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Abstract

Optical Pulse Generation and Signal Processing
for the Development of High-Speed OTDM Networks

Paul Maguire
B Eng , MIEEE, MIE]

Due to the continued growth of the Internet and the troduction of new broadband
services, 1t 1s anticipated that individual channel data rates may exceed 100Gbit/s in the
next 5-10 years In order to operate at such high line rates new techniques for optical
pulse generation and optical signal processing will have to be developed

As the overall data rate of an OTDM network 1s essentially determined by the temporal
separation between data channels, an optical pulse source that 1s capable of produc-
ing ultra-short optical pulses at a high repetition rate and with wavelength tunability
will be important, not only for OTDM, but for various applications in WDM and hy-
brid WDM/OTDM networks This work demonstrates that by using the gain-switching
technique, commercially available laser diodes can be used in the development of nearly
transform-limited optical pulses that are wavelength tunable over nearly 65nm with du-
rations ranging from 12-30ps and a Side-Mode Suppression Ratio (SMSR) exceeding
60dB ’

New optical signal processing techniques will also have to be developed 1n order to
operate at individual data rates 1n excess of 100Gbit/s Only nonlinear optical effects,
present 1n fibres, semiconductors and optical crystals, can be employed as these occur
on time scales 1n the order of a few-femtoseconds (10715s), with an example being
Two-Photon Absorption (TPA) in semiconductors This thesis describes a specially de-
signed microcavity that can enhance the Two-Photon Absorption (TPA) response by
over three orders of magnitude at specific wavelengths A theoretical model demon-
strating error-free demultiplexing of a 250Gbit/s OTDM signal via a TPA microcavity
has been developed Experimental work 1s also presented demonstrating the use of a
TPA microcavity for optical sampling of 100GHz signals with a temporal resolution of
1ps, and system sensittvity of 0 009(mW)? This value for the sensitivity 1s the lowest

ever reported for a TPA-based sampling system

X1X



Introduction

Due to the continued growth of the Internet and the introduction of new broadband
services, the ever-increasing demand for bandwidth 1s accelerating the use of optical
fibre 1n optical communications networks In order to continue to increase the data
carrying capacity of the network, 1t 1s anticipated that individual channel data rates may
exceed 100Gbit/s in the next 5-10 years In addition, by taking advantage of optical
multiplexing techniques such as Wavelength Division Multiplexing (WDM) and Optical
Time Division Multiplexing (OTDM), total aggregate data rates in excess of 10Tbit/s
might be feasible 1n the near future

Three of the important 1ssues relating to the successful implementation of bat-
interleaved OTDM systems are the Generation of Ultra-Short Optical Pulses, Optical
Demultiplexing and Pulse Characterisation As the overall data rate of an OTDM net-
work 15 essentially determined by the temporal separation between data channels, an
optical pulse source that 1s capable of producing wavelength tunable, ultra-short op-
tical pulses at a high repetition rate will be important, not only for OTDM, but for
various applications in WDM and hybnd WDM/OTDM networks New optical signal
processing techniques will also have to be developed in order to handle the very high
line rates being anticipated The development of innovative devices that are capable of
carrying out two of the most significant optical signal processing tasks, pulse charac-
terisation for performance monmtoring and the demultiplexing of a single channel from
a multi-channel data signal, will be vital for future network design and operation If,
as expected, the individual channel data rate exceeds 100Gbit/s, only nonlinear optical
effects that are present 1n optical fibres, semiconductors and optical crystals that occur
on time scales on the order of a few femtoseconds (10'°s) can be employed One such
optical nonlinearity 1s TPA n semuconductors, and this 1s one of the mam topics of this
thesis

The mam contributions of this work are

e Optical Pulse Generation - We have demonstrated that by using the gain-switching
technique, commercially available laser diodes can be used in the development of

nearly transform-limited optical pulses that are wavelength tunable over nearly

1



65nm with a Side-Mode Suppression Ratio (SMSR) exceeding 60dB and optical
pulse durations ranging from 12-30ps Such pulses may play a role in ensuring
optimal performance of high-speed optical communications networks

e Optical Demultiplexing - A theoretical model demonstrating that error-free de-
multiplexing of a 250Gbit/s OTDM signal can be carried out via a TPA detector
1n a spectally designed semiconductor microcavity has been developed

e Optical Sampling - Experimental work demonstrating the use of a TPA microcav-
ity for optical sampling of 100GHz signals with a temporal resolution of 1ps, and
system sensitivity of 0 009(mW)? has been performed This value for the sensi-
tivity 1s, to the best of our knowledge, the lowest ever reported for a TPA-based
sampling system

Report Structure

This thesis 1s divided up into 7 different chapters with the layout as follows

e Chapter 1 A brief overview of the development and advantages of optical com-
munications is given, along with a description of the three major components of
basic fibre optic system It concludes with an overview of the malr;Aperformance
evaluation techmques employed

o Chapter 2 This chapter focuses on the various optical multiplexing techniques
that can be employed to increase the capacity of optical networks Particular
emphasis 1s paid to OTDM, with the mam components of a bit-interleaved OTDM
system described The main limitations to high-speed optical transmission are
also covered

e Chapter 3 Various methods for optical pulse generation are discussed, along with
a presentation of experimental work concerning the use of the gain-switching
technique for optical pulse generation It 1s shown that by using self-seeding or
external injection techmques, the temporal jitter and churp associated with gain-
switched pulses are reduced, and the pulse wavelength can be altered This allows
the development of a compact and stable tunable optical pulse source for high-
speed data transmission We have demonstrated the generation of optical pulses
with durations of 12-30ps, over 65nm with a SMSR exceeding 60dB

e Chapter 4 This section examines the use of optical nonlineanties 1n fibres, semi-
conductors, and crystals for high-speed optical signal processing tn an OTDM
network These optical signal processing tasks include optical clock recovery,



pulse characterisation and optical demultiplexing A number of different tech-
niques are introduced, along with a brief discussion about the various disadvan-
tages associated with them, resulting 1 the need to consider alternative optical
nonlinearities

Chapter 5 One such alternative optical nonlineanty for high-speed optical signal
processing 1s Two-Photon Absorption (TPA) in semiconductors, and this 1s the
main topic of this chapter In order to overcome the efficiency problem associ-
ated with TPA, a specially design semiconductor microcavity 1s employed The
design and characterisation of the microcavity 1s performed 1n this chapter, the
results of which show that the microcavity enhances the TPA response by over 3
orders of magnitude, and allows an optical bandwidth of approximately 700GHz
As the response 1s wavelength selective, a TPA-based detector may find various
applications in a WDM, OTDM and hybrid WDM/OTDM systems

Chapter 6 This chapter examines the use of a TPA microcavity for high-speed
optical demultiplexing and pulse characterisation (optical sampling) A theoreti-
cal model of an optical demultiplexer based on that TPA microcavity 1s presented

It suggests that error-free demultiplexing of a 250Gbit/s OTDM data signal 1s pos-
sible Experimental work 1s then presented for the optical sampling of data signals
1n excess of 100GHz, with the sampling scheme having a temporal resolution of
around 1ps and a sensitivity of 0 009(mW )2, which 1s the lowest ever reported
for a TPA-based optical sampling scheme

Chapter 7 A bnief summary and analysis of the main points of the work presented
in this thesis will be given
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the world of communications for the next century or so By replacing the twisted wire
pairs of these early communications networks with co-axial cables, the capacity of the
system was increased to allow 300 voice channels to be transmitted simultaneously
As these co-axial cables were limited to maximum bandwidths of 10MHz, primitive
microwave carrier systems were tntroduced to further increase capacity, but 1t was not
until the invention of the laser in 1960 that the revival of optical communication began

1.2 Lightwave System Development

Fiber optic communications systems were first deployed worldwide in the 1980’s and
have revolutiomsed the telecommunications sector, enabling enormous amounts of in-
formation to be carmed at very high speeds over long distances The first major devel-
opment in the realisation of optical communications came 1n 1960, when Maiman et
al [3] demonstrated the first ruby laser, which theoretically offered a 5 orders of mag-
nitude increase 1n capacity when compared the best available microwave systems at the
time [2] However, 1t took another 6 years until Kao and Hockham [4] suggested the use
of optical fibres for long-distance transmission Over the following years problems re-
lating to the high loss associated with optical fibres were solved and the development of
the first GaAs semiconductor laser allowed operation in the 0 8 zm wavelength region at
room temperature This allowed the first generation of lightwave systems to be become
commercially available 1n 1980 [2] These operated at 45Mbait/s and allowed repeater
spacing to be increased to around 10km With the discovery of the zero-dispersion
wavelength 1n fibre at 1310nm by Payne and Gambling 1n 1975 [5], attention quickly
turned to the development of semiconductor-based optical sources and detectors at this
wavelength By operating m the 1310nm transmission window, optical pulses were able
to propagate over long distances without being affected by fibre-induced pulse broaden-
ing The development of InGaAsP semiconductor technology allowed the second gen-
eration of lightwave systems to be deployed, and combined with the use of single-mode
fibres, 2Gbit/s transmission over 44km was experimentally demonstrated in 1981 [2]
The next major advance was that of increasing the spacing between repeaters By
moving the operating wavelength of the system to 1550nm to coincide with the mim-
mum loss window of standard fibre, and by using single mode lasers to reduce the ef-
fects of fibre dispersion, 2 5Gbit/s per channel data transmission became commercially
available by 1990 These third generation lightwave systems allowed higher data rates
over longer distances but were still restricted by the use of electronic repeaters every 60-
70km This restriction was mitigated with the introduction of the optical amplifier (in
the early 90’s) and the use of WDM, which allowed the first fibre-optic link around the
globe (known as FLAG Europe-Asia cable system [6]) to become operational in 1998
It comprises of a 27,000km optical link connecting many parts of Asia to Europe with
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data rates up to 10Gbit/s These fourth generation systems have demonstrated the true

potential of optical communications, with the ability to transmut large amounts of data

over very long distances For example, scientists at the Umiversity of Paderborn, Ger-

many have reported C-band transmission at a record aggregate data rate of 5 94Tbat/s
over a distance of 324km [7]

1.2.1

Why Use Optical Fibre?

As can be seen from the brief overview given, lightwave optical communication using

optical fibres has many advantages over other forms communications utilising electrical

signals over copper cables These include

Low Transmuission Loss and Wide Bandwidth - With current loss < 0 2dB/km
[8], optical fibre 1s 1deal for long haul communications network as 1t allows for
large repeater/amplifier spacing In addition, the potential bandwidth 1s around
50THz {9], which 1s 5 orders of magnitude greater than the maximum bandwidth
of coaxial cables (500MHz)

Small Size and Weight - As optical fibres are lightweight and flexible, installa-
tion 1s very easy and can occur 1n difficult places such as underground pipes or
overhead ceiling-mounted trays

Immunity to Interference - Optical fibres do not suffer electromagnetic interfer-
ence found m electrical systems and 1t 1s easy to ensure that no interference 1s
mtroduced when different fibres are bundled together 1n a cable

FElectrical Isolation - Since optical fibers are made from glass, which 1s an 1n-
sulator, there are no ground loop effects, also as fibres do not create any arcing
or sparking, they are attractive for use in the petrochemical industry and other

hazardous environments

Signal Security - As optical signals are confined within the waveguide, optical
fibre communication 1s very secure, since any power fluctuation associated with
cable splicing can be easily detected

e Abundant and Inexpensive Raw Material - The main component in the manu-

1.3

facture of optical fibre 1s silica which 1s found 1n ordinary sand, with the main

expense assoctated with the removal of impurities

Basic Optical Communications System

A basic optical communications system is shown 1n Figure 1 1 and compnses of three

main elements, a transmitter, an optical fibre link and a receiver

6
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Band Description Range (nm)

0 Orniginal 1260-1360
E Extended 1360-1460
S Short Wavelength 1460-1530
C Conventional 1530-1565
L Long Wavelength 1565-1625
U | Ultra-Long Wavelength | 1625-1675

Table 2 1 Spectral-band classification scheme

as E-commerce, video-on-demand and mobile gaming With such phenomenal growth
predicted over the coming years, determining the most efficient way to maximise fibre
usage 1s a critical consideration for network operators There are a number of different

ways to increase the amount of bandwidth within the network, including

o Installing more fibre - Laying additional fibre cables, which requires substantial
planning and investment

o [Increasing individual channel bit rate - By increasing the data rate at which each
channel operates can greatly increase the amount of data transmitted per second
However this might require advanced technology that might not yet be commer-
cially available

e Increasing the number of data channels - per optical fibre, known as multiplexing
1s another alternative for increasing the system bandwidth This takes advantage
of existing fibre and only requires changing the equipment at the transnutters and
receivers

