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All-optical signal processing schemes are being studied as promising candi-
dates for adoption in future optical transmission systems, where they are
hoped to offer benefits such as ultra-fast signal processing, reduced energy
consumption and in some cases, multi-channel processing, supporting the
deployment of new techniques such as optical burst switching and software
defined networks.

The topic of this thesis is the all-optical phase and amplitude regen-
eration of complex signals using four-wave mixing (FWM). Many schemes
for all-optical signal regeneration which have so far been demonstrated
expose a signal to some undesirable concomitant distortion during regen-
eration, grossly limiting their practicability. Therefore, the work in this
thesis focuses upon eliminating these undesirable effects and pursuing the
development of regenerators possessing more ideal performance.

To this end, an amplitude preserving phase regenerator is first demon-
strated using a phase sensitive amplifier (PSA) which functions through
the use of an additional phase harmonic beyond that commonly used. The
conclusions of this are extended to show that, given a means to coherently
add a large number of phase harmonics of a signal, the phase transfer func-
tion of a PSA may be tailored exactly as pleased using a method similar to
Fourier analysis.

Adoption of an exact solution to degenerate FWM allows for the demon-
stration of phase preservation in a saturated, pump-degenerate FWM-based
amplitude regenerator, enabled by adopting a high pump to signal power
ratio. Understanding of the phase noise processes present in this amplitude
regenerator leads to an alternative scheme for phase preservation being
demonstrated, which functions by predistorting the signal using optical
nonlinearities, before amplitude squeezing.

This technique is then combined with a novel, single stage, wavelength
converting idler-free PSA, to realise a system which is capable of regener-
ating both the phase and amplitude of a signal, and, by making use of the
conjugating nature of both stages, allows for the negation of nonlinearity
induced phase distortion between the two stages to realise a system which
is greater than the sum of its two parts.
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GVD Group Velocity Dispersion.

HNLF Highly Nonlinear Fibre.
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LNPSA Low Noise Phase Sensitive Amplifier.

MZM Mach-Zehnder Modulator.

NLSE Nonlinear Schrödinger Equation.

NOLM Nonlinear Optical Loop Mirror.

NRZ Non-return to Zero.

OADM Optical Add-Drop Multiplexer.

OEO Optical-Electrical-Optical.

OMA Optical Modulation Analyser.

OOK On-Off Keying.

OSA Optical Spectrum Analyser.

OSNR Optical Signal to Noise Ratio.

PF Programmable Filter.

PID Proportional Integral Derivative.

PM Polarsation Maintaining.

PMD Polarisation Mode Dispersion.

PolSK Polarisation Shift Keying.

PPLN Periodically Poled Lithium Niobate.

PQPSA Phase Quantising Phase Sensitive Amplifier.

PRBS Pseudo Random Bit Sequence.

PSA Phase Sensitive Amplifier.

PSER Phase Sensitive Extinction Ratio.
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PSK Phase Shift Keying.

QAM Quadrature Amplitude Modulation.

QPSK Quadrature Phase Shift Keying.

RIN Relative Intensity Noise.

SBS Stimulated Brillouin Scattering.

SMF Single Mode Fibre.

SOA Semiconductor Optical Amplifier.

SPM Self Phase Modulation.

SPolM Self Polarisation Rotation.

SRS Stimulated Raman Scattering.

TDFA Thulium Doped Fibre Amplifier.

TOD Third Order Dispersion.

WDM Wavelength Division Multiplexing.

XPM Cross Phase Modulation.

XPolM Cross Polarisation Rotation.
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Chapter 1

