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ABSTRACT

Bandwidth limitation of conventional electrical demultiplexer restricts the data capacity of
long-haul optical time division multiplexing (OTDM) systems. It is desirable to
demultiplex the OTDM signal in optical domain, thereby lifting the bandwidth limitation
of the electrical demultiplexer. The general principle of all-optical time division
demultiplexing is to effect asymmetric changes to the optical properties of the target and
non-target channels. The different optical properties of the target énd non-target channels
facilitate the separation of the target channel(s) from the aggregate OTDM signal. The
change of optical properties of the OTDM signal can be achieved by exploiting various
types of nonlinear optics effects, such as cross-phase modulation and four-wave mixing.
Although the technical viability of all-optical demultiplexing has been successfully
demonstrated in laboratories; there is still a lack of understanding regarding the noise and
crosstalk chéracteristics of all-optical demultiplexers. This PhD study attempts to
investigate noise and crosstalk performance of two types of all-optical time division
demultiplexers, namely nonlinear optical loop mirror (NOLM) and terahertz optical

asymmetric demultiplexer (TOAD).

In order to evaluate the noise and crosstalk performance of NOLM and 'i‘OAD
demultiplexers, mathematical models are developed to simulate the transmission window
for demultiplexing the target channel. The shape of the transmission window is dependent
on the device parameters of the demultiplexérs. Varying input parameters of the
mathematical models can simulate the effects of changing device parameters on the
transmission window. Nevertheless, it is onerous to calculate transmission windows for
infinite combinations of device parameters. To simplify the noise and crosstalk analysis,
device parameters of NOLM and TOAD demultiplexers are optimised‘ for maximising the

peak of the transmission windows. Noise and crosstalk models are also developed for



NOLM and TOAD demultiplexers. The optimised device parameters of NOLM and TOAD
demultiplexers are fed into the noise and crosstalk models for analysis. Simulation results
show that a tradeoff between noise and crosstalk exists for the two types of demultiplexers.
Device parameters can be optimised to minimise either noise or crosstalk, but not both.
Finally, the noise and crosstalk models are connected to a receiver model, where the bit-
error-rate (BER) performance of OTDM systems is evaluated. The BER performances of
the NOLM and TOAD demultiplexing aré compared using the optimised device
parameters. It is found that TOAD has a slightly better BER performance compared with
NOLM for lower baseband bit rate (i.e. a larger nurﬁber of OTDM channels for an

aggregate bit rate).
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CHAPTER ONE - INTRODUCTION

1.1  Introduction

Fibre-based optical communication systems are widely used in long-haul high-capacity
transmission of voice and data. The first generation of fibre-based systems was for point-
to-point applications, where electrical technologies were used to pérform more complex
operations, such as multiplexing, demultiplexing, switching, etc. The latest developments
of fibre-based systems are the introduction of all-optical devices to perform functions that
were previously carried out electrically [1]. The obvious advantage of this approach is to
bypass the intermediate electricail-to-optical and optical-to-electrical conversions at the

transmitting and receiving ends respectively of the communications systems.

The optical time division demultiplexer is an essential element of the future all-optical
networks. Its function is the direct extraction of one or more time-multiplexed channels
from a high-capacity optical data stream, without the need for the conversion from optical
to electrical domain beforehand. For a receiver system einploying electrical time division
demultiplexer, the high-capacity optical signal is first converted to electrical form by an
optical detector. Then an electrical time division demultiplexer is used to extract the target
channel(s) from the OTDM signal. Current optical receivers can handle signal’ capacity as
high as 20 Gb/s [2]. Nevertheless, the capacity of optical time multiplexed signal could be
up to hundreds of G-bits per second. Steadily improved electrical technology cannot match
the enormous demand for transmission bandwidth. The bandwidth limitation of receiver
systems can be overcome by employing all-optical time division demultiplexers, where the
target channel is extracted from the OTDM signal in optical domain for subsequent

_electrical processing



Besides OTDM, wavelength division multiplexing (WDM) is another important
multiplexing scheme for carrying high-speed optical data. A technical and historical review
for OTDM and WDM will be given in Chapter 2. The objective of this PhD study is the
investigatioh of the noise and crosstalk characteristics of two types of all-optical time
division demultiplexers, namely, nonlinear optical loop mirror and teraherz optical
asymmetric demultiplexer. The operation pfinciples of NOLM and TOAD demultiplexers
are based on the nonlinear properties of optical fibre and semiconductor laser amplifier
(SLA), respectively. The theoretical backgrounds of nonlinear fibre optics and SLA will be
given in Chapters 3 and 4, respectively. A new mathematical model for NOLM
demultiplexing will be described in Chapter 5. One of the objectives of this model is to
maximise the amplitude of NOLM’s transmission window. Based on this mathematical
model, a noise and crosstalk analysis of NOLM demultiplexer will be presented in Chapter
6. A new mathematicél model for maximising the amplitude of TOAD’s transmission
window will be described in Chapter 7. Also found in Chapter 7 is the noise and crosstalk
analysis of TOAD demultiplexer. Finally, the bit-error-rate performances of NOLM and
TOAD demultiplexers will be compared in Chapter 8. Conclusions and suggestions of

further works will be found in Chapters 9 and 10, respectively.



1.2

1.3

Aims and Objectives

Analyse the noise and crosstalk characteristics of nonlinear optical loop mirror
demuliplexer

Analyse the noise and crosstalk characteristics of terahertz optical asymmetric
demultiplexer

Compare the bit-error-rate performances of nonlinear optical loop mirror and
terahertz optical asymmetric demultiplexers.
Original Contributions

Optimisation of device parameters for maximising peak transmittance of the
NOLM switching window (Section 5.3.2).

Development of a new analytical equation for calculating the width of NOLM
switching window (Section 5.3.3).

Development of a new convolution approach for calculating the profile of NOLM
switching window (Section 5.3.4).

Development of an equation for evaluating the residual crosstalk of NOLM
demultiplexer (Section 6.2.2).

Analysis of relative intensity noise, residual crosstalk and neighbour channel
crosstalk in NOLM demultiplexing (Section 6.3).

Optimisation of switching energy of TOAD demultiplexer for maximising the peak
transmittance of switching window (Section 7.3.3).

Analysis of relative intensity noise, residual crosstalk and neighbour channel
crosstalk in TOAD demultiplexing (Section 7.4).

Optimisation of device parameters of TOAD for minimising the power penalty in
100 Gb/s and 300 Gb/s demultiplexing (Sections 8.4.1 and 8.4.2).

Clarification of Gordon-Haus Jitter for the special case of distributed amplification
(Section 8.2.1).

Bit-error-rate comparisons of NOLM and TOAD for 100 Gb/s and 300 Gb/s
demultiplexing (Sections 8.4.1 and 8.4.2).
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CHAPTER TWO - LITERATURE REVIEW: WDM AND OTDM

2.1 Introduction

Two techniques to exploit and unleash the potentially huge transmission capacity in fibre
optics communications are wavelength division multiplexing and optical time division
multiplexing. In WDM, a number of discrete optical frequencies are allocated for the
transmission of different data channels. An aggregate huge transmission capacity is
achieved by simultaneously transmitting all wavelength channels. On the contrary, OTDM
uses only one optical wavelength to transmit data stream of extremely high bit rate, which
is formed by time-multiplexing data channels of lower bit rate via bit, byte or data block
interleaving. The bit rate of fhe OTDM data stream is too high (> 100Gbit/s) to be
processed electrically. Therefore, the multiplexing and demultiplexing operations need to

be carried out in optical domain using all-optical processing technologies [1], [4].

The spectral width of an optical signal around a central wavelength is dependent on the
data transmission rate and the carrier linewidth of the light source. An ideal light source
with high purity of the optical frequency will produce a transform-limited signal. In this
case, the frequency spectrum of the data channel is solely determined by the Fourier-
transform of the signal envelope. The spectral width of OTDM signal is generally larger
than that of fndividuél WDM channels as OTDM data stream operate at a much higher data
rate. The transmission bit rate of OTDM systems can be as high as 1 Tbit/s [155],

compared to the bit rates of 2.5-40 Gbit/s per wavelength channel in typical WDM systems

[6]-[8], [156].

This chapter gives a comprehensive review of WDM and OTDM. Historical developments
of the two multiplexing schemes and their electrical predecessors — frequency division

multiplexing (FDM) and time division multiplexing (TDM) are described in Section 2.2.



Sections 2.3 and 2.4 describe the technologies required to realise WDM and OTDM
systems. They include tunable laser, optical filter, all-optical time division demultiplexer,
etc. The technological challenges and limitations of WDM and OTDM systems are
elucidated in Sections 2.5 and 2.6. The concluding section of this chapter predicts the
future development of WDM and OTDM. Researchers and industrial analysts
overwhelmingly hold a view that WDM, rather than OTDM, will play a vital role in future
telecommunication networks [5]-[8]. The main reason for that is the availability of off-the-
shelf WDM devices. WDM systems can be realized by passive optical devices, which are
readily available in the market. Nevertheless, OTDM systems require active optical devices
that are still being developed in laboratories. The author will give his opinion about the

future development of the two seemingly competing multiplexing schemes.

2.2  Historical Background

At the early stage of the telecommunication history, voice and data were transmitted
separately through the telephone and telegraph networks. Early public switched telephone
networks (PSTN) employed FDM to transmit up to 60 analogue voice channels
simultaneously [9]. AT&T pioneered digitising of voice traffic with the introduction of
digital T1 transmission link in 1960s. The main reason of switching from analogue to
digital transmission was the inherent higher immunity against noise in digital
communication systems [10]. An important characteristic of T1 transmission is its
capability to accommodate voice, video and other data formats into a 1.544 Mb/s digital
data stream using TDM. Fig. 2.1 shows a possible composition of a T1 signal, where
“bursty” input data streams are combined into a constant bit rate signal using statistical
time division mutliplexing (STDM) before being time-multiplexed to the T1 signal. STDM
dynamically allocates time slots to active terminals for avoiding the transmission link

being idle when a terminal has nothing to send [11].
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Fig. 2 1. An example of signal composition of T1 link.

The signal carried by a T1 link is called DS1. A DS1 signal can be further demultiplexed to
24 DSO signals, each with 64 kb/s. Multiple DS1 signals can also be multipleked up to
various levels of higher bit rate signals (DS2, DS3 and DS4). Five levels of TDM signals
(DSO — DS4) forms a digital hierarchy that is retrospectively called plesiochronous digital
hierarchy (PDH). The AT&T PDH is used in the U.S. and Canada. International
Telecommunication Union (ITU) had developed a similar digital hierarchy with levels of
data rate different from the North American standard. Table 2.1 lists all signal levels of the

North American and ITU’s PDHs [11].

Table 2.1: North American and ITU’s PDH hierarchies

North American PDH ITU’s PDH
Designation Data Rate (Mb/s) Designation Data Rate (Mb/s)
DS-1 1.544 El 2.048
DS-2 6.312 E2 8.448
DS-3 44.736 E3 34.368
DS-4 274.176 E4 139.264

The multiplexing scheme used in the PDH is called asynchronous TDM due to the fact that
individual network nodes run their own independent clock. These clocks are not

synchronised with each other. At all levels of multiplexing the lower bit rate signals are




individually rate adjusted via bit stuffing to match the clock rate of the higher level signals
[10]. With extra bits stuffed, a particular low-level signal is not directly accessible from a
higher-level signal. The original stream must be fully demultipllexed even if only one low-
level signal needs to be accessed. A new digital hierarchy called synchronous optical
network (SONET) was standardised by the American National Standards Institute (ANSI)
aiming at providing a synchronous TDM service with many other attractive features over
PDH [11]. A compatible version called synchronous digital hierarchy (SDH) was
.published by ITU in 1996 [11]. Table 2.2 shows the SONET and SDH signal hierarchies.
SONET and SDH were designed to take advantage of the high-speed digital transmission

capacity of optical fibre cable. The highest bit rate supported by SONET/SDH was 10

Gbit/s.
Table 2.2: SONET/SDH Signal Hierarchies
SONET Designation | SDH Designation | Data Rate (Mb/s)
STS-1/0C-1 51.84
STS-3/0C-3 STM-1 155.52
STS-9/0C-9 150.336
STS-12/0C-12 STM-4 662.08
STS-18/0C-18 ‘ 933.12
STS-24/0C-24 1244.16
STS-36/0C-36 1866.24
STS-48/0C-48 STM-16 2488.32
STS-96/0C-96 4876.64
STS-192/0C-192 STM-64 9953.28

" [**Notations: STS-n (synchronous transport signal) is electrical signal in SONET

OC-n (optical carrier) is optical signal in SONET

STM-n stands for synchronous transport module in SDH **]
The ever-increasing aggregate TDM bit rate achieved by the advancements of digital
technology would have been more than enough to satisfy the steady growth rate of voice
~ traffic. However, due to the explosive growth of the Internet and other bandwidth

demanding multimedia applications since early 1990°s, long-haul telecommunication

traffic has been increasingly being dominated by data, not voice [7]. The STM-16 (2.5



Gbit/s) available in the market since 1991 cannot cope with the explosive growth of the
data traffic. The traditional approach to solve this bandwidth shortage problem is to keep
increasing the aggregate TDM bit rate. The bit rate requirement of hundreds of Gbit/s for
future telecommunication systems spurred the research development of OTDM so as to
overcome the bottleneck of limited electrical bandwidth in TDM. Another approach to
solve this bandwidth shortage problem is to employ WDM to transmit multiple wavelength
channels simultaneously. Currently the telecommunication industry favours WDM rather
than OTDM [7], [8] because of lower cost and more rapid implementation. There are at
least two factors that inhibited the deployment of OTDM systems: The first is the
limitation of existing fibre cables. It is necessary to use dispersion shifted fibre (DSF) or
employ dispersion compensation techniques [12], [13] for transmitting ultra-high OTDM
bit rate. However, the cost of replacing all existing fibre cables with DSF or dispersion
compensation fibre in a short period of time is too high to be an economically viable
solution. The bandwidth shortage problem must be solved very quickly because the
existing fibre cables were inadequate to cope with the short-term need of the
telecommunication industry in mid 1990’s. The second obstacle for the deployment of
OTDM systems is the need to develop all-optical processing devices to switch digital
signals in optical domain. Although some progress has already been made in realising all-
optical processing such as optical buffer, multiplexing, demultiplexing, signal regeneration,
etc [14]-[18], most of the all-optical devices are bulky and the technology is not mature
enough to enable the production of compact and reliable opto-electronic chips/devices. On
the contrary, WDM is already reaching an advanced stage of development as it can be
realised using commercially available components. The breakthrough of widespread WDM
deployment is the development of erbium-doped fibre amplifier (EDFA) [7]. This

technology makes the long-haul WDM transmission economically viable by replacing the



expensive 3R (retiming, reshaping and regenerating) electrical repeaters with wide

bandwidth optical amplifiers.

The essential components to realise WDM and OTDM networks will be described in the
following two sections. The discussion of the development of WDM and OTDM will be

continued in the concluding section of this chapter.

2.3  Essential éomponents for WDM Transmission/Network

Figure 2.2 shows the block diagram of point-to-point WDM transmission. A number of
light sources of different carrier frequencies are individually modulated by electrical
signals. The frequency spectrum of individual wavelength signals should ideally be as
narrow as possible (i.e. transform-limited) in order to minimize the crosstalk between the
wavelength channels. It is possible to obtain a laser carrier linewidth as narrow as 4 MHz /
250 MHz by externally / directly modulating the optical wave generated from the double-
feedback laser diode (DBF-LD) [19]. The typical bit rate of individual wavelength
channels is about 2.5 Gbit/s. A transform-limited signal for such a bit rate is attainable
using current laser technology. In WDM implementation, it is desirable to use wavelength
tunable lasers for a flexible network design. The wavelength tuning can be carried out by

mechanical, electrical, acousto-optical and electro-optical methods [20].

Optical WDM EDFA WDM Optical
Transmitters Multiplexer Amplifiers Demultiplexer Receivers
Data in A Data out
—p M N S
Ay
—> ———> —>

Fig. 2.2. Block diagram for point-to-point WDM transmission.
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The N wavelength channels in Fig. 2.2 are combined by a WDM multiplexer to produce a
high capacity optical signal. Multiplexing can be achieved by simply passing the multiple
wavelength channels into an N-to-1 fibre coupler. The disadvantage of using this method is
the high loss incurred. The insertion loss (dB) of the coupler increases with the total
number of wavelengths, as represented in the equation below [21].

Loss =10log,, (NumOfChannels). , (2.1)

According to (2.1), the insertion loss of a 10-to-1 coupler is 10 dB. The dependence of the
insertion loss on the number of multiplexing wavelength channels affects the scalability of
a WDM system. Using WDM multiplexers based on arrayed-waveguide grating (AWG)
can solve this problem. An AWG multiplexer is composed of an arrayed-waveguide
grating, input-output waveguides and focusing slab waveguides [22]. The arrayed
~waveguide has a numerical aperture larger than the input-output waveguides for
minimising the coupling loss. Y.Inoue, ef-al reported an insertion loss o}‘ only 3 dB using
AWG multiplexer [23]. The loss is fairly independent of the number of wavelength

channels.

Optical amplifiers are required to compensate the fibre loss in long-haul transmission
systems. The amplifier spacing is a compromise between cost and system performance. In
the project of Transatlantic Telephone (TAT)-12/13, 133 optical amplifiers were installed
along the distance of 5913 km between the Rhode Island, U.S. and Lands Ends, England
[24]. EDFA is a principle choice of optical amplifiers for long-haul transmission as it
offers high gain, large saturated output power and wide bandwidth [25]. The characteristic
of wide bandwidth is especially important for WDM transmission because of the multi-
wavelength nature of the signal. WDM transmission of 100 channels x 10 Gb/s esing

EDFA with 20 nm flat gain spectrum was reported in Ref. 26.
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At the receiving end, the WDM signal is demultiplexed to different wavelength signals for
data detection. The simplest form of WDM demultiplexer consists of a 1-to-N splitter and
N optical filters (Fig. 2.3). Individual wavelengths are selected by passing the signal to an
optical filter. In system design of WDM, the filter passband characteristic and its roll-off
slope must be considered to ensure minimum crosstalk. Three types of filter commonly

used for WDM are fixed interference filter, tunable Fabry-Perot filter and grating based

filter [21].

Optical

Filters
A

>

1 A'2

] ;

A,...Ay WDM signal ltoN k
Splitter

i )\'N

Fig. 2.3. WDM demultiplexing using splitter and optical filters.

WDM demultiplexing can also be carried out using grating-based devices such as array-
waveguide grating demultiplexer [22]. The fact that AWG can perform both multiplexing
and demultiplexing makes it a good candidate as an add-drop multiplexer (ADM). Multiple
wavelength channels can be dropped and added at the same time using optical feedback

loop connecting to the AWG [27].

In point-to-point implementation, WDM is only involved in data transmission between two
network nodes and plays no role in switching/routing. At each network node, the received
WDM signal must undergo full demultiplexing and optical-electrical-optical conversion,

allowing the electrical SDH/SONET network equipment to perform the rest of network
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functionality. This inevitably causes delay of data delivery. Among the various solutions
proposed to remedy this problem [28]-[30], wavelength routing [28] is the most technically
viable approach for high speed switching under the current technology. In a wavelength
routing network, a virtual circuit between the source and target network nodes is
established based on wavelength assigned for the intermediate links. Due to the limited
number of WDM channels available in each transmission link (the reason will be explained
in Section 2.5), an important feature of large-scale WDM network is the ability to
dynamically assign wavelength within an optical virtual circuit. Different wavelengths
could be used in the intermediate links along any path of the virtual circuit. The change of
wavelength of a signal is carried out all-optically by wavelength converter without the need
of optical-electrical-optical conversion. The techniques adopted by most all-optical
.wavelength converters exploit the nonlinear optics phenomenon in fibre cable [28], or in

semiconductor laser amplifier (SLA) [28], [31].

2.4  Essential Components for OTDM Systems

External OTDM EDFA OTDM Optical
Modulators  Multiplexer Amplifiers Demultiplexer  Receivers
Electrical signals | Data out
€
v >| }—P Fibre —» >
€2 TAY [
Light ——>|_— i 0 —> >
Source s .

Fig. 2.4. The black diagram of a typical OTDM transmission system.

Figure 2.4 shows the block diagram of a typical OTDM transmission system. Only one
light source is shown in the diagram due to the single wavelength nature of OTDM system.

The types of light source widely employed in OTDM experiments include the continuous
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optical wave generated from DFB laser and the repetitive optical pulses generated from the
active mode locked (ML) Nd:YAG / Nd:YLF laser [32]-[34]. As shown in Fig. 2.4, the
light generated by the laser is split to reach N external modulators, which are drivén by ¥
electrical signals respectively. External modulation is preferred in OTDM system as it can
achieve narrow carrier linewidth, whereby reducing timing jitter of the transmitted pulses

[19].

The optical pulses coming out from the external modulators may need to be compressed in
order to support the high bit rate required in high capacity OTDM transmission. Pulse
compression can be performed by frequency-chirping the optical pulses and then passing
them through an anomalous dispersive medium. The key of this approach is to create a
linear frequency chirp across the optical pulse from the leading edge to the trailing side.
Ideally, the midpoint of the linear-frequency chirp should be right at the central part of the
pulse. The nonlinear medium responsible for the creation of such linear frequency chirp
over the optical pulse can be either a fibre cable [35] or a SLA [36]. When a ﬁequency;
chirped pulse passes through a dispersive medium, different parts of the pulse would travel
at different velocities due to the temporal variation of frequency. If the trailing edge travels
faster than the leading edge, the result would be pulse compression. The dispersive

medium can be a fibre-grating [35] or a dispersive fibre cable.