Due to the cost advantages associated with only altering components at the transmatter
and receiver ends of the network, multiplexing has become the preferred choice for the

majority of network providers to increase data capacity

2.1.1 Early Multiplexing Techniques and Standards

While working on the invention of the telephone 1n the 1870’s, Alexander Graham Bell
realised that 15 was possible to send several notes simultaneously along the same wire
if the notes differed in pitch By varying the combinations of the notes, Bell realised
that 1s was possible to successfully recreate the human voice He called his mvention
the harmonic telegraph (3], and 1t laid the foundations for the developmciznt of the first
frequency multiplexing scheme [4] However owing to pressure from!investors and
other inventors, Bell was forced to halt any further work on the harmomc) telegraph and
mstead concentrate all his efforts on the development of the telephone
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optical format using external modulation The resulting signal 1s then transmitted over
fibre to the receiver were the optical signal 1s converted back into electronic form, before
each channel 1s separated out in the demultiplexer One of the advantages of employ-
ing ETDM s that all the phase alignments are performed electrically, so no additional
optical components are necessary and stable phase relationships are easily obtained [9]

With the advent of TDM, a number of different digital hierarchies were developed
All are based upon first converting analogue voice signal to digital format using Pulse
Code Modulation (PCM) By adhering to the Nyquist Theorem, the sampling of a voice
signal occurs at 4kHz resulting m 8,000 samples per second Each sample 1s then en-
coded using 8 buts, resulting 1n a digital representation of an analogue signal at 64kbut/s
Each 64kbit/s channel 1s then multiplexed together using TDM, and placed in timeslots
within frames The frames also include provision for signalling and frame synchroni-
sation There are two main schemes that define this process, European CEPT PCM-30
(E1) and North American PCM (T1), each making slightly different provisions for sig-
nalling and frame alignment

CEPT PCM-30 multiplexing hierarchy consists of combining 30 PCM channels
forming a frame of 2 048Mbit/s (known as E1) The frame also includes two 64kbit/s
timeslots used for frame alignment, administration and signalling Frames are delhivered
every 125us 1n order to maintain real-time voice quality The next hierarchal level con-
sists of combining 4 E1 frames, resulting in 120 PCM channels with overheads at a data
rate of 8 448Mbit/s The vanious levels of the CEPT PCM-30 multiplexing hierarchy,
along with data rate, and number of PCM channels, are shown in Table 2 2 [10]

Level | North America Ch Europe/CEPT Ch
DSO 64kbit/s 1 64kbit/s 1
DS1 1 544Mbut/s(T1) 24 2 048Mbit/s(E1) 30
DS2 | 6312Mbit/s(T2) 96 8 448Mbut/s(E2) | 120
DS3 | 44 736Mbit/s(T3) | 672 | 34 3368Mbit/s(E3) | 480
DS4 | 247 176Mbit/s(T4) | 4032 | 139 264Mbit/s(E4) | 1920
DS5 - - 564 992Mbut/s(ES) | 7680

Table 2 2 Plesiochronous Digital Hierarchy for North America and Europe

The North American standard, PCM T1, differs from CEPT PCM-30 1n that for the
first level only 24 PCM channels are multiplexed together All of the 24 timeslots are
used for PCM voice channels, with 1 extra bit used in frame alignment resulting 1n the
base level T1 consisting of a 1 544Mbut/s signal (24 x 64kbit/s+8kbut = 1 544 M bat/s)
Again, as per CEPT PCM-30, each frame 1s delivered each 125us to maintain the real-
time voice signal As these early PCM networks had no major clock signal, each com-
ponent within the system (buffers, multiplexers) had to generate their own clock signals,
resulting in a number of different clock frequencies operating over the same network
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As such, the PCM multiplexing hierarchy is also called Plesiochronous Digital Hier-
archy (PDH) PDH based systems had no in-built monitoring or network control func-
tions, and lacked any information relating to the quality of the traffic transmitted

The telephone companies soon realised that PDH was not very flexible and was
costly to implement as 1t required separate multiplexers for each Digital Signal (DS)
level Bellcore m the Umited States began work on an alternative hierarchy which re-
sulted with the development of Synchronous Optical Network (SONET) [11] How-
ever SONET made no provision for the different multiplexing rates which operated 1n
Europe so the ITU standardised an alternative scheme known as Synchronous Digital
Hierarchy (SDH) SDH 1s based on a 155 52Mbut/s rate known as Synchronous Trans-
fer Module-1 (STM-1) whereas SONET 1s based on 51 84Mbut/s, which is known as
Optical Carrier-1 (OC-1) for optical communications systems, Synchronous Transport
Signal-1 (STS-1) for electrical cable systems, and STM-0 i1n SDH The b1t rates and
corresponding number of voice channels for various SONET, optical transmission and
SDH levels are shown in Table 2 3

SONET | Optical SDH Ch Data Rate (Mbit/s) | No Voice Channels
STS-1 OC-1 - 5184 672
STS-3 OC-3 STM-1 15552 2,016
STS-12 | OC-12 STM-4 622 08 8,064
STS-48 | OC-48 | STM-16 2,488 32 32,256
STS-192 | OC-192 | STM-64 9,953 8 129,024
STS-768 | OC-768 | STM-256 39,813 12 516,096

Table 23 SONET, optical, SDH line rates and number of voice channels

The benefits of these new standards include the fact that a single multiplexer can
perform the function of an entire PDH multiplexer mountain, equipment became stan-
dardised allowing for interoperability between items from different vendors, and that 1t
helps setup the Operations, Administration, Maintenance and Provisioning (OAM&P)
for high-speed transmission of information [12], including non-voice (data) transmus-
sion

As the demand for bandwidth continues to increase, 1t 1s expected that individual
channel data rates will operate at 40Gbit/s (OC-768) by late 2006 to early 2007 [13]
This will cause the formation of electronic bottlenecks tn the multiplexer and demulti-
plexer, as well as the electro-optic and opto-electrome conversion points 1n the trans-
mutter and recerver The bottlenecks are formed at these points as the electronics have
to operate at the multiplexed data rate, with the speed of the electronics 1n the modula-
tors and amplifiers {8] hmited by the current electronic circuit design [14] One way to
overcome these limitations 1s to use optical multiplexing techniques
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2.2 Optical Multiplexing Techniques

Optical multiplexing can be carried out 1n the time domain, the wavelength domain, or
by using a combination of the two resulting 1n a hybrid wavelength/time multiplexing
schemes WDM 1s similar to FDM, except that each channel 1s assigned an individual
wavelength, instead of frequency, with multiple wavelengths being transmitted simul-
taneously OTDM, on the other hand transmits multiple signals on a single wavelength
by allocating each channel to a specific bit slot 1n the overall multiplexed data channel
This section will describe 1n more detail the operation of WDM and OTDM

2.2.1 Wavelength Division Multiplexing (WDM)

The first experiments dealing with the possibility of sending multiple beams of light
over long distances in optical fibre were undertaken by DelLange et al based in Bell-
Labs 1n the late 1960’s [15] The possibility of dividing up the optical spectrum into
a number of non-overlapping wavelength bands was examined, with each wavelength
band representing a single data channel Tomlinson 1in 1977 [16] reported a 3 channel
wavelength multiplexer using a reflection grating and GRIN optics which could be used
1n conjunction with multi-mode fibres A nine channel single-mode grating wavelength-
diviston multiplexing scheme, employing 2nm wavelength spacing was demonstrated
in 1984 [17], and a 2-channel WDM experiment, operating at 3Gbit/s [18] carried out
in the same year Since then, the number of transmitted channels and individual data
rates per wavelength channel has grown considerably This has been accompanied with
a reduction 1n the channel separation to improve the spectral efficiency (see below), al-
lowing commercial WDM systems to transmit aggregate data rates in excess of 1Tbit/s
WDM technology can be divided into two different categories depending on the
spacing between adjacent wavelength channels 1n the multiplexed signal Dense Wave-
length Division Multiplexing (DWDM) operates 1n the C- and L-bands (see Table 2 1),
and historically started by dividing up the standardised 100GHz International Telecom-
munication Umon (ITU) gnd of earlier WDM multiplexing standards [19] into smaller
wavelength bands The current wavelength grid recommended by the Telecommunica-
tions Standardization Sector of ITU (ITU-T) [19] for DWDM has frequency separations
of 12 5GHz, 25GHz, 50GHz, and 100GHz, translating to wavelength spacing of ~ 0 1,
02, 04, 08nm Thus for operation over the entire C- and L-bands, with 12 SGHz
channels spacing, over 950 different wavelength channels could be transmitted If each
operated at a channel data rate of 10Gbit/s, over 9Tbit of information could be trans-
mutted per second However, most telecommunications providers limit transmission to
the C-band 1n order to take advantage of current optical amplification techniques, and
the low loss transmission window around 1550nm of currently installed optical fibre
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The amount of information that can be transmitted 1s also a function of the spectral
efficiency of the modulation format that 1s employed The spectra of various modulation
formats differ in their bandwidths and shapes The number of bits per second that
can be transmitted per Hz of bandwidth defines the encoding’s spectral efficiency [20]
Thus the maximum transmission capacity of optical fibre will be determined by the
modulation format employed, the optical transmitter, and the optical filters employed
within the network [11,21]

Coarse Wavelength Division Multiplexing (CWDM) employs channels with wave-
length spacings greater than 20nm, extending from the O-band to the middle of the
L-band (1271-1611nm) [22] By operating with such wide channel spacings, uncooled
laser and wide passband filters can be employed for a number of cost-effective applica-
tions, such as in a Metropolitan Area Network (MAN), where the total transmission
distance 1s relatively short and bit rates are low This allows reduced transmission
power, and wider channel spacings, minimising the dispersive and nonlinear effects
encountered during propagation [23] However, CWDM may not be suitable for long
haul communications as the increased transmission power, higher bit rates, and longer
amplifier spans may result in unacceptable levels of dispersion and degradation

A typical WDM network 1s shown n Figure 22 Each electrical channel 1s repre-
sented by a transmutter-receiver pairing operating at a different wavelength (A1, Ay,
An) The electrical data, which has already been electrically multiplexed together
(STM-n), 1s modulated onto the optical carrier, with the optical signal from each laser
combined using a passive fibre coupler The WDM signal 1s then post-amplified using
an Erbium Doped Fibre Amplifier (EDFA), before being periodically amplified using
in-line optical amplifiers Dispersion compensation may also take place at the in-line
amplifiers to counteract the effect of dispersion encountered by the propagating signal
in the fibre

At the recerver end of the network, the WDM signal 1s split separated out into indi-
vidual wavelengths using an Arranged Waveguide Grating (AWG) The circuit structure
of a typical AWG 1s shown 1n Figure 23 A multi-wavelength input signal enters the
AWG and 1s split by diffraction into N-copies, where N corresponds to the number of
wavelengths being transmitted simultaneously Each copy then propagates through an
arrayed waveguide, the structure of which 1s designed so that adjacent waveguides have
a specific length difference (AL) Ths introduces a corresponding phase shift between
adjacent signals Upon exiting the arrayed waveguides, the signals are again spread
by diffraction at a specified wavelength Accordingly, the signals of differing wave-
lengths are focused at different positions on the output side of the output slab waveg-
wide, thereby extracting signals A; through A, as shown in Figure 2 3 [24,25] The
advantages of using an AWG are lower loss compared to a‘coupler filter combination,
flatter passband, and easier to realise on an integrated-optic substrate [20] The indi-
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Arrayed waveguides

Output slab waveguide
/

Output
waveguide
-

Figure 2 3 Optical waveguide circuit structure of an arrayed waveguide grating [25]

maximum speed at which the driver amplifiers and modulators can work at, whereas
the latter can suffer from severe performance degradation due to the effects of optical
nonlinearities, and the additional stringent requirements imposed on the transmitter and
filters that are employed in the network

An alternative 1s to multiplex 1n the ime domain Optical Time Division Multiplex-
ing (OTDM) was first reported by Tucker et al 1n 1988 as a way to overcome the speed
Iimztation of electronic devices in ETDM systems [14] OTDM allows Thit/s aggregate
data signals to be transmiited over a single wavelength by using ultrashort optical pulses
to represent data and multiplexing these optical data pulses in the time domain, nstead
of the wavelength domain as in WDM There are a number of different techniques avail-
able to implement OTDM, including bit-interleaving and slotted TDM [27]

