across its centre, but significantly
non-linear in the wings, linear compression leadthe formation of pedestals due to the
non-ideal compensation of the non-linear chirp. Whaplemented in an OTDM setup

the poor TPSR limits system performance due tafitemetric noise caused by pulse
overlapping [26]. There have been many experimeatged out to increase the TPSR
after compression but such schemes inevitably &seré¢he complexity of the transmitter,

thus increasing form factor and cost [27].

An alternative method that can be employed to cesgpmain-switched pulses, while
simultaneously maintaining a large TPSR, is to yppin-linear chirp compensation. This
entails characterising the pulse chirp and fakingad FBG with the exact opposite chirp
profile. Fig. 4.5 illustrates an externally injedtgain-switched DFB laser at 10 GHz.
From figure (a) it is evident that the 10.5 ps pulsbtains a large frequency chirp,
resulting in a large time bandwidth product. Ifelam compression is applied (Fig. 4.5 b)
to the pulse, the duration is reduced to 3.6 ghpagh pedestals form 23 dB below the
peak of the pulse due to the non-optimised compemsaf the non-linear chirp. Such a

level of pedestal suppression would have a dettiahdmpact on an OTDM system.

However, when non-linear compensation is appliethrge TPSR of 33 dB can be

maintained, thus increasing the temporal purittheftransform limited pulses, as seen in

Fig. 4.5 (c). Such a large TPSR may not be a remént for serial transmission, but
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when implemented in an OTDM system, significantiiaygments in performance can be
achieved [28, 29].

4.4.4 Wavelength Tuneability

To implement a gain-switched pulse source in a nfigorable metro based WDM
network a high degree of wavelength tuneabilityeiguired. Wavelength tuneability of a
gain-switched multi-mode laser can be achieved &ingua tuneable optical filter to
provide a high degree of longitudinal mode selégti\By tuning the filter, a number of
different modes can be seeded, thus providing tiefisient wavelength tuneable pulse
source [30, 25]. The tuning time of such a sousadeitermined by the time it takes for the
filter to be tuned, combined with the 10-15 rouridst of the external cavity the pulses

must traverse before a steady state output isnetjui

Fig. 4.6. Externally injected gain-switched FP tasiéh single-moded tuneability over the C-band

An alternative technique to obtain wavelength tinilgg is to employ a widely tuneable

laser to externally inject the gain-switched ladiede. This technique provides extremely
fast tuning times, which are completely dependantom the switching time of the

tuneable laser. Fig. 4.6 illustrates the spectréiancexternally injected gain-switched FP
laser. A widely tuneable laser was used to injegtitlinto a number of longitudinal

modes across the C-band wavelength range. It \srstivat an SMSR of greater that 30
dB can be obtained over the wide wavelength raifigstrating the prevalence of such a
source for a metro based WDM network. For an eveatgr tuning range, multiple FP
lasers can be cascaded to provide wavelength tlenpaktse generation over a 70 nm
range [31]. One drawback of the external injectiechnique however, is the high cost

associated with an extra laser source.

4.5 Cavity Length Independent SSGS FP Laser

Section 4.4 discussed the merits of both optigaktion techniques used to improve the

spectral and temporal quality of gain-switched esilsBoth self-seeding and external
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injection achieve this goal, but the value of etathnique is diminished somewhat by
two key disadvantages. For self-seeding, the cdeitgth must be equal to an integer
multiple of the round trip time of the external &gywhile for external injection the cost
of an extra laser diode would be prohibitive fostcefficient metro networks. Therefore
this section focuses on a novel self-seeding schbatellows continuous repetition rate
tuning, without degrading the pulse quality. Thisachieved by employing a highly
chirped FBG to perform the optical injection. Thighh positive dispersion associated
with the grating combines with the negative pulsiepcto spread out the generated pulses
to an extent that a CW like feedback is obtainesith® re-injected light is continuous in
its nature, the need to tune the external cavibgtle or the pulse repetition rate is
negated.

4.5.1 FBG Characterisation

The linearly chirped FBG (LC FBG) used for selfeidjion locking of a gain-switched
pulse source had a central wavelength of 1545.13n@6° C, with a 3 dB reflection
bandwidth of 0.128 nm and a peak reflectivity of18%. The grating was 131 mm in
length with a rejection ratio greater than 30 dBl axhibited a dispersion of 4957.8
ps/nm. The experimental setup used to charactdveseeflection profile of the FBG is
illustrated in Fig. 4.7 (a). An ASE source supplirdadband light to the chirped FBG via
a circulator. As the grating operated in reflectitime third port of the circulator was
monitored using an OSA with a spectral resolutib®.65 nm. Fig. 4.7 (b) displays the
measured reflection profile and the specified gralgbay profile of the grating. A
rejection ratio of 37.65 dB and a measured 3 dRec8bn bandwidth of 0.128 nm are
displayed. The group delay exhibited over the rffikand-pass was 634.6 ps (from the
data sheet).

Fig. 4.7. (a) Experimental setup to characterispetisive FBG and (b) reflection and group delay
profile of FBG

4.5.2 SSGS Experimental Setup
The experimental setup used to realise the cawuityng independent self-seeded gain-

switched pulse source is illustrated in Fig. 4.8eTFP laser used was a commercially
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available 1.5 pm InGaAsP device manufactured fa us 10 Gb/s systems, with a
threshold current of 10 mA and a longitudinal megecing of 1.2 nm. The laser output
power, at a bias of 50 mA, was measured to be 6 aftéf being coupled via a GRIN
lens fibre pigtail. Gain-switching of the FP lageas achieved by applying a dc bias of 50
MA in conjunction with a 28 dBm sinusoidal signakarepetition rate of 10 GHz, via a
bias tee. This provided a current swing of 250 rmAhie input to the board that the laser
was mounted on, which is sufficient to bring theelabelow threshold, thus providing a
good on-off extinction ratio. Self-seeding of thairgswitched laser diode was
accomplished using an external cavity (length afitga4 m) containing a PC, a 3 dB

optical coupler and the LC FBG.

Fig. 4.8. Experimental Setup

In order to achieve optimum SSGS pulse generatienpeak emission wavelength of the
FP laser was temperature tuned to the correspometlegtion wavelength of the grating.

The target wavelength of 1545.13 nm was achieveteimperature tuning the FP to 22°
C. The SSGS pulses were characterised using arabpfiectrum analyser and a 50 GHz
pin photodetector in conjunction with a 50 GHz tiggng oscilloscope. The reflected

pulses, which were dispersed by the grating and&stt to the gain-switched laser, were
monitored at the second input arm of the 50:50 wyps shown in Fig. 4.8). The SMSR
and temporal duration of the generated pulses vgefesequently analysed as the

repetition rate of the applied sinusoidal signas waried.

4.5.3 Results and Discussion

The repetition rate was tuned from 10 down to 2z Gin 500 MHz steps) in order to
verify the cavity length independence under sedfdgmy with the LC FBG. Fig. 4.9
shows the spectra of the SSGS pulses at variowditiep rates (2.5, 5 and 10 GHz).
These figures clearly illustrate the fact that 88GS pulses still portray an acceptable
SMSR of approximately 30 dB [32] at each of theetépn rates. It is important to note
that the frequencies mentioned are exact valuesnandrequencies tuned to a sub-
harmonic of the inverse cavity roundtrip time. lhpevious work carried out on SSGS
lasers, the repetition frequency or the cavity tengas altered in order to remain within

the limits of the feedback time window, to ensupéraum pulse generation.
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Fig. 4.9. Single-moded spectra at varied repetitédas of (a) 2.5, (b) 5 and (c) 10 GHz

Combined with a constant SMSR, the temporal dunatd the gain-switched pulses
remained almost constant over the entire repetitéda tuning range of 7.5 GHz. Fig.
4.10 illustrates the corresponding optical pulsggin at repetition rates of 2.5, 5 and 10
GHz. The measured widths (full-width at half-maxmjuof the pulses were 31, 30 and
30 ps respectively. The 3 dB spectral width was suesd to be 0.58 nm and when
combined with a pulse width of 30 ps, yields a T&R2.2. Therefore the pulses are far
from transform limited and indicate that they amavily chirped. This chirp should
enable the pulses to be compressed to less thgms hd ensure that they are also

transform limited (as discussed in section 4.4.3).