After pulse compression, the N input signals in Fig. 2.4 are multiplexed into a high
capacity OTDM signal. The simplest conceptual description of the multiplexing process is
a set of delay lines with various lengths (Fig. 2.5). With the propagation delay imposed by
the delay lines, the optical pulses of each input signal would be positioned at its

corresponding time slot in the context of the aggregate OTDM signal. The technology that
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can implement stable OTDM multiplexing is the Mach-Zehnder interferometer-based

planar lightwave circuit (PLC) [37].

fibre delay

bit rate of chl =B
J T

bit rate of ch2 =B ( )( ) Aggregate bitrate=N* B

bit rate of chN B

o (00

Fig. 2.5. OTDM multiplexing.

In long-haul OTDM transmission, the quality of high speed OTDM signal aeteﬁorates as
the propagation distance increases. Although employing 3R electrical repeaters can
mitigate this problem, the high cost involved prohibits it from being a financially viable
solution to signal degradation [7]. In fact, one of the reasons for the rapid deployment pf
WDM transmission in early 1996 is to avoid the expensive electrical repeaters in TDM
system. A cost efficient solution to this problem is all-optical signal regenerator. An all-
optical signal regenerator could be based on nonlinear polarisation rotation in fibre as a
decision gate [38], semiconductor integrated — Mach-Zehnder interferometer (MZI) [18] or

semiconductor based nonlinear interferometer [39].

At the receiving end, the OTDM signal is demultiplexed back to OTDM channels of
slower bit rates. There have ‘been a number of designs proposed for all-optical time
division demultiplexing, for example, nonlinear optical loop mirror [16], teréhertz optical
asymmetric demultiplexer [17] and four wave mixing (FWM) in a SLA [40]. Another
essential components for OTDM network is add-drop multiﬁlexer; which alléws the adding

and dropping of any OTDM channel simultaneously [41].
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2.5  Technological Challenges of Long-haul High Capacity WDM Transmission

In WDM, the increase of transmission capacity is achieved by adding more WDM
" channels to the system. The spectral width of the low-loss spectral region in a dispersion-
shifted-fibre (DSF) is around 200 nm [42]. To estimate how many STM-64 (10 Gbit/s)
signals could be accommodated in the third transmission window, the following
assumptions are made: (i) the baseband spectrum of the signal is twice the Nyquist
bandwidth, and (ii) a guard band equivalent to the baseband spectrum is assigned to each
WDM channel. Based on the above assumptions, the maximum number of channels to be
accommodated by the 200 nm window is 1250. The potential capacity of WDM

transmission is 1250 x 10 Gbit/s = 12.5 Tb/s.

‘Nevertheless, under the current technology, many factors limit the total number of
channels of a WDM system. The first is the bandwidth limitation of optical amplifier.
EDFA is widely used for loss compensation because of its broad bandwidth and high gain
[25]. In EDFA, light amplification is achieved by creating the population inversion of
electron levels through injecting a pump laser power into the active medium (fibre). The
resultant gain spectrum is dependent on the pump wavelength. Early research of EDFA
was focused on the conventional band (C-band) amplification at around 1550nm. C. G.
Atkins, ef-at, reported 3dB bandwidth of 35 nm in C-band EDFA [43]. The reported 3dB
gain spectrum had a sharp peak and dip (3dB) profile followed by a 20 nm flat line. The
gain variation along optical frequency leads to insufficient optical power in some WDM
channels and too much optical power in some other WDM channels. Both cases are
detrimental to the WDM transmission. In a transmission link with hundreds of EDFAs,
complete power extinction can occur to some channels at the system output, due to
insufficient gain compensation of the amplifier chain. On the other hand, too much optical

power will strengthen the undesirable nonlinear effects such as self-phase modulation
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(SPM), cross-phase modulation (XPM), four-wave mixing, etc. Details are presented in
‘Chapter 3. Gain flattening is required to avoid the above problems. Many techniques have
been proposed to equalise the gain spectrum [25], for example, using all-fibre acousto-
optic tunai)le filter after the EDFA ampliﬁéation can keep the gain variation under 0.6 dB

within a C-band 37 nm bandwidth [44].

For further broadening the EDFA bandwidth, multiple pump wavelengths could be used
simultaneously to amplify WDM channels at both C-band (1550 nm) and long wavelength
band (L;band) (i.e. 1580 nm) [45]. Using this method, it is possible to obtain gain-flattened
* bandwidth of 50 nm. The latest research trend of optical amplifiers is to investigate
alternative technologies for widening gain bandwidth even further. The Raman amplifier is
a promising candidate for realising broadband amplification beyond 80 nm [46-47]. The
widest bandwidth of Raman amplification reported in the literature is 100 nm [46]. Twelve
wavélengths pumping ranging from 1405 nm to 1510 nm, generated by a WDM laser diodé
unit, were used to obtain the broadband amplification. However, considering the 200 nm
low-loss region in DSF, there is still much room for improvement in terms of bandwidth
broadening of amplification. Using the two assumptions laid out in the first paragraph of
this section, the aggregate capacity of WDM transmission under the restriction of current
optical amplifier technology is 6.25 Tb/s, i.e. half the full potential of 12.5 Tb/s.‘ Another
technological challenge in optical amplification is the commercialisation of Raman
amplifier. The key factor is to drive down the cost per unit bandwidth while maintaining

stable operation.

Besides amplification bandwidth, another factor that fundamentally limits the number of
channels accommodated in a WDM system is fibre nonlinearity. Intensity interference and

channel crosstalk between multiple WDM channels due to the nonlinear response in fibre
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cable grows with the propagation distance. The need to allocate extra channel spacing for
maintaining a certain level of bit-error-rate limits the number of accommodated WDM
channels. The simplest approach of suppressing the effects of fibre nonlinearity is to keep
the light intensity of the WDM signal sufficiently small. However, the corresponding
decrease of signal-to-noise signal is also detrimental to the communication system.
Therefore, it is vital to design the WDM system in a way that reduces the negative impact

of fibre nonlinearity.

The major nonlinear phenomena that affect the performance of WDM systems are four-
wave-mixing, stimulated Raman scattering (SRS) and cross phase modulation [42], [48].
This section focuses on the effects of these nonlinear phenomena on WDM transmission. A
detailed mathematical and physical description of FWM, SRS, XPM and other nonlinear |
phenoména in optical fibre will be given in Chapter 3. FWM is caused by the nonlinear
interaction between optical power at different wavelengths in a fibre cable [35]. Its direct
result is the transfer of optical energy from existing frequency components to new -
frequency components. Severe crosstalk and signal distortion Woulci occur if the newly
created frequency components overlap with some of the wavelength channels of the WDM
signal. The signal distortion is the result of beating between the WDM optical waves and
the FWM generated signal waves within the spectrum of a WDM channel [49]. The BER
performange of a WDM system will be degraded if the bandwidth of the optical receiver is
wide enough to detect both the WDM signal term and the FWM beating terms.
Furthermore, the power loss of the WDM channels due to the FWM effect will also

decrease the SNR of those channels.

SRS transfers optical energy from a shorter wavelength to a range of longer wavelengths.

The optical wave that loses energy in the process is called pump wave. The optical wave
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that gains energy in the process is called Stokes wave. The rate of energy transfer per unit
length increases with the pump intensity, Stokes intensity and a wavelength-dependent
parameter called Raman gain coefficient [35]. Thel energy gain of the Stokes wavelengths
is determined by the spectrum of the Raman gain coefficient. In a two-wavelength WDM
system, optical energy is transferred from the shorter wavelength to the longer wavelength
results in channel crosstalk. The situation is more complicated for the systems with more
than two WDM channels. Some wavelength channels will lose optical energy to the longer
wavelength channels and at the same time gain optical energy from the shorter wavelength
channels. The amount of energy transfer is also dependent on the bit pattern because the
SRS is significant only if the Stokes intensity is higher than a certain level (i.e. SRS occurs
in marked bits only). The energy transfer mechanism described about occurs in multi-
wavelength signals. Nevertheless, SRS wil‘l also affect single-wavelength signals of high
bit rate. Since the spectral width of an optical pulse is the inverse of its pulse width in time
domain, ultra-short‘pulses for supporting high bit rate would have huge spectral width. In
high bit rate systems, the spectral width of individual pulses is éo large that the optical
energy is transferred from the shorter wavelength to the longer wavelength by SRS. As a
result, the central frequency of the ultra-short pulses would be shifted downward by the
energy transfer mechanism of SRS [132]. The equation of SRS threshold will be given in

Chapter 3.

XPM in WDM transmission systems modulates optical phase across the pulse envelope in
individual wavelength channels because of the nonlinear response of the refractive index to
the total optical power of other wavelength channels. For example, in an N wavelengths
system, the optical phase of each channel will be modulated by the optical power of the
other N-1 wavelength channels. The amount of phase change caused by XPM increases

with the number of wavelength channels and the optical power of individual channels.
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Current optical receivers are based on direct detectidn, which is insensitive to the XPM-
induced phase fluctuation. Nevertheless, the instantaneous phase modulation broadens the
spectral profile of the optical pulse. The phase fluctuation due to XPM will eventually be
transformed into pulse distortion and intensity interference [50], [51], thus limiting the
transmission distance of the WDM system. The randomness of bit patterns of WDM
channels exacerbates the problem. It is because the XPM experienced by an optical pulse at
a WDM channel depends on the number of co-propagating optical pulses at other WDM

channels.

Several strategies are currently used to alleviate the problems of fibre nonlinearity in
WDM systems [42], [48]. Allocating extra channel spacing can avoid overlapping between
the generated FWM wavelengths and the existing wavelength channels. The new
wavelengths generated in the FWM process are dependent on the wavelengths of the co-
propagatihg WDM channels. The mathematical function for calculating the FWM
wavelengths from the existing wavelengths will be given in Chapter 3. For serving the
purposes of this chapter, it is adequate to indicate that the FWM wavelengths are generally
not fixed in regular spacing in the frequency spectfum. Therefore, allocating WDM
channels in unequal spacing can avoid the overlapping between the FWM wavelengths and
the existing WDM channels. It has been reported that the propagation distance of a WDM
system with a bit rate 8x10 Gbit/s using unequal channel spacing is 30 km longer than the
same system using equal spacing [52]. However, the optical power loss in some WDM
channels due to the transfer of energy to the FWM wavelengths is inevitable even if
unequal channel spacing is employed. The other disadvantage of using unequal channel

spacing is its inefficiency to accommodate high transmission capacity.
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The prerequisite physical c;)ndition for producing significant FWM effect is phase
matching between optical waves of different wavelengths [35]. This condition is met when
the WDM channels are in the region of Zero-dispersion wavelength [35]. FWM is less
significant in WDM systems employing non-zero dispersion fibre cables such as standard
single-mode fibre (SSMF). Furthermore, in a non-zero dispersion fibre, the walk-off
between optical pulses of different WDM channels shortens the effective co-propagation
distance between optical pulses, thus suppressing both FWM and XPM. The walk-off
effect is the result of the velocity differences between optical pulse trains of different
wavelengths. The amount of walk-off time increases with the channel spacing. Theoretical
and experimental results show that XPM is reduced significantly for channel spacing >=

0.8 nm [50].

The group velocity of an optical wavé depends on the magnitude of the first-order
dispersioﬁ coefficient (). In a non-zero dispersion fibre, B, is a function of optical
wavelength. The difference in 3, at two optical wavelengths results in the walk-off effect.
However, for a pair of 3, with opposite signs (i.e. positive and negative values), the optical
waves of two wavelengths will have the same group velocity as long as the two
wavelengths have the same magnitude of B,. In such cases, the walk-off time between
optical waves at two WDM channels would be equal to zero. A simple way to avoid this
situation is to use the wavelength range of positive or negative B2, not both. This means
further restriction over the usage of frequency spectrum. There is no effective scheme to
reduce the SRS effect on WDM systems because of the ultra-wide bandwidth of SRS [35].
The most practical approach is to keep the light intensity small, at the expense of the

decreased signal-to-noise ratio.
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Channel crosstalk in WDM systems is introduced not only by the fundamental effects
mentioned above, but also by the WDM system components described in Section 2.3.
Currently, the most popular choice of channel spacing in WDM systenis is 0.8 nm (100
GHz spacing). The transmission of 3.08 Tb/s (77 x 42.7 Gbit/s) WDM signal 1200 km was
achieved in an experiment reported by Y. Yamada, ef-ar [155]. Good system design for

reducing WDM crosstalk is required to attain a transmission capacity higher than 1 Tb/s.

2.6 Technological Challenges of Long-Haul High Capacity OTDM Transmission

Pulse width in pico-seconds and even femto-seconds is used in high capacity OTDM
transmission. Such ultra-short pulses are vulnerable to chromatic dispersion due to their
wide frequency spectrum. In addition, optical transmitter [19] and in-line optical amplifiers
[53] d.eteriorate the BER performance of OTDM systems by introducing timing jitter to the
ultra-short pulses. At the receiving end, the demuiltiplexing of the high capacity data stream
is 1Ibased on the time slots assigned to individual OTDM channels. Severe crosstalk occurs
if the timing jitter of optical pulses is larger than the width of the time slot. The major
challenges of designing and implementing high capacity OTDM systems are to minimize
the two detrimental effects mentioned above, namely chromatic dispersion and timing
jitter. The strength of the two effects increases with transmission distance. The rest of this
section is dedicated to a review of the technologies and strategies currently employed for
reducing the impacts of chromatic dispersion and timing jitters in long-haul high capacity

OTDM systems.

Within the low loss wavelength region (1550 mn) of standard single mode fibre, the first
order dispersion coefficient is about —17 ps*nm/km. It is possible to use dispersion shifted
fibre for achieving low fibre loss and zero .. However, fibre nonlinearity in zero §, fibre

would result in severe pulse distortion, thus limiting both the transmission distance and bit
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rate [54]. A number of techniques can be used to compensate chromatic dispersion in high
capacity optical transmission systems [12]. One approach is to propagate optical pulses in a

series of fibre segments connected alternatively with positive and negative values of 32, as

segment one segment two segment three
(positive p2) (negative f2)  (positive f2)

O 0 0

shown in Fig. 2.6. The positive 3, implies that optical components with longer wavelength

propagate faster than those with shorter wavelength [35]. The optical pulse disperses
somewhat at the end of segment one due to the velocity difference between frequency
components. On the contrary, the negative B, implies that optical compon;ents with longer
wavelength propagate slower than those with shorter wavelength. The dispersed pulse is
restored to its original width at the end of segment two due to the fact that positive and
negative values of B, in segment one and two are cancelled out each other.

Fig. 2.6. Dispersion compensation fibre cables

Pre-chirping optical pulses at the transmitting end can delay the impairments of chromatic
dispersion [12]. The pr_e—chirping creates an increasing optical frequency along pulse
profile from the trailing edge to the leading edge. If a pre-chirped pulse propagates in an
optical fibre with negative f3,, the long wavelength components in the leading edge would
slip throﬁgh the entire pulse backward to the trailing edge. Similarly, the trailing edge of
the pulse would slip forward to the leading edge. The swapping between the leading and
trailing edge components makes the pulse immune to dispersion for a certain propagation
distance. However, dispersion will begin to occur when the pulses reach the distance where

the swapping between the leading and trailing edges has completed. This- dispersion’
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compensation method is effective only for relatively short distance propagation (< 200 km)

[12].

Another approach to tackle dispersion is optical phase conjugation (OPC). The phase
conjugation revefses the optical spectrum of the signal in a way that optical components
with longer wavelength are converted to shorter wavelength and vice versa. The pulse
shape is unchanged in the process. The phase conjugation can be carried out at the mid
point of the total propagation distance. The optical pulse disperses in the first half of the
propagation. The phase conjugator inverts the frequency components of the pulse at the

midpoint. The second half of the propagation restores the pulses back to its original width.

A non-system-invasive approach to solve the dispersion problem is optical soliton. By
finding a delicate balance between dispersion coefficient and fibre nonlinearity, pulse
shape of a soliton can be maintained regardless of the propagation diétance [35]. Chapter 3
will give a more detailed description about the theory of soliton. Experiments show that,
with soliton control scheme, the transmission distance of soliton pulses can be as long as

20,000 km [55] and even unlimited [32].

The most daunting challenge to soliton transmission is the timing jitter of the propagating
soliton pulses. A soliton needs a certain level of peak optical power to sustain its
undistorted shape during propagation. Fibre loss is compensated by periodically placing
optical amplifiers along the fibre link for maintaining the peak power required in soliton
transmission. The perturbation of the soliton waves by amplified spontaneous emission
(ASE) generated in the amplification process causes root-mean-square (RMS) central
optical frequency jitter among individual soliton pulses [53]. The frequency jitter will be
transformed to timing jitter as the soliton pulses propagate along the fibre link. The timing

jitter increases with ASE and propagation distance. The accumulated timing jitter in a long
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fibre link with many optical amplifiers would result in severe OTDM crosstalk when the

signal is demultiplexed at the receiving end of the transmission.

Since the RMS frequency jitter of soliton pulses increases with ASE, timing jitter can be
reduced somewhat by using an optical filter to limit the amount of wide bandwidth ASE at
the amplifier output. Under this jitter-reduction scheme, optical power at the wings of the
soliton spectrum would be lost due to the finite bandwidth of the optical filter. After an
optical signal passes through a number of optical filters in a long transmission distance, the
accumulated loss in soliton power due to the filters may become so large that the optical
power of the pulse is no longer adequate for maintaining soliton propagation. The
amplifiers should have extra gain to compensate for the soliton power loss due to optical
filters. Nevertheless, the extra gain creates another problem -- it amplifies the background
optical power between soliton pulses. In the situation without extra gain (i.e. the amplifier
gain is exactly equal to the fibre loss), such background power would be attenuated by the
fibre loss. With amplifier gain larger than the fibre loss, thé background optical .power may
eventually destroy the soliton transmission when it grows to become comparable to the
soliton power [56]. Nonlinear gain can be employed to amplify the high intensity soliton
pulses and to suppress the low intensity background instability [57]. Alternatively, the
background instability from the extra gain could be eliminated by sliding the central
frequency of the optical filters along the transmission distance [58]. This technique makes
~use of the fact that a soliton pulse will shift its central frequency as it propagates in a fibre
cable [35]. Therefore only the soliton pulses can follow the frequency sliding filters and the

spectrum of background power will not be amplified throughout the propagation.

Some of the dispersion compensation techniques described earlier this section can reduce

the timing jitter between soliton pulses without the need of implementing schemes to
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suppress the central frequency jittef. Timing jitter occurs when a train of frequency-jittered
solitons propagates a certain distance of fibre cable, due to the velocity difference between
adjacent soliton pulses. Therefore, it is possible to employ some dispersion compensation
techniques to reverse the process of timing jitter. For example, optical phase conjugation
(OPC) at an optimum point along the transmission link or at the end of the transmission.
link for post-transmission compensation could be used to undo the timing jitter caused by
the frequency jitter of soliton pulses [59]. Besides timing jitter, another problem that limits
the bit rate and transmission distance of soltion transmission is soliton interaction [60],
which will be described in detail in Chapter 3. Soliton interaction induces attraction and
repulsion forces between adjacent soliton pulses during the propagation. Controlling the
relative phase [35] or amplitude [35], [61] bétween soliton pulses can weaken the soliton

interaction forces.

Tt is difficult to realise high capacity OTDM system for long-haul transmission because of
the problems described above. The highest bit rate of OTDM transmission system reported
in the literature is 1.28 Tbit/s [155]. However, the transmission distance was only 70 km.
E. Yoshida, et-al demonstrated a 320 Gbit/s OTDM transmission over 120 km using
dispersion compensation fibre [62]. The highest bit-rate-distance product under the current

technology is 89.6 Tb.km/s.

2.7  The Future

Major telecommunication carriers around the world have chosen WDM as a multiplexing
scheme for delivering high capacity data transmission since mid 1990’s. On the research
front, the most advanced WDM system is capable of transmitting 3.08 Tbit/s (77 channels
x 42.7 Gbit/s) data over 1200 km [155], while the best OTDM system can only transmit 1

Tbit/s (128 channels x 10 Gbit/s) data over 70 km [156]. In short to medium term, WDM is
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a preferred multiplexing scheme to meet the huge demand of ever-increasing bandwidth-
hungry applications. Nevertheless, one major fundamental weakness of a WDM system is
its inefficient use of transmission bandwidth. In a WDM system, a significant portion of
frequency spectrum is allocated for the guard bands. At the current stage of WDM
research, there is still room in the frequency spectrum for increasing the number of WDM
“channels through technology improvement. In the future, given the finite low-loss
bandwidth of fibre, the WDM development may reach a state where fibre bandwidth is
used up and therefore is incapable of accommodating more‘WDM channels. There will be
a need to use the fibre bandwidth more efficiently. Althougﬁ OTDM is a multiplexing
scheme that can efficiently utilize fibre bandwidth, the problems associated with ultra-high
data rate transmission described in the last section pose formidable difficulties to the
implementation of OTDM system. There probably exists a fundamental limitation of bit-
rate-distant product in OTDM transmission. This means that it may not be possible to
increase OTDM bit rate beyond some point. The future optical communication system
could combine the ideas of WDM and OTDM for delivering long-haul high capacity data
transmission, i.e. OTDM-leQel bit rate for each WDM channel. In fact, an attempt has been
made by S. Kawanishi, ef-af to demonstrate the possibility of this combination [63]. A 3
Tb/s (160 Gbit/s x 19 WDM channels) optical signal has been successfully transmitted
over 40 km in this experiment. Each 160 Gbit/s WDM channel is composed of 10 Gbit/s x
16 OTDM channels. WDM and OTDM can complement each other in such hybrid system.
Currently an imbalance of research resources is overwhelmingly focused on the WDM-
related technologies due to the wide spread use of WDM transmission. It is also important
to intensify the development of OTDM technologies. All-optical time division
demultiplexer is an essential building block of an OTDM system. The aim of this thesis is

to provide a thorough analysis of the noise and crosstalk characteristics of two all-optical
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time division demultiplexing devices, namely, nonlinear optical loop mirror and terahertz

optical asymmetric demultiplexer.
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CHAPTER THREE - NONLINEAR FIBRE OPTICS

3.1 Introduction

The propagation of light in vacuum behaves as a high speed shifting of a sinusoidal
electromagnetic wave. In a non-vacuum medium, the propagation of light is a function of a
time-and-frequency-dependent polarisation vector, which is induced from the physical
interaction between the electric fields and the materials of the medium. If the response of a
medium to the optical wave is linear, then the simplest form of the resultant polarisation
vector (P) will be a linear function given as:

P(z,t) =k -E(z,?), 3.1)
where E(z,7) is the electric field interacting with the medium, and k is a constant value

representing the response of the medium.