2.3 Bit-Interleaved OTDM

Bit-interleaving OTDM [28] multiplexes 1n the time domain by allocating each channel
specific bit slots 1n the overall multiplexed signal The basic configuration for a bit-
interleaved OTDM transmutter 1s shown 1n Figure 2 4 ’

The main component of such a scheme 1s an ultrashort Return-to-Zero (RZ) opti-
cal pulse source often used 1n telecommunication systems [28] The optical pulse train
generated 1s at a repetition rate R and 1s split into NV copies of itself by a passive optical
fibre coupler, where N corresponds to the number of optical channels to be multiplexed
together Each copy of the pulse tram i1s then individually modulated with electrical
data, also at a repetition rate B As the modulators are operating at the individual chan-
nel data rate, they are readily accessible using current electronic components [29] This
overcomes the electronic bottlenecks that exist in ETDM (at the electro-optic conver-
sion points in the transmitter) The resulting output from the modulator 15 an optical
data channel where the electrical data 1s imposed on the short optical pulses For clar-
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2 5Gbat/s 1t describes how the 16 different laser sources were operated at the ITU-
standardized wavelengths with channel spacing of 100GHz Thus the spacing between
two adjacent channels 1n this WDM system 1s greater than the bandwidth required
for the entire OTDM system (100GHz versus 55GHz) Channel spacing of 12 5GHz
(0 1nm) has been demonstrated 1n [31], but even with this channel spacing, a 16 chan-
nel system would still occupy 1 6nm, nearly 4 times that for the 40Gbit/s OTDM system
described above Unlike WDM, OTDM does not require accurate control of filters or
transmutter wavelengths and requires only a single laser source However there are a
number of problems associated with OTDM, including synchronisation and demulti-
plexing These will be brief discussed later in this chapter, and returned to in more
detail in Chapter 4

2.4 Main Components of a Bit-Interleaved System

Two of the most important 1ssues relating to the implementation of a bit-interleaved
OTDM system are the choice of a suitable optical pulse source and the demultiplexing
of the high-speed OTDM data signal

2.4.1 Optical Pulse Source

An optical pulse source is one of the most important elements 1n a high-speed OTDM
network since the overall data rate of the system 1s essentially determined by the tem-
poral separation between data channels There are a number of important criteria that
have to be met, including

o Pulse Duration - The duration of the optical pulse determines the upper limit of
the bat rate that can be transmitted [32] and must be short enough to support the
desired overall transmuission rate [28] For Tbit/s OTDM systems sub-picosecond
optical pulses are required, but as pulse durations are reduced to accommodate
higher data rates, their optical spectra increase, which may increase the amount
of dispersion [14]

e Spectral Width - In order to minimise the effects of fibre dispersion, and maximise
transmission distance, optical pulses should be as spectrally pure as possible [32]
A standard figure of ment which 1s employed 1s the time-bandwidth product, dvét,
with 8t being the temporal width of the optical pulse and dv the spectral width
in the frequency domain Ideally the pulse source 1s required to be transform
limited, that 1s, the spectral width of the generated optical pulses are as small
as possible for the associated pulse width [28] The transform-limited value 1s a
function of the shape of the optical pulse, with 0 44 for a Gausszan\gnd 0315 for
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a sech? [33], with the majonty of pulse shapes having a transform limited value
between 0 32-0 45 [29]

Timing Jitter - Timing ptter 15 the random fluctuation 1n the pulse repetition pe-
riod and can be responsible for degradation of the temporal resolution, thereby
limiting the number of channels 1n an OTDM network [34] In order to ensure a
BER of 1072, the rms value of the tempc;al Jitter must be less than 7% the width
of the temporal but slot [35]

Stability - As can be seen from Figure 2 4, bit-interleaving relies upon the use of
different lengths of fibre to delay each multiplexed channels so that the optical
pulse arrives at the output coupler at a time corresponding to 1ts allocated but slot

It 1s necessary to consider the effects of temperature fluctuations will have on the
optical path lengths, as a 10°C change 1n temperature in a 10m long length of fibre
results 1n a timing change of about Sps [36] This can result in sigmficant crosstalk
between adjacent pulses One way to overcome this 1s to use planar lightwave
circuits to integrate and control the delay lengths of the optical path [29]

Side-Mode Suppression Ratio (SMSR) - The SMSR of the laser 1s defined as the
difference 1n amplitude between the mamn spectral mode of a single-mode laser
and the most dommant side mode, with a SMSR >30dB required for optical
communications {37] If the SMSR of an optical pulse 1s degraded, the mode
partition effect can interact with fibre dispersion resulting 1n amplitude noise that
can degrade system performance [38]

Other Important Parameters - The wavelength of the generated optical pulse
should be tunable to allow for optimised propagating through the fibre [39] A
variable repetition rate 1s also required to allow the pulse source to synchromse
to other signals and multiplexing rate such as SDH and SONET [39]

The generation of optical pulses 1s not entirely confined to the telecommunications

sector, but finds other applications 1n electro-optic sampling, time-resolved spectroscopy,

and optical testing of materals and devices [40] Details regarding different pulse gen-

eration techniques will be given in Chapter 3

2.4.2 Optical Signal Processing Techniques

Given a suitable pulse source and the use of bit-interleaving, 1t 1s possible to generate

a single channel operating at a data rate 1n excess of 100Gbit/s In order to operate at

such high-speeds, 1t will be necessary to develop new signal processing techmques that

will enable performance monitoring and high-speed demultiplexing operations Due to
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their response occurring on tume scales in the order of a few-femtoseconds (10~'%), op-
tical nonhnearities that are present in optical fibres, semiconductor devices and optical
crystals are being investigated for use 1n optical signal processing elements for future
high-speed optical networks

To operate at data rates 1n excess of 100Gbit/s per channel, networks will require a
sensitive and ultrafast technique for precise optical signal monitoring [32] The stan-
dard method of charactensing and monitoring optical communications systems involves
using a fast photodetector 1n conjunction with a high-speed sampling oscilloscope The
opto-electronic conversion process In the photodetector places a limit on the overall
bandwidth (= 80G H z [41]) due to the speed limitations of current integrated electronic
circuit design [42] This limits the maximum data rate of a single channel that can be
accurately analysed to around 40Gbit/s Therefore, electrical sampling schemes are un-
able to accurately characterise high-speed data pulses used to represent data Critical
information such as pulse duration, pulse separation and pulse rise-time, which are cru-
cial for the optimisation of the networks performance, are distorted As a result interest
has shifted to the use of nonlinear optical effects in the construction of Optical Sam-
pling Oscilloscope (OSO) for performance monitoring of high-speed signals Such an
instrument would become essential to both network designers and network operators
for system development, testing and performance monitoring

The majonty of optical switches that are installed today have an electrical switching
core [43] Such devices, commonly known as O-E-O switches, rely upon the conversion
of the optical signals to the electrical domain to perform the switching operation before
converting the signal back into the optical format to continue on its journey [44] This
results 1n the device being expensive to upgrade and maintain, as 90% of the cost asso-
ciated with O-E-O switching resides in the electronics [45], especially the transponders,
which have to be replaced every time the data rate 1s increased These transponders also
consume vast amounts of power and heat, and occupy a large footprint [44] By em-
ploying all-optical switching, where the entire switching operation 1s carried out in the
optical domain, cost and complexity can be vastly reduced as no high-speed electron-
1cs would be required, leading to considerable savings and improved reliability to the
network operator Also the switching process would become data rate and data proto-
col independent [44], resulting 1n optical switching becoming the only core technology
capable of supporting dynamic bandwidth allocation and cost-efficient transportation
of high-speed optical data [43] Various methods to carry out all-optical switching and
optical signal monitoring will be discussed 1in more detail in Chapter 4
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sures that can be put 1n place to mimimise their effects, and therefore maximise system

performance

Limitation WDM | OTDM

Attenuation v v

Dispersion
GVD Vv Vv

Dispersion Slope Vv Vv
PMD Vv Vv
Optical Nonlinearities

SPM Vi Vv
XPM v -
SBS Vv -
SRS Vv -

Table 24 Comparnison of impairments in WDM and OTDM systems

2.5.1 Fibre Attenuation and Optical Amplification

Even with the introduction of low loss fibres, optical signals still need to be amph-
fied periodically 1n order to overcome fibre attenuation due to Raleigh scattering and
infra-red absorption Prior to the deployment of optical amplifiers in the 1990’s, opti-
cal signals were electrically amplified, which involved conversion between optical and
electrically formats, which was expensive and 1nefficient With the introduction of the
first Erbium Doped Fibre Amplifier’s (EDFA’s) in the mid 1990’s, optical gain in excess
of 20dB over the entire C-band was possible, allowing longer fibre spans and transmis-
sion distances

With the deployment of optical amplifiers, the speed limitations associated with the
opto-electronic conversion of electrical amplifiers was removed, allowing higher data
rates to be transmitted However, EDFA’s did impose a number of restrictions These
include

e Limited Gain - The gain of an EDFA 1s limited to the C-band only which re-
stricts the usually bandwidth to about 35nm More wavelength channels can be
accommodated by decreasing the channel separation, but this can increase the
possibility of optical nonlinearities degrading system performance

e Flat Gain - In order to amphfy all wavelength channels by the same amount, the
gain of the amplifiers needs to be flat over the entire C-band Generally this 1s not
the case, resulting in different Optical Signal-to-Noise Ratio (OSNR) for different
channels, degrading overall system performance [11]
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e Noise - Accumulated Spontaneous Emission (ASE) introduced by the EDFA will
contribute to the overall noise figure for the system This 1s especially a problem
1n long-haul communications systems, where the signal will be amplified many
times during transmission This ASE limits the maximum reach and capacity of
the system

There are a number of ways 1n which the restrictions imposed by the use of EDFA’s
on system performance can be mmmimised These include the use of either tellunte-
based EDFA’s or Raman amplifier’s {11] These devices have bandwidths of 80nm and
92nm respectively [8], and should allow the number of channels to be increased 1n a
WDM system However, this would 1nvolve the replacing of all amplifiers within the
network

Transient gam control at each amplifier can help to maintain constant power per
channel [23], while gain equalising filters after the EDFA can equalise the optical power
in each channel as they are designed to approximate the inverse charactenstic of the
EDFA and the fibre span [52] Finally the amount of noise introduced can be reduced
by shortening the fibre spans between repeaters, but this adds to cost An alternative 1s
to increase launch power from the transrr;nters, but this can give rise to optical nonlin-

carities

2.5.2 Dispersion

As seen, the deployment of EDFA’s allowed the upgrade and simplification of existing
fibre systems by allowing higher data rates be transmitted over long distances by 1n-
creasing the number of fibre spans possible without the need for electronic repeaters
These helped to reduce the importance of attenuation 1n the design of optfcal communi-
cations system, resulting in pulse dispersion now being one of the major limiting factors
for system designers

As mentioned 1n the previous chapter, chromatic dispersion anses from the refractive
index of fibre being a function of wavelength resulting in different spectral components
traveling at different speeds, causing the optical pulse to broaden Fortunately, due to
1its deterministic nature [53], there are a number of ways to counteract the effects of
chromatic dispersion One method 1s to replace the installed fibre, which 1s generally a
non-dispersion shifted vanant with low dispersion 1n the 1310nm transmission window
[54], with Dispersion Shifted Fibre (DSF) or Dispersion Flattened Fibre (DFF)

Dispersion shifted fibre shifts the zero dispersion wavelength to the 1550nm wave-
length region by compensating the material dispersion encountered with increased wave-
guide dispersion This can be achieved by reducing the diameter of the core accompa-
nied by an increase 1n the fractional index difference of the core and cladding {55]

Dispersion flattened fibres have a low dispersion value over the entire low loss wave-
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length region extending from the O-band night through to the L/U bands, by having a
multi-layer index profile [55] The major drawback associated with replacing the in-
stalled fibre network would be the cost