Fig. 4.10. SSGS pulses at a repetition rate o2.(&)(b) 5 and (c) 10 GHz

The averaged oscilloscope traces of the reflecteddback) signal from the highly
chirped FBG at two different rates of 2.5 and 10zGife shown in Fig. 4.11 (a) and (b),
respectively. The average signal powers fed backstand 10 GHz were -9 and -10
dBm. The high dispersion factor associated with itk FBG is responsible for the
broadening of the optical pulses, which causedja tiegree of temporal overlap between
them. As can be seen from Fig. 4.11, this overlaplyces a CW-like feedback into the
gain-switched laser cavity. The degree of overlafpwben the dispersed pulses is much
higher when the repetition rate is at 10 GHz rathan 2.5 GHz. This is essentially due
to the 10 GHz period being much smaller (100 psinttne 2.5 GHz period (400 ps). The
ripples observed in the feedback signal cause nflactuations in the width and SMSR
of the output pulses. However, within the rangehaf repetition rates used (2.5 to 10
GHz), it is important to note that the SMSR is alwagreater than 30 dB and the pulse

duration less than 32 ps.
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Fig. 4.11. Optical feedback from LC FBG (a) 2.5 @#bp10 GHz

The variation of the SSGS pulse suppression ratibveidth as a function of repetition

rate have been plotted in Fig. 4.12. The SMSR nesneglatively stable over the entire
frequency range. More importantly, it remains ab80edB at all repetition rates, which

is deemed adequate for high speed WDM communicaysitems. The pulse duration
also remains approximately constant, demonstrativae the pulse source operates
consistently across the entire repetition frequetlicyng range. This directly modulated
pulse source is ideal for metro based optical netsyowvhich require such sources for

more cost efficient transmission than that of tbeeametwork.

Fig. 4.12. SMSR and pulse width as a function p&tiion rate

Further development of the source could includexaelength tuneable grating to achieve
optimum pulse generation over a wide wavelengtlgeaihus, if the FP laser cavity was
carefully fabricated the longitudinal mode spacoauld be a multiple integer of 100
GHz, therefore equalling the specified ITU chansighcing in a WDM system. Slight
temperature tuning of the device would allow foe tabsolute wavelength calibration.
The gain-switched source could also be integratgl the multi-wavelength grating,
providing a cost efficient, small form factor dexid=inally, if the transmission distance
required did not necessitate the RZ modulation sehehis self-seeding technique could

be applied to the NRZ modulation format.
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4.6 Summary

Self-seeded gain-switched pulse sources are ideal ifiplementation in future
reconfigurable metro WDM networks, due to the lagtcand high spectral and temporal
purity of the generated pulses. To overcome thé&ycingth dependence of current self-
seeding schemes, a novel technique that incormgbratehighly chirped FBG was
implemented to disperse the generated pulsesptiouiding a CW-like feedback into the
gain-switched laser cavity. This CW feedback, mhkimg an external injection scenario,
overcomes the cavity length limitation associatéith the self-seeding technique. Hence,
by using the proposed method the potential of coltisly tuning the repetition rate,
while simultaneously maintaining optimum pulse gafien, can be realised without
changing the cavity length. Experimental resultsamlied show that pulses exhibiting 30
dB SMSR and 30 ps widths are generated over a raitige of modulation frequencies.
Further development of this source may be achidwedtilising a wavelength tuneable
grating, therefore enhancing the ability of therseuo operate in reconfigurable metro
based WDM network. The cost, footprint and powerstonption of the transmitter could

also be reduced by integrating the FP laser and. FBG
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Chapter 5 — Direct Modulation of a SG DBR

Tuneable Laser

5.1 Introduction
While Chapter 3 and Chapter 4 focused on the dpwsdat and characterisation of

tuneable RZ transmitters for the core and metricalpmetworks, this chapter investigates
the feasibility of a directly modulated tuneablsdafor implementation in short reach
applications, specifically the access network. Hinhe lasers are of great interest for
future reconfigurable agile optical networks an& ar requirement for the dynamic
operation of all of the sub-systems outlined intisec1.5. The technology is not only
considered as a cost efficient technique to redogentory, but as one of the key
components in future communications systems. Tharenany tuneable lasers available
that can offer tuning over a large wavelength rangg@le maintaining high SMSR and
output power. The SG DBR is an ideal candidaterdopnfiguration applications due to
its large tuning range (40 nm), high output power {0 dBm), high side mode
suppression (> 30 dB) and simplicity of integratidrhis tuneable laser is therefore
utilised in all of the experimental work in thisagter and will be discussed in greater

detail in section 5.5.

The access network is the most expensive part efcdimmunications infrastructure
because it is provided on a unique basis to eastoimer, therefore transmitter cost is of
paramount importance. The cost efficiency and siitplof the NRZ modulation format,
combined with the wide tuning range of a TL, offae capability of a fast switched
dynamic short reach NRZ transmitter. The importapicuneable lasers in WDM-PON
architectures for dynamic bandwidth provisioning lteeen outlined by Banerjee et al.
[1]. Hence, to develop a cost efficient solutidme performance of a directly modulated
SG DBR laser is investigated to verify its usefgldor such applications. However,
direct modulation of a lasers gain section caustésma dependant frequency drift. This
shift in operating frequency is characterised dseffect on the performance of a WDM
system is also demonstrated. To overcome this émhedrawback of the direct
modulation scheme, a frequency drift compensatiechrtique, which reduces the

magnitude of the frequency drift, is also invesigh

5.2 Tuneable Laser Applications and Requirements

Tuneable laser applications span many diverse sfididm agile WDM optical
communication systems, to sensor applications ectspscopy. The main initial driver

for tuneable lasers in communications networks bagn sparing and inventory
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reduction. Although this poses as quite an unglam®application for TLs, the savings
are finite and have paved the way for increasedrceoulevelopment [2]. Future
applications will include network reconfiguratiohpwever before large volumes of
tuneable laser deployments are realised for curaent future WDM networks, their
performance requirements must at least equal tmoif exceed that of their single

wavelength counterpart, the DFB laser diode.

5.2.1 Sparing and Inventory Reduction

In current WDM networks, wavelength specific linards are required to supply the

digital data at each operating wavelength, theeefdozens of fixed frequency laser

sources must be manufactured. An additional cooredipg amount of laser sources are
also required as spares, so component failure mittieé network can be easily rectified.

The sparing and inventory of these wavelength §ipelone cards account for a large

percentage of the total component costs and therefuse as a significant overhead. The
introduction of tuneable lasers offers a compedititernative to fixed frequency devices.
As a widely tuneable laser can access any chacne$sathe C-band ITU grid, it can be

deployed as a replacement to any one of the wagtespecific transponders. Therefore
huge savings in inventory costs can be made aguéaetity of spares can be reduced by

an order of magnitude [3].

Tuneable lasers also allow for one time provisigniof wavelength independent
transponders. This is similar to current fixed wamgth applications, except the single
frequency sources are replaced with tuneable la¥hes advantages associated with one
time provisioning of tuneable lasers include, remtlcforecasting and planning,
subsequent inventory reduction and streamlined faaturing processes. By utilising
tuneable lasers in all of the network transpondéis)asers can be forecasted on volume
alone, as apposed to a frequency-by-frequency .b&sis one time provisioning to
become a reality, the cost of commercially avadabidely tuneable lasers must become
comparable to fixed frequency sources or at ledfgr wnly a modest increase in
component cost [4]. Currently, TLs are approximatahe and a half to two times more
expensive than single frequency devices. This is #w increased manufacturing
complexity, extra component testing and low voludeenand. However, as tuneable laser
applications become more widespread the volumeasérs being manufactured will

increase, which should drive costs down.

5.2.2 Network Reconfiguration
More interesting and advanced applications for abiles lasers are in the areas of optical

switching, light-path rerouting and dynamic progising. Tuneable lasers can be
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employed in all-optical wavelength convertors amaeiable transponders, within network
nodes and in each transmitter/receiver subsystdms,Tas traffic is routed through an
optical network, certain wavelengths may alreadynbese on certain transmission links,
therefore the wavelength must be switched to aerradte unused channel to avoid
contention. This problem can be easily overcomengqusine of the key switching
components in an optical network, the ROADM. Téigtching device was discussed in
section 1.5.3 and uses AWG demultiplexers and plakers to separate the WDM signal
into the constituent channels. The tuneable lageich is a complementary component to
a ROADM, provides the optical switching or waveldngonversion. Such switching
nodes provide a greater degree of flexibility arh aisually be controlled remotely,
therefore negating the need for any manual intdimen The deployment of a
dynamically reconfigurable network allows for quigtovisioning of available bandwidth
and less cumbersome introduction of new servitdess tesulting in fewer lost revenue

opportunities and less network management [5].