If fibre material had a linear response as represented by (3.1), fibre optic communication
systems would be free from all the troubles of fibre nonlinearities described in Chapter 2.
Instead of a constant value, the material response (i.e. x in (3.1)) of fibre material is in
some way dependent on the electric field of the light. The most general form of the induced
polarisation vector is [35]:

P=g |0 E+y@ B +y® B +...), (.2)
where €, is the vacuum permittivity and ¥ (G = 1, 2,...) is the ™ order electric

susceptibility.

The electric suscéptibilities in (3.2) are dependent on the wavelength of the propagating
light. The response of fibre material to a propagating wave is nonlinear due to the existence
of x? (j > =2). The nonlinear response of the fibre material and the interaction between

nonlinearly induced polarisation vectors of multiple co-propagating electromagnetic waves
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lead to a number of fascinating nonlinear phenomena such as self-phase modulation, cross-

phase modulation, four wave mixing and stimulated Raman scattering.

Nonlinear fibre optics is playing an important role in today's fibre optics communication
systems. Better understanding of the nonlinear behaviours of optical signals is essential for
the development of viable engineering solutions that alleviate the undesirable nonlinear
effect, and in some cases exploit those nonlinear effects in order to realize a wide range of
all-optical devices such as switching, demultiplexing, wavelength conversion and
amplification [1], [16], [46], [64]. This Chapter covers some of the important areas of
nonlinear fibre optics, with special attention given to the ones that are relevant to the
analysis of the two all-optical devices: NOLM and TOAD. The organisation of this éhapter
is as follows. Pulse propagation in optical fibre will be described mathematically in Section
3.2. The rest of this chapter will be devoted to the five important nonlinear fibre

phenomena, which are SPM, XPM, optical soliton, FWM and SRS.

3.2  Pulse Propagation in Optical Fibre

3.2.1 Nonlinear Schriodinger equation

The one-dimensional electric field E (z,7) of an optical pulse propagating in optical fibre
cable can be represented mathematically as:

E(z,?) = A(z, 1)-expli(wot —4,2)], 3.3)
where A(z,7) is the slow-varying envelope of the wave, @, is the central frequency of the
optical pulse, k, = n(w,)w./c is the propagaﬁon éonstant at @,, n is the wavelength-

dependent refractive index, and c is the speed of light in vacuum.

In a dispersive nonlinear medium such as optical fibre, the propagation constant is

dependent on wavelength and light intensity given as:
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Ko)=k,()+y-P, (.4)
where k(w) is the effective propagation constant, &, is the linear part of of k(®), v is the
nonlinear coefficient, and P is the optical power of the propagating pulse. The wavelength

dependence of k.(®) can be expressed as a Taylor’s series [25]:

ak(m) (@-o,) o,), T @35)
2 60)2 veosea e *

k)=k +(0-0,)

If (3.5) is approximated by ignoring the higher order terms and then substituted into (3.4),

we will have :

ak(co) Ao®> 9k(w,)
oo 2 on’®

Ak = Ao +y-P, (3.6)

where Ak = k() - k,, and Ao = © - ©,.

The Fourier transform pair for A(z,7) in (3.3) is:

A(Ak, 00) = [ [ A(z,1)- exp(-iAkz)- expliAwi)dzt , (3.7)

A(z,z)é oy — [ [ A(Ak, Aw)- exp(iAkz)- exp(- idor)dAkdAw (3.8)

Differentiating (3.8) with respect to z and  results in (3.9) and (3.10), respectively:

A _ing ae). (3.9)
oz

éf% =—iAo- A(z,1). (3.10)

Differentiating (3.10) with repect to 7 gives:

02 A(z,1
6(2 )_ Ao -Al(z,1). (3.11)
Equations 3.6, 3.9, 3.10 and 3.11 can be combined into:

2 2
PAC) 1 0der) 1 5Ho,) 0AE) b g
& v, a 2 o
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where 1. %"—) . (3.12)
14 5.0

g

Vg is the group velocity of the pulse. The first two partial differential terms can be

transformed to an ordinary differential term as shown in the following equation:

dA(z,t) 1 9%k(,) 9*A(z,7)
i L °=. >~ +vy-P-Alz,)=0. 3.13
RN . ) (3.13)
The first term in (3.13) is interpreted as the ordinary distance derivative as seen by an
observer moving with the veolcity V,. It is useful to transform A(zf) in (3.13) to an
amplitude profile A(z,t), which is in the function of a frame of reference T moving at the
group velocity V. T is commonly known as the time reference to the profile of a

propagating pulse. Then (3.13) becomes:

. 6A(z, 'c) ia B, 62A(z, 'c) 2 '
& T P F A L. . =0 '
i \ n Y |A(z, 'r)] A(z, 1:) , (3.14)

where T = t-z;/V‘g and o is the power loss coefficient to account for fibre loss. B in (3.14)
represents the secord order frequency derivative in (3.13), it is also called first order
dispersion coefficient as mentioned in Chapter 2. A(z,7) in (3.14) is normalised with the
optical power (|A |2 = P). Equation 3.14 is called Nonlinear Schrodinger Equation (NSE)
when a = 0. It governs the evolution of amplitude profile of a pulse propagating in a
dispersive nonlinear medium. The third term of the equation represents the first order
dispersion, and the last term of the equation takes into account the nonlinear effect of the

optical fibre.
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3.2.2 Beam P;‘opagation Method (BPM)

Equation 3.14 is a nonlinear partial differential equation, therefore dannot be solved
analytically. BPM is a numerical approach that is widely used to solve the NSE [35], [65],
[66]. The procedures for solving the NSE using BPM are described in this subsection. All
simulations of optical pulse propagation in fibre cable presentéd in this thesis are calcuated
using BPM. The source code of the Matlab program for implementing BPM is shown in

the Appendix. The source code was written by the Author.

Referring back to (3.14), dispersion (3™ term) and nonlinearity (4™ term) act together to
change the optical field throughout the length of the fibre cable. Since both dispersion and
nonlinearity are dependent on the optical field and the optical field itself is also dependent
on these two terms, the disperion and nonlinearity terms are inter-dependent. BPM yields
an approximate solution for the NSE by assuming that in propagating the optical field over
a small distance, the dispersive and nonlinear effects can be treated as acting i.ndependently

on the optical field. Therefore, (3.14) can be rewritten as:

%g’—ﬂ = (D + N (A(z, D)4, 7), (3.15)
where
5B O o
D=-it -2, (3.16)
N(A(z, D) = iy-|A(z,7)[ . (3.17)

In (3.15), (3.16), and (3.17), D is the dispersion operator which takes the dispersion and
loss into account and N (A(z,x)) is the nonlinearity operatér. In BPM, the whole
propagation distance is split into a large number of segments as shown in Fig. 3.1. At
distance z, the optical field profile A(z,t) propagates a small distance of Az/2 with
dispersion and loss only. When the pulse reaches the point z+(Az/2), the nonlinearity effect

between distance z and z+Az is taken into account and the optical field profile changes
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accordingly. Then the pulse propagates the remaining Az/2 with dispersion and loss only.
The acurracy of this approach depends on the resolutions of the segments. Given a fixed

propagation length, increasing the number of segments would increase the accuracy of

BPM.
Dispersion Nonlinearity
& loss only only
y ~ y A(Z ,T)
—>
<>
Az

Fig. 3.1. Beam propagation method.

For separating the effects of dispersion and nonlinearity, (3.15) is brokeh down into the

following two equations:

Az +(Az/2),7) = exp(D - (Az/2))- A(z,7), ’ (3.18)
A(2+Az,r) = exp(N(A(z +(Az/2),7))- Az)- A(z,7). | , (3.19)
Equation 3.16 cannot be directly substituted into (3.18) as 15 is a differential operator, not

a mathematical expression. In order to solve this problem, D is rewritten by replacing the

differential operator 6/6 T with iw [67]. Then (3.16) becomes:

ﬁ:i%-wz— (3.20)

R

Using (3.17) to (3.20), we can present Fig. 3.1 mathematically as:

A(z + Az,7) = F\(F(F 7 (F(A(z, 7)) - exp(D - Az /2)) - exp(N(F " (exp(D - Az 1 2) - F(A(z,7)))) - Az)) -
exp(D - Az /2))

(3.21)
F(Q and F'Q) in (3.21) represent Fourier-transform and inverse-Fourier-transform,

respectively. Equation 3.21 is used to calculate the change of amplitude profile of a
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propagating pulse over a small distance Az. The calculated profile at z+Az can be
substituted back into (3.21) for calcuating the amplitude profile at z+2Az. This loop of
calculations continues for the rest of the segments. By using this method, we can obtain the

evolution of the amplitude profile of an optical pulse over the whole propagation length.

3.2.3 Pulse deformation

The shape of an optical pulse propagating in a fibre cable generally changes with the
propagation distance due to the interblay between dispersion and nonlinearity. The
evolution of the amplitude profile of a propagating pulse can be obtained by solving (3.14)
with BPM. This section shows how nonlinearity and dispersion deform the profile of a
propagating pulse. Two cases are considered in the computer simulations, which are
obtained by solving (3.14) with the beam propagation method described in the previous
section. The amplitude of the optical field is normalised in such a way that the square of its

absolute value is equal to the optical power.

Case It Pulse broadening

Table 3.1: Simulation parameters for Case I
Parameters Values
FWHM pulse width 5ps
B2 8 ps*/km
y 2 W'km™ for monomode fibre
Peak pulse power 620 mW
Pulse shape Gaussian
Propagation distance 3 km
o 0dB
Time resolution _ 128 points
Distance resolution 1500 points

The simulation result for pulse propagation using parameters listed in Table 3.1 is shown in
Fig. 3.2. Fig. 3.2 shows that the peak power of the pulse is getting lower and the width of
the pulse is getting wider as the propagation distance increases. The pulse broadening is

due to dispersion and nonlinearity. Dispersion is a pulse widening effect, which is
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originated from the velocity differences between various frequency components of the
pulse. The nonlinearity creates a linear frequency chirp with positive gradient across the
central part of a Gaussian pulse [35]. The is due to the optical power dependence of the
effective propagation constant (see (3.4)). The variation of the effective propagation
constant across the optical power profile modulates the phase of the optical wave. The
resultant frequency chirp will lead to pulse broadening as different wavelength components
across the pulse profile travel at different speed. It is also shown in Fig.3.2 that the rate of
pulvse broadening is high for the first 1 km of propagation, but decreases gradually as the
pulse propagates further. This is because the dispersion and nonlinearity terms in (3.14)

become less significant for a pulse with lower intensity and broadened width [35].

0.6 |

Optical Power (W)

Time (ps) 50 O Propagation Distance (m)

Fig. 3.2. Propagation of a broadened pulse.

Case II: Pulse compression

Table 3.2: Simulation Parameters for Case II
Parameters Values
FWHM pulse width 5 ps
B2 -3 ps'/km
y 2 Wkm™
Peak pulse power 500 mW
Pulse shape Gaussian
Propagation distance 3 km
o 0dB
Time resolution 128 points
Distance resolution . 1500 points
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The simulation result for pulse propagation using parmeters listed in Table 3.2 is shown in
Fig. 3.3. Here the evolution of pulse profile is opposite to that of Fig. 3.1. The pulse
compression shown in Fig 3.3 is due to the frequency chirp induced by nonlinearity. The
fibre nonlinearity creates a linear frequency chirp across the qoptical pulse profile. A linear
frequency chirp of a positive gradient under a negative ﬁg leads to pulse compression. This

is exactly the pulse compression effect described in Section 2.4.

Optical Power (W)

. -50
Time (ps) 5 0 Propagation Distance (m)

- Fig. 3.3. Propagation of a compressed pulse.

3.3  Optical Soliton

3.3.1 Optical Soliton at the anomalous dispersion wavelength

Generally, numerical approaches are needed to approximate a solution for the NSE. In
1972, Zakharov and Shabat applied the inverse scattering method to exactly solve the NSE
under some special conditions [68]. The inverse scattering method leads to a set of
analytical solutions for a propagating pulse provided that the initial amplitude profile of the

pulse at z = O satisfies the following general equation.

1.763-1], 6.22)

A(0,7)=Nsech
©,7) sec(T

FWHM
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where Trwmy is the full width half maximum of the optical power profile, and N is an
integer associated with the soliton order. Equation 3.22 is normalised in such a way that the
peak amplitude is equal to 1 for N = 1. The soliton order is related to the other

propagation parameters by the following equation:

Nz = Y P T (3.23)
3118, °

where P, is the peak optical power of the soliton pulse, and 32 must be anomalous.

Equation 3.22 represents a fundamental soliton for N = 1. A fundamental soliton can
maintain its pulse shape profile regardless of the propagation distance. This unique feature
is the result of a delicate balance between SPM and dispersion in the anomalous dispersion

region.

Computer simulation for soliton propagation using BPM is shown in Fig. 3.4. Parameters

used in the simulation (Table 3.3) meet the condition set in (3.23).

Table 3.3: Simulation parameters for soliton propagation
Parameters Values
FWHM pulse width 5ps
B, -8.04 ps*/km
Y 2 W'lkm'l
Peak pulse power 500 mW
Pulse shape Soliton
Propagation distance 3 km
o 0dB
Time resolution 128 points
Distance resolution 1500 points

38



©
(<)}
/

e
S
Vi

Optical Power (W)

0.2 |

Time (ps) -50 Y Propagation Distance (m)

Fig. 3.4. Soliton propagation.

Parameters of a standard single mode fibre at wavelength 1550 nm are y = 2W'km™, and
B2 = -17ps*/km. According to (3.23), the peak power required to support propagation of 5
ps fundamental soliton for a standard single mode fibre is 1 W. Using dispersion-shifted

fibre (DSF) with smaller ]le can reduce the soliton peak power. For example, the soliton

peak power for B, = -lpsz/km and Trwmp = Sps is 62 mW.

The propagation of higher order soliton (N > 1 in (3.23)) behaves very differently from
the propagation of fundamental soliton. The mathematical expression for the propagation

of a second order soliton (N = 2) is given as [35]:

4. {cosh(3 . 1;63 : tJ +3. exp(i 4 é)' COSh(1;63 ‘ TJ] : exp(i : §/2)

FWHM FWHM

Az,7) = ., [324]
[cosh[4 1763 TJ +4- cosh(z (L763. tJ +3-cos(4-£)
TFWHM TFWHM
-3.11-
where & = Z—Z—iz—l . [3.25]
TFWHM

Figure 3.5 shows the evolution of a propagating second order soliton pulse calculated by
(3.24). The simulation parameters are Trwzns = 5ps, B2 = -10ps¥/km, y = 2W'km™, and a. =

0. The initial amplitude shape of any order of soliton pulse is a hyperbolic secant function.
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Therefore initial optical power profile of the second order soliton pulse shown in Fig. 3.5 is
also a hyperbolic secant square shape. The pulse is compressed to a higher peak and
narrower width at the initial stage of the propagation. A small second peak appears at a
distance around 400 m and the pulse is restored to its original shape at 1265 m. If the
propagation distance is extended beyond 1265 m, the pulse shape evolution cycle shown in
Fig. 3.5 will repeat itself every 1265 m. Unlike the fundamental solition, which has an
undistorted shape for any propagation distance, the pulse shape of higher order soliton
changes periodically with a cycle governed by the mathematical function corresponding to
the soliton order. The pulse propagation cycle of the second order soliton is governed by
(3.24). Similarly, all other high order solitons (N > 2) have their own mathematical

functions for calculating their evolution cycles of pulse propagation.

. ' k
0 Shiss
40 -

20 \ 1500
0 K 1000
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. -40
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Fig. 3.5. Pulse propagation for second order soliton.

The distance for one cycle of pulse evolution is called soliton period. The soliton period for

the second order soliton shown in Fig. 3.5 is 1265 m. The equation for calculating soliton

period (z,) is [35]:
0.161-%- T2
z,= |B l FWHM. | (3.26)
2
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Equations 3.22 and 3.23 must be satisfied for soliton propagation. It requires a strict
| control of the shape and peak power of an optical pulse. i’ractically it is very difficult to
generate optical pulses with an exact shape of hyperbolic secant square as required in
(3.23). The soliton discussion so far would merely be a theoretical analysis for
mathematicians if the conditions constituting a soliton pulse set by (3.22) and (3.23) must
be precisely met in the optical transmitter. It turns out that a soliton can still be formed
even if the shape of a pulse is initially deviated from the ideal shape of hyperbolic secant
square, proyided that the pulse has sufficient peak power. If the peak power of a pulse is
equivalent to 0.5 < N < 1.5 in (3.23), the pulse will adjust its shape and width to transform
itself to the shape and width of fundamental soliton after a certain propagation distance.
The non-soliton part of the pulse energy will be dispersed away in the process. If the peék
power of a pulse is equivalent to 1.5 < N < 2.5 in (3.23), the pulse will transform itself to
a second order soliton. The same applies fo all higher order solitons. Figure 3.6 shows the
transformation of an optical pulse from a Gaussian shape to a soliton shape. The
propagating pulse is in the transformation process during the first half of the propagation.
The pulse shape is then kept constant after being transformed to fundamental soliton. This
simulation is obtained by solving the NSE with BPM. Tﬁe simulation parameters for Fig.

3.6 are listed in Table 34,
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Fig. 3.6. Transformation from a Guassian pulse to a fundamental soliton.

Table 3.4: Simulation parameters
Parameters Values
FWHM Pulse Width 5 ps
B, -10 ps*/km
¥ 2 Wikm™
Peak Pulse Power 650 mW (change to 622 mW for the fundamental soliton)
Initial Pulse Shape Guassian (final pulse shape is fundamental soliton)
Propagation Distance 3 km
o 0dB
Time Resolution 128 points
Distance Resolution 1500 points

Theoretically the propagation of fundamental soliton is free of distortion for any
‘propagation distance. In reality, fibre loss limits the propagation distance of soliton
systems since soliton needs sufficient optical power to have the required nonlinearity
balanced against dispersion. According to (3.23), the pulse width of a propagating soliton
will increase as its peak power decreases due to fibre loss. It is necessary to use optical

amplifier to maintain the peak power level of the soliton pulses as mentioned in Section

2.6.
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3.3.2 Optical soliton at zero dispersion wavelength

Optical soliton in the anomalous dispersion region is the effect of a delicate balance
between fibre nonlinearity and the first order dispersion coefﬁcient. In standard fibre, the
first order dispersion coefficient dominates over higher orders dispersion coefficients. In
dispersion-shifted fibre, where B, for the operating wavelength region is zero, dispersion
would exist in the form of higher order dispersion coefficients. Since the dispersion of NSE
(i.e. (3.14)) has only the first order dispersion coefficient term, the term of higher order
dispersion coefficient needs to be included for dispersion-shifted fibre. If the fibre loss is

ignored, the modified propagation equation becomes [35]:

3
i—aAg’ J ——i%-—-———a ‘;ﬁf’ 9, v-|4(z, 7Y - 4(z,7)=0, (3.27)

where B3 is the second order dispersion coefficient.

Figure 3.7 shows the change of frequency spectrum of a hyperbolic secant pulse
propagating at the zero-dispersion wavelength [35].’ The spectrum of a soliton-shape pulse
initially centres at the zero dispersion wavelength (dashed line in Fig. 3.7). After a certain
propagation distance, the pulse spectrum will be split into two spectral peaks (solid lines in
Fig. 3.7) due to the self phase modulation effect [35]. The two peaks are in positive and
negative B, regions, respectively. The spectral peak in anomalous B, will form a soliton as
the negative value of B, balances against the fibre nonlinearity. The part of pulse energy in
the positive 3, will disp‘erse away because of the dispersion effect. The soliton peak power

in the anomalous [3; region is related to other system parameters as:

2 _ VP Do
= W 3.28
5.48-|8,| | 3-28)
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Fig. 3.7. Frequency spectrum of a hyperbolic secant pulse propagating at zero-dispersion
wavelength.