An alternative to totally replacing all installed optical fibres 1s to employ Dispersion
Management which varies the amount of positive and negative dispersion of the fibre
throughout the fibre span by employing different types of fibres [28], such as Dispersion
Compensating Fibre (DCF) This involves including in the transmission path a length
of fibre which 1s chosen to obtain a negative dispersion that 1s equal in magntude to
the accumulated positive dispersion encountered by the pulse in standard single mode
fibre [54] The length of compensating fibre can be placed at the transmutter, receiver
or at any point along the transmission path, with an additional loss encountered being
compensated by the EDFA’s that are already present within the system Initial designs of
DCF only permitted total dispersion compensation for one particular wavelength, which
made 1t unsuitable for multi-wavelength systems [56] Today, DCF can be designed not
only to compensate for bulk dispersion but also for the fibres dispersion variation with
wavelength (dispersion slope) and slope mismatches between DCF and transmission
fibre (dispersion curvature) [57]

Polarisation Mode Dispersion (PMD) 1s another limiting factor 1n optical commu-
nications network, especially when the optical data rate per channel exceeds 10Gbit/s
[58,59] It results from the fact that single-mode fibres actually support two degenerate
modes 1n orthogonal directions These modes are known as the two Principal States
of Polansation (PSP) of the fibre In a perfectly circular fibre, these two orthogonal
modes travel at the same velocity However due to imperfections in the fibre fabrica-
tion process, incorrect nstallation and changes 1n ambient conditions, installed fibres
are locally [58] causing each mode to propagate at different velocities resulting in pulse
spread [60] This allows first-order PMD to be represented by a Differential Group De-
lay (DGD) between two PSP, which can be compensated for by delaying one state of
polarisation with respect to the other [61] Unfortunately unlike chromatic dispersion,
PMD 1s a random process which varies along a fibre link due to temperature changes
or mechanical stresses [61] making even first order compensation difficult Also as the
DGD and PSP are frequency-dependent, first-order compensators can only compensate
for a specific channel at any given time To compensate for PMD in WDM systems, the
data channels have to be first demultiplexed, with each channel compensated for indi-
vidually, which increases cost and complexity [61] Considerable research 1s currently
been undertaken to develop techniques that can simultaneously compensate PMD 1n a
number of WDM channels without the need to demultiplexing [61, 62]
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2.5.3 Nonlinear Effects

With the introduction of optical amplification and dispersion compensation methods,
the effects of optical nonlinearities on system performance could no longer be 1gnored
In a typical lmgh capacity, long-haul transmission systems, 1t 1s desirable to launch
the highest signal power possible 1n order to maximise performance However, as the
launched power of the individual channels 1s increased, combined with an increase in
the number of channels transmitted per fibre, the impairments resulting from optical
nonlinearities will limit the overall system performance [11] As a result, these non-
linear effects impose limits on the amount of optical power per channel, the number of
channels and spacings between them, the maximum transmission distance, the effects
of chromatic dispersion and the modulation format employed

Optical nonlinearities 1n fibre can be classified into two categories those ansing
from the nonlinear index of refraction (Kerr Effect) and those resulting from stimulated
scattering (Raman and Bnllouin)

Nonlhinear Refraction

Nonlinear refraction in optical fibres results from the Kerr effect where the response
of the optical fibre is a function of the optical ntensity, which results in an intensity
dependent phase shift across the pulse The propagation of short optical pulses in single
mode fibres can be descrnibed using the Nonlinear Schrodinger Equation (NLSE)

u 1,0 « 2
g;+§ﬁ2&5+§u—1f}'lu| U (2 2)
where u 1s the normalised pulse amplitude, z 1s the propagated distance 1n the fibre, 5,
1s the Group Velocity Dispersion (GVD) value of single mode fibre, o 1s the fibre loss
and |u|? 1s the pulse power + 1s the fibre nonlinear co-efficient, and 1s defined as

MW

T CAgss 23)
where wy 15 the optical carrier frequency of the pulse and A, 1s the effective core area
of the optical fibre This dependency on the nonlinear refractive index () gives rise to
3 nonlinear phenomena, namely Self-Phase Modulation (SPM), Cross-Phase Modula-
tion (XPM) and Four-Wave Mixing (FWM), which affect overall system performance
SPM, which 1s present in both single and multi-wavelength systems, refers to the
self-induced intensity dependent phase shift that occurs across an optical pulse during
propagation As the optical mtensity in a pulse varies from the leading edge to the
trailing edge, each part of the pulse will experience a different optical phase shift (due
to the nonlinear refraction) As frequency 1s defined as being the rate of change of phase
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propagating in the same fibre, XPM 1s not present 1n a single wavelength OTDM trans-
mission system In order to take into account this phase variation introduced by other
channels, Equation 2 2 can be written as [11]

Sus §u a
oz —52 &23 —us = 17y (|us|2 +2 [up|2) Usg 25)
where u, 1s the amplitude of the signal of interest and u,, 1s the amplitude of a interfering

signal, assuming the channels are linearly polarised Therefore the XPM phase shift
induced on channel s due to channel p over a propagation distance Az 1s

Apxpm = 2vPpAz 26)

with Pp being the power of the interfering channel p By comparing Equations 2 2 and
2 5 XPM introduces twice as much distortion as SPM It originates from the counting
of terms 1n the expansion of the nonlinear polarization [63] The overall affect of XPM,
as per SPM, strongly depends upon whether the amplitude or the phase 1s modulated
when the information 1s transmutted When the information 1s transmitted through am-
plitude modulation and demodulated using direct-detection, the nonlinear phase shift
introduced by XPM 1s of little consequence However for phase modulation system,
where coherent demodulation 1s used, such phase changes can severely limit the system
performance [63] Overall, the contribution of XPM can become large as the number of
different wavelength channels increases

The third nonlinear effect that arises due to the nonlinear refraction 1s Four-Wave
Mixing (FWM) Four-Wave Mixing (FWM) 1s the nonlinear process in which three
waves of frequency f,, f;, fi interact through the third order electric susceptibility of
the optical fibre to generate a new frequency component f, ;. [11], where

fl]k=f1+f]_fk (27)

For a WDM system, this happens for every possible choice of three frequency waves,
resulting 1n the generation of hundreds of new frequency components by FWM 1n a
DWDM system [64] For a system employing equally spacing between channels, FWM
gives rise to crosstalk, degrading system performance [65] One way to overcome this
1s to employ unequal channel spacing However, this still does not resolve the signal
depletion due to energy coupling between different channels [66]

Stimulated Scattering

At low power densities, optical fibre loss will be determined by factors including spon-
taneous Raman, Brillouin and Rayleigh scattering, absorption in the bulk materal and
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scattering at the core-cladding interface [67] Once the optical intensity has passed
a certain threshold value (determined by factors including effective core area and ),
Raman and Brillouin scattering become stimulated, introducing an intensity dependent
gain or loss [67] to the system Stimulated Raman Scattering (SRS) anises due to the
interaction between the incident signal and the silica molecules of the optical fibre [68]
and can result in power fluctuations and receiver noise, degrading system performance
Stimulated Brilluoin Scattering (SBS) arises due to the interaction between the sig-
nal and the acoustic vibrations within the fibre which causes some of the energy to
the transferred to a backwards propagating signal [67] This causes power fluctuations
even at relatively low intensities, resulting in fluctuations 1n the BER and SNR of the
system [63]

Minimising Optical Nonhnearities

There are a number of ways to mmimise nonlinear effects These include

e Low Output Power - By operating each channel at the lowest amount of power
possible, the effects of fibre nonlinearities can be mmmimised However, even by
doing this, as the number of transmitted WDM channels increase, then the total
amount of power within the fibre also increases Also there 1s a mimnimum amount
of power that must be transmitted in order to ensure that an adequate BER 1s
achieved for the system

e Change Fibre - Replacing the standard single mode fibre with a variant with a
larger effective core area would reduce the peak optical intensities within the
fibre, but this would 1nvolve replacing the installed fibre network

e Raman Amplification - As already mentioned, Raman amplifiers have a much
larger gain bandwidth when compared to standard EDFA’s This would allow the
spacing between adjacent wavelength channels to be increased Unfortunately the
gam offered by Raman amplifiers 1s lower than that provided by EDFA’s, requir-
ing more amplifiers to be installed Also new dispersion compensation techniques
over the broader bandwidth would have to implemented

o Orthogonal Polarisation - Employing orthogonal polansation for adjacent WDM
channels reduces the nonlinear contribution from XPM and FWM, but increases
the effects of PMD

2.6 Hybrid WDM-OTDM System

There are a number of technological advances that will be required if WDM or OTDM
are able to operate at future ultra-high data rates For WDM, electronic speed restric-
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tions with current modulator and amphfier design limits the maximum individual chan-
nel data rate Therefore, the number of wavelength channels has to be increased to meet
future demand for bandwidth Eventually the separation between adjacent channels will
have to reduced to allow further expansion, increasing the possibilities of nonlinear ef-
fects reducing system performance For data rates above 1Tbit/s, OTDM requires the
generation of sub-picosecond pulses which 1s not a straight-forward task Assuming
transform-limited optical pulses are required to mimnimise dispersive effects, the spec-
tral width of a sub-picosecond optical pulse would be of the order of 12nm, requiring
low dispersion fibre or changes to the dispersion compensation techniques already 1n-
stalled 1n the network Also such a system would require strict timing accuracy <100fs
to avoid timing jitter

It 1s clear that operating either multiplexing scheme in the ultra-high-speed regime
will require a number of technical problems to be resolved One solution 1s to employ
a system that ensures that neither WDM nor OTDM 1s pushed to its limits This can
be achieved using a combination of time and wavelength multiplexing, and was first
proposed by Al and Fussgaenger in 1986 [69] This hybrid approach works by utilising
OTDM to enhance the bandwidth of a number of different wavelength channels 1n a
WDM network by putting OTDM coding on top of the channels provided by WDM
This would result in a smaller number of channels operating at a much higher data rate
(>40Gbat/s) [70] Recently a consortium compromising of Alcatel, France Telecom and
Deutsche Telekom (TOPRATE European Research Project) demonstrated 1 28Tbit/s
transmission over 430km of single mode fibre using a hybnd system consisting of 8
wavelength channels, each operating at 170Gbit/s [71]

Figure 2 8 shows one possible layout for a hybnd multiplexing scheme It consists of
4 bit-interleaved OTDM systems each operating at a different wavelength (A1, A2, A3,
A4) Each OTDM system consists of four different channels, each operating at 40Gbit/s
resulting in a 160Gbit/s aggregate signal from each bit-interleaved system This results
in an overall aggregate hybrnnd WDM/OTDM transmission rate of 640Gbut/s

To demultiplex out a single data channel, the hybrid signal would first be wavelength
filtered and then time demultiplexed to select out the single data channel of interest [72]
This approach would exploit the parallelism of WDM architecture and the speed of
OTDM [72] with the resulting hybnd producing a highly flexible and spectrally efficient
multi-terabit/s optical network

However as with increasing the capacity of WDM or OTDM networks, this hybrid
approach does have a few problems of its own For the hybrid system described above,
a 160Gbit/s data stream would have time slots approximately 6ps wide, requiring maxi-
mum optical pulse durations of 2ps to avoid interference from adjacent channels If this
pulse was transform limited, then 1t would occupy 220GHz (assuming a Gaussian pulse
shape) 1n the spectral domain requiring channel separation in the order of 400-600GHz
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earities, and offers a higher receiver sensitivity [76] In order to improve performance
even further, carrier-suppressed-RZ [76] can be used to reduce the spectral bandwidth of
standard RZ, whereas Return-to-Zero Differential Phase Shift-Keying (RZ-DPSK) can
increase the transmission distance by using balanced detection which yields a required
OSNR advantage of approximately 3dB [73,77]

Summary

With the continued growth 1n network usage, network providers need to better utilise
their nstalled fibre network This chapter examined the use of optical multiplexing
techmiques, both in the wavelength and temnporal domain, as a means of increasing
the overall aggregate transmission data rate for optical communications systems The
history and standards used for multiplexing were introduced, along with a detailed de-
scription of OTDM One of the major components of an OTDM, an optical pulse, was
then described, followed by a discussion of some of the limiting factors to high-speed
optical transmission Finally a hybrid multiplexing technique, that takes combines both
WDM and OTDM technology, was discussed The merits of such an approach 1s that
ultra-high data rates can be provide without pushing either multiplexing to its limuts
The following chapter describes a number of pulse generation techniques that could
be used as the optical pulse source used in an OTDM network Particular emphasis
will be paid to one particular technique, namely the gam-switching of a commercially

available semiconductor laser
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CHAPTER 3
OTDM Pulse Generation