Such systems are known as circuit-switched, wheresburce to destination optical paths
are pre-determined and subsequently maintainetbifgy periods of time. Therefore the
switching speed required for reconfiguration carober a number of seconds. This can
reduce the complexity of a tuneable transponddastswavelength locking control may
not be required. However, new optical network assttures such as burst switching and
packet switching, which transmit the data in burstsshort packets, will require
dramatically shorter switching times. This is bessagach packet or burst does not have a
specific pre-determined destination and must tloeeefbe dynamically switched
throughout the network, thus requiring switchingegs in the nanosecond timescale,
making the fast switched tuneable laser a fundasheosimponent in these systems. The
accuracy and stability of the tuneable laser, imseof wavelength tuning, will be critical

making some implementation of wavelength lockingtoal a necessity.

5.2.3 Requirements

The specific performance requirements that widehetble lasers must adhere to prior to
implementation in a DWDM system will vary from omplication to the next. They

should however provide similar performance to theed frequency devices used in

current WDM systems. Table 5.1 illustrates a sumynedirthe desired specifications for

tuneable lasers that was outlined by Buus and Mumpl2006 [6]. It is important to have

a large output power from the tuneable laser toramree the losses associated with
external modulators, coupling and other related isemductor devices, while the

differences in power between channels should belese to zero as possible for

consistent performance uniformity. The electricalvpr dissipation should also be as low
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as possible to reduce operational expenditure gwthé number of components within the
laser module is irrelevant, once it meets both ggheand footprint demands. The
switching speed of < 10 ms applies primarily tacgit switched networks; however this

tuning time must be much faster for burst of paskatched schemes.

Table 5.1. Desired tuneable laser requirementB¥WDM networks

The laser must also be able to tune over a wideelgagth range of at least the C-band,
but preferably both the conventional and long badgsmentioned previously an SMSR
of greater that 30 dB is a prerequisite for WDMteyss to avoid crosstalk with adjacent
channels. Low cost mass manufacturing is also itapbrto reduce component cost.
Another additional requirement that is importantti;meable lasers is dark tuning. As the
laser tunes between two WDM channels many spuritages can be generated. Thus the
laser output must be isolated from the networkvmichuncontrolled emissions that could
be severely detrimental to system performance. Tinéng problem can be negated
however by placing an SOA at the output of the rlagdnich is zero biased during a
switching event, effectively acting as a wavelenbtocker [7]. Although this is an
effective blocking technique, it adds to the dewoeplexity and cost. There are many
other laser specifications that have not been radliin the table above but will be
discussed in greater detail later in the chaptdres€ include wavelength stability,

accuracy, tuning speed and latency.

5.3 Laser Diode Tuning

To understand the basic tuning mechanisms of &, lasemust first consider the simple
laser diode structure, illustrated in Fig. 5.1.04srent is injected into the active section of
the laser diode, the carriers are initially consédrinto photons due to spontaneous
emission. Mirrors placed at either end of the gauieflect the photons back into the
active region to be amplified by stimulated emiasigenerating more photons with the
same phase and frequency. Lasing occurs when #ralbgain within the cavity exceeds

the combined losses. Above this gain threshold, ahgitional carriers are converted
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directly to photons by stimulated emission. Theetasliode oscillator operates
simultaneously over a number of closely spacedilodmal modes, yielding a comb
mode emission spectrum (as in Fig. 4.4 a). Therakamission wavelength of the device
is defined as the longitudinal mode closest topbak of the laser gain curve (frequency
that experiences the cavity loss minimum). The sidieb modes, spaced at an integer
multiple of f (where f=c/2nL, c is the speed of light, n is the refraetindex of the
material and L is the length of the cavity), alsorg a significant amount of the total
output power, making the laser multi-moded. Singtaled operation can be achieved by

making the mirror loss wavelength dependant [8].

Fig. 5.1. Basic laser diode structure

The central wavelength of the laser diode can bedun three different ways, by varying
the amplitude condition of the laser (achieved hifting the cavity gain curve), by
adjusting the phase condition of the laser (achidwespectrally shifting the longitudinal
modes), or through a combination of both. The tgnimethod used will define the
frequency range of a tuneable laser and also to ettant each discrete frequency can be
accessed. There are three tuning types that gbndedlne the operation of a tuneable

laser and they are continuous, discontinuous aadiguntinuous [9].

Fig. 5.2 (a) illustrates continuous tuning. In tlsisheme, the wavelength is adjusted
smoothly and in small discrete steps, while maimtg the same lasing longitudinal
mode. Therefore the laser output can remain simglded over a moderate tuning range
by simply adjusting the effective length of the itpand without changing the frequency
of the minimum cavity loss [10]. Due to the stringeequirement of single longitudinal
mode tuning, simultaneous control of the cavityngaeéak and the comb mode spectrum

is required [11].

Greater tuning ranges can be obtained if the deldrgitudinal mode is allowed to

change. This is achieved when the longitudinal madée loss minimum of the laser
cavity is initially tuned continuously. The chanigefrequency is linear until an adjacent
longitudinal mode suddenly experiences a lower Wigisin the cavity and thus becomes
the dominant lasing mode. During this transitioa §ngle mode frequency jumps to that
of the new longitudinal mode frequency, therefagpresenting a discontinuity in the

tuning, as seen in Fig. 5.2 (b). Through this témpe tuning ranges of up to 100 nm
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have been achieved, however it is impossible tesxall wavelengths within the same
range [12].

Fig. 5.2. Emission frequency versus control curfenta) continuous tuning, (b) discontinuous
tuning and (c) quasi-continuous tuning

Another mechanism is required to provide tuningravevide wavelength range that is
continuous in nature and still allows access tardie wavelength channels. This tuning
scheme is known as quasi-continuous and is depinotédg. 5.2 (c). Quasi-continuous
tuning enables high wavelength channel selectivging different longitudinal modes.
The general operation involves tuning the cavitydamand the gain curve synchronously
over a range equal to the longitudinal mode spadihgrefore continuous tuning is used
to access the discrete frequencies held withinntibde hops experienced through dis-
continuous tuning. The application of these tummgchanisms are discussed in greater
detail by considering the operation of the distr@oliBragg reflector (DBR) laser and the
SG DBR tuneable laser.

5.4 Distributed Bragg Reflector Laser

One of the most common single mode laser structigrédse distributed Bragg reflector
(DBR) laser and it is illustrated in Fig. 5.3. Theser consists of three electrically
controlled sections, comprising of a gain sect@massive phase section and a Bragg
grating section. The active (gain) region, whiclsiigilar to the generic laser outlined in
Fig. 5.1, controls the optical gain and output powefethe laser, through the application of
a single currentyl The Bragg section exhibits a wavelength seledbgs and therefore
has the ability to determine the emission waveleragtd hence the position of the gain
curve of the laser. As the period of the gratingasduring the fabrication process of the
device, the refractive index remains as the onjysadble parameter. Therefore, in order
to tune the emission wavelength of the laser ditlde refractive index must be altered
accordingly. The most common method to achieve ithihrough free carrier injection
[9]. The passive phase section separates the Byagigg and the active region. It has a

larger bandgap than the active region to avoid ritism of the incident photons. Current
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injection into this section allows for the independ adjustment of the comb mode

spectrum.

Fig. 5.3. Three section DBR laser structure

Therefore by injecting carriers into the Bragg gmgtsection, the position of the laser
gain curve can be manipulated. This leads to dismoous wavelength tuning.