In general, the reason for using zero-dispersion wavelength in fibre optics communication
is to suppress the dispersion effect and avoid the merger between two adjacent pulses in a
long distance transmission. Nevertheless, this argument is invalid for soliton transmission
since there is no dispersion problem in soliton systems. The advantage of transmitting
soliton pulse at zero dispersion wavelength is the reduction of the peak power required to
support soliton propagation. For the same value of N, lower peak power is required in
(3.28) than in (3.23). However, the formation of soliton at zero dispersion wavelength
requires a long propagation distance in order t§ get rid of the dispersing positive B, part of
the pulse energy. The dispersing part of the pulse energy may interfere with the adjacent
pulses in the process of soliton formation if the duty cycle of the signal is not sufficiently

small.
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3.3.3 Soliton interaction

Soliton interaction refers to the attractive and repulsive forces between two adjacent
solitons. Two adjacent solitons may move closer/apart during propagation, depending on
the separation time, their relative phase and amplitude. For two solitons with the same
amplitude, the attractive force between them is at maximum when they are in-phase (no
phase difference) and the repulsive force between them is at maximum when they are anti-
phase (phase difference = 7) [60]. The forces of soliton interaction increase when the
separation time bet\'zveen the two solitons decreases. Soliton interaction has a devastating
effect on OTDM transmission as it may result in a complete dislocation of the pulses from
their corresponding time slots. The attractive forces between two solitons may also lead to

a merger between the two.

The equation for the time domain profile of two adjacent in-phase fundamental solitons at z

=0 1is given as:

1.763-(1:—A%) + ool 1.763-(r+A%)

FWHM T FWHM

A(0,1)=sech , (3.29)

where AT is the time separation between the peaks of the two soliton pulses.

Equation 3.29 is substituted into (3.14) and then solved by BPM. The results are shown in

Fig. 3.8, and the simulation parameters are listed in Table 3.5.
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Fig. 3.8. Pulse merging cycle due to the attractive force of soliton interaction.

Table 3.5: Simulation parameters
Parameters Values
FWHM pulse width 3 ps
B, -10 ps*/km
Y 2 W'km™
Peak pulse power 1.73 mW
Initial pulse phape A pair of fundamental solitons (in-phase)
Separation time of the soliton pair 12ps (between the peaks of the solitons)
Propagation distance 26 km
o 0dB
Time resolution 128 points
Distance resolution 13,000 points

- As can be seen from Fig. 3.8, initially the two solitons are separated by about 10 ps. As the
propagation distance increases, the two pulses get closer by the attractive force of soliton
interaction until they completely merge at around the propagation distance of 7.5 km.
Beyond this point, the two pulses diverge away from each other as they propagate further.
At around propagation distance of 15 km, the two pulses start to converge, once again

merging completely at around 22 km. The evolution of two initially in-phase solitons will
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- follow a pattern of pulse merging cycle similar to the one shown in Fig. 3.8. The length of

the pulse merging cycle (Ls) depends on the separation time between the two solitons and

is given as [35]:

o nh(1.763-ATJ.COSI{O.;SZ-AT)_ r

L= FWHM TR (3.30)
1.763-AT . . (1.763-AT
3.11~|le-[——————TWM +smh(—TFWHM ﬂ

In Fig. 3.8, the two successively propagating solitons merge into one provided that the
initial phase difference between them is zero. However, if the initial phase difference
between two solitons is 7, then the repulsive force of soliton interaction will drive them
apart. The equation representing two successively propagating solitons with phase
difference 7 is:

1.763-(‘[—A%) oo 1.763-(r+'A%)

FWHM T, FWHM

A(0,7) =sech e, (3.31)

Equation 3.31 is substituted into (3.14) and then solved by BPM using the same simulation
parameters in Table 3.5. The results are shown in Fig. 3.9, which illustrates that two

solitons are driven apart as they propagate along the fibre.

One way to avoid soliton interaction is to increase the soliton separation time. The soliton

interaction is insignificant if the soliton separation time meets the following condition [35].

AT >>1.13 Ty log(L—T), (3.32)
z

o

where Lz is the transmission distance, and z, is the soliton period (see (3.26)).
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Fig. 3.9. The repulsive force of soliton interaction.

The overall impact of soliton‘ interaction on an optical signal also depends on the bit pattern
of the signal. If all bits are ones and the phase relationship between neighbouring pulses is
the same, the soliton interaction will have no overall effect on the optical signal. For any
pulse in the pulse train, the attractive/repulsive force by its preceding pulse will be
cancelled out by the attraétive/repulsive by its successive pulse. However, for real signal
with random characteristics, the situation is more complicated. Employing coding schemes
for a soliton train can reduce the impact of soliton interaction by making the mark and

space more evenly distributed.

3.4  Cross Phase Modulation

Equation 3.14 represents the propagation of an optical wave. For the co-propagation of
multiple opticai waves with different wavelengths or polarisations, (3.14) needs to be
modified to include additional fibre nonlinearity terms. In (3.4), the fibre nonlinearity is

represented by the nonlinear coefficient term y. XPM occurs due to the fact that the
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effective refractive index of an optical wave depends not only on its optical power but also
on the optical power of other co-propagating waves. The dependence of the effective
refractive index on optical power and the resultant modulation of optical phase will be

discussed in Section 3.4.1. Section 3.4.2 describes the XPM effect on the polarisation-

maintaining (PM) fibre.

3.4.1 Optical Kerr effect

The electric field of a linearly polarised continuous optical wave can be expressed in
trigonometric form as:

E= Acos(w b)), (3.33)
where 4 is the slow-varying envelope (it is a constant value for a continuous wave), and ®,
is the central frequency of the optical wave. In order to simplify (3.33), the distant variable
z is omitted for the consideration of only one observing point along the fibre cable.
Equation 3.33 neatly represents a propagating optical wave. However, for the cases of
multiple co-propagating optical waves, it is tedious and mathematically cumbersome to
perform multiplication and division among trigonometric expressions. It is a common

practice to represent (3.33) in exponential terms as:
1 . 1 . .
E= EA exp(io t)+ 5 A exp(—iw t), (3.34)

where 4" is the complex conjugate of 4.
The electric field of two continuous optical waves of different wavelengths co-propagating

in a fibre cable is:

E(f)= —;—AI explio, 1) +%A; exp(- iwlt)+%A2 exp(io, 1) +%A2* exp(—iw 1), (3.35)
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where A; and A are the slow-varying amplitude profiles of the electric fields, and ®; and
®; are the central frequencies of the two optical waves. Equation 3.35 is in scalar form,

with the assumption that the two optical waves are polarised on the same plane.

The electric fields interact with the susceptibilities of the fibre material to induce
polarisation (see (3.2)). Mathematically it is equivalent to substituting (3.35) into (3.2). The
first order susceptibility in (3.2) represents the linear response of the material. Only the
third order susceptibility is considered in this sub-section as it is the one contributing to the

XPM phenomenon. Substituting (3.35) into the third susceptibility term in (3.2) gives:

1 : :
P,.(1)= o [P, (0, )- explioo )+ Py (w0, )- explico )] +..... (3.36)
where
3 ©)]
Pu (a)l): Eofm : QAIIZ +2'|A2|2)' 4, (3.37)
3 ®)
B or)= o= (4 2 4]} 4. (39)

Only the terms relevant to SPM and XPM are shown here.»Equations 3.37 and 3.38
represent the nonlinear polarisations of frequencies w, and w,, respectively. The third
order susceptibility % is in a tensor structure with components responsible for different
combinations of polarised planes of the two optical waves. As the two optical waves are
assumed to be linearly polarised on the same plane, only one component of x® (i.e.
Yxoa) is included in (3.37) and (3.38). As shown in (3.37) and (3.38), the nonlinear
polarisation of an optical wave depends not only on the light intensity of that wave but also
on the light intensity of its co-propagating wave. If (3.35) is extended to N co-propagating
waves, the nonlinear polarisation of each wave will have N nonlinear terms. The first and

second terms of (3.37)-(3.38) lead to SPM and XPM, respectively. The contribution of
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XPM terms to the nonlinear polarisation is twice as effective than that of the SPM term, as

shown in (3.37) and (3.38).

An electric field is related to its induced polarisation by:
P=¢, -¢c-E, _ (3.39)
where € is the dielectric constant (or relative permitivity). The dielectric constant consists

of linear part and nonlinear part for taking into account the linear and nonlinear

dependence of the induced polarisation. The linear and nonlinear parts of the dielectric

constant for , in (3.35) are given in (3.40) and (3.41), respectively.
g, =1+94W. (3.40)

En = i @, (4 +24f) - (3.41)

enz may be different for individual co-propagating optical waves as XPM is twice effective
as SPM, as shown in (3.41) and (3.37)-(3.38). The dielectric constant can be related to the
refractive index by the following equation [35].

g, +&,, =(n+An), - (342
where # is the linear part of the refractive index, and An is the change of refractive index
due to fibre nonlinearity. Here, the fibre loss term is neglected since it is very small
compared to other terms. Given the approximation An << n, (3.42) can be rearranged to
solve An as:

An=n, (4] +2-|4,[%), (3.43)
where

_ —Re(x‘” ). | | (3.44)

m, is called nonlinear-index coefficient [35].
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According to (3.3), the phase of a propagating optical wave is described by the following
equation:

d)(z, t) = - %T;.ﬂ -z, (3.45)

o

where ®, is the central frequency of the optical wave, A, is the central wavelength of the
optical wave, and n.y is the effective index of refraction, which consists of linear and
nonlinear parts, as was stated previously. The phase shift experienced by a particular point

of the envelope profile is distance dependent, as given by:

¢(z):2'+'"‘lfi- z) (49

o

The phase change of 4; due to fibre nonlinearity can be calculated by replacing nes in

(3.46) with An in (3.43). The result is:

o =‘2'”—/'1"""2—-QAI|2 +2-|A2|2). (3.47)

[A,. Iz is normalised to be the light intensity. Then (3.47) becomes:

_2-m-z-n,

b =720 +2-1,), (3.48)
o " e

where Aeﬁ" is the effective cross-section area of the fibre cable, and /; and I, are the light

intensities of the optical waves.

According to (3.48), the phase changes due to SPM and XPM for propagation distance L

are.
bser =Y-H-L, (3.49)
bxpae =275 - L, (3.50)

where P; and P, are the optical power of the co-propagating optical waves, and v is the

nonlinear coeffient given by:
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2-7-n,
= . 3.51)
Y oA (

o

Equation 3.50 plays a very important role in the mathemathical model presented in Chapter

5.

The description of XPM so far is focused on the effect of two or more co-propagating
optical waves linearly polarised on the same plane. It is shown in Ref. 35 that XPM is at its
maximum when the two co-propagating waves are linearly co-polarised, and at its
minimum when the two co-propagating waves are orthogonally polarised. The orthogonal

case is about 1/3 as effective as the linearly co-polarised case.

3.4.2 The effect of XPM on polarisation-maintaining fibre

Single mode fibre cable supports two principal axes (x and y) of polarisation. The overall
polarisation of the light is dependent on the relative strength of its electric fields polarised
in x- and y-axes. In an isotropic medium (i.e. the effective refractive index experienced by
an optical wave is the same regardless of the polarisation), the refractive indices of x- and
y-axes will have the same value. Therefore, the overall polarisation of the light will be kept
constant as the light propagates in such a medium. Fibre material is an anisotropic medium,
which means that the two principal axes have different refractive indices, namely 7, and n,.
The difference of refractive indices leads to a velocity difference between the two
orthogonally polarised modes. The velocity difference periodically changes the relative
phase difference of the x- and y- polarisations. If an incident light propagates in both
principal axes, its overall polarisation state will experience cycles of change the same as
the relative phase difference does. The strength of this effect is quantified by a parameter

called the degree of modal birefrigence (Br), which is given as [35]:

B =

n.—n,|. (3.52)

x y
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A propagating light wave in fibre cable, initially 45° linearly-polarised against both )'c- and
y-axes, will experience a cycle ;’f polarisation evolution: linearly-polarised -> circularly-
polarised -> elliptically-polarised -> linearly-polarised with 180° out of phase -> circularly-
polarised -> elliptically-polarised -> linearly-polarised. The fibre length for a complete

evolution cycle to occur is called beat length (L5), which is related to Br by [35]:

L= (3.53)

i
B,
‘If the incident light is polarised with one of the principal axes in an anisotropic medium, its
polarisation state will not change as it propagates. Typical optical communication systems
employ direct detection in optical receivers. Therefore it is not necessary to maintaiﬂ the
polarisation state of the propagating signal. Nevertheless, in some all-optical devices, it is
important to maintain polarisation state of the processed signal. Both types of all-optical
demultiplexers analysed in this thesis require a constant polarisation state for optical signal
circulating inside the devices for efficient operation. However, inevitable variations in fibre
geometry and composition lead to coupling of energy from one polarisation to the other.
One way to overcome this problem is to deliberately introduce a large amount of modal
birefrigence into the fibre in order to make the small and irregular perturbations negligible.
This type of fibre is called polarisation-maintaining (PM) fibre. Br in PM cable must

satisfy the following equation for maintaining the polarisation state of the propagating

signals [69].

By 2M . (3.54)

According to (3.52), a large of amount of modal birefrigence is required to maintain a
sufficient difference between n, and n,. The principal axes supporting faster and slower

light propagation are called fast and slow axes, respectively. The refractive index of the
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fast axis is smaller than that of the slow axis. If two co-propagating optical waves with
high intensity are polarised in the same principal axis, the effective index of refraction is
equal to the refractive index of that axis (x or y) plus the nonlinear refractive index induced
by fibre nonlinearity. The difference between 7, and n, decreases if the co-propagating
| optical waves are polarised in the fast axis. This will make Br smaller and may eventually
destroy the properties of PM fibre if B is too small to satisfy (3.54). Polarising the co-
propagating optical waves in slow axis can avoid this problem. The other way to avoid this
problem is to introduce sufficiently high degree of birefrigence into the PM fibre for

compensating the nonlinear refractive index induced by SPM and XPM [35].

3.5 Stimulated Raman Scattering

Stimulated Raman scattering is a nonlinear process that transfers photons from higher
frequency components to lower frequency components. The energy of a photon is
represented by:

E.=hnf, : (3.55)
where E, is the photon energy, 4 is the plank’s constant, and f'is the optical frequency. The
energy difference due to the transfer of a photon from high frequency component to low
frequency component in SRS will change the vibrational state bf the molecules of the fibre
material for energy conservation. The origin of SRS is the imaginary part of the third order
susceptibility of the fibre material. The optical waves at the lower frequency component
that gains optical power in the process is called the Stokes wave. The optical wave that
gives up optical energy is called the pump wave. The growth of a Stokes wave is given as
[35]:

dl
ES_ =g, 1.-Ig, (3.56)
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where Iy is the Stokes intensity, Ip is the pump intensity, and gr is the Raman-gain
coefficient. gr lies on a gain spectrum with a wide frequéncy range (up to 40 THz). This
feature makes SRS a promising candidate as an optical amplifier (see Section 2.5). The gr
spectrum depends on the pump wavelength. Equation 3.56 requires a co-propagating
Stokes wave for SRS to occur. In practice, SRS exists even if there is no co-propagating
Stokés wave to begin with. A high intensity pump wave will generate a spectrum ggr of
weak intensity. This process is called spontaneous Raman scaterring. Then the newly

generated weak Stokes wave can act as /s in (3.56) to initiate the SRS.

Equation 3.56 represents the SRS in continous i)ump and Stokes waves. For the case of co-
propagaﬁng pump and Stokes pljlses, it is necessary to take into account the chromatic
dispersion, SPM and XPM. Two interactive propagating equations for the pump and
Stokes waves need to be considered for evaluating the nonlinear effects mentioned above.
Each of the two propagating equations are simular to (3.14) with inclusion of the SRS and

XPM. The coupled propagation equations for the pump and stokes waves are given as:

o4 ' ’
j p(Z’T)_i_E_’BZP ) 0 AP(ZZ’I)-;-;/-(}AP(Z,TMZ +2'|AS(Z,71)‘AP(Z:T)+
oz 2 2 or (3.57)
iZ—:-%-lAS(Z,TY -AP(Z,T):O
. 2
o) i B PACTD) (4o 2 e )) 4,
. 2 2 o (3.58)
ig—R'IA,-(Z;'[XZ -AS(Z,’Z')=O
Aeﬁr

where Ap and A4s are the pulse envelopes of the pump and Stokes waves, respectively, B2p
and Pos are the first order dispersion coefficients of the pump and Stokes waves, and @p
and g are the frequencies of the pump and Stokes waves, respectively. The SRS terms in

(3.57) and (3.58) are in opposite signs because the pump wave loses energy and the Stokes
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wave gains energy. The effective cross section area of the fibre (45) is included in the SRS
terms to convert the optical power (l4 (z, z'xz) to the signal intensity in (3.56). In (3.57), the

Raman gain coefficient is multiplied by the frequency ratio of wp/ms, reflecting the fact
that the pump wave has larger photon energy than the Stokes wéve. In general, (3.57) and
(3.58) should be solved numerically to evaluable the SRS effect on the co-propagating
pump and Stokes pulses. When most of the energy of the pump wave has been transferred
to the Stokes wave, the Stokes wave may have sufficient intensity to transfer its own

energy to a down-shifted frequency component through a second order SRS process.

3.6  Four Wave Mixing

Four wave mixing is a nonlinear process that generates new frequency components from
existing frequency components [35]. It is so named because FWM involves four optical
waves, including the existing and newly generated optical waves. For presenting the
mathematical origin of FWM, the propagation of three optical waves in a fibre is

considered first. It can be represented by:

E(Z):—;—Alexp[i(m,t——klz)]+%.4fexp[—i(m,t—klz)]+%A2exp[i(wzt—kzz)]+ .
4, exp[— i(wzt —kzz)]+—;—A3 exp[i(w3t ~ k3z)]+%A; exp[— i(w3t —k3t)] ’ o
where 4; is the slow-varying amplitudes of electric fields of the optical waves, w; is the
frequencies of the optical waves, and £; is the propagation constant of the optical waves (i
= 1,2,3). The nonlinear response of the polarisation can be evaluated by substituting (3.59)
into the third order.susceptibility term in (3.2). As the third order susceptibility term in
(3.2) involves E(t) 3 the terms of the resultant polarisation consist of terms with different

2

permutations of A;, Ay, As; and their conjugates. The terms IA,IZ, |4,|" and |A3|2

representing SPM and XPM were described Section 3.4. The other terms of the resultant
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polarisation are for FWM. Two of the FWM terms of the nonlinear polarisation are given

as:

(3.60)

> 6-c, -4 [AA 45 expli((0, +0, +oy ) - +k, +k))]+
e g A4 expli((20, —w, ) — 2k, -k, )2)]+... '

There are many FWM terms similar to (3.60). Each term represents the anihiliation of
photons of existing frequency components and the creation of photons of newly generated
FWM components. The anihiliation and creation of photons at different frequencies can
occur in a great variety of forms. An example is given below for the first FWM
polarisation terms of (3.60). A new frequency component created from the first term of

(3.60) is represented as:

Eone =E, exp[i(m4t—k4z)], ’ (3.61)
where
E,=E,-E, -E,, (3.62)
0, =0, +0, +0,, (3.63)
ky=k +k,+Fk,, (3.64)

A phase matching condition of (3.64) is required for the creation of the new FWM wave.
Equation 3.65 shows the three contributions to phase mismatch Ak in FWM. |

Ak = Ak, + Ak, + Ak, ' (3.65)
where Aky is the phase mismatch due to waveguide dispersion, Ak, is the phase mismatch
due to material dispersion, and Aky;, is the phase mismatch due to fibre nonlinearity. The
phase matching condition is satisfied if Ak is equal to zero. The waveguide dispersions of
different frequency components are nearly the same in single mode fibre. Aky; can be
ignored if the intensities of all co-propagating optical waves are the same. Ak, is very

close to zero if all the optical waves are transmitted within the zero-dispersion wavelength

region. Therefore, FWM will have most significant impact on the transmission systems
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employing dispersion shifted fibre with a flat zero-dispersion wavelength region. The
effect of FWM on such systems and the methods to alleviate the problem were described in

Chapter 2.

3.7 Summary

Theories of nonlinear fibre optics have been introduced in this chapter. The topics
discussed include nonlinear Schrodinger equation, beam propagation method, optical
soliton, self phase modulation, cross phase modulation, stimulated Raman scattering and

four wave mixing.
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CHAPTER FOUR - SEMICONDUCTOR LASER AMPLIFER

4.1  Introduction

A ﬁlajor function of the semiconductor laser amplifier is to amplify optical signals without
the need of optical-electrical-optical conversion. There are two types of SLA: Fabry-Perot
(FP) and travelling wave (TW). The only difference between them is the level of
reflectivity on the two facets at the longitudinal ends of the SLA (details can be referred in
Section 4.2). Anti-refection coating is added to the facets in the TW-type SLA in order to
allow the input optical power to pass straight through the SLA without encountering any
internal feedback. FP-type SLA, like a semiconductor laser, does not have anti-reflection
materials coated on the surface of its facets. One of the all-optical demultiplexers being
analysed in this thesis (i.e. TOAD) employs TW-type SLA. This chapter will give a
general description of the properties of TW-type SLA. For the sake of simplified
abbreviation, the term SLA used for the rest of this thesis refers to TW-type SLA unless it

is explicitly specified otherwise.