Introduction

The generation of ultra short optical pulses will be vital in the development of WDM,
OTDM and hybrid WDM/OTDM, and 1n optical signal processing techniques such as
optical sampling and switching As mentioned in 2 4 1 there are a number of important
criteria that have to be met 1f a particular optical pulse source 1s to be employed in an
OTDM network These include pulse duration, spectral width, timing jitter, stability,
SMSR and to be both wavelength and repetition rate tunable There are a number
of different techmques that can be employed to generate short optical pulses for an
OTDM network, with one of the simplest being gain-switching of a semiconductor
laser diode This chapter will present experimental results showing that a wavelength-
tunable optical pulses suitable for WDM and OTDM applications can be generated by

the gain-switching of one or more semiconductor laser diodes

3.1 Optical Pulse Generation Techniques

3.1.1 External Modulation

External modulation 1s an optical pulse generation techmque that involves the pulse
shaping of Continuous Wave (CW) light using the nonlinear response of an external
modulator [1] By biasing the modulator around the null point and applying an electrical
sinusoidal signal, the CW light passing through the modulator becomes shaped 1nto
optical pulses, with the optical pulse train being at twice the repetition rate of the applied
electrical signal [2] The operation of the modulator has already been discussed 1n
131 The pulses generated are normally transform limited, with low timing jitter The
repetition rate 18 arbitrary, and 1s limited by the modulation bandwidth of the modulator
The major disadvantages associated with external modulation are the nsertion loss and
extra cost associated with the modulators
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3.1.2 Mode Locking

Mode locking 1s a technique that can be used to obtain a train of ultra short (sub-100fs)
optical pulses It originates from that the fact that under normal operating conditions,
the output of a laser consists of the sum of frequency components that corresponds to
the oscillating modes of the device The number of modes 1s determined by the spectral
bandwidth (gain curve) of the device In general the phase between modes 1s not fixed,
resulting 1n the laser output randomly varying over time [3] Ifthe modes were forced to
maintain a fixed phase and amplitude relationship then the output would be a periodic,
resulting 1n the generation of a train of optical pulses This form of operation 1s known
as mode locking The repetition rate of the mode-locked signal corresponds to the cavity
round-trip frequency, which 1s related to the cavity mode spacing [4]

Mode locking can be carried out either actively or passively Active mode locking of
a laser normally 1nvolves modulating the amplitude of the optical field inside the laser
cavity at a frequency which 1s equal to the mode spacing of the laser This can be car-
ried out by applying an electrical sinusoidal signal at the correct frequency, resulting 1n
the generation of optical pulses at a repetition rate of the applied signal This method
has been used to generate sub-picosecond optical pulses at repetition rates of 40GHz
and beyond [2] Passive mode locking [5] on the other hand does not require the ap-
plication of an external RF signal to result in mode locking The majonty of passive
techniques employ an intensity-dependent saturable absorber in the cavity, which ab-
sorbs light at low intensities, while allowing high-intensity light to be transmitted Thus
high-intensity light 1s allowed to oscillate within the cavity, eventually leading to mode
locking and pulse generation

Even though mode locking can be used to produce optical pulses with excellent
spectral and timing jitter characteristics, 2 major problem of mode locking 1s its mnability
to synchronise to a specific SDH data rate [2] Also the devices are more susceptible to
vibrations and changes 1n the ambient temperature [6], and 1t 1s more difficult to control
the pulse width, shape and position 1n a particular time slot [7]

3.1.3 Q-Switching

Q-switching 1s another method for picosecond optical pulse generation It uses an intra-
cavity device to switch rapidly between the cavity gamn and loss [S], controlling the
amount of optical feedback by the resonator The Q-factor 1s a measure of how much
light 1s fed back into the gain-medium of the laser cavity by the resonator, with a high
Q value corresponding to low resonator losses per cavity round trip

Initially the device 1s continually pumped and operated with a low Q-factor (high
losses) resulting in a population mnversion until the carrer density reaches a maximum
level (gam saturation) At this point, the Q-switch device 1s quickly changed from a
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low Q to a uigh Q-factor, and the stored energy 1s rapidly ematted 1n an output optical
pulse [3]

As for the case of mode locking, Q-switching can be carried out either actively or
passively Inactive Q-switching , a mechanical device (shutter, chopper) or a modulator
(acouto-optic, electro-optic) 1s inserted nto the laser cavity [3] An external electrical
signal 1s then used to switch the device from a high Q-factor to a low Q-factor and vice
versa, allowing the repetition rate to be externally controlled Passive Q-switching uses
a saturable absorber or a passive semiconductor device as the Q-switch device In the
case of the saturable absorber [8], the loss 1s mitially high, but low enough to enable
energy build up in the gain-medium As the amount of stored energy increases, the
absorber becomes saturated, rapidly reducing resonator losses, allowing faster energy
build up Eventually the loss of the absorber 1s reduced to allow all of the stored energy
to be released m the form of an optical pulse After the pulse has been emitted, the
absorber returns to a high loss state as the stored energy starts increasing again

Q-switching has been used to generate optical pulses with durations less than 50ps at
10GHz [5] However as for the case of mode locking, Q-switching requires a specially
fabricated device that increases cost and complexity

3.2 Gain Switching

Gain switching 1s one of the simplest techniques that can be used to generate picosecond
optical pulses It has many advantages over alternative pulse generation techniques
including that fact that the repetition rate 1s tunable [9], temporal compression can be
easily achieved using a length of dispersion compensation fibre [10] and by using self-
or external-injection seeding, wavelength tuning and a reduction 1n timing jitter can be
achieved [11] Also gain switching does not require specially fabricated devices [5],
making 1t attractive for use as a relatively simple, stable and compact optical pulse
source [10]

Before explaining the gain-switching process, the temporal variation of the carner
and photon densities within the laser cavity for a constant current step input will be
examined, and this 1s shown 1n Figure 31 When the current step 1s applied (dashed
line), the injected camer density (dotted hine) rapidly increases, with a slow increase
in the photon density (solid line) Eventually, the injected carrier density will increase
beyond the threshold density value, resulting 1n stimulated emission and a rapad increase
in the number of photons due to the very short roundtrip time for light propagating
within the cavity [13] As photons are generated faster than the rate of carrier injection,
the carrier density eventually falls, resulting 1n the formation of the first peak of the
relaxation oscillation As the input current step continues to inject further carriers,
subsequent strongly damped peaks are generated eventually leading to a steady state
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Pulse Shape

The shape of a gain-switched optical pulse depends on the matenal and structure of
the laser diode and can be described as a combination of two exponential curves, with
fall-time of the trailing edge being about twice the rise-time of the leading edge [17]

The nise-time 1s inversely proportional to the net charge transfer by the electrical pulse
to the active region during modulation, with the fall-time depending on how far down
below threshold the carrier density 1s pulled during formation of the optical pulse [3] If
the carrier density 1s not brought down far enough below threshold then a pedestal will
form on the trailing edge of the optical pulse The optical pulse will also become more
asymmetric as the amplitude of the drive signal 1s increased further [17] Figure 3 3
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Figure 3 3 Gain-switched optical pulse

shows a typical gain-switched optical pulse It shows the classical gain-switched pulse
shape, with the fall time of the trailing edge being twice the rise-time of the leading
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Figure 3 4 Optical Spectra under (a) CW and (b) gain-switched conditions

Figure 3 4 shows a comparison between the optical spectra for the DFB laser op-
erating under CW (a) and gain-switched (b) conditions The optical spectrum under
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gam-switched conditions has a spectral width (measured 3dB down from peak) of ap-
proximately 1nm, which 1s an increase 1n the original CW measured spectral width of
approximately O Inm The spectral width of a typical DFB would be in the 10’s of MHz
range, but here the measurement 1s confined by the resolution bandwidth of the Optical
Spectrum Analyser (OSA) employed Regardless of this, Figure 3 4 illustrates the fact
that gain-switching results 1n a chirp-induced broadening of the spectral output of the
laser It also shows that the SMSR 1s also degraded, from approximately 30dB under
CW conditions to about 7dB when gamn-switched

3.2.2 Gain-Switching Induced Frequency Chirp

Figure 3 2 showed that the gain-switching process 1s dependent on variations in the car-
rier and photon densities within the laser cavity during the emission of an optical puise
The refractive index of the laser cavity can be calculated 1f the absorption coefficient
1s known for all frequencies Therefore, 1f there 1s a change 1n the absorption coeffi-
cient, then there will be an accompanying change m the refractive index [18] There
are a number of affects that can alter the absorption coefficient Some of them, such as
plasma refraction and bandgap shrinkage [3], are related to the injection of carriers into
the active region This leads to a dependence between the emitted wavelength and the
injected carrier concentration Thus relationship can be descnbed by [19]

Al = _LpA n 33)
1
where A 1s the variation 1n emitted wavelength, [ 1s the optical confinement factor, p
1s a constant of proportionality, A 1s the emission wavelength, p 1s the refractive index,
and An 1s the variation of the carrier density within the cavity This shows that there
1s a frequency vanation (chirp) across the pulse due to the variation 1n carrier density
in the active region during the injection of the electrical modulation signal [20] The
gamn-switched frequency chirp results in the frequency components of the optical pulse
being shifted 1n a negative or red direction during pulse generation {21, 22]
The term negative shift can be explained by [19]

du _

ot ¥ 34

where the rate of change of the refractive index with respect to carrier concentration 1s
negative, indicating that the instantaneous frequency 1s shifted from higher frequencies
at the leading edge (blue shift) to lower frequencies at the trailing edge (red shift) This
is shown in Figure 3 5 The imtial blue shift can be accounted for by the sudden mcrease
in the mjected carrier density prior to pulse formation resulting 1n a temporary decrease
in the refractive index 1n the active region This 1n turn shortens the optical path length
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Figure 3 9 shows a tramn of electrical pulses generated from the SO0OMHz SRD, with an
electrical pulse duration of approximately 60ps

Returning to the experimental setup shown 1n Figure 3 7, a Hewlett Packard E4437B
signal generator {29], produced a S00MHz sine wave at 0dBm This signal passed
through a 10-90 electrical power splitter, with 10% of the modulating signal used to
trnigger a sampling oscilloscope with the remaining 90% being electrically amplified
before being fed into the SRD The SRD (Herotek GC 500 RC {30]) produced a high-
power electrical pulse train, with a pulse width around 60ps, at a repetition rate of the
applied electrical sine wave, which n this case was 500MHz The resulting electrical
pulse tram 1s then combined with a DC bias via a bias-tee and applied to the DFB laser
diode The DFB laser diode was a NTT InGaAsP device, with a threshold current of
19 9mA, centre wavelength of 1537nm, and maximum output power of SmW at 60mA
and 25°C The specification for the DFB laser 1s given in Appendix A, with the CW
spectrum shown 1n Figure 3 10

Level
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Figure 3 10 Optical spectrum of DFB1 under CW conditions

After optimisation, the DC bias current was set to 9 SmA, with the resulting optical
signal coupled nto a 90 10 optical fibre coupler using an anti-reflecting (AR) coated
Graded Index (GRIN) lens (simular to [31]), with 90% passing to a high-speed photode-
tector and sampling oscilloscope, with the remaining 10% going to a optical spectrum
analyser The photodetector used was a u*t Photonics S0GHz photodetector [32] with
a rise-time of 9ps The oscilloscope was an Agilent 1n finizum DCA Wide-Bandwidth
Oscilloscope [33] with a S0GHz bandwidth (Module Number 83484A) The optical
spectrum analyser was an Anritsu MS9717A Optical Spectrum Analyser [34] with a
wavelength resolution < 0 07nm in the C-band These measurement instruments were
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used to throughout the rest of the experiments for pulse characterisation The result-
ing optical pulse tram and individual optical pulse are shown in Figure 3 11 and Figure
3 12 respectively The separation between pulses in Figure 3 11 1s about 2ns indicating

a S00MHz repetition rate
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Figure 3 11 500MHz gamn-switched optical pulse tram from DFB1
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Figure 3 12 Single gain-switched optical pulse from DFB1

The measured optical pulse width (Full-Width Half-Maximum (FWHM)) on the os-
cilloscope was 33ps To calculate the actual pulse width the rise times of the oscillo-
scope and the photodetector has to be taken into account This convolved rise-time,

Tsystem = 4/ 7-gSO + Tz?hoto
= 4/ Tps” + 9ps? (35)