Conversely current injection into the passive phsesgion provides continuous tuning of
the comb mode spectrum. Through the mutual cowifr@he injection currents to each
section, continuous tuning ranges of ~ 4 nm caadbgeved [13], while quasi-continuous
tuning ranges of ~ 10 nm [14] and dis-continuawsing of ~ 20 nm can be obtained
[15]. The upper limit on the continuous tuning dDBR laser is limited by the maximum
obtainable phase shift is the passive section. fEimge of the discontinuous tuning
scheme is limited by the maximum change in the @nagvelength, which is related to
the maximum effective refractive index change adiée by carrier injection through

the following equation:

I:]B DnIB
IO

ngyB

(5.1)

where g and n’g are the changes is Bragg wavelength and the e#ecntfractive
index of the grating section under current injectiand o and Rg are the initial
wavelength and refractive index without tuning.h@itigh three section DBR lasers can
exhibit quasi-continuous tuning, the wavelengthgenver which they operate is limited
by the maximum change in refractive index [16] &nchn therefore only cover a portion
of the available EDFA amplifying bandwidth. Consenqtly, more advanced tuning
mechanisms are required to obtain wide wavelengtleability. The principles of such
techniques generally rely on the adjustment of rétfeactive index difference of the
material, rather than the refractive index its@lhe such method is known as the Vernier
effect and it is utilised in the SG DBR laser.

5.5 Sampled Grating Distributed Bragg Reflector Laser

The SG DBR laser is one of the most promising adatds for implementation in future
reconfigurable optical networks due to its largasjtcontinuous tuning range (> 40 nm),
high output power (> 10 dBm), high SMSR (> 45 dBj simplicity of integration. For a
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reconfigurable network, the ability to access eawdnnel on the ITU grid is not the only
requirement, as the speed at which each chanaetessed is also extremely important.
Therefore the tuning speed, latency and stabifigroSG DBR laser are discussed in this

section.

5.5.1 Device Structure and Vernier Tuning

The typical device structure of a SG DBR tuneahkef, with an additional amplifier
section, is shown in Fig. 5.4. The laser consi$tthiee passive sections (front mirror,
phase section and back mirror) and one active gition. Each of the laser sections are
individually controlled by an injected current. Tfrent and back mirror reflectors are
initially identical to conventional Bragg gratingsut are subsequently multiplied by a
sampling function, which removes a portion of thatipg elements in a periodic fashion.

A schematic of the grating sampling technique idireed in Fig. 5.5.

Fig. 5.4. SG DBR device structure with additionalpdifier section

The uniform Bragg grating with period,, which is set to give a central Bragg
wavelength (Eq. 5.2) of 1550 nm, is multiplied bgampling function with a periods.
The sampling results in several sections of infad gratings with period ;. The side
comb frequencies of the reflection spectrum from ghating are spaced equally by Eq.
5.3, where gis the group refractive index of the material [1Tfhe peak amplitude of the
comb frequencies are unequal and symmetricallycedn power from the maximum
reflection, which occurs at the central wavelengthis roll off in reflectivity strength
limits the available tuning bandwidth of the lasisvice. A good indication of the
available number of subsidiary reflection peaks bardeduced from the FWHM of the
roll of envelope, expressed in Eq. 5.4. The enwelojuth of the reflectivity peaks can be
increased by reducingy s Therefore, small duty cycle gratings are requfagch large
number of useable reflection peaks. However, thigelase in the number of comb
reflections comes at the expense of an overalledaerin reflectivity for the comb modes.
Therefore a trade-off exists between a large numidfereflection combs and high

reflectivity.

In an SG DBR laser, two sampled grating are useaardwide comb shaped reflectivity

from each side of the laser structure. The twoirggathave slightly different periods
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and ,, thus allowing only one set of reflection peakstone into alignment within the
wavelength range of interest. Frequencies thatleesiithin a narrow spectral region
defined by the product of the two reflection spaatill experience minimum cavity loss.
Thus, by placing a single longitudinal mode withire defined reflection peak, it will
experience minimum cavity loss and begin to lazehat expense of the remaining
longitudinal modes. This process is known as thmMe effect and is illustrated in Fig.
5.6. The phase section of the SG DBR laser is deedaccurate alignment of the

longitudinal mode and the comb reflectivity.

I g =2n4L (5.2)

o= (5.3)
2ngl g

BWewm =%D| s (5.4)

Fig. 5.5. Sampled Bragg grating

The tuning range of an SG DBR laser is generatiytéid by the repeat mode spacing,
ep The repeat mode spacing is defined as the wagttleinterval between which
sampled grating maxima are aligned. Although tipeaé mode occurs at a lower point in
the spectral envelope roll-off, a second significegflection peak is experienced, as

shown in Fig. 5.6 (b). When one of the reflectiombs is tuned by, , relative to the
other, the repeat mode can become dominant due fisition in the laser gain curve.
Another detrimental effect is a severely reducedS®\as two longitudinal modes will
co-exist within with the laser cavity. Thereforke trepeat mode spacing limits the tuning

range of the device and should be maintained ge ks possible.

In an SG DBR laser, the sampled gratings are aeriend of the device structure.
Therefore, as the output light passes through riwet freflector, upon exiting the laser
cavity, significant free carrier absorption occli8]. This loss can vary as a function of

injected current and consequently as a functioapafrating wavelength. As a result the
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output power of a SG DBR laser can vary by up ttBéacross the intended wavelength
range. To overcome this limitation a SOA can be ohidmcally integrated on the same
chip as the tuneable laser (as in Fig. 5.4). Thisgy variation can also be overcome by
using gain control during tuning, however as vaia in gain current also lead to a shift
in operating frequency it is desirable to utiliseexternal control for power adjustment.
Therefore a SOA is the favoured option to mainglow power variation between WDM

channels [19].

Fig. 5.6. (a) Reflection spectra from a SG DBR faldgstrating repeat mode tuning limitation and

(b) product of reflection spectra with multiple gea

5.5.2 Tuning Speed and Latency

An important aspect of a tuneable laser is the timmkes to switch from one ITU
channel to another. The required switching tima tdser is dependent on the application
and can vary substantially for different networlsides (circuit or packet switched for
example). The total tuning time of a tuneable laseutlined in Fig. 5.7 and consists of
latency and switching. The latency time associatitil a tuneable laser refers to the time
it takes the digital wavelength request to be teted into a change in actual control
currents. This time is usually attributed to thdtslwprocessing time and the electronics
used in the control module. The switching timeeferred to as the time it takes the laser

to switch from the initial channel i) to within a tolerable frequency of the desired
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channel (wage). An SOA can also be employed to blank out tisedautput during this
time to limit the transmission of spurious mode$e Tcombination of both timing
parameters equals the total tuning time of the adednd must be taken into account
during the system design process. Usually, tundabégs are encapsulated within control
modules, which specify the tuning currents and gismcess switching requests. Such
modules can also incorporate wavelength lockingodsvto increase the total switching

times and is discussed in more detail in sectiéi5.

Fig. 5.7. Total wavelength switching time

5.5.3 Tuning Accuracy and Stability

Tuning accuracy and stability are very importangegss of tuneable laser operation and
can have severe implications on WDM transmissiafopmance. In a WDM system the

laser must tune to and stay within £5 % of the deafrequency to accommodate source
frequency drift and drift from frequency-selectie@mponents such as filters and
ROADMs. Wavelength lockers can again be employerktiuce frequency drift caused

by component aging or environmental effects. Coesisside mode suppression and
minimal power variation across the entire tuningge are also important factors and

must be closely regulated.

5.5.4 Tuneable Laser Module

To ensure acceptable levels of tuning speed, wagtie accuracy and stability,

commercially available tuneable lasers are comm@ndywided with automatic control

systems within one single laser module. An SG D&s$et requires a number of different
control currents to achieve single-mode operatidnciv must be accurately adjusted
when the tuneable transmitter is required to swipkrating wavelength. Therefore a
look-up table consisting of phase, front and badkan currents, required to obtain a

specific ITU channel, is always needed. To provedeh accurate current supply, a
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common control interface that contains a micropssoe and the look-up table is
incorporated in the TL module. Once a switchinguesy is made, the current values for
each section is read from the look-up table andreme amplified before being applied to

the laser.