SLA was expected to play a very important role in the future optical communication
systems as in-line amplification for boosting attenuated optical signals and pre-detection
amplification for enhancing system sensitivity [70]-[72]. However, the uses of SLA as
lumped amplifiers and preamplifiers have been less significant since the introduction of
EDFA in 1989. This is because EDFA is widely regarded as a better technology compared
with SLA in terms of noise figure, polarisation insensitivity and saturation output power
for optical amplification at wavelength 1550nm [73]-[74]. Although EDFA has replaced
SLA for linear amplification in long-haul optical systems, SLA still finds many other
applications in optical communication systems. One of those is the exploitation of

amplifier’s nonlinearity in all-optical processing. This chapter covers both the linear and
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nonlinear properties of SLA. The operation principles of SLA are described in Section 4.2.
Section 4.3 describes the rate equations, which are a set of mathematical functions for
evaluating the carrier and photon densities inside a SLA. The linear and. nonlinear
characteristics of light propagating through a SLA are described in Section 4.4. Section 4..4

will also describe the gain and phase dynamics of ultra-short pulse’s amplification.

4.2  Operation Principles

Current
v
Input Light
——— > ED@IDH[ > | | Output Light >
Tin S § Tout
N J |
Yo
Active Medium

Fig. 4.1. Light amplification in a FP-/TW- type SLA.

Figure 4.1 shows the light amplification process inside a FP-/TW- type SLA. The input
light enters into the active medium through the left facet of the amplifier. It then gets
_amplification by stimulated emission inside the active medium. \This amplification
mechanism will be explained later in this section. Finally, the amplified light emerges at

the output through the right facet of the amplifier.

The three physical processes governing the creation and annihilation of photons inside the
active medium are (i) spontaneous emission, (ii) stimulated absorption and (iii) stimulated

emission. These processes are illustrated in Figs. 4.2a, 4.2b and 4.2c, respectively.
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Fig. 4.2a. Spontaneous Emission. Fig. 4.2b. Stimulated Absorption
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Fig. 4.2c. Stimulated Emission.

In spontaneous emission (Fig. 4.2a), an electron at a higher energy-state (conduction band)
is dropped to a lower energy-state (valence band). The energy difference leads to the
creation of a new photon or the generation of heat/vibration. The strength of spontaneous
emission is quantified by a parameter called spontaneous life-time (7,), which is
dependent on energy bénds. Shoner T, means stronger spontaneous emission (i.e. more
excited electrons drop to lower energy level by releasing photons). The newly created
photons will radiate at random phase and direction. In stimulated absorption (Fig. 4.2b), an
incident photon interacts with an electron at the valence band. The results are the
annihilation of the incident photon and the lifting of the electron from the valence band to
the conduction band. The energy difference between the valence and conduction band is
equal to the energy of the annihilated photon for energy conservation. In stimulated
emission (Fig. 4.2¢), an incident photon interacts with an excited electron to release two

identical photons with the same phase, frequency and propagation constant. The energy-
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state of the excited electron will drop from its original position (conduction band) to the

valence band in the process.

The input light to the amplifier participates in the stimulated emission process as shown by
Fig. 4.2c. Each of the incident photons will interact with an excited electron to generate
another identical photon. The result will be light amplification. The photons generated by
spontaneous emission will not be part of the amplification process as they radiate in
random phase and direction. A small number of them will propagate within the signal
waveguide and eventually become amplifier noise. Stimulated absorption acts as a loss
mechanism to the amplified light.A High efficiency of light amplification requires the
occurrence of stimulated ‘emission to be maximised and the occurrence of stimulated
absorption and spontaneous emission to be minimised. The three processes compete with
each other inside the active medium. The probability of stimulated emission increases with
the incident photons and the electron density at the conduction band. The probability of
spontaneous emission increases with the electron density at the conduction band. The
probability of occurrence for stimulated absorption increases with the incident photons and
the electron density at the valence band. With no externally supplied current, electron
density at the valence band is much higher than that at the conduction band at room
temperature, according to the Fermi-Dirac function [75]. Therefore light amplification will
not occur under this condition. In order to create a condition in which the electron density
at the conduction band is higher than that at the valence band, the amplifier needs to be
biased with a certain amount of electrical current. The bias current supplies a large number
of excited eléctrons to the active medium to create the condition of population inversion of

electrons for the stimulated emission to occur.
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The labels 7i, and 1, in Fig. 4.1 represent the reﬂectivityx of the input and output facets
respectively. As outlined in Section 4.1, facet reflectivity is the parameter that
differentiates between FP ar;d TW types of SLA. Antireflection coatings are added on the
surface of the facets of TW-type amplifier to make r;, and .. negligible, thus allowing the
input light to pass straight through the active medium to the output facet. In practice, even
with the best antireflection coatings, there is still some residual reflectivity on both facets.
A SLA is regarded as near travelling wave (NTW) type as long as it satisfies the following
equation [72]:

Gy ++Jr, 1,y <0.17, (4.1)

where Gy is the single pass gain of the amplifier. In this thesis, a SLA is defined as TW |
type as long as it satisfies (4.1). In FP-type amplifier, the input light is reflected by the
facets and oscillates within the active medium. The total signal gain increases with the
number of oscillations until the carrier density is depleted to a point where the increase of
photons due to stimulated emission is cancelled out by the mechanism of photon loss, thus
inhibiting the signal from further growth [76]. The gain at the steady state represents the

internal optical gain provided by the FP-SLA to the input signal.

TW-type SLA has many advantages over FP-type SLA in linear amplification, including
wider bandwidth, low sensitivity to signal polarisation, larger saturated output power and
tolerance to temperature and bias current fluctuation. The amplification characteristics of
TW-type SLA will be discussed in detail in Section 4.4. FP-type SLA has a narrower
bandwidth as the reflectivity on the two facets only allows the amplification of an envelope
of discrete longitudinal modes. Each longitudinal mode has a narrow spectral width. This
effect is similar to the oscillation of discrete longitudinal modes in semiconductor laser
diode [76]. On the contrary, an ideal TW-type SLA with zero reflectivity on both facets

will have a continual gain. On the other hand, the FP-type SLA has some advantages over
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the TW type. Firstly it required a smaller bias current to support the high output gain. With
the oscillation of multi-pass gain, the FP-type SLA requires lower carrier density to attain
high internal gain. Secondly it introduces Jess amplifier noise due to its narrower

bandwidth.

4.3  Rate Equations

The prerequisite data required for the analysis of light propagation in a SLA are the
variation of carrier and photon densities in temporal and spatial domains. Once the
dynamics of the carrier and photon densities across the SLA length during the time period
of light propagation are knoWn, it is possible to predict the responses of a SLA to the input
light. Rate equations are two mathematical functions which govern the interaction between
photon and carrier densities inside an active medium. The characteristics of SLA response
to an incident light have been studied by many researchers using various mathematical

models [77]-[85]. Most models are based on these rate equations.

There are a number of slightly different forms of rate equations reported in the literature.
This section will first describe a number of these and highlight the subtle differences
between them. The particular rate equations used in this thesis and the reasons for their

selection will be given at the end of this section.

The factors that contribute to the changes of carrier density inside the SLA over time are

best described by the following partial differential equation.

owN_ I _, I-g-1,

(4.2)

o qV, T E

>
p

where N is the carrier density, /. is the electrical current, g is the electron charge, Vg4 is
the volume of the active medium, R, is the spontaneous emission, I" is the confinement

factor, I, is the signal intensity, g is the differential gain (i.e. gain per unit length) and E,
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is the photon energy. The bias current, represented by the first term of (4.2), supplies
excited electrons to the active medium, and it is assumed to be independent of the spatial
postion within the active medium. Variations in carrier density over the cross-section due
to current diffusion from the top to the bottom of the active region (see Fig.4.1) are
ignored. This is justified because the thickness of the active region is generally smaller
than the diffusion length [86]. R, represents the loss of excited electrons by spontaneous
emission. The last term in (4.2) represents the loss of excited electrons by stimulated
emission. The confinement factor I' is the ratio between the cross-section area of the active
region and the transverse area of the optical waveguide. Since the transverse area of the
optical waveguide is generally larger than the cross-section area of the active region, not all
optical power of the propagating pulse interacts with the active medium. The confinement
factor included in the stimulated emission term reflects the fact that only the portion of
optical waveguide overlapping with the cross-section area participates in the stimulated
emission process. The signal intensity increases with the propagation length inside the SLA
because of the amplificatuion process. Therefore, the carrier density varies with the
longitudinal position of the SLA. Equation 4.2 is the partial differential equation that

describes this change of carrier density in terms of time and longitudinal distance.

The gain g in (4.2) depends on the signal wavelength and the carrier density [87]. The peak
gain g, of the gain spectrum at carrier density N is given as [87]:

g,=a-(N-N,), | (4.3)
where a is the gain coefficient and N, is the transparent carrier density. There will be
neither gain nor loss if the carrier density is at the transparent level. The gain spectrum and
its peak wavelength are different for different values of carrier density. If the input light

has a wide bandwidth, a wavelength integration of stimulated emission could be used to
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replace the third term in (4.2) for higher accuracy of the rate equation [78]. However, this

approach requires much more computation time.

The rate of change of light intensity inside the SLA can be heuristically represented by:

dl
sig _ r‘.g .In_ _aSlA .I:ig 5 (44)
dz

where a4 is the photon loss coefficient. Equation 4.4 is a total differential equation that
describes the change of light intensity over propagation distance while the optical signal is
travelling inside the SLA. as.4 in (4.4) is equivalent to the term of photon lifetime in [80]
and the terms o, and o, in [78]. This loss term could be neglected to reduce calculation
time if the carrier density is high. Equation 4.3 shows that the differential gain is difiectly
proportional to N and it becomes the dominant term in (4.4) for large N. Equation 44: does
not include the gain of light intensity from spontaneous emission. The R;, term in (4.2) will
generate photons radiating at random direction and phase. Only a very small portion of this
random-phase light propagates along the signal waveguide contributing a negligible
number of photons. However, the spontaneously emitted photons in the signal waveguide
get amplified through stimulated emission. The resultant amplified spontaneous emission
(ASE) is a major noise source of optical amplifier. Spontaneous emission increases with
the bias current (see (4.2)). Adams, ef-at [78] show that ASE has negligible impact on the
rate equation if the current density is below 1500 A/cm?. In order to be consistent with the
rate equation of carrier density (see (4.2)), the spontaneous emission term is not included in
(4.4). However, for the analysis of concatenated effect of lumped SLAs, it is necessary to
include the ASE term in fhe rate equation because the accumulated ASE of serially
connected SLAs is significant. In this anélysis, since only a single SLA is required in the
application of ATOAD (see Chapter 7), the spontaneous emission term is not included in

4.4).
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Equations 4.2 and 4.4 are used to calculate the rate of change of carrier density and light
intensify inside the SLA. There are some discrepancies in the literate regarding the
confinement factor used in the stimulated emission terms of the rate equations. As in (4.2)
e;nd (4.4), references [72], [78], [88] include the confinement factor in the rate equations of
both carrier density and light intensity. Some other models (e.g. [80], [82]) include the
confinement factor only in the rate equation of light intensity, but not in the rate equation

of carrier density, i.e.:

N__ L g 8w @5)
o qVg T E,
dl

sig
zZ

(4.6)

zr'g'lﬁg —ag, -1

sig *
The strength of I, is quantified by the amount of optical power per unit area transverse to
the propagation direction. In the carrier density rate equation, there is no need to include

the confinement factor into the stimulated emission term since /g itself already represents

the strength of light within the cross-section area of the active region.

The newly generated photons inside the active region due to stimulated emission cannot be
confined within the cross-section area of that region since the transverse area of the signal
waveguide is larger than the cross-section area of the active region. The newly generated
photons will éventually ‘disperse’ over the transverse dimensions of the signal waveguide.
It is necessary to include the confinement factor in the stimulated emission term of (4.6) in
order to take into account the effect of the resultant reduction of ;.. Therefore, it is more
accurate to use the rate equations (4.5) and (4.6) to describe the rate of change in carrier

density and signal intensity inside the active region.

Some mathematical models (e.g. [77], [85]) adopt the unit of optical power Py;, instead of

light intensity in the rate equations, which are given as:
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where Py is the total optical power in the transverse waveguide, 4sz4 is the cross-section
area of the SLA. Unlike (4.5) and (4.6), the confinement factor is included in both the rate
equations in order to prevent the optical power outside the active region from interacting

with the carrier density.

There are two mathematical definitions in the literature for the spontaneous emission term

R, of rate equations. A simple definition is given in [78], [80], [82] as:

N (4.9)

sp
A more complex definition is given in [77], [89] as:
R,=A-N+B-N’+C-N°, (4.10)
where 7, is the spontaneous emission time, 4 is the surface and defect recombination
coefficient, B is the radiative recombination coefficient and C is the Auger recombination
coefficient.
Most mathematical models use (4.9) to predict SLA performance because of its simplicity.
Ty, can be obtained by comparing the experimental results with (4.9). Equation 4.10
contains the terms of radiative and nonradiative recombination. B is responsible for
radiative recombination and the other two coefficients ‘are responsible for nonradiative
recombination. More accurate simulation results can be obtained by including only the
radiative part of (4.10) for the rate equation of signal power and including the whole
equation of (4.10) for the rate equation of carrier density [89]. This is because only the

radiative part of the spontaneous emission contributes to the creation of new photons. The
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SLA model adopted in this thesis will use the simpler definition (i.e. (4.9)) to evaluate R,
for three reasons. Firstly, the aim of the SLA model is to calculate the gain and phase
dynamics of the SLA for evaluating the TOAD switching window (see Chapter 7). The
spontaneously generated photons have insignificant effect on the overall gain dynamics of
the SLA. Secondly, using 7, as a parameter to evaluate the gain recovery time is
consistent with the common practice in the current literature. Thirdly, (4.9) requires less

computation resources since it has fewer terms.

The rate equations used in this thesis are:

ON__I. N T.gP @.11)
ot q'VSLA Tsp ASLA'Ep’

dP+=r.g.p+. ' (4.12)
dz

where P" is the optical power propagating in the direction of the signal waveguide. The
photon loss term is excluded from (4.12) because it is dominated by the stimulated

emission. Equation 4.12 is subject to the following boundary condition.

P =P at z=0. (4.13)

=Ly,

4.4  Light Propagation Inside an SLA

4.4.1 Gain spectrum

The gain spectrum of a SLA is dependent on carrier density and temperature [87]. This
subsection describes the characteristics of the gain spectrum for different carrier densities

at constant temperature.

The spectral curve of differential gain depends upon the semiconductor material and can be
obtained by experimental measurement [87]. The spectral curve of differential gain used

here follows the empirical formula defined in [83] and is given as:
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A=Y
g(l)zgp_a.N.( = PJ . | (4.14)

£
where g,, @ and N has been defined in (4.3), Ap is the peak wavelength and A, is the
spectral width of the differential gain. The peak of the differential gain spectrum is at A,.
The spectral curve of differential gain in (4.14) does not represent the internal gain
spectrum of the SLA. The internal gain is defined as the ratio between the amplified output
power and the input power to the SLA, and is given as:

G=exp(T-g-Lg,), (4.15)

where G is the internal gain and Lg4 is the length of the SLA.

Equation 4.15 is obtained by integrating (4.12) with respect to SLA length. It is assumed in
(4.15) that the input power is not large enough to cause spatial variation of carrier density

along the longitudinal dimension of the SLA.

The peak wavelength A, shifts to a lower value as the carrier density increases [87]. This

can be modeled by the following equation [83]:

N
/1,,:,10+(1-—J-b, (4.16)

th
where A, and b are constants énd Ny, is the carrier density of lasing threshold. The
threshold carrier density depends on the refectivity of the facets. The lasing threshold in
TW-type SLA is larger than in FP-type as there is no oscillation of optical signal inside the
amplifier. Fig. 4.3 plots the internal gain spectrum of various carrier densities using (4.14),
(4.15) and (4.16). The simulation parameters are a = 5.5x102° m?, N, = lx.1024 m>, Ny =
2.66x10%* m>, A,=1.45 um, b = 106.4 nm, AA,= 75 nm, I' = 0.3 and Lg.4= 300 pum. It is
shown that the the internal gain curve shifts to a lower wavelength as the carrier density

increases. The peak gain increases with the carrier density, as has been indicated in (4.3).
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Fig. 4.3. Internal gain spectrum for different carrier densities.

4.4.2 Unsaturated and saturated gain
The carrier density is directly proportional to the bias current when there is no input optical

power, as shown in (4.11). If P" in (4.11) are set to zero and the bias current is constant,

then (4.11) is reduced to:

volels 4.17)
9V

The carrier density is in equilibrium state when biased by a constant current. The time
derivative of N is equal to zero under this condition. Equation 4.17 shows that the carrier
density increases with the bias current. However, when input optical power enters into the
SLA for amplification, the stimulated emission (the last term in (4.11)) will deplete the
carrier density. This leads to a decrease of differential gain (see (4.3)). Therefore
increasing the input power will saturate the internal gain. The saturation effect limits the
dynamic range of the amplification. The saturated gain corresponds to the 3 dB reduction

of internal gain from its unsaturated peak value. The saturated input power is defined as the

input power at the saturated gain. In a SLA, it is desirable to have high-unsaturated gain
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and high saturated input power for achieving large amplification and wide dynamic range.
Nevertheless, there is always a compromise between gain and saturated input power in any
SLA. The mathematical model developed by Adams, ez-at [78] shows the tradeoff between

unsaturated gain and saturated input power, which is given as:

P, = : -
" (G-1) |qVy T, aT-Lg,-T

sp sp

E -V
_"p " SLA Ic No ln(G) }, (418)
where P, is the input optical power. The other variables have been defined in previous
equations. Fig. 4.4 shows the internal gain with respect to P;, for different values of bias
current. As can be seen, the plots display a threshold effect above which the internal gain
drops rapidly. It also shows that the saturated input power decreases as the unsaturated gain

increases. The simulation parameters are £, = 1.36x 10 3> Vsra= 9x10" m'3, N, = 1x10%*

m?, T,=4ns, a=5x10"m? ' =0.5, Lg.4 = 300 pm.
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Fig. 4.4. Internal gain Vs. input power for various /.

4.4.3 SPM and XPM in SLA
The refractive index in the active region of a semiconductor laser is a function of carrier
~density [90]. Since the carrier density inside the active region decreases with the increase

of input light intensity, the phase change of an optical signal propagating inside a SLA is
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nonlinear. SPM and XPM in a SLA refer to the phase modulations of an optical signal by
the optical signal itself and its co-propagating signal(s), respectively. SPM and XPM
effects in SLA are different from those in fibre cable. Firstly, the strengths of SPM and
XPM in a SLA are much stronger than their counterparts in fibre cable. The SLA length as
short as hundreds of micrometer can produce a significant amount of phase shift to the
input signals. Secondly, unlike phase nonlinearity in fibre cable, SPM and XPM in SLA
are usually accompanied with gain modulation due to the fact that the change of carrier
‘density modulates both the phase and gain of an input signal. One of the all-optical time
division demulipltexers being analysed in this thesis (TOAD) exploits the XPM effect in
SLA. Part of the mathematical model for TOAD demultiplexing presented in Chapter 7 is

based on the theories introduced in this subsection.

Refractive index inside the active region of a SLA generally decreases with the increase of
carrier density. An important parameter that quantifies the strength of SPM and XPM in
SLA is the derivative of refractive index with respect to carrier density. According to the
experimental measurements carried out by J.Manning, ef-al [90] for seventeen
semiconductor lasers from various vendors, the derivative of refractive index with respect
to carrier density is ~(1.2+0.2)x10%® m® for AlGaAs lasers and —(2.8+0.6)x10%° m? for 1.3
pm InGaAsP lasers. It was found that there is a linear relationship between carrier density
and refractive index at bias current near the lasing threshold [90]. A number of
mathematical models for investigating the nonlinear characteristics of refractive index in
-SLA were reported in the literature [77]-[79], [83], [86], [91]. The most commonly used
value for the derivative of refractive index with respect to carrier density in these models is
—(2.840.6)x10”° m’. The nonlinear refractive index can be calculated from the following

equation [83
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n=n,—28x10%.N, - (4.19)

where 7 is the refractive index taking into account the change of carrier density, », is the
carrier-independent contribution to the refractive index and N is the carrier density in the
unit of m™. Equation 4.19 assumes that the mathematical relation between the refractive

index and the carrier density is linear and constant for all values of N.

Another commbnly used parameter for quantifying the SPM and XPM effects in SLA is
the linewidth enhancement factor. References [79], [86], [91] use the following expression

to calculate the phase modulation of an amplified signal in a SLA.

%=_%%F .g» (4.20)
where ¢ is the phase of the signal pulse at a temporal point of the pulse profile, oz is the
linewidth enhancement factor and g is the differential gain. z in (4.20) is related to the
reference frame of the pulse profile T by T = 7 — z/V; where Vj is the light velocity inside
the active region. Equation 4.20 can be used to calculate the phase change of an optical
pulse due to nonlinearity of the refractive index. It is a partial differentiation equation for
calculating the optic;al phase at a fixed temporal point, T, against the longtudinal dimension
of the SLA. Combining (4.19) and (4.20) will obtain the mathematical relation between

ouzr and the carrier density derivative of the refractive index as follows [79]:

dn Az 4.21)

where A, is the central wavelength of the input signal and a is the gain coefficient in (4.3).