= 11 4ps

denoted Tsysiem 15 given by

where the nse-time of the oscilloscope (Tpso) 18 7ps and the nse-time of the photodetec-
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the coupling of the injected signal from the ECL into the laser cavity, thus maxims-
ing the output SMSR The output of the ECL was set to -3dBm, which taking into
account various losses, corresponds to an mnjection level of about -13dBm The result-
ing single-mode output obtained after the external injection 1s then passed through the
same tunable filter used 1n the self-seeding setup to enhance the SMSR of the generated
pulses The output pulses were then characterised using the same equipment as used 1n
the previous work

Figure 3 22(a) shows the gam-switched spectrum of FP2 while Figure 3 22(b-d)
shows three selected modes at 1510nm, 1520nm and 1530nm respectively before pass-
ing through the tunable filter The three selected modes each exhibit a SMSR 1n excess
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Figure 3 22 Optical spectra of FP2 (a) FP2 Under gain-switched conditions, Optical
filtering (b)1510nm, (c) 1520nm, (d) 1530nm

of 35dB With the addition of the optical filter, the SMSR of the output pulses were
improved such that 1s becomes almost impossible to detect the side-modes above the
noise floor of the OSA (see Figure 3 23) The resulting SMSR 1s around 60dB over the
entire wavelength tuning range

Figure 3 24 shows an optical pulse after filtering The duration of the filtered optical
pulse was calculated to be 16ps with the spectral width determined by the bandwidth of
the optical filter (0 23nm) This results 1n a time-bandwidth product of 0 45, which 1s
close 1s to the transform-limited value for a Gaussian pulse
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Figure 3 24 Optical pulse at 1530nm under external mjection conditions

3.4 Pulse Compression

The previous experiments have demonstrated the generation of wavelength tunable
gain-switched optical pulses, with the narrowest pulse width generated around 15ps
This would allow data rates of approximately 20Gbit/s, considering that the bt slots 1in
an OTDM system are generally 3 times the width of the optical pulses used to represent
the data being transmitted This helps to mimimuse the effect of ISI For future OTDM
systems operating at data rates 1n excess of 100Gbit/s, optical pulses with durations
around 3ps will be required Therefore 1f gain-switched pulses are to be used 1n such
systems, their duration will have to be reduced There are a number of different tech-
niques available for pulse compression including the use of a fibre grating, dispersion
compensating fibre and solitonic compression

Optical pulse compression was first described 1in 1968 1n [48] by linearly sweeping
the instantaneous optical frequency of each pulse in a way that the optical cycle at the
beginning of the pulse 1s at a higher frequency than those at the end of the pulse Then
by propagating the pulse through a dispersive medium, the trailing edge of the pulse
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was able to catch up with the leading edge, 1n a fashion analogous to the compression
of frequency-swept wave trains 1n chirp radar [48]

3.4.1 Fibre Pulse Compression

If an unchirped optical pulse propagates in standard optical fibre, the width of the pulses
mcreases due to dispersion However, if the pulse 1s mitially chirped, the pulse will
either be broadened or compressed depending on the sign of the fibre dispersion param-
eter and the sign of the iitial chirp The optimal fibre compression for a Gaussian pulse
with linear charp 1s given by [15],
At

—DL = N (3 8)
where D 1s the dispersion parameter of the fibre 1n ps/(km nm), L 1s the fibre length
in km, At 1s the optical pulse duration in ps and A 1s the spectral width m nm  As
the latter two terms are functions of the gain switching process, optimal performance
can be achieved with fine adjustment of the bias current Generally the time-bandwidth
product of a fibre compressed pulse will deviate from the transform limited value for
that particular pulse shape This arnses as both linear and nonlinear chirp are present
across a gain-switched pulse, with fibre compression only compensating for the linear
chirp across the central part of the pulse [49]

3.4.2 Grating-Fibre Compression

An alternative to fibre compression 1s to employ a grating fibre compression scheme [3]

This employs a length of fibre with normal GVD to impose a positive chirp followed
by an external fibre grating to compress the optical pulse, and was first demonstrated
in [SO] As the optical pulse 1s incident on the grating, different frequency components
are diffracted at slightly different angles, resulting in different spectral components ex-
periencing different time delays as the pulse hits the grating The grating provides the
anomalous GVD that can be used to compress the positive chirp imposed on the pulse by
the length of fibre [49] Recent gain switched experimental work at 1 06um has shown
that optical pulse durations can be reduced from 57ps to 15 6ps using a grating-fibre
compressor [51]

3.4.3 Solitons

With current commercially available DCF, linear compression 1s able to produce pulses
with durations of around Sps However, 1n order to produce even narrower gain-switched
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pulses, alternative pulse compression schemes are required One such method 1s non-
linear pulse compression using higher-order solitons

As an optical pulse propagates 1n optical fibre, the effects of fibre dispersion and
nonlinearities usually results in the temporal and spectral shape of the pulse changing
The effect of SPM 1s to increase the frequency 1n the trailing edge of the pulse while at
the same time decrease the frequency at the leading, while dispersion causes different
spectral components to travel at different speeds In the anomalous region, dispersion
will cause higher frequency components to propagate at a higher group velocity then
lower frequencies If the higher frequency components are at the trailling edge, then
this portion of the pulse will propagate faster than the leading edge, causing the pulse
to narrow Under certain conditions (no fibre loss) these two effects (SPM and GVD)
can exactly cancel one another resulting in the temporal and spectral shape of the pulse
remaining unaltered, even over long propagation distances For this to happen, the pulse
must have a particular shape, duration and energy Such a pulse 1s known as a soliton,
and finds applications 1n ultra long haul high-speed optical transmission [52] and optical
pulse compression [53]

The word soliton was first comned by Zubusky and Krushal i 1965 [54] who pub-
lished a paper citing a numerical solution of the Korteweg-deVries (KdV) equation us-
ing a periodic boundary conditions The KdV equation was derived 1n the 19th century
to model a wave propagating on the surface of water The paper described how a train
of solitary waves were formed that could pass through one another without deformation
due to the collision As a result, these solitary waves was called solitons

Two years after the Zubusky and Krushal work, Gardner et al used the inverse
scattering method [28] to show a mathematical interpretation of these solitary wave
solutions proving that the KdV equation can be solved exactly for a localised initial
condition In contrast to the KdV soliton which describes the motion of a wave, op-
tical solitons 1n fibre belong to a separate category known as envelope solitons, as an
optical pulse 1n fibre can be described as an envelope of light The equation that de-
scribes such an envelopes propagation 1n optical fibre 1s the Nonlinear Schrodinger
Equation (NLSE) Therefore 1f the NLSE was solved 1n terms of dispersion and nonlin-
earity only, remembering that the soliton arises from the interplay between GVD and
SPM, the solutions would be a solitary wave, once the pulse envelope satisfied the nec-
essary conditions This would allow the 1mitial conditions (pulse shape, width, power)
necessary for soliton propagation to be 1dentified

To denive an expression for the NLSE, Maxwell’s equations can be used to obtain
the basic propagation equation [3]

JA 6A 1 8%A
5 Pt

a . 2
5, +2A—z'y|A§ A 39
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where A 1s the amplitude of the pulse envelope, z 1s the transmisston distance, 34 1s the
mode propagation constant, 3, 1s the group velocity dispersion term, « 1s the fibre loss
and 7 1s the nonlinear coefficient of the fibre, which can be expressed as

Nowq
Y= (3 10)
CAefy

where A,y 1s the effective core area

In order to describe the relationship between GVD and SPM that leads to soliton for-
mation, a frame of reference moving with the pulse at a group velocity v, 1s employed,
which results 1n Equation 3 9 becoming

1 2
oA 6A—Z§A—7|A|2A 3 11)

1— =

5 =2
where n =t — vﬁ In the absence of any fibre loss (¢ = 0), Equation 3 11 1s known

9

as the NLSE [55] It 1s useful to employ a normalised time and amplitude scale into
Equation 3 11 Thus results 1n an equation for the normalised pulse envelope that is a
function of both distance and time

U sgn(B) §*U e,
_ _ U 312
’ 0z 2LD 57’2 LNL ‘ ’ v ( )

where sgn(3;) =7 1 (depending on the sign of 3;), Lp 1s the fibre length over which
dispersive effects become important and Ly being the fibre lengths over which non-
linear effects become important Lp 1s defined as

T2
Lp=— 313
with Ly, being
1
Lyp, = — .
NL= TR (3 14)

Now by neglecting fibre loss, and assuming that the optical communications systems
1s operating 1n the anomalous fibre dispersion region (A > 1310nm), Equation 3 12 can
be re-written as SU 82U

— =—-— - N UPU 315
"5¢ T T2 il 3 1)
with { = Zz_ Using the variable u = NU, N can be eliminated and Equation 3 15 can
D
be wntten 1n the standard NLSE for a pulse propagating in the anomalous region of a

fibre which has no fibre loss

2
2—+—T+lu|2u: (3 16)
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In order to see this effect, wave distortion due to fibre loss had to sufficiently lower
than the effects of fibre dispersion and fibre nonlinearities This required an optical
fibre with fibre loss <1dB which was not available at the time Seven years after the
publication of Hasegawa and Tappert work, Mollenauer et al [53] were finally able
to expennmentally demonstrate the theoretical findings of Hasegawa and Tappert, thus
proving soliton propagation Optical transmission of 1 28Tbit/s over 4,000km has been
experimentally demonstrated 1n 2003 [57], thus generating the true potential of soliton

transmission

v

3.4.4 Higher-Order Solitons

As already mentioned, with specific values for Lp and Ly, Equation 3 19 can result in
N values greater than 1, and these are referred to as higher-order solitons An interest-
ing property of higher-order solitons 1s that their periodic behaviour 1n the anomalous
dispersion regime 1s different to that of the fundamental soliton Whereas the funda-
mental soliton 1s able to propagate totally undistorted, higher-order solitons have an
imtial stage where the pulse shortens to a fraction of 1ts 1mtial width, followed by a
sphtting of the pulse into two or more distinct pulses, before merging back to recover
the original shape This distance over which this happens 1s known as the soliton period,
and 1s denoted as z; This imtial narrowing stage of higher-order soliton propagation
can be exploited for optical pulse compression
The power required to form a N-order soliton 1s given by [55]

D)2

Py=31IN—
N 2meYT 2w b s

(3 23)
A very important feature of higher-order solitons 1s that the solution |u((, 7)]| 1s a pen-
odic function of time with the soliton period zq given by

™

2= =Lp 324
0=5 (3 24)

Therefore with an appropriate choice of fibre length, the mmitial pulses can be com-
pressed by a factor that depends on the soliton order N and the parameters of the fi-
bre [3] The compression factor Fo and the optimum length of the soliton-effect com-
pressor zo, can be approximated by

Fo=241N (3 25)
032 11
Zopt = 2o (TV_ + —]ﬁ) (3 26)

Figure 3 25 shows a simulation of 4th order soliton propagation Note the pulse
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to evolve mnto a fundamental soliton If the pulse does have the necessary hyberpolic
secant shape, but /V 1s not an integer, then the pulse will adjust 1ts width 1n order to
become a soliton The disadvantage of this 1s that the part of the pulse energy that 1s
not required will be spun off as a spurious pulse, which may lead to undesired distor-
tion The analysis carried out so far has worked on the assumption that the soliton 1s
propagating 1n fibre with no loss Therefore for an accurate analysis, the inclusion of
fibre loss has to included For fundamental sohtons, the effect of fibre loss 1s to reduce
the peak power of the pulse, so to remain a soliton the width of the pulse will increase

Eventually the pulse power will become so small that the nonlinear effect will be negli-
gible compared to the dispersion encountered, resulting 1n the pulse starting to broaden

For higher-order solitons, fibre loss will result 1n an increase 1n the soliton period For
a N = 2 sohiton, the pulse will undergo some compression before developing a double
peak and then return to 1ts original shape at the end of the soliton penod When fibre
loss 1s included, the next double peak will take longer to occur Thus fibre loss weakens
the structure of the soliton until the pulse starts to broaden

3.4.5 Generation of Sub-Picosecond Optical Pulses

The expenimental setup used for optical pulse compression 1s shown n Figure 3 26
It consists of a gamn-switched DFB laser diode producing a train of optical pulses at
500MHz The optical pulses are then linearly compressed by propagating the optical
pulses through 200m of DCF, before being optically amplified in an EDFA and transmmt-
ted through 100m of SMF The EDFA and the 100m of SMF comprise the higher-order
soliton compression stage The resulting pulses then pass through a 10 90 fibre coupler,
with 10% of the optical power entering an OSA, with the remaining power entering
an autocorrelator The resulting autocorrelation trace was displayed on a standard low-
bandwidth electrical oscilloscope [59]