Introduction

1.0.1 Motivation

The reach of a signal is the maximum distance over which it may be

transmitted and still be suitably decoded. There are a number of undesir-

able effects to which a signal is subject as it propagates, such as loss, dis-

persion and nonlinearity, any of which can become limiting factors to its

reach, and so techniques to overcome them are highly sought after. Over-

coming loss implies the use of amplification, dispersion may be undone

using dispersion compensating fibre [1] and optical phase conjugation [2]

may be used to compensate for fibre nonlinearity. However, whilst de-

terministic degradations may be simpler to compensate for, stochastic

noise processes, such as additive white noise from amplified spontaneous

emission, are harder to overcome. The use of higher signal launch powers

makes a signal more resilient to additive noise effects, potentially increas-

ing reach, however, it simultaneously increases the nonlinearity to which

a signal is subject, an effect which itself decreases reach. This trade-off

means there is a limit to the extension of reach which can be achieved by

simply increasing launch power, and this limit is known as the nonlinear

Shannon limit [3]. Although techniques for nonlinearity compensation

can help extend this limit, signal regeneration is always an option for ex-

tending reach, provided it is performed regularly enough, and it is this
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approach which will be the topic of this thesis.

Signal regeneration in optical fibre networks is currently performed

using digital signal processing (DSP). DSP can operate not only upon

the quantised measurements of the signal’s field, but after decoding, also

upon its logical data. However, DSP operates upon electronic signals, not

optical ones, and so its use implies a potentially costly conversion back

and forth between the optical and electrical domains. In digital signal re-

generation, the goal is to determine what logical data was actually trans-

mitted, given the received waveform, and then retransmit it as required.

All-optical signal regeneration can be seen as a competing field wherein

the processed signals remain in the optical domain at all times, not re-

quiring digitisation. As the term is used today, all-optical techniques are

inherently analogue and a-logical. Operations are performed upon the

wave itself without knowledge of the underlying data and the goal is to

try to keep it looking as much like the original signal as possible. This

agnosticism towards the underlying data is one of its strengths, giving

rise to format and baud rate insensitivity.

Although DSP is a versatile and capable approach to signal regen-

eration, there are a number of factors which make all-optical signal re-

generation an attractive alternative. Firstly, all-optical signal regenera-

tion using the Kerr effect is characterised by its very broad bandwidth

of operation compared to DSP techniques. This tends to bring with it

much more agreeable scaling with baud rate compared to digital meth-

ods [4–6]. Indeed many all-optical regenerators will operate over a contin-

uous range of baud rates with no alteration to the underlying scheme [5].

The same cannot be said for DSP based approaches, where increasing

baud rate must be catered for either through further parallelisation or in-

creased clock rate of the device, with both approaches accompanied by

an increase in cost. Depending upon the implementation, all-optical sig-

nal processing can also potentially offer reduced latency as compared to

DSP [4] and, as it avoids a redundant conversion of the signal into the
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electrical domain, it may also offer benefits in terms of reduced energy

consumption [4]. The scaling advantages of all-optical signal processing

are well espoused by the erbium doped amplifier (EDFA), an optical am-

plifier making use of stimulated emission from pumped erbium atoms to

amplify an optical signal. In early optical systems, transmission distances

were limited by attenuation, and given a lack of optical amplification at

the time, the first optical fibre links deployed had to make use of electri-

cal repeaters on a per channel basis to overcome loss. With the advent

of the EDFA, many optical signals could be amplified all at once without

demultiplexing, all the while remaining in the optical domain. The broad

operating bandwidth of the EDFA enabled the deployment of wavelength

division multiplexing (WDM), allowing for a much greater utilisation of

the bandwidth offered by optical fibre, and can be seen to have played an

important part in making the internet what it is today.

Many people have first hand experience of the proliferation of the

internet over the past few decades and it is likely that readers of this the-

sis will have themselves played a part in bringing about the growth in

data traffic that has resulted, driving the demand for increased transmis-

sion capacity. As a result, the telecommunications industry is currently

searching for a means to satisfy this demand, with some predicting a ca-

pacity crisis if no disruptive technologies hit the market in the near fu-

ture [7, 8]. In any event, one approach to obtain higher system capacity

would be to adopt the use of higher baud rate signals, however, there are

a number of reasons why this may be an undesirable tactic in present

day networks, such as the need for higher bandwidth optical amplifiers,

as well as, in particular, the need to generate and detect such signals in

the first place, which would increases bandwidth demands placed upon

electrical sub-systems. As it stands, there is indication [9, 10] that the

demand for capacity will be catered for in the first instance by adopting

more spectrally efficient modulation formats [11], i.e. those that transmit

more than 2 bits of information per symbol, as has been done in wired
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and wireless communications over the past few decades. This may be