A high intensity input signal decreases the carrier density inside the active region by
stimulated emission. The decrease in carrier density leads to a decrease in optical gain and
an increase of refractive index. Therefore, SPM in SLA always co-exists with self gain

saturation (SGS). The situation would be more complicated for the case of two input
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 signals. In that case, each signal will experience SPM, XPM, SGS and cross gain saturation
(XGS). The total change of refractive index caused by SPM and XPM is the same for the
two signals. Nevertheless, the two signals may have different levels of gain depletion,
which is caused by SGS and XGS. The reason for the gain difference is the wavelength
dependence of the differential gain (see Fig. 4.3). The magnitude of the gain difference is

dependent on the wavelength gap between the two signals.

4.4.4 Fast gain recovery in subpicosecond pulse

Figure 4.5 shows a typical response of carrier density dynamics to an input pulse over a
long time frame that covers (i) the time before the pulse arrives, (ii) the time duration in
which the pulse passes through the SLA, (iii) the period after the pulse passes through the
SLA. The SLA gain is constant before the pulse arrives. Under the equilibrium conditions
in which no external optical power is coupled into the active region and the bias current is
constant, the carrier density in the active region of a SLA is a constant value. In this state,
the bias current and the spontaneous time determine the carrier density, as indicated by
(4.17). The carrier density begins to deplete when a high intensity optical signal passes
through the SLA. The light intensity of the input pulse fuels the stimulated emission
process (see (4.12)), which results in a decrease.of carrier density across the duration of the
central peak of the input pulse, as shown in the region (ii) of Fig. 4.5. The carrier density is
at its minimum near the end of the falling edge of the pulse profile. After the pulse has
completely passed through the SLA, the depleted gain recovers slowly and steadily back to

the level of the equilibrium state, as shown in Fig. 4.5.

The rate of recovery of carrier density decreases as N increases, as can be seen in the
change of gradient of the N curve in the region (iii) of Fig. 4.5. The constant pump rate of

excited electrons from the bias current is much higher than the spontaneous emission rate
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when N is small. As a result, the rate of increase of carrier density (the gradient of the N
curve) is large at the beginning of the region (iii) (see Fig. 4.5). The gap between the pump
rate and the spontaneous emission rate becomes narrower as N increases in the recovery
process. It leads to a decrease of recovery rate of carrier density. This is reﬂecteld in Fig.

4.5 by the relatively flat curve at the end of the region (iii).

Pulse intensity.
A
3 : P Time.
Earrier density N. (i)
< (1) > ' p (111) >
»Time.

Fig. 4.5. Response of carrier density in the active region to the input pulse intensity.

The time required for a full recovery of carrier density is proportional to the spontaneous
lifetime T,. A smaller T, means lower initial carrier density at the equilibrium state (see

(4.17)), thus shorter recovery time is required to reach the initial state.

The response of carrier density to input pulse shown in Fig.4.5 is caused by the interaction
between carrier density and photon density inside the active region of the SLA, which can

be well explained by the rate equations. However, if the high intensity input pulse is
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shorter than 1 ps, the SLA will have gain dynamics completely different from the one
shown in Fig. 4.5. Since the mid 1980’s, many researchers have been experimentally and
theoretically studying the characteristics of gain and phase dynamics of sub-picosecond
pulse propagating through SLA [92]-[102]. This subsection will give a brief review about

the experimental and theoretical studies of subpicosecond dynamics of SLA.

Figure 4.6 shows the normalised gain responses of an AlGaAs/GaAs SLA for input pulse
widths of 500 fs (Fig. 4.6a) and 2 ps (Fig. 4.6b) [95]. The results were obtained from the
pump-probe experiments reported in [95]. The x-axes in Fig. 4.6 represent the time delay
of the low intensity probe pulse with respect to the high intensity pump. Fig. 4.6a displays
an instant depletion of the probe gain near the zero time delay and a partial recovery of the
gain from time delay O ps to 1.5 ps. The fast partial recovery is followed by a slow
recovery of gain, which corresponds to the gain recovery in Fig. 4.5. It should be noted that
the time scales of Fig. 4.6 are so small that the slow gain recovery looks like a flat line.
The probe gain will eventually recover to its initial value, as in the case of Fig.4.5. The
probe gain in Fig. 4.6b initially depletes to the level of the partial recovered gain in Fig.
4.6a. Then the depleted gain begins the slow recovery process. Figs. 4.6a and 4.6b show
that there is a deep gain depletion and a fast recovery component in the SLA gain
dynamics for subpicosecond input pulse. Results of the pump-probe experiments carried

out in GaAlAs and InGaAsp SLAs show similar characteristics [92], [94].
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Fig. 4.6. (a) gain dynamics for 500 fs pump pulse; and (b) gain dynamics for 2 ps pump
pulse from [95].

A number of possible physical effects may lead to the deep depletion and fast partial
recovery shown in Fig.4.6a. The majority of researchers believe that the gain dynamics of
femtosecond input pulses are largely caused by carrier heating in the active region of the
SLA [92]-[100]. If a high intensity input pulse with a wavelength equivalent to the
bandgap energy of the atomic system enters the SLA, the electrons near the bandgap will
drop to combine with the hole in valence band by stimulated emission. The conduction
band generally has a large number of intraband energy levels. The electrons are ‘hotter’ in
higher intraband levels. The removal of the ‘cooler’ electrons near the bandgap by
stimulated emission increases the temperature of the carriers. Another factor that causes
carrier heating is the free carrier absorption, which is a kind of photon loss mechanism
inside the active region [103]. The process of photon annihilation heat up the carriers.
Since the gain coefficient is temperature dependent, the change of temperature affects the
gain curve of the atomic system [87]. This leads to the deeper depletion of probe gain in
Fig. 4.6a (comparing to Fig. 4.6b). The temperature of the ‘heated carriers will drop back
to the equilibrium value in a short relaxation time via phonon emission. The quick return to
the equilibrium temperature leads to the fast partial recovery of gain in Fig. 4.6a. The
carrier dynamics caused by carrier heating are only visible in subpicosecond input pulse as

the relaxation time of carrier heating is less than 1 ps. The rising rate of carrier temperature
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increases with the rising edge of the pulse. In the case of longer pulse, the rising rate of
carrier temperature is so slow that the short relaxation time of carrier heating has ‘cooled’
the carrier well before the carrier heating becomes significant. Moreover, given the same
pulse energy, the shorter pulse will have higher peak power. Therefore the carrier heating

effect will be more pronounced in femtosecond pulses.

Some researchers believe that, besides carrier heating, spectral hole burning (SHB) and
two photon absorption (TPA) may also play a role in the gain dynamics of femtosecond
pulses propagating in SLA [94], [96]-[99]. J.Mark, et-at [97] interpreted their pump-probe
experimental results by the physical effects of carrier heating, SHB and TPA. Figure 4.7
shows the normalised probe transmission versus pump-probe delay time obtained from
experimental measurements [97]. The probe transmission response in Fig. 4.7 represents
the pump wavelengths of 1533 nm (the lowest curve), 1528 nm, 1523 nm, 1518 nm, 1513
nm, 1508 nm, 1503 nm, 1498 nm, 1493 nm, 1488 nm (the highest curve). The range of
wavelengths used in the experiments covered the gain, transparent and absorption regions
of the gain spectrum. At wavelengths above (below) the transparent point, the pump pulse
_experiences gain (absorption), and therefore decreases (increases) the carrier density inside
the active region. The curves in Fig. 4.7 show a rapid variation of probe transmission
before they settle to the transmission levels that reflect fhe carrier densities of their
corresponding wavelengths after the pump pulses passed the SLA. The settled probe
transmission will slowly return to the initial equilibrium level in the time scale of
spontaneous lifetime. J.Mark, et-al, attributed the rapid variation of probe transmission at
various pump wavelengths to carrier heating, SHB and TPA [97]. The relatively slow (700-
800 f) increase of transmission seen in all traces were attributed to carrier heating effects.
The transient increase of gain in the absorption region and the rapidly recovering gain

saturation in the gain region were attributed to SHB. The small negative component
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opposing the effect of SHB in the absorption region close to the transparent wavelength

was attributed to TPA.

- -
) N
| i

Norm. probe signal
o ,
]
1

0.6

Delay time [ps}

Fig. 4.7. Normised probe traces for femtosecond pump pulses at various wavelengths.

The fast variation of gain induces phase change of the probe pulse. Phase measurements by
pump-probe experiments using femtosecond pump pulse revealed that there is an
additional ultrafast phase dynamics on top of the gain-induced phase change [96], [98].

There is still no scientific explanation for that ultrafast component so far.

Since the physical effects behind the gain dynamics of femtosecond pulses in SLA have
not been fully understood, most mathematical models for femtosecond pulse dynamics are
based on some phenomenological parameters to simulate the experimental results [93]-
[94], [96]-[97], [100], [102]. For example, in [96], two relaxation time constants are
defined to simulate the fast gain recovery caused by carrier heating. The values of the
parameters in these phenomenological models were determined by fitting the experimental

results with the assumed mathematical equations.
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4.5  Summary

A comprehensive review of TW-type semiconductor laser amplifier has been presented in
this chapter. Section 4.2 described the operation principles of such devices. The rate
equations . for mathematical modelling of SLA were discussed and some inconsistencies
found in the literature regarding the confinement factor in the rate equations were clarified.
Finally, the characteristics of SLA amplification were described and explained in_Section

4.4.
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CHAPTER FIVE - MATHEMATICAL MODEL FOR
NONLINEAR OPTICAL LOOP MIRROR
DEMULTIPLEXER

5.1  Introduction

A mathematical model for optimising and simulating the demultiplexing operations of
NOLM demultiplexer is described in this chapter. The proposed model will be employed
for the noise and crosstalk analysis of NOLM demultiplexer in chapter 6. This chapter is
organised as follows. Section 5.2 describes the operation principles of NOLM
demultiplexer. The mathematical model is presented and verified in Sections 5.3 and 5.4,

respectively.

5.2 Operation Principles

N. J. Doran and D. Wood [104] first proposed using NOLM as an optical switching device
in 1988. Optical switching in the proposed device was solely dependent on the light
intensity of the input signal [104]-[106]. Therefore it was not suitable for all-optical time
division demultiplexing. An improved design of NOLM switching was introduced by K. J.
Blow, ef-at in 1990, which allowed the NOLM to be operated in a dual-wavelength rhode
for extracting an OTDM channel from an aggregated high-capacity OTDM data stream
[107]. The demultiplexing mechanism will be illustrated later in this section. Since 1990
many researchers have been studying NOLM based demultiplexerss theoretically and
experimentally [108]-[122]. The NOLM demultiplexer to be analysed in this thesis is based

on the two-wavelength mode, which was first proposed in [107].
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complex phase of E_, and E_., in (5.1) can be represented graphically as shown in Fig.

5.2. It is note that E ., has a n/2 phase lag with respect to E ;.

Imaginary
E | x
cCcw 7
.
V2 Ecw
I | P-Real
V2 V2

Fig. 5.2. Phase diagram of £, and E.,,.

E., and E_, propagate along the polarisation-maintaining fibre loop in counter-

clockwise directions. After the whole propagation of the fibre loop, the two split pulses

reach the I/O coupler at the same time. An equation similar to (5.1) for the coupling of
E., and E, is given as:

1 i
Eac NG i E
[E pack }:m {5 ‘/15 {ECCW}, (5.2)
Sforward —_ cw
V2 V2

where E, ., 1s the optical field coupling back to port 1, and E ﬁ,,m',,d is the optical field at

port 2. Equation 5.2 can be further broken down into two equations:

iE E .
E prard =A1— 0 | —2+ -2 |, 5.2a
R > .

E iE
E, =l-a, ( j;_w +LJ%—WJ (5.2b)

The phase of E_,, still lags E, by 7/2 after a circulation of the fibre loop. A further /2

phase delay introduced in (5.2a) makes E_,, completely out of phase with respect to
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E.y . Eqy and E,, in (5.2a) cancel out each other, thus making E ., ., equal to zero.

On the contrary, the in-phase sum of E_, and E_., in (5.2b) results in complete energy
transfer to E,,, . As a result, the entire signal is reflected back to the input port of the

demultiplexer.

The above scenario assumes that there is no control pulse pumped into the fibre loop. In a
NOLM demultiplexer, a train of control pulses synchronised with the CW pulses of the
target OTDM channel are coupled into the fibre loop through the control coupler (see Fig.
5.1). The control pulses, propagating in the CW direction, will co-propagate with the CW
pulses of the target channel. XPM effect induced by the co-propagating control pulses
changes the phase of the CW pulses (but not the CCW pulses). Therefore, after
propagating a whole fibre loop, a phase difference is created between CW and CCW pulses
of the target channel. A close examination of (5.1), (5.2a) and (5.2b) reveals that pulse

energy of target channel would be completely transferred to E,,,,(see (5.2a)) if the

phase difference created by XPM is equal to w. The demuliplexing operation of NOLM
demultiplexer can be carried out by aligning the high intensity control pulses with the CW
pulses of the target chénnel. Due to the weak nonlinearity of the fibre material, a long loop
of fibre cable (several kilometres) is required to achieve a reasonable phase change. Since
the wavelength of the control pulses is different from that of the signal pulses, an optical

filter can be used at the output port (port 2) to block the control pulse energy.
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5.3  Mathematical Model

The objectives of the mathematical model presented in this section are:

1) Optimising system parameters for maximising peak transmittance of the NOLM
switching window;

2) Calculating the width of the NOLM switching window;

3) Evaluating the shape of the NOLM window.

Each of these will be described in detail in separate subsections. Assumptions made in the

mathematical model are outlined in Section 5.3.1.

5.3.1 Assumptions of the model
Assumptions m;ade for the mathematical model include:

1. The /O and control couplers in Fig. 5.1 are assumed to respond ideally and
consistently to the input OTDM signal and the control pulse stream. The ideal
responses of the I/O coupler are to have 50% coupling ratio and induce a 7t/2 phase lag
in the cross-waveguide with respect to the straight-waveguide, as has been described
in the previous section. The response of the control coupler should ideally have a
coupling ratio 100% for the control pulse and 0% for the signal pulse. The coupling
ratio of a fused tapered coupler generally depends on the wavelength of the input light
[124]-[128]. Therefore, the I/O and control couplers used in the NOLM configuration
should be tailored for the wavelengths of the control and signal pulses. If the
wavelengths of the control and signal pulses are changed for performance optimisation
(see Chapter 6), a different set of I/O and control couplers should be used for keeping
the ideal responses of the couplers. Alternatively, wavelength-flattened fused coupler
[129] could be used in the NOLM demultiplexer. A tiny deviation from the coupling

ratio of 50:50 in the I/O coupler would result in a small amount of crosstalk at the
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output port of the NOLM demultiplexer [65]. This kind of crosstalk is ignored in the

NOLM model by the assumption of ideal coupler.

2. The type of fibre used in the loop mirror: The demultblexing operation in NOLM
demultiplexer is attributed to the XPM effect, which is caused by the high intensity of
the control pulse. As discussed in Chapter 3, the XPM strength depends on the relative
state of polarisation between the two co-propagating pulse streams. Maximum XPM
can be achieved only if the pulse streams have the same state of polarisation.
Polarisation maintaining (PM) fibre is assumed for the fibre loop (see Fig. 5.1) for
maximising the XPM'effect. The input OTDM signal and the control pulse stream
should have their state of polaﬁsaﬁon aligned in one of the principle axis of the PM
fibre by polarisation controllers (PC). If the control and signal pulses are not polarized
on the same plane, additional optical power of control pulse would be required in order

to achieve adequate XPM for the demultiplexing operation.

3. Shape of control pulse: As illustrated in Chapter 3, an optical pulse will change its
shape during propagation. The shape evolution of a propagating pulse depends on
many factors, such as pulse intensity, pulse width, pulse shape, first order dispersion
coefficient B, fibre nonlinearity, etc. In order to simulate the operations of NOLM
demultiplexing, the effect of XPM on the CW signal pulses mﬁst be correctly
calculated. In general, numerical methods are required to evaluate the change of pulse
profile during propagation. For simplifying the numerical analysis of NOLM
demultiplexing, the temporal intensity prqﬁle of the propagating control pulse is
assumed to have a constant shape. As discussed in Section 3.3, the pulse shape of a
propagating soliton is unchanged due to a delicate balance between dispersion and fibre

nonlinearity. In the NOLM model, the control pulse is assumed to be fundamental
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soliton. In practice, it is not possible for the intensity profile of the control pulse to
remain unchanged even though soliton is employed. It is because the loss mechanism
in ﬁb‘re reduces the optical power of the propagating pulse. The decrease of optical
power of the control ﬁulse during propagation will be catered for in the mathematical
model, provided that the control pulse profile remains in soliton shape. However, if the
loss of optical power is so much that (3.23) is no longer satisfied, the simulation results
of the mathematical model will be invalid since the soliton shape of control pulse

cannot sustain in that case.

Employing soliton control pulse has other advantages apart from simplifying numerical
calculation. These advantages are discussed below by highlighting the disadvantages of
employing non-soliton control pulses. If a dispersing control pulse is used, the pulse
intensity will be getting lower and the pulse profile will be getting wider as the propagation
distance increases. The ever-decreasing intensity weakens the XPM effect on the CW
signal pulses. Addition control pulse energy is required for maintaining the strength of
XPM. The result is a less efficient switching. The problem of W_eak XPM can be solved by
employing a control pulse with ever-sharpening pulse profile during propagation, as shown
in Fig. 3.3. However, the ever-sharpening pulse profile creates another problem. The
switching ratio of the demultiplexing window is proportional to the accumulated XPM
experienced by the signal pulse. The strength of XPM profile within the target time slot
varies with the control pulse shape. An ever-changing pulse shape during propagation
would create an irregular switching window, which is detrimental to NOLM
demultiplexing. An irregular switching window may lead to pulse distortion and
incoﬁplete switching of the target signal pulses [120]. Moreover, it also deteriorates the

noise and crosstalk performance of the NOLM system. Details are given in Chapter 6.

89



5.3.2 Peak transmittance of the switching window

The equation for NOLM switching is given as [65]:
T.= l—cosz(é}j , . (5.3)

where I is the transmittance of the switching window, and A¢ is the phase difference
between CW and CCW signal pulses. The phase difference is due to the XPM-induced
phase change of CW pulses. Since XPM is proportional to the optical power of the
propagating control pulses (see (3.50)), the temporal phase-change profile A¢(?) is
dependent on the intensity profile of the control pulse and the velocity difference between
control and signal pulses. If the control pulse propagates faster or slower than the signal
pulse, the temporal profile of the signal pulse at the target time slot would co-propagate
with a sliding control pulse profile. The control pulse may eventually ‘walk-off” the signal
pulse if propagation length is large enough. The walk-off time is in the unit of picosecond
per unit length. The combined effect of the control pulse profile and the walk-off timev
creates a phase-change profile, which will be transformed into the switching profile,
according to (5.3). If there is no phase difference (A¢ = 0), T in (5.3) would become zero.
. The transmittance is 100% when the phase difference is equal to ©. However, if the phase
difference is too large (i.e. > 1), T would drop from its maximum value. Therefore, device
parameters of NOLM demultiplexer should be optimised to make the peak phase-change

equal to .

A¢ can be derived from (3.50). Taking into account the walk-off of the control pulse, the

XPM-induced phase change is given as:

Ap(x)=2-y-[P(x-T,- 2}z, (5.4)
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where A¢() is the phase-change profile within the targef time slot, y is the fibre nonlinear
coefficient, P(t) is the optical power profile of the control pulse, 7, is the walk-off time
per unit length, and L is the length of the fibre loop. Equation 5.4 assumes that the control

pulse has a higher velocity than the signal pulse.

The distance integral in (5.4) covers the portion of the control pulse that contﬁbﬁtes XPM
effect at on; temporary point of the phase-change window. The temporal length of that
portion of control pulse is equivalent to the total walk-off time (7,.L). Instead of integrating
the walk-off portion of the control pulse profile for calculating the contribution of XPM to
a particular point of the switching profile, it is mathematically more convenient to model
that temporal portion of the optical power profile as an averaged constant. Then (5.4) can

be rewritten as:
Ay(x)=2-y-P,,(x)-L, | (5.5)
where P, is the averaged optical power for the walk-off portion of control pulse that

contributes XPM to a temporal point of the switching profile. P, can be calculated from:

1L
I P(t—t)dt
P =0 5.6
ag TW . L ( )
where £ is the sliding time unit of the control pulse profile due to the walk-off effect, and t

represents a temporal point of the switching profile. Combining (5.5) and (5.6) leads to:

A¢(1 _Tw—y ‘(’;P('c t)dt 5.7

Ad(t) would be at its peak value if the time integral of (5.7) is at maximum. This condition
is met only if the control pulse is positioned at the mid-point of the total walk-off time.
Referring to (5.6), this condition is equivalent to (t = T3,L/2). At .peak phase-change, (5.7)

becomes:
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2.9y (TL
A, == | P( . —t)dt, | (5.8)
v 0

where A¢, is the peak phase-change. Equation 5.8 can be rewritten as:
g

2.y T,LI2
A9, ="+ [ P(e)dr (5.9)

w -T,Li2
Since the control pulse is assumed to be a fundamental soliton in this mathematical model,

P(f) can be replaced by the soliton pulse profile. The optical power profile of a

fundamental soliton is given by:

P@)=P, .sec;f(l];m ’), (5.10)

FWHM
where P, is the peak power of the soliton pulse, and Tz is the full width half maximum
of the optical power profile. The square of hyperbolic secant function in (5.10) is obtained

by squaring (3.22) and setting N = 1 for the fundamental soliton.