To ensure that the new ITU channel stays within%5of the channel frequency, a
wavelength locker is also commonly implemented wmitthe laser module. Fig. 5.8
illustrates a typical wavelength locker employed n@intain wavelength switching
stability [20]. An optical tap is used to split teatput of the laser and a portion of the
light enters the wavelength locker. The signaldaim split into two using a Y-branch
coupler, with one arm being fed directly to a ploatector while the second arm passes
through a filter, such as a FP etalon. The filterdiesigned to provide a periodic
interference pattern as the input wavelength isxgbd and also exhibits a free spectral
range (FSR) equal to the channel spacing of ther [24]. The locker thus produces two
control parameters, one of which is dependant owepo(PD1) and one which is
dependant on wavelength (PD2), which are used nergée an error signal. The error
signal is then applied to the laser phase sectiopravide fine tuning of the operating

wavelength.

Fig. 5.8. Tuneable laser wavelength locker

As the wavelength locker also detects the laseyudyiower, it can be used to maintain a
constant laser output as a function of wavelengtierefore the measured output power
can be used independently to generate a secondsamal, to be applied to an integrated
SOA for amplitude control. The use of an SOA foistfunction is highly desirable,

because if the current to the gain section is edtdor amplitude adjustment, the output

wavelength would also experience some variation [2]

5.6 Characterisation of a SG DBR Tuneable Laser

In order to generate a look-up table for a tune&der it is essential to first characterise
the performance of the device as a function ofditrol currents applied to the phase
and mirror sections. This can be achieved by campiperformance tuning maps of the
laser, which provide an accurate indication of ldmers operation in terms of SMSR,

output power and wavelength.
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5.6.1 Performance Tuning Maps

The static characterisation of an SG DBR tuneadserl can be performed to illustrate a
visual representation of the Vernier tuning functind can be obtained using an OSA
and a power meter. Fig. 5.9 shows the performanoang maps for a commercially
available SG DBR laser from Agility Communicatiofspecification sheet in Appendix
I), which is used in the experimental work in $&ct5.8 of this chapter. The operating
wavelength and SMSR of the device were recordedguah OSA, as a function of the
front and back mirror currents. The gain curremhaimed constant, while the current
applied to the phase section was 0 mA. The outpwep from the laser was subsequently

recorded using a power meter, as a function ofémee current range.

From the conventional wavelength contour map (%i§.a), the two fundamental channel
transitions, super-mode and longitudinal mode chargge visible. Super-mode jumps are
a result of the realignment of the mirror reflentigpectra peaks and constitute a shift in
operating wavelength of approximately 5 nm. Theguocwhen one mirror section is
tuned relative to the other and their boundariesilten a fan like layout on the plot.
Longitudinal mode changes are observed within thesmode boundaries and occur
when a new longitudinal cavity mode experiencesimmiim loss. Longitudinal changes
of approximately 0.3 nm can realised when the tworan currents are tuned
simultaneously, however this function is usuallshiaged by fine tuning the current

applied to the laser phase section [22].

The SMSR and power contours are shown in Fig. ®).@uid (c) respectively. The output
power as a function of mirror currents exhibits relateristic saddle points. The peak
reflectivity states of the front and back mirroctens are located at these saddle points
and if the lasing wavelength coincides with thée@tfon peaks a high SMSR is obtained.
The control currents provided by the TL module eegbat the laser operates at a saddle
point, while the phase control current fine turtesslongitudinal mode spectrum to ensure
that the saddle point coincides with the desiregrajing wavelength [23].
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Fig. 5.9. SG DBR tuneable laser tuning maps, (ajeteagth, (b) SMSR and (c) output power

123



5.7 Frequency Drift Due to Direct Modulation

Although a directly modulated tuneable laser isideal short reach transmitter for
implementation in a low cost, remotely reconfigueadccess based optical network, there
are some inherent drawbacks which may limit théulisess of this technique. The most
detrimental impairment, as with the gain-switchiaghnique, is the frequency fluctuation
(chirp) imposed on the signal. This frequency dréh impair the overall performance of
a WDM system in two ways; either by drifting out thfe receiving filters bandwidth
and/or by drifting into the neighbouring channelsef bandwidth thereby causing cross
channel interference. In this section the magnitrt® settling time of the frequency drift
of a directly modulated SG DBR TL module from IntuNetworks is characterised. In
addition the detrimental effect the frequency dnéis on DWDM system performance,

when the modulated channel is passed through am&®BPF, is also investigated.

5.7.1 Sloped Frequency Discriminator

It is imperative to accurately characterise the mtade of the TL frequency drift in order
to quantify the detrimental effect it may have onigh speed WDM network. There have
been many techniques proposed to resolve the #tintychirp caused by fast channel
switching or direct modulation of a widely tunealaser [24, 25]. One of the most simple
frequency drift characterisation technigques utilisedetuned optical band pass filter, as
seen in Fig. 5.10. This in essence creates a sliopgdency discriminator, allowing the
frequency drift exhibited by the TL to be converieto an intensity fluctuation. The
directly modulated signal is passed into an optocalpler, with one arm being directly
detected before an oscilloscope, while the secomdispassed through a detuned OBPF
before detection. It is important for the filtera@ghibit a sharp transfer function to obtain

large amplitude fluctuations for a given frequemayiation (as in Fig. 5.10 b).

Fig. 5.10. (a) Sloped frequency discriminator dmddetuned OBPF transfer function

The TL output power is measured on the oscillosafper passing through the detuned
filter, thus providing a time resolved trace of thewer profile. A second, reference
power signal taken without the filter, is subsedlyesubtracted to ensure that the power

variation monitored on the scope is due solelyhftequency fluctuation of the device.
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From the filter profile the power transmission aduaction of frequency is known,
therefore a power to frequency conversion can b®imeed on the recorded power trace,

resulting in the frequency variation as a functidtime [26].

5.7.2 Frequency Drift Characterisation

The two-stage experimental setup used to charseténie frequency drift of a tuneable
laser is shown in Fig. 5.11. The commercially ataid TL module from Intune Networks
used in this work was built around a SG DBR-SOApchith an integrated wavelength
locker. The SOA was zero biased during wavelengfitcking and provided 35 dB of

power suppression. It also minimised the powerati@nm (+1 dB) between the 83 ITU

channels spaced 50 GHz apart. The typical CW outpwer was approximately 8.5 dBm
and a SMSR of greater than 40 dB was realised tned0 nm tuning range (C-band).
The module also featured a custom made high spéedhput, attached to the gain
section of the device, thus enabling direct modatatThe modulation bandwidth of the
device under test was characterised to be approeiynd GHz and this limitation was

mainly due to the non-optimised electronic cirguitr

Fig. 5.11. Frequency drift characterisation setup

The TL was operated in static mode and the emissmrelength was set to channel 38
(1550.4 nm — 193.35 THz) on the ITU grid and wasseguently directly modulated at 1
Gb/s with the aid of a pulse pattern generator. Adatator driver amplifier in
conjunction an electrical variable attenuator welaced between the PPG and the TL
module to vary the direct intensity modulation irdbrough values of 0.1 to 0.6, which
corresponded to peak-to-peak voltages of 0.5 to Bespectively. An initial power
reference measurement, denoted by the dotted tintae characterisation setup, was
recorded where the modulated signal was directlyealed using a high speed
photodetector and a high speed sampling oscillascdsecond power measurement was
recorded by passing the modulated output of thethifbugh an OBPF with a 3 dB
bandwidth of 26.5 GHz, detuned by 0.1 nm (as seehRig. 5.10 b), thus providing a

sloped frequency discriminator.

By detuning the filter the set ITU frequency wasdedo lie on a portion of the filter
characteristic with a higher rejection (lower powédn the application of the modulated

signal, the frequency of the TL is offset towartle tower rejection side of the filter
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transmission function, resulting in a higher amoohtoptical power being detected.
Subsequently, a smaller output power from the rfilie recorded as the in built
wavelength locker drags the output signal backddarget frequency. As discussed in
section 5.7.1, the power reference measuremenibsasted from the filtered power
measurement to mitigate any intensity variation doethe direct modulation, thus
ensuring that the remaining intensity profile isepdue to the frequency fluctuation of
the TL module. This intensity variation was subssuly converted into a frequency

variation as a function of time using the filteofile.