Figure 3 27 shows the autocorrelation trace of the gain-switched optical pulse as
displayed on the electrical oscilloscope As the autocorrelation process results in a
symmetric pulse shape, the nise-time of the leading edge of the pulse 1s the same as
the fall-time of the trailing edge The measured FWHM was 2 8ms, which gives an
autocorrelation pulse width of 12 8ps This was calculated using

Tactual = Tautocorrelation X CORVeErsion ratio X pulse shape factor
Toctual = 2 8Ms X 6 5ps x 0 707 (327)
Tactual = 12 8pS

The conversion ratio 1s defined here as time scale relating the displayed time base on

the oscilloscope to the real pulse width, and was calculated to be 1ms=6 Sps The pulse
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Figure 3 28 Optical spectrum of DFB2 under gain-switched conditions

approximately 1, which 1s far from the transform-limit value of 0 441 for 2 Gaussian
pulse This deviation can be accounted for by the presence of frequency chirp across
the pulse which results from vanation of carrier density within the laser cavity during
pulse build up

As mentioned, soliton formation arises due to the interaction between GVD and
SPM In order for the two processes to counteract one another, the optical pulses must
be close to transform limited This was accomplished by propagating the gain-switched
optical pulses through dispersion compensating fibre To determine the optimum length,
Equation 3 8 was used The dispersion parameter D of the DCF used was —99 3ps/km

2 Therefore the value of

nm at 1550nm, with a dispersion slope of —0 21ps/km nm
D at 1535nm was calculated to be —96 15ps/km nm, with §t=12 8ps and § =0 6nm
resulting 1 a length of approximately 200m The optical pulse duration was measured
on the autocorrelator, with the bias current varied to achieve the narrowest pulse width

possible This autocorrelation trace for the linearly compressed gain-switched optical
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Figure 3 29 Autocorrelation trace of DFB2 under gan-switched and linear compres-
ston conditions
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pulse 1s shown 1n Figure 3 29, with the optical spectrum shown 1n Figure 3 30

After the propagation through the 200m of DCEF, the optical pulse duration has been
reduced from 12 8ps to 6 8ps Thus value for the pulse duration, combined with a spec-
tral width of 0 6nm at 1536nm, results in a time-bandwidth product reduced to 0 51
The deviation between this and the transform-limited value 1s due to the fact that there
1s both linear and nonlinear chirp present across gain-switched optical pulses, and the
propagation through the DCF only compensates for the linear chirp present in the cen-
tral part of the pulse The uncompensated nonlinear chirp results in the formation of a
pulse pedestal which should be removed 1f the minimum pulse width 1s to be achieved
As the optical compression relies totally on GVD, the spectrum obtained after propa-
gation through the 200m of DCF 1s the same as the gain-switched spectrum in Figure
328

£
a
2 )
b /
2 T
5 / \
g / \
B
o
15311 1536 1 15411
Wavelength (nm)

Figure 3 30 Optical spectrum of DFB2 under gain-switched and linear compression
conditions

The higher-order soliton compression stage comprises of a high-power EDFA and a
length of optical fibre In order to determine the length of fibre, and the soliton order
required for the mimimum pulse width, a Matlab computer simulation was carried out
By using the formulae given in Sections 3 4 3 and 3 4 4, together with the parameters of
the linear compressed pulse and SMF, 1t was possible to carry out various simulations
to determine the optimum length of fibre of SMF and peak power required from the
soliton compressor stage Some of the parameters used were

o T, ="56ps
e P, =31W
s )\ =1535nm

D = 15 8ps/km nm at 1535nm
a =0184dB/km
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gain-switched laser, permitting OTDM data rates 1n excess of 100Gbit/s

The next chapter will discuss optical signal processing tasks that are required for
high-speed OTDM network, including the demultiplexing of a single channel from a
multi-channel OTDM data stgnal, and characterisation of the optical data pulses used
in OTDM
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CHAPTER 4

Optical Nonlinearities for Signal
Processing

Introduction

Currently, the majonty of signal processing such as data switching and performance
monitoring are carried out using electronics Electronic processing 1s lirmted by the
speed of current integrated electronic circuit desigh, resulting in electronic bottlenecks
forming at the processing nodes These slow down the operation of the network and
increases the cost of transmission As 1t 1s anticipated that individual channel data rates
will exceed 100Gbit/s m the next 5-10 years [1], new highly-efficient, ultra-fast optical
signal processing techmques will have to be developed

This chapter will examine three important optical signal processing tasks that will be
required for the development of future high-speed optically multiplexed data networks
These are optical clock recovery, optical demultiplexing of individual channels from
a high-speed OTDM data signal, and signal characterisation of optical pulses used to
represent data in OTDM networks

4.1 Optical Clock Recovery

In order to carry out vital signal processing tasks such as demultiplexing and perfor-
mance monitoring, a clock signal needs to be recovered from the random data stream
[2] The recovered clock signal 1s then used to drive the processing element, which
opens up a short processing window repeated at the clock rate of the individual chan-
nel [3] Extraction of the clock component can be carried out using a number of different
methods including a Phase-Locked Loop {electro-optical], self-pulsating laser diode [2]
or using electro-optical multiplication of an optical signal in a Mach-Zehnder modula-
tor [4]

4.1.1 Phase-Lock Loop

A Phase-Locked Loop (PLL) 1s a closed-loop feedback control system for maintaining
the frequency and phase relationship between a locally generated signal and an input
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4.2 Optical Demultiplexing

In modern long-haul telecommunications systems, data propagates along fibre 1n optical
format but data switching still occurs 1n the electrical domain This electronic switch-
ing nvolves first the conversion of the optical data into electrical format, switching the
electrical data to the correct path and then converting 1t back mto optical form to con-
tinue on 1ts journey Unfortunately due to the speed limitations of current integrated
circults, the maximum data rate that electrical switches can handle 1s, at most, 40Gbit/s,
with today’s technology With line rates expected to exceed 100Gbit/s in the next 5-
10 years [1], new optical techniques will have to be developed in order to successfully
carry out successful demultiplexing of individual data channels This section will focus
on the use of optical fibre nonlinearities to carry out high-speed optical demultiplexing
of individual channels from an OTDM data network

4.3 Switching using Optical Fibre Nonlinearities

As optical nonlinearities, which are present m optical fibres, crystals and semiconduc-
tors, occur on timescales in the order of a few femtoseconds (10~1%s), they are 1deal for
operation 1n the Terabit/s data regime [10] Some of the basic performance requirements
for an optical switch include [11, 12]

e Low Insertion Loss - The insertion loss of a switch takes into account the coupling
loss, waveguide propagation loss and excess loss The amount of insertion loss 1s
important, especially in a large network were the cascade effect of many switches
can affect the overall power budget of the network

o Switching Speed - The switching speed 1s defined as the time period from the mo-
ment the command 1s given to the switch to change state to the moment when the
msertion loss of the switched path achieves more than 90% of 1ts final value The
required switching speed depends on the application that switch 1s intended for,
with millisecond switching speed required for protection application, nanosecond
for packet switching, picosecond for OTDM applications

e Crosstalk - Crosstalk 1s a measure of the signal interference between channels,
with a low level of crosstalk and high extinction ratio representing high signal
quality Typical value for crosstalk 1s around 40 to 5S0dB

e Polarisation - As data rates continue to increase, the impact of polarisation on
system performance increases As new techniques are developed to counteract
the effects of polarisation, a switch that 1s polarisation insensitive will be vital
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Terahertz Optical Asymmetric Demultiplexer

The Terahertz Optical Asymmetric Demultiplexer (TOAD) 1s similar 1n structure to the
NOLM, except that the nonlinear response 1s introduced by the excitation of a Nonlinear
Element (NLE), which 1s normally a Semiconductor Optical Amplifier (SOA), by a
switching pulse [20] The NLE 1s offset from the loop’s midpoint by a distance Az,
as shown n Figure 44 As with the NOLM, the input signal 1s split equally into a
Clockwise (ClkW) propagating signal and a Counterclockwise (CCIkW) propagating
pulse The pulses of the CIkW and CCIkW are always located on opposite sides of
the loop and equidistant from the midpoint Each passes through the NLE once before
returning to the mput coupler The ntensity of the CIkW and the CCIkW signal are
msufficient to alter the optical properties of the NLE

Switching pulses, which have sufficient energy to alter the NLE, are introduced 1nto
the loop via another fibre coupler When the control pulse reaches the NLE, 1t produces
a rapid transition in the NLE’s optical properties Those signal pulses that have already
passed through the NLE prior to the arrival of the control pulse (green) experience no
change, and are reflected at the input coupler [18]

A timing diagram showing the operation of a TOAD based switch 1s shown 1n Figure
4 4 As can be seen Channel A of the ClkW and CCIkW signals pass through the NLE
prior to the arrival of the control pulse and experience no relative phase change (black)
The same occurs for Channel B of the CIkW signal (black) However by the time
Channel B of the CCIkW signal reaches the NLE, the control pulse has already arrived,
and has altered the optical properties of the NLE As a result, Channel B of the CCIkW
expeniences a phase change (red) with respect to Channel B of the CIkW Finally by the
time that channel C of both the ClkW and CCIkW signals reach the NLE, 1ts optical
properties still remain altered and both experience the same phase shift (red) Since B
15 the only channel with different phase shifts for the CIkW and the CCIkW signals, 1t
1s the only channel that will be switched out when the signals recombine at the input
coupler

In order for the correct channel to be switched out, the control pulses must be syn-
chronised to allow the CIkW wave pass through the NLE unaltered, but alter the CCIkW
pulse The NLE requires a short response time to activate the device, but a longer re-
laxation time allowing the CCIkW to pass through to permit switching [20]

Nonlmear Amphfying Loop Mirror

The Nonlinear Amplifying Loop Mirror (NALM) modifies the operation of the NOLM
by using a balanced 3dB coupler and a gam medium within the fibre loop, usually an
EDFA place close to one of the coupler ports [21] Since the gain medium 1s placed
close to the coupler, one of the propagatmg signals 1s amplified at the entrance to the
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This 1s proportional to the second order Autocorrelation Function (ACF) of the pulse
of Equation 4 4, and can then be easily displayed on a standard high-impedance oscil-
loscope The time scale as displayed on the oscilloscope can be related to the optical
pulse duration by varying the path length of one of the arms of the autocorrelator and
measuring the corresponding time displacement as shown on the display of the oscillo-
scope Then taking into account that the total optical delay 1s twice the path length, the
time delay introduced by the autocorrelator (At) 1s

%szt (4 6)

where z 15 the path length 1n the arm of the autocorrelator and C' 1s the speed of light
The value of At 1s compared to the time delay measured on the oscilloscope when the
optical path delay of the correlator 1s altered A typical value for z and AT was 7mm
and 7 4ms respectively This resulted in

2
T 4ms = ——( )(Tmm)
¢
7 4ms = 47ps 47
1ms = 6 38ps

As the autocorrelation process results 1n a symmetric pulse, an assumption has to be
made 1n order to determine the actual pulse width [33] Once made, the actual pulse
width 1s obtained by multiplying the measured pulse duration by the appropriate form
factor Table 4 I gives the form factors for a square, Gaussian and hyperbolic secant
pulse shape This ambiguity can lead to errors 1n the pulse duration measurements, es-
pecially for gain-switched pulses which are asymmetric in nature, but appear symmetric
on an autocorrelation trace

There are a number of other disadvantages associated with using an autocorrelator
apart from ambiguity over pulse shape As the process relies upon the phase matching
within the nonlinear crystal, 1t 1s necessary to tilt the crystal as the wavelength 1s var-
ted Also the lack of phase or chirp information from an ACF 1s a serious disadvantage,
especially for applications concerned with pulse compression and dispersion manage-
ment One way to overcome some of the disadvantages of autocorrelation 1s to use the
FROG technique