Combining (5.9) and (5.10) gives:

2.y.p M2 1.763¢ | -
Ay, ==L [ sech® dr (5.11)

w  T,LI2 FWHM

The integral form in (5.11) can be solved by standard integral function [130). The peak

phase-change is 7 for 100% transmittance. Then (5.11) is transformed into:

w1, =20 P Ty oy (17637, L | (5.12)
1.763 2 - Tomne

P, in (5.12) is the soliton peak power. When it is replaced by the peak power equation for

fundamental soliton (3.23), then (5.12) becomes:

(5.13)

w

5T, Topsar =7.052.|ﬁ2|tm(0.8815 'TW-L},

TFWHM

where f3 is the first order dispersion coefficient.
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The peak transmittance of the NOLM demultiplexer will be 100% if (5.13) is satisfied.
This equation can be used to optimise 7rwm and 7, for 100% switching at the peak of the
demultiplexing window. In (5.13), it is assumed that fibre loop is loss free. Nevertheless, in
NOLM demultiplexers, where a long length of fibre cable is used, it is necessary to include
fibre loss o in the analysis. Peak power of the control pulse decreases as the propagation
length increases. Therefore, the constant value of distance-dependent peak power in (5.12)
should be replaced by the effective peak power, which gives the average value of the
decreasing peak power over the whole propagation distance. The decrease of peak power
due to fibre loss is given as:

P(z)=P, exp(~az), (5.14)

where z is the propagation distance.

From (5.14), the average value of decreasing peak power over the whole propagation

distance is given as:
1 L
P ;= ZJ'P,, exp(-az)dz, (5.15)
0
where P, is the average peak power. Solving the integral of (5.15) gives:

P, ;= %(l—exp(— ol)). (516

For taking into account the fibre loss, P, in (5.12) should be substituted by P,..zin (5.16).

Following the same mathematical treatment from (5.12) to (5.13), (5.16) becomes:

T, L0t Typpg ® 7.052-(1—exp(—aL))-|B2|-tam(M) (5.17)

TFWHM
According to the soliton peak power equation (3.23), the soliton pulse width increases as

the peak power decreases. The other two parameters (B and y) in (3.23) are independent of
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optical power. Equation 5.17 is only an approximation as it assumes that the soliton control
pulse has a constant profile throughout the whole propagation distance. Nevertheless, it

will be shown in Section 5.4 that the accuracy of (5.17) is sufficient for most situations.

The peak transmittance of switching window can be maximised by solving (5.13) for loss-
free fibre and solving (5.17) for lossless fibre. Equations 5.13 and 5.17 are solved using the
Newton-Raphson method [131] and the results are plotted in Fig. 5.3. The fibre nonlinear
coefficient used ih the simulation is 2W™"km™ -- a typical value of single mode fibre [87].
The optimisation of Tryms versus Ty.L for 100% switching is shown in Fig. 5.3. Fig. 5.3
shows that 7w decreases as the total walk-off time increases. The increased walk-off
time will shorten the interactive time between CW signal pulses and the central part of the
control pulses, thus resulting in a reduction of the phase difference between CW and CCW
. signal pulses. The soliton control pulse requires narrower width for higher peak power (see
(3.23)), in order to compensate the reduction of phase-change. Therefore, Tryzy in Fig. 5.3

is decreased for maintaining A¢, = 7 when the walk-off time increases.
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Fig. 5.3. Trwm Vs. T,,L calculated from (5.13) and (5.17) for L = 3km.

Another characteristic shown in Fig. 5.3 is the increase of Trwzs with |B|. This is because
the peak power of an optical soliton pulse is directly proportional to |B2| and inversely
proportional to Trwe (see (3.23)). In order to maintain a certain level of soliton peak
power for 100% switching, a narrower pulse width should be used to replenish the
decreased peak power due to a smaller value of |32|.

With fibre loss taken into account, the optical power of the control pulse gradually
decreases as the propagation distance increases; therefore the phase change caused by

XPM is also reduced. As shown in Fig. 5.3, the control pulse width is decreased for

compensating the loss of phase change due to fibre loss.

Figure 5.3 shows the optimisation of control pulse width and total walk-off time for L = 3
km. Figure 5.4 shows the optimization for the same set of parameters as Fig. 5.3 except

that L is equal to 6 km instead of 3 km. It is shown by comparing Figs. 5.3 and 5.4 that the

95



optimised \}alues of control pulse width are larger for longer fibre loop. It is because lower
soliton power is required when the interactive distance for XPM is longer. Figure 5.4 also
displays a more contrast difference of of)timised values of Ty for different fibre loss.
This reflects the fact that fibre loss has more influence over the soliton power in longer

propagation distance.

According to (3.23), a soliton pulse needs higher power to support a shorter pulse width.
Nevertheless, a high intensity optical pulse propagating over a long distance will induce
stimulated Raman scattering (see Chapter 3). SRS is a nonlinear process that transfers
photons from higher frequency components to lower frequency components. In order to
évoid the transfer of optical energy from the high intensity control pulse to the co-
propagating CW signal pulse, the control pulse should have a longer wavelength than the
signal pulse. Otherwise, the resultant unequal intensity of CW and CCW signal pulse will
induce demultiplexing crosstalk [65]. Even if the control pulse has a longer wavelength
than the signal pulse, the Raman effect of transferring optical energy from the control pulse
to lower frequency components can still occur for very high intensity control pulses due to
spontaneous Raman scattering (see Chapter 3). Under the assumption of Lorentzian
Raman-gain spectrum, the threshold pump power that will lead to significant transfer of

" optical power to initially absent Stokes wave is given as [31]:

16-4
& (5.18)

gR .Leﬁ' ’

~
~

RAMAN

-where Pravyy is the Raman threshold, 4.4 is the effective fibre core area, gg is the Raman
gain coefficient, and L.y is the effective interactive length taking into account the fibre loss.

The effective interactive length is given as [35]:

_ 1~exp(—oc-L) ' ,
— - , (5.19)

Ly
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where a is the fibre loss, and L is the propagation length.
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Fig. 5.4. Trway Vs. Tyl calculated from (5.13) and (5.17) for L = 6 km.

Figure 5.5 plots the peak power of soliton control pulse Vs. total walk-off time by solving
(3.23), (5.13), and (5.17). The optimised values of Tmwmy, calculated from (5.13) and

(5.17), are substituted into (3.23). The parameters used are L =3 km, y =2 W'km™.
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continuous downshift of the mean frequency of subpicosecond soliton pulses propagating
in optical fibre [132]. The frequency spectrum of ultra-short soliton is éo wide that some
lower freqﬁency components of the pulse can be acting as Stokes waves for the SRS to
occur. Therefore, the energy of higher frequency components of a soliton pulse is
continuously transferred to the lower frequency components. The result would be a
continuous downshift of central frequency as the soliton pulse propagates. J. P. Gordon

[132] developed an equation for evaluating the frequency shift of soliton pulse and it is

given by:
Do 1tz 1y = 236 (5.20)
&
FWHM

where v, is the central frequency of the soliton pulse. The freduency-shift of the control
pulse will change the walk-off time between control and signél pulses. As the
mathematical model does not include the Raman term, the simulation results of this model
are invalid for ultrashort control pulse. The control pulse width for the simulation of
NOLM demultiplexing is restricted to >= 1 ps in order to avoid the effect of soliton self-

frequency shifting.

5.3.3 Width of soliton switching window

The conventional definition of window width is FWHM. Nevertheless, in this
mathematical model, a more flexible and general definition of window width ig adopted.
The inset of Fig. 5.6 shows a typical shape of a soliton switching window. The window
width W is defined as the period of time in which the normalised transmittance of the
switching window is varied within a range set by a predefined variable F. as shown in Fig.

5.6. If Fy = 0.5, W is equivalent to FWHM width.
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Fig. 5.6. A typical soliton switching window (the control pulse walks over the signal
pulse).

In Fig. 5.6, the shaded areas represent the portion of the control pulse profile walking
through the signal pulse. At time 77 the transmittance level just reaches the threshold level
set by Fix. From T to T it remains above the threshold level and it reaches the peak value
at time 7,,L/2. The transmittance drops below the threshold level after 7;. By comparing
the shaded areas at 71, 7,L/2, and T in Fig. 5.6, the shaded areas at 77 (73) is just left
(right) shift with (T wLi2)-T7 and T5-(7,,L/2), respectively from the symmetric walk-off
region at 7,,L/2. T5~(T,,L/2) is equal to (7,,L/2)-T1 due to the symetrical shape of the soliton
pulse. Figure 5.6 assumes a constant control pulse shape throughout the whole propagation
so that the XPM at any temporal point within the switching window is proportional to the
integral of the walk-off portion of the soliton pulse profile. This implies that the change of

optical power profile due to fibre loss is ignored. Then # can be expressed as:

W=2T,LI2~T) =20, ~T,L/2) =T,LID~T, (5.21)

2
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where T; = T; or 13, T and 7 are defined in Fig. 5.6.

Using (5.3), the XPM-induced phase-change at the level of F, is given as:

AY(F.)=2-cos({F, ). (5.22)

And the XPM at F, is related to the power profile of the control pulse given as (see
(5.11)):

L . )
A¢(FK)~_—2.;.P" I sechz(lg63 Tjdr. 4 (5.23)

w  T,-T,L FWHM

Trwnm in (5.23) represents the FWHM width of the control pulse.

Combining (5.22) and (5.23) results in:

T,
2-c05"'({F, )= 2L Le | sechzﬂl'; 6 Tjdt. (5.24)

w  T-T,L FWHM

Referring back to (5.11), the peak transmittance equation is given as:

T= 27k ij‘/z sech2(1'763 : 1:Jd‘lf. ' (5.25)
T, _tin FWHM

After dividing (5.24) by (5.25) and solving the time integral, we will have:

4 cos'(|[F, ) tanh Q8815 7, L/ Ty )/ 7 = tanh(.763 T/ Ty
—tanhfl.763- ([~ T, L)/ Ty
(5.26)

Equation 5.26 yields two solutions of 73, one is 77 and the other one is 7. Window width
can then be calculated by substituting either of the solutions in (5.26) into (5.21). Equation
5.21 holds true no matter which one of the solutions of 7; is used in the substitution. The
perfect symmetrical shape of soliton switching window shown in Fig. 5.6 can be attained
only if the fibre cable is loss-free. Therefore, the limitation of (5.21) and (5.26) is the
assumption of loss-free fibre. As the equation of 100 % peak transmittance is included in
the window width equation, (5.21) and (5.26) can only be used in conjunction with (5.13)

and (5.17).
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Window width at F.= 0.1 versus total walk-off time, calculated from (5.21) and (5.26) for
different values of B2, are shown in Fig. 5.7. Teymy and 7L in (5.21) and (5.26) are
calculated from (5.13) for 100 % peak transmittance of the soliton switching window. The
fibre length is assumed to be 3 km. Figure 5.7 illustrates a threshold walk-off level Wy
belovs) which the variation of W is relatively flat and above which a substantial increase of
W is observed. The threshold level increases with [8,]. The threshold characteristics of
window width can be explained as follows. The two main factors that determine the width
of a soliton switching window are control pulse width and the total walk-off time. Two
general cases are considered here. Firstly, when the control pulse width >> total walk-off
time, the window width is largely proportional to the control pulse width and is virtually
independent\ of the total walk-off time. Secondly, when total walk-off time >> control
pulse width, the window width is largely proportional to the total walk-off time. All the
four curves in Fig. 5.7 are flat for small I[S 2|, since the window width is independent of the
total walk-off time when control pulse width >> total walk-off time. The total walk-off
time becomes an overwhelming factor for determining the window width when the walk-

off time is larger than the threshold value, as shown in Fig. 5.7.

Referring to Fig. 5.3, which plots the FWHM pulse width Vs. the total walk-off time, the
optimised control pulse width decreases as ][32, decreases. A similar characteristic can be
found in the small walk-off time region of Fig. 5.7, where a decrease of |B,| results in a

decrease of window width. It is because the window width in small walk-off time is largely

determined by the control pulse width. It is also shown in Fig. 5.7 that the threshold point

Wi is reached at a smaller total walk-off time for a decrease of [3,|. In the case of a
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, the walk-off time has a greater influence on the window width due to the

decreased [8,

decreased control pulse width.

20 T ™ T T T T -

Soliton window width (ps) — F,,=0.1

0 2 4 6 8 10 12 14 16 18 20
Total walkoff time (ps)

Fig. 5.7. Soliton window width at Fi.= 0.1 Vs. the total walk-off time for different values
Of Bz.
In the post-threshold region of the total walk-off time, the four curves in Fig. 5.7 look like

having the same gradient but being vertically shifted against each other. The window width

is wider for smaller ]le and the vertical gaps between the curves are independent of the

further increase of the total walk-off time, as shown in Fig. 5.7. It was mentioned in the

previous paragraph that the optimised control pulse width increases with |8,]. The

steepness of the rising and falling edges of the switching window in large walk-off time is
dependent on the width of the control pulse. A control pulse with impulse characteristics
will result in a square shape of the switching window. Ideally, the width of the square-
shape window is equal to the total walk-off time. The rising/falling time of the switching
window increases with the control pulse width. The window width in Fig. 5.7 is defined as

the period of time in which the normalised transmittance of the switching window is varied
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between 0.9 to 1 (i.e. F= 0.1 in Fig. 5.6). For large walk-off time, a larger [le leads to a

wider control pulse (see Fig. 5.3). The window width narrows due to the slower

rising/falling time of the switching window. Therefore, the window width in the post-

threshold region of total walk-off time increases as [B,| decreases.

For comparison purpose, window width versus the total walk-off time for 3. = 0.3 and 0.5
are plotted in Figs. 5.8 and 5.9, respectively. The other simulation parameters are the same

as those for Fig. 5.7. It is shown by comparing Figs. 5.7 and 5.8 that, in the post-threshold

region of walk-off time, the differences in window width among various |3,| are smaller

for the window width at F,, = 0.3 than at , = 0.1. By extending the window width
definition from 90 % - 100 % to 70 % - 100 % of transmittance variation, a portion of
window width of larger rising/falling time originally excluded from Fy= 0.1 is included in
Fy = 0.3. Therefore, the differences in window width among the curves in Fig. 5.8 are

smaller than those in Fig. 5.7. In Fig. 5.9, the differences in window width for different

values of |B,| in the post-threshold region of the walk-off time are further reduced to

*

become close to zero.
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Fig. 5.8. Soliton window width at F,, = 0.3 Vs. the total walk-off time for different values
Ofﬁm
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Fig. 5.9. Soliton window width at F,,= 0.5 Vs. the total walk-off time for different values
of Bz.
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The most common definition of window width is FWHM (i.e. F = 0.5). Nevertheless,
FWHM window width is not necessarily the best definition to evaluate system
performance in some situations. For instance, FWHM window width is not a good

indicator to assess the completeness of switching of target pulse energy from the input port

to the output port of the NOLM demultiplexer. The four values of |BZ| in Fig. 5.9 will lead

to the same FWHM window width when the total walk-off time is equal to 20ps. But it is
wrong to assume that the amount of the target pulse energy being switched to the output

port is the same for the four cases. In fact, the slow rising/falling time of switching window

in larger lel will cause incomplete switching of the rising and falling edges of the target

pulse if the target pulse width is comparable to thé window width [122]. Figure 5.7 clearly
shows that, using the definition of .= 0.1, the difference in window width between the
cases of B2 = -5ps?/km and —20ps?/km is as large as 4ps. The wider window width allows
more energy of the targetA pulse to be switched. The window width at F.= 0.1 is a better
definition to assess the completeness of switching of target signal pulse in this case. At Fy,
= 0.1, the two important parameters for controlling the width of a soliton switching
window are B, and the total walk-off time (see Fig. 5.7). To create a wider switéhing
window, a smaller value of |B2| should be used if the total walk-off time is below the
threshold level, and a larger value of |B2| should be used if the total walk-off time is above
the threshold level. The width of soliton switching window has great implications in noise
and crosstalk performance of NOLM demultiplexer, which will be thoroughly analysed in

Chapter 6.
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S.3.4 Soliton switching profile
Assuming that the control pulse propagates faster than the signal pulse, the phase-change

profile for the target signal pulse is given as:

t
A¢(¢):2';'P° | sechz(l';&”]dr. | (5.27)

w T, FWHM
Equation 5.27 is derived in a similar way to (5.11) and (5.23). The switching profile can be
obtained by substituting (5.27) into the transmittance equation (5.3). The function of

switching profile is given as:

t
T;(r)=1—cos{y—'T’i | sech{”“"]dr], (5.28)

¥ t-T,L FWHM

where T3(f) is the switching profile.

Equations 5.27 and 5.28 assume that the soliton power remains the same during the entire

propagation. For taking the fibre loss into account, the constant peak power in (5.28)

should be replaced by a distance-dependent effective peak pbwer, which decreases with
' propaga;cion length. Then the switching profile for varying soliton peak power is.given as:

T()=1- cos{y—].,& j exp(:g—}r(f:}—)) -sec hz(lg@—'l]dtjl , (5.29)

w T, FWHM

where a is the fibre loss per unit length. Since the control pulse propagates faster than the
signal pulse, the XPM-induced switching profile perceived by the target éignal pulse is
caused by the intensity profile of a forwardly sliding control pulse. At any temporal point 7
of the switching profile, the signal pulse has experienced the sliding control pulse profile
from ¢ to #-T,L, where T,L is the total walk-off time. The propagation distance of the
control pulse increases from zero to L as the signal pulse experiences the sliding control
pulse profile from 7 to ¢-T,L. The peak power of the control pulse decreases with the

propagation distance as:
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P(z) =P exp(—.ocz) , (5.30)
where P, is the initial peak soliton power, and P(z) is the peak soliton power at length z.
The exponential term in (5.29) accounts fot the decrease of soliton peak power from z = 0
'to L as the signal pulse experiences the sliding control profile. The variable t in (5.29)
slides from ¢ to #-7,,L. Substituting © = ¢ and 1 = £-T,,L into (5.29) represent initial soliton

peak power and the decreased soliton peak power at z = L, respectively.

Equation 5.29 assumes that the normalised soliton pulse profile remains unchanged during
propagation despite its peak power decreasing with propagation distance. However,
according to the soliton peak power equation (3.23), the soliton pulse width increases as its
peak power decreases. The mathematical relation between the soliton pulse width and the

soliton peak power can be obtained by combining (3.23) and (5.30). The result is given as:

Tne (2) = 1B (5.31)
Y-Po: exp(— OLZ)

For taking into account the distant-dependence of the soliton pulse width, Trpz, in (5.29)

should be replaced by (5.31). Substituting (5.31) into (5.29) gives:

n(t)=1—cosz[l’—'va— j exp( o=t )j sechz( \/ ﬂ'ﬁ}j(‘“;)Jdr}. (5.32)

W otT,L
The exponential term inside the hyperbolic secant function decreases with propagation
distance due to the fibre loss. Similar to the exponential term in (5.29), this distance-
dependent exponential term should be transformed into a walk-off-time-dependent
exponential in order to be compatible with T for integration. The equation for soliton

switching profile after the transformation is given as:
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(5.33)

Equation 5.33 will be reduced to (5.29) if a = 0. There is no analytical solution for the
integral inside the cosine-square in (5.33). For any discrete temporal point of soliton
switching profile, the Matlab trapezoidal numerical integration method is required for
solving the integral of (5.33) [133]. This is a time-consuming and mathematically tedious
process for calculating a soliton switching profile with thousands of temporal points. For
calculating the crosstalk and noise of NOLM demultiplexering (details are given in
Chapter 6), thousands of soliton switching profiles with various combinations of system
‘parameters need to be evaluated. The long computation time requiréd for calculating
soliton switching window hinders the crosstalk and ﬁoise analysis. Thus, there is a ﬁeed to
simplify (5.33) for achieving efficient calculation while maintaining an acceptable degree
of accuracy. For time resolution of 3000 points, the calculation time for (5.33) using AMD
300 MHz machine is nearly 2 hours, compared to the calculation of less than 3 seconds

after the simplification.

Figure 5.10 shows a typical diagram for the changing of soliton pulse width during
prppagation. The exponential term inside the hyperbolic secant function in (5.33)
represents the change of soliton pulse width. The calculation process can be considerably
simplified by approximating the t-dependent exponential term of changing soliton pulse
width as a constant value. That means assuming a constant soliton pulse width throughout
the propagation. For an ever-changing control pulse width, as shown in Fig. 5.10, an
appro;cimation is made to assume the control pulse having a constant pulse width of z =

L/2. After this amendment, (5.33) becomes:
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Tw t-T,L

7;(t)=l—cosz{y.1)" j'exp(:g?(t—"—ﬂ)-sechz[t-exp(;%—é)- Y.E))dt:|. (5.34)
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Fig. 5.10. The change of soliton pulse width during propagation.

The form of the integral in (5.34) is equivalent to the convolution between the z-dependent
exponential function of a limited range and the hyperbolic-secant-square function. The
most efficient way of solving (5.34) using Matlab is to use the convolution multiplication
function [133]. Instead of repeatedly solving (5.33) for every temporal point of the soliton
switching profile, a complete soliton profile can be obtained by evaluating the convolution

function in (5.34) only once.

Equation 5.34 is solved for oo = 0 and the results are shown in Fig. 5.11. The three soliton
switching profiles in Fig. 5.11 represent 15, = 1 ps/km, 7, = 2.5 ps/km and T, = 4 ps/km,
respectively. The simulation parameters used are listed in Table 5.1. It is shown in Fig.
5.11 that a switching profile becomes wider and its transmittance becomes lower for larger
values of walk-off time. The switching profile is wider because the interactive time of
XPM within the target time slot is lengthened by the larger walk-off time. Larger walk-off
time also results in lower transmittance because the peak of the control pulse passes more

quickly through the CW signal pulse.
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Fig. 5.11. Soliton switching profile (a=0) for different values of the walk-off time.