Fig. 5.12 (a) illustrates the frequency drift amdtling time of the directly modulated TL
when the modulation index was set at 0.2. The negftequency values on the y-axis
indicate a drift from the set ITU frequency towaldsver frequencies. The frequency
drift is defined as the maximum offset caused by tlirect modulation during the
presence of a logical one. The settling time isndef as the time the wavelength locker
takes to counter-act the frequency offset causetthdylirect modulation to within = 2.5
GHz of the target ITU frequency. From the figurésievident that the magnitude of the
frequency drift was approximately 15 GHz. It is ionfant to note that the settling time
depends on the pattern length used (number of cotige ones), therefore to measure
the worst case scenario (the maximum settling tismpyogrammed sequence of 30 ones
followed by 30 zeros was used. The channel frequenwithin the specified £ 2.5 GHz
range after approximately 11 ns. If an alternapagtern was used to directly modulate
the TL, the presence of a logical one would reBulan offset based on the index of

modulation, while a logical zero would bring thgrel back to its target frequency.

Fig. 5.12. (a) Frequency drift caused by direct utation with an index of 0.2 and (b) frequency

drift magnitude and settling time as a functionmafdulation index

Fig. 5.12 (b) shows the variation of both the magfe and settling times of the
frequency drift as a function of modulation indé&htis figure clearly shows that the
frequency drift magnitude and the settling timeréase with an increased modulation
index. The maximum frequency offset was 19 GHz aadulation index of 0.6 and

reduced progressively to 13 GHz at an index of Otie cause of the frequency drift can
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be attributed to refractive index changes in thia gaction (due to modulation), leakage

currents into other sections and thermal effects.

5.7.3 BER Degradation Due to Optical Filtering

To examine the detrimental effects of this freqyeddft, the directly modulated TL
module was employed in a back-to-back system tlaiacked a DWDM receiver, which
incorporated a narrow band optical filter. BER pariance could then be carried out
with and without the filtration element. The expeental setup is illustrated in Fig. 5.13.
The TL was again set at channel 38 on the ITU gnd modulated with a 1 Gb/s NRZ
pseudorandom bit sequence éf12and the modulation index was set at 0.2. Ancapti
attenuator incorporated with an in-line power mégky) monitored the varied received
power falling on the pre-amplified receiver. The Bkas measured with the aid of an
error detector under three different scenarios haméth no filter in the receiver (dotted
line), with the 26 GHz filter centred at the spedfITU frequency (193.35 THz) and
finally with the filter centred at the average bEetfrequency shifted signal upon direct
modulation (193.343 THz). Eye diagrams were alsonded with the aid of a 50 GHz

sampling oscilloscope for each of the receiverragements.

Fig. 5.13. Experimental setup to measure the effecthe frequency drift on WDM BER

performance

The effect of the frequency drift on the performaraf a typical DWDM system is
highlighted by the BER versus received power phaiven in Fig. 5.14. The case where
no filter is used acts as a performance referenge Alternatively, when the directly
modulated signal is filtered with the filter certtrat the target frequency of channel 38 on
the ITU grid, the frequency fluctuations causedthg modulation are converted into
intensity variations. These intensity fluctuatiar@ised a degraded level of performance
relative to the un-filtered scenario, reflectedtbg incurred power penalty of 6.7 dB at a
BER of 10° ( ). A slight improvement in performance of 1.64 dBaaBER of 10, was
obtained when the centre frequency of the filtes waed to match the average shifted

frequency of the TL module under direct modulatioh
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Fig. 5.14. BER versus received optical power

The corresponding received eye diagrams are iitesdrin Fig. 5.15 (a-c) and reaffirm
the BER degradation described above. Fig. 5.15H@ayvs the optical eye diagram for the
scenario when the directly modulated signal isiveckwithout a filter. It is clearly seen
that the eye is open and supports the excellembrpesince with received powers in the
order of -33 dBm required to achieve a BER of.1Dhis excellent performance could be
attributed to the fact that even though the fregyetrift exists, it does not manifest as
intensity fluctuations when detected in the absentea frequency discrimination
medium, such as a band pass filter. However, wherfilter is present in the DWDM
receiver and centred at the target ITU frequeniog, intensity fluctuations result in a
partially closed eye (Fig. 5.15 b). It is importaot note the comparative difference
between these two eyes even though the closed egedrded at a higher received power
of -30 dBm. Fig. 5.15 (c) illustrates the eye a #ame received power (-30 dBm), but
when the filter was centred at the average shiftequency. A clear improvement in

performance is observed.

Fig. 5.15. Received eye diagrams (a) without filtby with filter cantered at ITU frequency and
(c) with filter centred at the average shifted frency

Although a slight improvement in performance (1d8) was realised when the filter was
tuned to match the average shifted frequency off thenodule, this adjustment would be
unrealistic in a conventional reconfigurable WDMweark. The reason for this is that

each filter in the entire access network (includkyGs) would have to be adjusted or
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re-fabricated to improve the systems performandeer@fore alternative mechanisms
must be implemented before directly modulated Tas become a viable option as a
short reach NRZ transmitter. The modulation indéthe electrical signal applied to the
device could be reduced in order to limit the ek@nfrequency drift, thus reducing the
amount of power fluctuations when filtered in a DWDreceiver. This solution may

reduce the magnitude of the frequency drift but esmit the cost of optical extinction.

Another solution would be to increase the filtendhaidth in the receivers, thus again
minimising the intensity variations that lead toopdER performance. This solution
would require reduced channel spacing and thusdhtpa overall obtainable capacity of
the network. An alternative approach would be tonter-act the frequency variation of
the directly modulated TL prior to transmissionthifs was achieved the viability of a
directly modulated source would be vastly increased implementation in future

reconfigurable short reach applications. The follmyv section outlines one such

compensation technique.

5.8 Frequency Chirp Compensation Scheme

From the previous section it is apparent that thguiency drift impairment incurred by a
directly modulated tuneable laser would overshatltavadvantages of this scheme and
prevent service providers from adopting such aregle. This section focuses on a
corrective compensation technique that consisth@fsimultaneous modulation of both
the gain and phase sections of a commercially a@blail SG DBR laser from Agility
Communications. The direct modulation of the lagdrase section produces a
corresponding frequency variation, but more impdiyawith a sign opposite to that
produced through modulation of the gain sectionystleducing the inherent chirp

associated with such modulation schemes.

5.8.1 Static Phase Section Characterisation

An initial static characterisation of the laser ghasection was required before direct
modulation could be applied. The experimental s&uphis characterisation is shown in
Fig. 5.16 (a). The SG DBR laser used for this erpemnt was the same commercially
available device from Agility Communications thaasvused for the performance tuning
map characterization in section 5.6.1. It was aptmature controlled fibre pigtailed
device contained within a butterfly package. In panson to the Intune Networks TL
module used for the previous frequency drift measient, this laser allowed access to all
four sections and there was also no integrated S#DAwavelength locker. The
temperature was set at 22° C and remained cortbranighout the experiment. The back

mirror (Ip), gain () and front mirror () currents were initially set at 55.03, 79.29 and
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0.53 mA respectively, which resulted in a lasing/@langth of 1554.5 nm () and a side

mode suppression ratio of 45 dB.

Fig. 5.16. (a) Setup for static characterisationpbfise section and (b) wavelength shift as a

function of phase current, relative to central wamgth at zero bias (1554.5 nm)

The static analysis of the phase section was addany applying a varied DC bias in 1
mMA steps to the device and simultaneously recorthiegcentral lasing wavelength. The
corresponding shift in wavelength relative tg as a function of phase current, is
illustrated in Fig. 5.16 (b). As can be seen, thevelength slowly decreases with an
increase in the injection current until a longinali mode jump is experienced, after
which the cycle is repeated. From this result we s@e that by biasing the phase section
around 15 mA and applying a peak-to-peak modulatfob0 mA, a maximum frequency

shift without incurring a mode hop can be achieved.

5.8.2 Complex Spectral Analysis of a Directly Modulated T

To obtain a qualitative analysis of the compensaicheme, the direct modulation
induced frequency chirp was analysed for both #ie gnd phase sections individually.
This was achieved by analysing the directly modgdafL with the aid of a commercially
available complex OSA that had a spectral resoluib20 MHz, as seen in Fig. 5.17.
Using this device, both the intensity and phaserimbtion of the signal could be
retrieved. However, a requirement for the phasesoremnent on the complex OSA,
limited us to using a four bit patterned sequerfcEl00 to directly modulate the TL at a
clock rate of 2.5 Gb/s. Additionally, the bandwidihthe laser gain section (1.5 GHz)

also restricted the upper limit of the data rate.