Pulse Shape Multiphcation Factor
Square 1
Gaussian 0707
Hyperbolic Secant 0 645

Table 4 1 Autocorrelation form factors for square, gaussian and sech? pulse shapes
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In order for the sampling pulse to scan across the signal pulse, the samphing fre-
quency (fsqm) 18 operated slightly detuned from a sub-harmonic of the signal frequency
(fs:g) This results n a relationship between the signal and sampling frequencies of [19]

f sig
am = ———— 49
where n 1s an integer and 6 << 1 The small value of § provides the slight frequency
detuning, permitting the slow scan of the sampling pulse across the signal pulse This
results 1n the sampling pulse scanning over the signal pulse at a rate [43]

fscan = fszg(_g— (4 10)

n+ 94)
which can be easily displayed on a standard high-impedance oscilloscope
Some of the key performance requirements for a high-speed optical sampling tech-
nique include [38]

o Temporal Resolution - In order to operate at data rates in excess of 100Gbit/s, the
temporal resolution needs to be high, requiring sampling pulses with durations
less than 1ps

o Timing Jitter - As already mentioned in Chapter 2, in order to ensure a BER of
10~12, temporal jitter must be less than 7% the width of the bit slot Thus for
160Gbat/s (bit slot about 6ps), the timing jitter must be less 0 4ps

o Samphing Power - A moderate sampling peak power, typically from 10 - 1000W
1s required However care must be taken to consider any nonlinear effects that
may be encountered with the propagation of short, high power sampling pulse
through optical fibre, even patch-cords

e Polarisation - For an analysis of PMD and polarisation-dependent losses 1n fibre
links and circulating loop experiments, a sampling system with a small polarisa-
tion dependence 1s critical

o Sensitnvity - The sensitivity of a sampling system determines the signal power
required 1n order to achieve a specified sampled SNR [37] For optical pow-
ers typically found in an optical communications network, a low sensitivity will
mean that the sampling pulse peak power 1s relatively low, reducing any nonlinear
effects that may occur

e Dynamic Range - The dynamic range over which the sampling system operates at
should be as large as possible The dynamic range will also affect the sensitivity
of the system
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e Bandwidth - An 1deal sampling system would have the ability to operate con-
tinuously from the S- nght through to the L-bands (see Table 2 1 in Chapter 2)

without any loss of performance

As already mentioned, the nonlinear media employed uthising either x? (nonlinear
crystals) or x* (nonlinear effects 1n fibres, semiconductors) interactions Those based
on x? are generally concerned with second-harmonic generation mn L:/O; [44] and
Periodically Poled Lithium Niobate (PPLN) [45] crystals Optical sampling has been
carried out at data rates of 320Gbit/s with a temporal resolution of 700fs [46] How-
ever, there are a number of disadvantages associated with x? techmques, including the
requirements for a very high optical intensity for the sampling pulse due to the poor
efficiency of the wavelength conversion process, stability problems associated with the
use of free-space optics and the need for phase matching at different wavelengths

Optical sampling has also been demonstrated using x> nonlinear effects in semu-
conductors (laser diodes [47], semiconductor waveguides [48], semiconductor optical
amplifiers [49]) and optical fibre It has been shown that FWM 1n a SOA can be used
to carry out optical sampling at 160Gb/s [49], with eye diagram measurement of a
500Gbit/s data signal using XPM 1n highly nonlinear fibre reported [50] However, as
with SHG-based optical sampling, there are a number of disadvantages of using a fibre-
and SOA-based sampling systems For fibre systems, high optical intensities or highly
nonlinear fibre are required, the wavelength range can be limited [29, 51], and polan-
sation can be a problem For SOA-based systems, polarisation is still a problem, while
gain-depletion limits the minimum sampling window [25] '

Summary

This chapter has examined the use of optical nonlinearities for signal processing in a
high-speed OTDM network, 1n particular focusing on optical clock recovery, optical
demultiplexing and performance monitoring A number of different techniques were
described for optical demultiplexing and sampling based on optical nonlinearities in
fibre, semiconductors and crystals The disadvantages associated with these were then
briefly discussed, highlighting the need to consider alternative optical nonlineanties for
optical signal processing
The next chapter describes an alternative optical nonlinearity found in semiconduc-
tors and describes that with the aid of a specially designed device structure, a number of
,different applications, such as sampling, switching and thresholding in WDM, OTDM
and OCDMA networks can be carried out
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Optical Thresholding

Opucal Clock Recovery

Wavelength Conversion

Optical Demultiplexing

Optical Sampling

5.2.1 Autocorrelation, Crosscorrelation and Sonogram

The first demonstration of a TPA-based autocorrelator took place in 1992 when Takago
et al replaced the SHG crystal and photomultiplier tube of a conventional autocor-
relator with a two-photon absorber [15] A number of different absorbers were used
including a commercially available S1and GaAsP photodiode, and a CdS photoconduc-
tive cell These allowed easier construction and removed the need for phase matching
when the incident wavelength was altered Since then, a number of different commer-
cial devices have been demonstrated for use as a two-photon absorber These include
semiconductor waveguides [16—18], photodiodes [19, 20], APD’s [21,22] and semi-
conductor microcavities [23] Crosscorrelation [24] and amplitude and phase analysis
from a sonogram trace [25] have also been demonstrated using two-photon absorption

Sonogram analysis involves utilising Fourier filtering and the intensity correlation of an
optical pulse to retrieve information regarding the phase of that pulse [26] The sensitiv-
ity of these crosscorrelation and sonogram systems have been continuously improved
over the years, with the latest results demonstrating an autocorrelation sensitivity of
93 x 107*(mW)? This 1s a two orders of magmtude improvement when compared to
conventional second-harmonic generation-based autocorrelators [23] Thus not only do
TPA-based autocorrelators remove the cost and complexity associated with the use of
nonlinear crystals and a PMT, improved sensitivity and retrieval of phase information
1s also offered

5.2.2 Optical Thresholding

TPA-based devices may also find applications as optical thresholders in OCDMA sys-
tems [27] As already mentioned 1n Chapter 2 Section 2 4 4, OCDMA allocate each
individual user a specific code that can be used to label bits that are transmitted by,
or mtended for that specific user The encoding of data can be carried out 1n a num-
ber of different ways, including the use of a FBG as an encoder and decoder The
encoding grating imposes 1ts shape onto the impulse response with code recognition
accomplished by matching the transmitted code with a decoder grating which has the
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subtracted from the electrical TPA signal after the detector The resulting error signal
passed through a feedback filter and 1s used to control the frequency of the VCO The
resulting signal from the VCO 1s then used to drive an electro-optic modulator which
generated the clock signal This allowed a locally generated 12 SGHz clock signal to
be synchromsed with a 12 5Gbit/s data signal A similar setup was used mn [32] to
synchronise a 10GHz clock signal to the 80Gbit/s RZ data signal

5.2.4 'Wavelength Conversion

All-optical wavelength conversion via TPA 1n silicon wire waveguides has been demon-
strated in [33] A mode-locked fibre ring laser was used to generate the pump pulses
at 1550nm with a duration of 1 6ps at repetition rate of 1GHz An optical coupler
then combined an optical amphfied version of the pump signal with a weak CW sig-
nal at 1544nm, with the combined signal then coupled 1nto the wire waveguide One
photon from the pump signal and one photon from the CW signal were absorbed s1-
multaneously within the pulse duration, as the sum of their electron energy exceeds the
energy band gap of the waveguide This process 1s known as non-degenerate TPA as
the pump and CW signal are at different wavelengths An optical bandpass filter was
then used to filter out the pump pulses at the waveguide output It was shown that thus
non-degenerate absorption resulted in the wavelength conversion of the pump signal at
1550nm to 1544nm 1n the form of dark pulses, at the same repetition of the pump signal

5.2.5 Optical Demultiplexing

A TPA-based optical demultiplexer uses optical control pulses to switch out a single
channel from a high-speed OTDM data signal The control pulses, which are at the
repetition rate of the individual channels 1n the multiplex, are optically coupled together
with the high-speed OTDM data signal and are incident on the TPA device The arrival
time of the control pulses 1s varied using an optical delay line so that they arrive at
the demultiplexer at a time corresponding to the data pulse to be switched out This 1s
shown 1n Figure 5 4
The control pulse 1s adjusted to have a larger intensity than the signal pulse, for

example a control-to-signal power ratio of 20 1 If there is a large relative delay between
the control and signal pulses so that they arnve independently at the detector, then the
TPA response due to the control pulse and data pulse are (assuming a 20 1 ratio) [34]

Control Pulses Arrive Independently = (0 + 20)2 = 400

(Constant Background Signal)
Data Pulses Arnve Independently = (1+0)2 = 1

Difference = 399(26dB)
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data signal operating at 1Terabit/s and beyond Also the TPA demultiplexer 1s able to
simultaneously carry out the process of channel selection and electrical detection 1n an
optical communication system [1], reducing component count and allowing integration
with other opto-electronic devices
TPA-based optical switching has been expenimentally demonstrated using a GaAs

/AlGaAs microring resonator [36,37] and 1 3um InGaAsP laser diode [34] [37] pre-
sented a TPA-based demultiplexer capable of switching speeds up to 100GHz using
their microring resonator design for the switching device, with a switching on-off ra-
t10 of around 8dB [34] reported a switching window 1n the region of 650fs, allowing
overall aggregate data rate in excess of 1Thit/s The electrical response of their de-
vice, which determines the separation between data channels, was 200ps, permitting
individual channel data rates of 2 SGbit/s

Optical Sampling

The previous chapter highlighted the need to develop new performance monitoring tech-
niques that can overcome the current speed limitations associated with using a photode-
tector 1 conjunction with a high-speed oscilloscope

Section 4 4 4 of Chapter 4 has already described the operation of optical sampling,
with Figure 4 9 showing the basic operating principle of an optical sampling systems
One of the key components of such a sampling scheme 1s the nonlinear sampling gate
A number of different nonlinear effects are being investigated for use as the sampling
gate One such effect takes advantage of SHG in optical crystals This method involves
combining a high-power optical pulse tram to the data signal being analysed and gener-
ating the mixing product of both signals 1n the optical crystal The energy of the mixing
product pulse represents the amplitude of the data signal and can be detected by a slow
photodetector Unfortunately there are a number of disadvantages of using the SHG
process which may limut 1ts use for optical sampling 1n a high-speed network These
include

e High Optical Intensity - Due to the poor efficiency of the SHG process, very high
optical intensities for the sampling pulse are required

e Free-Space Optics - As this method relies on the use of free-space optics, associ-
ated stability problems can degrade performance

e Phase Matching - In order to operate at different wavelengths, the crystal em-
ployed has to be phase matched to that particular wavelength, increasing system
complexity

As a result 1t 1s necessary to consider alternative optical nonlmearities for optical sam-
pling One such nonlinearity 1s TPA 1n a semiconductor
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to AlAs Thus final property allows a good refractive index contrast for the construction
of the highly-reflective mirrors at either end of the cavity This minimises the number of
defects introduced, which 1n turn decreases the contribution of SPA [44] GaAs also has
a high TPA coefficient, which has been experimentally shown to be around 23(cm/GW)
for bulk matenal, with theoretically predictions, usmg 5 19, of 19 7 (cm/GW) [54]

5.7.2  Reflectivity

In order to get a high quantum efficiency, the reflection coefficient from the top and
bottom DBR’s needs to be high This can be achieved by using multiple periods of
alternating layers of materials with different refractive indices The total reflectivity of
each DBR can be calculated using the following formula [53]

n n 2N
R=1-4-"% (i) (521)

Tcaw nH

where 7.4, 18 the refractive index of the cavity matenial, n.,; 1s the external medium
on the other side the quarter-wave stack to the cavity, and n; and ny are the low- and
high-index matenial comprising the quarter-wave stack N 1s the number of layers for
each stack For the front Bragg murror calculation, n..; 1s the air interface (1 003),
Neaw 18 the refractive mdex of the undoped GaAs active region (3 66), with ny, being
the refractive index of AlAs (2 86), and ny being the refractive index of GaAs (3 35)
The front mirror comprises of 9 periods of alternating material, resulting in 18 layers
(N = 18) By inserting these values in Equation 5 21, the total reflectivity of the
top murror 1s calculated to be 95% The calculation for the bottom DBR 1s the same
process, except that in this case, .. 18 the refractive index of the GaAs substrate that
the device is grown on, and N = 36 This results m the reflectivity of the rear murror
being 99 7% The difference in the values can be accounted for by the fact that the
front murror consists of 9 alternating periods, whereas the rear mirror consists of 18
alternating periods of GaAs/AlAs The refractive index of the alternating layers was

calculated using the formula
nd=— = n=-— (5 22)

where d 1s the physical thickness of each layer (GaAs=115 7nm, AlAs=134 3nm), and
Ap 18 the cavity mode wavelength at normal incidence (1550nm)
Usually the overall reflectivity of the cavity 1s given, instead of separate values for
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