Table 5.1: Simulation parameters for (5.34)
Parameters Values
Fibre nonlinear coefficient y 2 W km’
Soliton peak power P, 280 mW
First order dispersion parameter 3, -5 ps™/km
Fibre length L 3 km

The soliton switching profiles for oo = 0.5dB/km obtained from (5.34) are shown in Fig.
5.12. The other simulation parameters are the same as those in Fig. 5.11 (see Table 5.1).
All the three switching profiles in Fig. 5.11 have lower transmittance than their

counterparts in Fig. 5.12, due to the decreased soliton peak power by the fibre loss.
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Eig. 5.12. Soliton switching profile (a0 = 0.5dB/km) for different values of the walk-off
time.

5.4  Verification of the Model

The mathematical model presented in this chapter was verified by numerically solving the
nonlinear schrodinger equation using the beam propagation method. BPM is a widely
adopted method for the simulation of pulse propagation and has been validated
experimentally [156]. The derivation of NSE and a full description of BPM can be found in
Chapter 3. For a given set of simulation parameters (e.g. Tables 3.1-3.3), solving NSE with
BPM produces the simulation results for the evolution of the optical power profile of a
propagating pulse. A few examples of pulse profile evolution for different sets of
parameters were given in Figs. 3.2-3.4. Since the ’XPM-induced phase-change of the CW
signal pulse is dependent on the optical power of the co-propagating control pulse, the
accumulated phase-change profile for the whole fibre loop can be calculated from
substituting the simulation results of the BPM into the XPM equ_ation (3.50). In order to

take the walk-off time into account, the control pulse profile is continually shifted against
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the fixed target time slot as the propagation length increases. The continually shifted
control pulse profile is substituted into (3.50) for calculating the accumulated phase-change
profile. Finally, the phase-change profile is substituted into (5.3) to obtain the soliton
switching profile. Simulating NOLM operations using BPM requires much more
computing resources than the compﬁter model presented in this chapter. The soliton
switching profiles simulated by the BPM are compared with the simulation results of the
computer model for verification. All simulations in this section assume that the fibre

nonlinear coefficient y = 2 W km™. The equations of the model to be verified in this -

section are (5.13), (5.17), (5.21), (5.26) and (5.34).

Equations 5.13 and 5.17 are the optimisation equations for 100% peak transmittance of
soliton switching window. Device parameters optimised by (5.13) and (5.17) are used to

calculate the soliton switching profiles using BPM, the results are shown in Table 5.2.

Table 5.2: Verification of (5.13) and (5.17).
System parameters optimised by (5.13) and (5.17) Peak transmittance
o L (km) B2 T, Trwrm Calculated from
(dB/km) (ps*/km) | (ps/km) (ps) BPM ( %)

0 3 5 1 5.23 100

0 3 5 2.5 4.14 100

0 3 5 2.8 99.99

0 3 10 1 7.55 100

0 3 10 2.5 6.76 100

0 3 10 54 100

0 6 5 1 7.1 100

0 6 5 2.5 4.47 100

0 6 5 4 2.81 100

0 6 10 1 10.47 100

0 6 10 2.5 8.27 100

0 6 10 5.61 100
0.2 3 5 1 5.05 99.95
0.2 3 5 2.5 3.92 100
0.2 3 5 4 2.62 99.8
0.2 3 10 1 7.3 99.94
0.2 3 10 2.5 6.47 99.99
0.2 3 10 5.09 99.98
0.2 6 5 1 6.56 99.94
0.2 6 5 2.5 3.93 99.53
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0.2 6 5 4 2.46 97.64
0.2 6 10 1 9.74 99.88
0.2 6 10 2.5 7.43 99.97
0.2 6 10 4 4.92 98.98
0.5 3 5 1 - 4.3 99.61
0.5 3 5 25 3.63 98.82
0.5 3 5 4 2.39 96.85
0.5 3 10 1 6.95 99.62
0.5 3 10 2.5 6.09 99.31
0.5 3 10 4 4.68 98.35
0.5 6 5 1 5.89 99.72
0.5 6 5 25 3.29 93.26
0.5 6 5 4 2.06 83.19
0.5 6 10 1 8.83 99.28
0.5 6 10 2.5 6.38 99

0.5 6 10 4 4.12 90.13

The column of peak transmittance in Table 5.2 refers to the‘transmittance at the peak
phase-change of the soliton switching window calculated from BPM. The peak
transmittance should be ideally 100 % as (5.13) and (5.17) are used to optimise device
parameters for maximising the peak transmittance. Table 5.2 shows that the mathematical
model agrees very well with BPM except When the fibre loss is large and the fibre length is
long. For the typical fibre loss of 0.2dB/km, Table 5.2 shows that (5.13) and (5.17) can

produce accurate simulation results

For the verification of the window width equations (5.21) and (5.26), Table 5.3 compares
the simulation results calculated from the mathematical model and the BPM for window

width of F,=0.1.
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Table 5.3: Verification of (5.21) and (5.26) for = 0.1.

System parameters optimised by (5.13) and (5.17) Window width
o L B2(ps’ Tw Trwam 52) & BPM Diff.
@B/km) | (m) | km) | (skm) | (ps) 629 | @9 | 0
ps
0 3 -5 1 5.23 3.24 3.25 0.3
0 3 -5 3 3.65 6.44 6.41 0.4
0 3 -10 1 7.55 4.42 4.43 0.2
0 3 -10 3 6.35 6.13 6.12 0.2
0 6 -5 1 7.1 4.96 4.95 0.2
0 6 -5 3 3.74 15.13 15.13 0
0 6 -10 1 10.47 6.49 6.49 0
0 6 -10 3 7.29 12.87 12.89 0.2
0.2 3 -5 1 5.05 3.15 3.1 1.6
0.2 3 -5 3 3.43 6.53 6.36 2.6
0.2 3 -10 1 7.3 4.29 422 1.6
0.2 3 -10 3 6.05 6.1 5.99 0.2
0.2 6 -5 1 6.56 4.75 4.61 2.9%
0.2 6 -5 3 3.28 15.48 14.6 5.7
0.2 6 -10 1 9.74 6.14 5.97 2.8
0.2 6 -10 3 6.46 13.28 12.49 6%
0.5 3 -5 1 4.8 3.03 2.89 4.6
0.5 3 -5 3 3.15 6.69 6.11 8.7
0.5 3 -10 1 6.95 4.11 3.93 4.4
0.5 3 -10 3 5.65 6.07 5.73 5.6
0.5 6 -5 1 5.89 4.51 4.09 9.3
0.5 6 -5 3 2.75 15.89 12.6 20.7
0.5 6 -10 1 8.83 5.71 5.23 8.4
0.5 6 -10 3 5.46 13.89 11.32 18.5

Table 5.3 shows that the simulation results obtained from the mathematical model and the

BPM agree very well for a = 0 dB/km and a = 0.2 dB/km. However, discrepancies as large

as 20.7 % for large fibre loss and long fibre length can be observed. Part of the reason of

the large discrepancies is the inadequate accuracy of (5.13) and (5.17) when the fibre loss

is large. For the comparisons of the accuracy of the window width equations for different

values: of Fy, Table 5.4 lists the simulations results calculated from the mathematical

model and the BPM for Fi = 0.5 (FWHM window width). Table 5.4 shows that the

window width equations have higher accuracy when Fy, is larger.
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Table 5.4: Verification of (5.21) and (5.26) for = 0.5.

System parameters optimised by (5.13) and (5.17) Window width
o L B2 Tw Trwnm 52H & BPM | Diff.
@B/km) | (km) | (ps | (pskm) |  (p9) 526 | @) | %)
*/km) (ps)
0 3 -5 1 5.23 5.76 5.77 0.2
0 3 -5 3 3.65 9.1 9.11 0.1
0 3 -10 1 7.55 7.92 7.93 0.1
0 3 -10 3 6.35 10.03 10.03 0
0 6 -5 1 7.1 8.64 8.64 0
0 6 -5 3 3.74 18 1802 | 0.1
0 6 -10 1 10.47 11.53 15.54 0.1
0 6 -10 3 7.29 18.21 18.23 0.1
0.2 3 -5 1 5.05 5.6 5.62 0.4
0.2 3 -5 3 3.43 9.08 9.04 0.4
0.2 3 -10 1 7.3 7.68 7.71 0.4
0.2 3 -10 3 6.05 9.88 9.86 0.2
0.2 6 -5 1 6.56 8.22 8.24 0.2
0.2 6 -5 3 3.28 18 17.84 0.3
0.2 6 -10 1 9.74 10.88 10.95 0.6
0.2 6 -10 3 6.46 18.11 17.86 1.4
0.5 3 -5 1 48 5.38 5.4 0.4
0.5 3 -5 3 3.15 9.05 8.85 2.2
0.5 3 -10 1 6.95 7.35 7.4 0.7
0.5 3 -10 3 5.65 9.7 9.56 1.4
0.5 6 -5 1 5.89 7.73 7.61 1.6
0.5 6 -5 3 2.75 18 17.1 5
0.5 6 -10 1 8.83 10.08 10.09 0.1
0.5 6 -10 3 5.46 18.04 16.86 6.5

For the verification of the soliton switching profile equation (5.34), Fig. 5.13 show the

simulation results obtained from (5.34) and the BPM. The solid and dashed lines in Figs.

5.13a — 5.131 represent the soliton profile calculated from (5.34) and the BPM,

respectively. Table 5.5 lists the simulation parameters for Fig. 5.13. Only the solid curves

are visible in Figs. 5.13a - 5.13d as the soliton switching profiles calculated from (5.34)

and BPM fit perfectly at o = 0. Although there are small deviations between the solid and

dashed profiles in Figs. 5.13¢e - 5.131 (o = 0.2dB/km), the simulation results of (5.34)

generally agree quite well with those of BPM.
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Table 5.5: Simulations parameters for Fig. 5.13

System parameters optimised by (5.13) and (5.17)
Figure o (dB/km) L (km) B2 T, (ps/km) TrwnMm P,atz=0
(ps”/km) (ps) (mW)
5.13a 0 3 -10 1 7.55 273
5.13b 0 3 -10 3 6.35 386
5.13¢ 0 6 -5 1 7.1 154
5.13d 0 6 -5 3 3.74 556
5.13e 0.2 3 -5 1 5.05 305
5.13f 0.2 3 -5 3 3.43 661
5.13g 0.2 3 -10 1 7.3 292
5.13h 0.2 3 -10 3 6.05 435
5.13i 0.2 6 -5 1 6.56 181
5.13; 0.2 6 -5 3 3.28 723
5.13k 0.2 6 -10 1 9.74 164
5.131 0.2 6 -10 3 6.46 373
Note: the following graphs show the verification of (5.34)
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CHAPTER SIX - NOISE AND CROSSTALK ANALYSIS FOR THE
NONLINEAR OPTICAL LOOP MIRROR
DEMULTIPLEXER

6.1 Introduction

An analysis of noise and crosstalk characteristics of NOLM demultiplexer is presented in
this chapter. The noise and crosstalk model used in the analysis was partly derived from
the mathematical models reported in Refs. 65 and 111. The input parameters of the noise
and crosstalk model are obtained frdm the simulation results of the NOLM model
described in Chapter 5. The organisation of this chapter is as follows. The origins of the
noise and crosstalk associated with the NOLM demultiplexer are described in Section 6.2.
The simulation results of the noise and crosstalk model are presented and analysed in

Section 6.3.

6.2  Noise and Crosstalk in NOLM demultiplexing

6.2.1 Relating intensity noise

A major problem of high-speed long haul soliton transmission systems is the timing jitter
of soliton pulses. The timing jitter could be introduced by the optical transmitter [19],
optical amplifier [53], and soliton interaction [134]. Figure 6.1 shows a typical NOLM
switching window and signal pulses with timing jitter. Ideally the target signal pulse
should appear at the middle of the switching window, however, as it can be seen from Fig.
6.1, the signal pulses do not always arrive at the centre of the switching window. The
arrival time of the jittered signal pulses can be statistically described by a Gaussian
function, with a root-mean-square timing jitter RMSjix., in the unit of picosecond. Because
of the non-square shape of the switéhing window (see Fig. 6.1), the intensity profile of the
demultiplexed signal pulse is varied according to the temporal location of the target pulse.

The energy of the demultiplexed pulse is at maximum when the target pulse is located at
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the centre of the switching window. Since the temporal position of the target pulses has the
characteristics of Gaussian ﬁoise, the timing jitter noise associated with the target pulses is
transformed to the intensity noise through the switching window. The intensity fluctuation
of the demultiplexed pulses depends on the shape of the NOLM switching profile. One of
the reasons for employing soliton control pulse is to attain a relatively flat-top switching

profile in order to reduce the NOLM intensity noise caused by the timing jitter.

input Signal Switching Window
and

Switching

Window

o Signal pulse

AW |

Tfming Jitter

TACN.

Fig. 6.1. The transformation from timing jitter noise to relative intensity noise.

Intensity, Transmittance

Assuming the mean arrival time of the target signal pulses is at the centre of the NOLM
switching profile, the mathematical function for calculating the relative intensity noise

induced by the timing jitter of the signal pulses is given as [65]:

[0 poar=[ [ ) pea |

—, 6
[.E, w()- p(t)dt] o

RINNOLM

where w(t)= j"; 7.(t")- S(r—t)dt', p(?) is the probability distribution of the arrival time of

signal pulse versus NOLM switching profile, 7.(#’) is the NOLM switching profile, and
S(’) is the normalised power profile of the target pulses. p(¢) is a Gaussian distribution

with a root-mean-square timing jitters RMSji... The mean arrival time of the signal pulse is
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located at the central point of FWHM NOLM switching profile (i.e. the central pulse in
Fig. 6.1). On the right side of (6.1), the numerator represents the variance of the
demultiplexed energy of the target pulses, and the denominator represents the square of the
mean demultiplexed energy of the target ‘pulses. T:(r’) can be obtained from the switching

profile equation (5.34).

6.2.2 NOLM residual crosstalk

The counter-clockwise pulses in Fig. 5.1 encounter a large number of clockwise control
pulses during the propagation of a whole fibre loop, as shown in Fig. 6.2. Although the
CCW signal pulses do not co-propagate with the control pulses, they still experience a
small amount of XPM because of the large number of control pulses they meet during the
propagation. The residual XPM experienced by the CCW pulses will manipulate itself to

become residual crosstalk.

cw control pulses ccw signal pulse

Fibre loop mirror

1

|
Coupler

Fig. 6.2. NOLM residual crosstalk.

Assuming the peak transmittance of the NOLM switching window to be optimised by
(5.13) or (5.17), the NOLM residual crosstalk can be heuristically represented by the

following equaion:
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- 2 Ad)ch
My, -1 1—cos ( é

RXTyoss =—2) .l_cosz[(n_M)CCW%),

where Mypys is the total number of OTDM channels, and A¢ccw is the phase-change of

(6.2)

CCW signal pulses due to the residual XPM. The number of non-target channels (M7 -
1) is divided by two for assuming that the both mark and space in the signal pulses have
equal probabilities of occurrence. The numerator and denominator of the rightmost term in
(6.2) represent the residual transmittance of a non-target channel and the peak
transmittance of the target channel, respectively. The peak transmittance of the target
channel is not exactly equal to 7, because residual phase-change hgs not been considered in
the derivation of the maximised peak transmittance equations ((5.13) and (5.17)) in

Chapter 5.

Equation 6.2 can be simplified using the trigonometric theorem, which is given as:

MNOW ;: _A.l_m;;l . tanz(Ad)CC%) . (6.3)

The XPM-induced phase-change of the CCW pulses for a singlé encounter of counter-
propagating control pulse Adccwzone 1S given as [111]:

-E_-c
A(1)CCW —one = y nc b4 (64)

where y is the nonlinear fibre coefficient, £. is the control pulse energy, c is th¢ speed of
light in vacuum, and # is the effective index of the fibre core. Since the number of control
pulses met by a CCW signal pulse is 2nLf./c, where f. is the repetitive rate of the control
pulse, and L is the fibre length [111]. The total phase-change experienced by a CCW signal

pulse is given as:

Abeoy =2-v-E,-L- f,. (6.5)
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Because of the fibre loss, the control pulse energy E. decreases as the propagation dis’gance
increases. The control pulse energy experienced by a CCW signal pulse depends on the
spatial position of the fibre loop where the control pulse and the CCW pulse meet. To take
into account the fibre loss, E. in (6.5) should be replaced by average control pulse energy

over the fibre length. The modified expression is given as:

Ad)ccw — Z'YE‘. .fc 'g_exp(_ G‘L))’ (66)

where ¢ is the fibre loss.

The energy of a soliton control pulse is the integral of the soliton power profile (5.10) and
is given as:
E . =1134-P -Topn,s 6.7)

where P, is the soliton peak power, and 7w is the FWHM soliton pulse width.

Equation 6.6 is substituted with (6.7) and becomes:

2.268-Y- £, - P, - Ty - (1= exp(- )
Aoy =— .

(6.8)

(v}
The number of variables in (6.8) can be reduced by replacing P, with the soliton peak

power equation (3.23). The result is:

Ap, = 1052 B,|- (1—exp(- aL)), 69)

TFWHM A

where [, is the first order dispersion coefficient.

The NOLM residual crosstalk can be calculated by subsituting (6.9) into (6.3), which is

given as:
- 3.526- f, -|B,|-1— -
MNOWM-W{ J.-1Ba] - (1~ exp( a/:))]. 6.10)
y J——ot

Equation 6.10 is used to calculate NOLM residual crosstalk in Section 6.3.2.
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6.2.3 Neigbour channel crosstalk
Neighbour channel crosstalk (NX7voru) is due to demultiplexing of adjacent non-target
channels appearing at the output port of the NOLM, which can be represented

mathematically as:

7,12 T, /2
[T.(0)-S@+T,)dt + [T.@)-S¢t-1,)at

_ =LI2 -T, /2 "
NXT oy = T,/2

2- [T,@)-S(n)at

-1, /2

(6.11)

where T} is the duration of an OTDM time slot. In (6.11), the signal pulse profile S(¢) is
located at the centre of the FWHM NOLM switching profile. The factor 2 in the

denominator assumes that the probabilities of occurrence for mark and space are the same.

6.3  Crosstalk and Noise Analysis

Simulation results from the mathematical models presented in Chapter 5 and Section 6.2
are presented analysed in this section. The device parameters of the NOLM switching
profile used in the crosstalk and noise analysis is optimised using (5.17) for maximising the
peak transmittance of the soliton switching window. The switching profile equation (5.34)
of the NOLM model is used for evaluating the switching profile. The fibre loss and
nonlinearity used are 0.2 dB and 2 W'km™, respectively. It has been shown in Section 5.4

that the accuracy of (5.17) is adequate for fibre loss up to 0.2 dB.

In the analysis, the signal pulse is assumed to be in soliton shape. The normalised signal
pulse profile rather than actual power profile is used for the calculations, as the noise and
crosstalk described in Section 6.2 do not depend on the signal power. The analyses for
relative intensity noise, residual crosstalk and neighbour channel croéstalk are presented in
Sections 6.3.1, 6.3.2 and 6.3.3, respectively. The tradeoffs between the noise and crosstalk

are discussed in Section 6.3.4.
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6.3.1 Simulation results of NOLM relative intensity noise

~ Optimised values of the control pulse width Tmyms and the total walkoff time are
substituted into (5.34) for calculating NOLM switching profiles. The NOLM switching
profiles are then substituted into (6.1) for calculating NOLM relative intensity noise. The

results obtained are shown as follows.

Figure 6.3a shows the NOLM relative intensity noise versus the total walkoff time for 3, =
-20 ps*/km, -10 ps¥/km and -5 ps¥/km. The other simulation parameters are FWHM signal
pulse width = 1 ps, RMSjir = 1 ps, and fibre length L = 3 km. As can be seen from Fig.

6.3a, RINyop for Bz = -20 ps*/km is almost independent of the total walk-off time. The
dependence of RINyowy on the walk-off time increases as [B,| decreases. For Bz = -5

pszlkm, RINyor decreases from —20 dB to —25.5 dB as the total walk-off time increases
from 1 ps to 9 ps. This is due to the widening of the Switching window by increasing the
walk-off time. The RINyopys curve for ; = -10ps2/km displays similar characteristics, but
with a smaller scale of variation in RINyory. The two curves of RINmo4p for B, = -10
ps*/km and -5 ps¥/km show a threshold walk-off time (9 ps), beyond which the RINvors
stops decreasing and remains at a steady value (-25.7 dB) for the further increase of walk-
off time. The NOLM relative intensity noise is insensitive to the total walk-off time after
the walk-off threshold. The NOLM relative intensity noise for B, = -20 ps®/km has similar
threshold characteristics, but its scale of variation in RINyor.s is too small to be visible in

Fig. 6.3a.

Figure 6.3b shows the RINyops versus the total walk-off time for the same parameters as
Fig.6.3a except that L = 6 km. The RINyow curves in Fig. 6.3b display a walk-off
threshold characteristic similar to the one in Fig. 6.3a. The walk-off threshold for both

figures is the same (i.e. 9 ps). For B, = -5 ps2/km (-10 ps2/km) and total walk-off time = 1
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