Fig. 5.17. Experimental setup for frequency chismpensation scheme
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The repeated pattern of 1100 was amplified and ispb two paths. One arm consisting
of a variable electrical attenuator and a biasstae connected to the phase section of the
laser, while the second arm which consisted of anbjas tee was connected to the gain
section. The frequency chirp due to direct modatativas recorded using the complex
OSA when the phase section was connected onlyg farmber of modulation voltages.
This characterisation was repeated for the gaitisseof the device, therefore providing
an accurate representation of the chirp magnitadesan for both sections individually,
therefore enabling the selection of optimum opagafoints for both laser sections to
achieve a competent level of chirp compensatiorseas in Fig. 5.18. The chirp profile
spanning from 0.4 to 1.2 ns corresponds to a titnernwtwo 1-bit symbols were present.

By comparing the respective chirp profiles, optimdrive voltages were devised.

The compensation scheme is enabled by the fact theatfrequency chirp profiles
exhibited by both sections have opposing signs wheattly modulated by an identical
bit sequence. As expected, current injection im® passive phase section leads to a
negative change in the refractive index and theeefesults in a blue shift in frequency
due to the free carrier plasma effect [27]. Conelgrscarrier injection into the gain
section causes a transient chirp on the leadingrailohg edges of the modulated optical
signal, with some intermittent adiabatic chirp [28bwever, it is important to note that if
the modulation rate is high enough the transiedudency chirp will dominate, resulting
in a frequency chirp profile opposite to that impad<y the phase section. This is the

principle by which this chirp compensation scherperates.

Fig. 5.18. Chirp profiles of both the gain and ghasctions for a number of drive voltages

5.8.3 Frequency Chirp Compensation Scheme
For the frequency chirp compensation scheme, letions of the device are modulated
simultaneously. Therefore the electrical path lbeagb both sections of the laser were

matched in order to ensure an optimum bit-by-bihpensation. The output of the laser
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was again monitored with the complex OSA. Fig. Sll&trates the intensity and chirp
profiles of the directly modulated SG DBR laser,as#ed using the complex OSA, for
the two scenarios. Firstly, modulation was apptedhe gain section of the device with
the phase section DC biased at 15 mA (Fig. 5.19Thg figure shows two 1-bits
corresponding to 800 ps with a large frequencypcbir25 GHz. Fig. 5.19 (b) displays
the intensity and chirp profile of the laser outpiiten both sections are modulated. There
is a dramatic improvement in the level of frequenhirp and this reduction is due to the
gain and phase sections exhibiting opposite chigdiles under direct modulation as
discussed in section 5.8.2. The chirp exhibited thg NRZ data stream is now
approximately zero with nearly complete compensatibhe minor fluctuations are a

result of the non-ideal matching of the chirp piesfi

The corresponding spectra of the directly modula®€s DBR laser under the two
different scenarios are illustrated in Fig. 5.2Pgad (b). The broadened spectrum in Fig.
5.20 (a) clearly shows the direct modulation indué®quency offset, while figure (b)
displays the compensated spectrum which was adhi¢heugh the simultaneous
modulation of both gain and phase sections. Theowang in the spectrum mirrors the
reduction in chirp illustrated in Fig. 5.19 (b) amndaffirms the frequency chirp
compensation technique. The compressed spectrdmdrathatically reduce the effect of
cross channel interference and will also ensure tthe effects of fibre dispersion are
minimised.

Fig. 5.19. Intensity (solid line) and chirp (dottéte) profile (a) with gain modulation only and) (b

with both gain and phase modulation

To understand the transition from the transientht adiabatic regime a 16-bit pattern
(containing four consecutive ‘1-bits’) and a 324béttern (containing ten consecutive ‘1-
bits’) were applied to both the laser gain and pheections at the same clock rate of 2.5
Gb/s. The corresponding spectra were analysed @siognventional OSA (due to the
pattern limitation of the complex OSA). Fig. 5.26) (and (d) illustrate the spectra
corresponding to the 16-bit pattern containing foansecutive 1 symbols. Here again

there is a large degree of spectral broadening vaimgn the gain section is modulated.
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However, through simultaneous modulation of the sphaection there is still a
considerable reduction in spectral width. The camspéon is not as significant as that
achieved using a 4-bit pattern as a longer sequehckbits results in an increased

adiabatic chirp.

Conversely, when the 32-bit pattern was applietthéolaser almost no compensation was
realised when both the gain and phase sectioneofStG DBR tuneable laser were
simultaneously modulated, as seen in Fig. 5.2@uf€) (f). This poor performance of the
frequency chirp compensation scheme is a resuhebit sequence containing a larger
succession of 1-bits. Hence, the adiabatic chigoiminant and the transient components
only account for a minor portion of the overallrghprofile. Therefore the modulation of
the phase section only results in a minor compansaif the frequency chirp. This
problem could be overcome by increasing the datatmapproximately 10 Gb/s [29],
thus producing a 100 ps time slot. Such a smakteur would result in a transient chirp
dominated regime, therefore providing the idealfifgofor compensation through

modulation of the lasers phase section.

Fig. 5.20. Optical spectra for gain modulation oahd for gain and phase modulation for a (a) 4-

bit pattern, (b) 16-bit pattern and (c) 32-bit patt

For efficient direct modulation of a SG DBR lasédata rates as high as 10 Gb/s, new
device structures would have to be manufacturedre@tly available laser sources are

not inherently designed for direct modulation, &®irt main application involves
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providing CW light for external modulation. Theredato realise a cost efficient directly
modulated SG DBR, the device must be designed atile gain and phase sections
exhibit bandwidths capable of high speed NRZ mathria Each section must also have

a high speed RF connector to enable the greatssigp® transmission speeds.

5.9 Summary

The direct modulation of a widely tuneable SG DB#dr is an ideal short reach
transmitter for future reconfigurable access nekaolt has the potential to provide low
cost NRZ transmission over a large tuning rangé wanosecond switching times. The
device structure also enables monolithic integratidth other semiconductor devices
such as a SOA, thus providing a small form factoduate with low power consumption.
However, before such a transmitter can be considereimplementation in a high-speed
system, the frequency drift caused by the diredutadion of the laser must be analysed.
This drift was characterised for a commerciallyitade SG DBR TL module with an
incorporated wavelength locker. The frequency offseied from 13 to 19 GHz when the
applied modulation index varied from 0.1 to 0.6pexgively. The effect of this drift on
DWDM system performance was analysed by passingitireal through a receiver that
incorporated a band pass filter. Results showetl dhpower penalty of 6.7 dB was
incurred when using such a filter in comparisoth® unfiltered case. An improvement in
performance of 1.64 dB (relative to the filteredsecawith the filter centred at ITU
frequency) was achieved when the filter was centivethatch that of the average output

frequency of the TL under direct modulation.

To overcome this impairment a novel frequency cbhsmpensation scheme for directly
modulated SG DBR lasers was proposed. A sepana¢alble laser which allowed access
to all four sections was modulated with a patterb#dsequence of 1100 and analysed
with a complex OSA. Frequency chirp of 25 GHz wasorded through modulation of
the laser gain section, which subsequently causselvere broadening of the spectrum.
The compensation scheme consisted of the simultgsnawdulation of both the laser
gain and phase sections. The opposing chirp psofilibited after modulation reduced
the frequency chirp to approximately zero, resglima significant reduction in the width
of the laser spectrum. This compensation schent/vasreases the viability of directly

modulated SG DBR lasers for short reach applicatsuth as the access network.

Further improvements to the transmitter could beiea®d if the device was designed
specifically for direct intensity modulation. Théwee, if both the gain and phase sections
of the laser exhibited larger bandwidths, much higla rates of up to 10 Gb/s could be

achieved.
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Chapter 6 - Conclusion

More flexible optical networks are becoming a neitgdo accommodate the fluctuating
and unpredictable traffic patterns of today’s intdrbased traffic. This is due to the
exploding growth in triple play services, such d@dew on demand, as it has become
increasingly difficult to forecast future bandwiditequirements. Therefore current
opaque, pre-determined point-to-point or point-tolipoint systems are beginning to
struggle to supply adequate bandwidth to the gebgral areas in most need, in a cost
and time efficient manner. Consequently, networkondiguration is a hot topic for
carriers that are beginning to install or upgraldeirtfibre infrastructure. However, to
achieve a truly reconfigurable optical layer, sel/éey components are required. These
include the ROADM, AWG, and the wavelength converighich were discussed in
Chapter 1. These components all strive towardemltal rerouting and wavelength
switching, however another key component pivotakhtoagile optical network is the

wavelength tuneable transmitter.

The requirements of a fast switched optical trattemisuch as data rate, modulation
format and obtainable transmission distance ardicapipn dependant. Therefore a
number of transmitter configurations, capable oétimg specific price points, are needed
for each network topology. The RZ modulation formiat needed for high-speed
transmission in the core or even metro network,levtlie NRZ format is adequate for
short reach access based applications. This tHesisses on the development and
detailed characterisation of wavelength tunealdastmitters for implementation in the

core, metro and access based optical networks.

For the core network, a 40 GHz widely tuneablegraitter, consisting of a tuneable laser
and a sinusiodally driven EAM was investigated ima@ter 3. One advantage of such a
technique is that the characteristics of the gdedrpulses are tuneable, due to the
inherent wavelength dependency of the EAM. Thegulglth and frequency chirp sign
and magnitude can be easily adjusted through thplsituning of the EAM reverse bias
and modulation voltage. The chirp can thereforetmployed to counteract any residual
dispersion associated with the dispersion map givan optical network, providing
enhanced transmission performance over a wide wagti range. Before this
performance increase can be achieved, the inteasilyphase of the generated pulses
must be accurately measured. As standard measureteshniques, such as
photodetection, only provides the time dependeteinsity information of a pulse, more
advanced techniques are required. Chapter 2 odtiheumber of standard and more

advanced pulse analysis schemes capable of mawgtdhe characteristics of the
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generated pulses. One such method is the lineactregeam pulse measurement

technique.

This pulse characterisation method was employepetéorm a detailed analysis of the
generated pulses, in terms of pulse width, pedssggression and chirp as a function of
operating wavelength and EAM drive conditions. Tleid to the development of EAM
performance maps for each operating wavelengthcthat! be employed to optimise the
driving conditions of the transmitter (reverse bisd modulation voltage) when a
switching event occurs in a reconfigurable optiaatwork. The transmission
performance of the wavelength tuneable transmitiea 1500 km re-circuiting loop
system was demonstrated. It was shown that theoptimisation of the transmitter drive
conditions, as the operating wavelength was vaflieas to a severe degradation in
transmission reach of up to 33 %. Improvementsangmission performance of 150 and
400 km were obtained at operating wavelengths &018nd 1540 nm respectively,
relative to the initially optimised wavelength d8@0 nm, through the simple adjustment
of the EAM drive conditions.

From the linear spectrogram characterisation, ipassible to create a look-up table,
comprising of a DC bias and RF drive for each wewngth channel on the ITU grid.
Therefore, if the EAM was integrated within a SG®Eser module and a wavelength
switching request is made, the control module fer laser device would not only alter
the current controls to the laser, but would algoasnically adjust the drive conditions of
the EAM. This would therefore ensure greater lewdlperformance uniformity over a
large wavelength range, while simultaneously olmginthe maximum transmission

distance at each WDM channel.

As the distances spanned by the metro network ach remaller than that required in the
core, less stringent performance demands can loedlan the optical transmitter. As a
result, directly modulated sources are preferrethag offer a simple and cost efficient
solution to externally modulated NRZ or RZ trangemi. Chapter 4 focussed on the
development of a simple, robust and cost efficgrise generation technique capable of
operating at data rates up to 10 Gb/s, ideal faravapplications. It involved self-seeding
of a gain-switched FP laser diode using a dispergiating. One of the main limitations
of the self-seeding scheme is the timing dependehtiye feedback signal, which usually
requires that either the external cavity lengthuised or that the repetition rate of the
generated pulses is varied. This cavity length ddeecy poses as a serious drawback of

such a pulse source and limits its applicabilitgdgonmercial systems.

It was demonstrated that, by using a highly chirpB&, the gain-switched pulses could

be dispersed to such an extent that they overlHjzisutly to create a CW like signal.
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This continuous light signal was then reflectedkbiato the laser cavity to increase the
temporal and spectral purity of the pulses. Thigehself-seeding technique negated the
need to tune the cavity length or the repetitiote.r®ptimum pulse generation with
suppression ratios exceeding 30 dB and pulse duoratf approximately 30 ps were
achieved at a range of repetition rates from 2 B0t&&Hz. Although pulse generation was
only demonstrated at a single wavelength (due éobéndpass wavelength of the FBG
filter) this technique could be easily adapted @awer a large tuning range by utilising a
tuneable grating. By combining a tuneable gratingl & FP laser, a number of
longitudinal modes may be seeded, providing waygletuneable pulse generation over
the C-band wavelength range, ideal for reconfigigrabetro based optical networks.
Finally, by integrating the laser and grating, tlast, footprint and power consumption of

the source could be reduced.

Chapter 5 provided an introduction to widely tunedasers, with specific attention being
placed on the SG DBR laser. Although such laserpamarily employed to provide CW
light for external modulation, we proposed a dineidulation scheme, suited for short
reach applications. However, before such wavelengtieable transmitters can be
employed in commercial systems, several detrimezifatts must be analysed. One such
problem is the frequency fluctuation experiencedhat output of the laser upon direct
modulation. The magnitude and settling of this @rexacy drift was characterised for a
commercially available SG DBR TL module. The magaé of the drift increased with
an increase in the index of the modulation sigwéh a maximum drift of 19 GHz being
recorded. As the module incorporated a wavelengibkdr, settling times of

approximately 8 to 15ns were also displayed.

The extent of the frequency drift on DWDM performanwas also investigated by
carrying out BER measurements on the NRZ datarstreaing an optical pre-amplified
receiver that incorporated an OBPF. The frequenify ekhibited by the TL manifested
into intensity variations upon filtration, thus sy a severe degradation in the received
eye diagram leading to a poorer BER. A power pgrafitt.7 dB was realised when the
filter was used in the receiver (centred at thecifigel ITU frequency of the laser),
relative to the unfiltered case. By tuning theefilto match the average shifted frequency
under modulation, a power penalty improvement 68 1dB (relative to the filtered case
with the filter centred at ITU frequency) was act@i@. Although a finite improvement in
system performance was observed by tuning theuiagefilter, this solution would be

impractical in a real optical system.

Therefore, the second part of the experimental wis&ussed in Chapter 5 investigated a

frequency chirp compensation scheme for directlgluimted DBR lasers. The technique
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comprised of the simultaneous modulation of bothldser gain and phase sections. As
each section produced conflicting signs of chirp & identical applied bit pattern,
optimum bit-by-bit chirp compensation could be asled. The directly modulated output
from a commercially available TL was monitored w@sia complex OSA for a
programmed pattern sequence. Frequency chirp ofrogippately 25 GHz was
experienced with only gain modulation, while thiasmeduced to almost zero after the
simultaneous modulation of the phase section. @moitant aspect of this technique
however, entailed that the chirp profile produdatigh the individual modulation of the
laser gain section remained in the transient domiheegime. It was demonstrated that if
a long string of consecutive one symbols were applio the laser, little or no
compensation would be observed. This was due tprisgence of a large adiabatic chirp,
which cannot be compensated through the modulatidhe phase section. Therefore to
negate this problem, larger data rates could belay®g which would result in
considerably shorter bit duration, thus ensurirgf the exhibited chirp remains in the
transient dominated regime. Future work on thisrtsheach transmitter could include
device optimisation, which may lead to modulatiates of up to 10 Gb/s, thus providing
the potential for a widely tuneable, extremely fastitched transmitter, capable of

operation in a reconfigurable optical access nétwor

As wide scale deployments of reconfigurable optietworks are currently becoming a
reality, the continued development of key opticamponents and sub-systems required
to provide network agility and optical transparemgya cost efficient manner is critical.
This thesis has focussed on the development of efigtient, high performance
wavelength tuneable transmitters for implementaitiofuture dynamic optical networks.
In particular, it has demonstrated performance eissassociated with EAM based
transmitters for long haul applications at 40 Gprfeyided a cost efficient solution to the
cavity length dependency of self-seeded gain-swiclpulses for medium haul
applications and finally proposed an almost chirpefdirectly modulated SG DBR

tuneable laser for short haul applications.
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