seen as unfortunate for all-optical signal regeneration, as regenerating low

baud rate signals stands as an under-utilisation of the operating band-

width on offer and catering for higher order modulation formats tends

to increase system complexity. However, the capacity gains provided by

adopting higher order formats do not come for free. Such formats are

more sensitive to noise and offer reduced reach as compared to simpler

formats [11, 12], and hence are either unsuitable for long haul transmis-

sion, or will require more frequent regeneration. If the regeneration of a

signal is to become more frequent, any latency reduction and energetic

advantages which all-optical signal processing can offer will be amplified.

It is partly because of this, that efforts have been made to demonstrate

all-optical signal processing on the complex modulation formats which

are currently on trend.

Another approach to exploiting the large bandwidth offered by all-

optical signal processing besides using high baud rate signals is to process

multiple signals in one medium. There are a number of other signal pro-

cessing functions besides regeneration where all-optical signal processing

can easily leverage this advantage, such as wavelength conversion and op-

tical phase conjugation, and for these tasks, all-optical signal processing

solutions can be seen to be closer to deployment than are those for re-

generation. The realisation of a practical all-optical signal regenerator

capable of operating upon multiple channels (for instance a WDM band)

would probably bring about its swift adoption. However, although multi-

channel all-optical regeneration has been demonstrated [13, 14], it is often

marred by difficulty in isolating the underlying channels from each other

due to the very nature of the nonlinearity being used or sets certain re-

strictions on the channels, such as the requirement for coherent WDM

or specific grid spacings. An alternative is to pursue the regeneration of

multiple channels each in their own spatially separated, but integrated,

medium. Such an approach may not exploit the broad operating band-
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width of all-optical signal processing to its greatest extent, but does not

necessarily do away with the other advantages such as reduced latency,

lower energy consumption, baud rate insensitivity and format flexibility.

A complex optical signal may be described by its amplitude and

phase components over time, and this decomposition turns out to be

quite a natural one in the field of all-optical signal processing, with many

schemes operating on either one or both of these components. Phase re-

generation may be achieved using phase sensitive amplification through

the coherent addition of selected phase harmonics of the signal, resulting

in quantisation of the signal’s phase as appropriate to its format. An un-

desirable side-effect often associated with this approach is the conversion

of the signal’s phase noise into amplitude noise [15–17], which not only

limits the benefit of the regeneration in the first place, but also, upon fur-

ther propagation of the signal along a fibre, may result in the recurrence

of phase noise due to fibre nonlinearity [18, 19] and chromatic dispersion.

This phase noise to amplitude noise conversion stands as a significant

obstacle to the adoption of all-optical signal regeneration and must be re-

solved somehow if it is to be deployed in a practical setting. Of course,

even without this phase to amplitude noise conversion from phase regen-

eration, signals will still accumulate amplitude noise during transmission

due to amplified spontaneous emission and shot noise, effects which obvi-

ously need to be addressed themselves. Incidentally, whilst a number of

schemes for all-optical regeneration of amplitude do exist, they often re-

sult in some degree of amplitude noise to phase noise conversion [20, 21],

the inverse of that exhibited by many phase regenerators. It might ap-

pear, therefore, that it is not possible to ever truly win, when regenerat-

ing the phase of a signal results in a concomitant increase in amplitude

noise, and regenerating the amplitude noise of a signal results in a simi-

lar increase in phase noise. It is easy to come to the conclusion that we

are only capable of reshaping noise, and not truly eliminating it, however,

this is not true and indeed, as will be demonstrated in this thesis, it is
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possible to reduce both components of noise.

In summary, although signal regeneration is nowadays typically per-

formed using DSP, there are a number of benefits to adopting all-optical

signal regeneration, particularly in terms of latency, energy consumption

and flexibility. It should be pointed out, that although all-optical signal

processing has been contrasted to DSP in the preceding discussion, the

two techniques are not mutually exclusive and indeed one should leverage

the benefits of the other to maximise return. As it stands, techniques for

all-optical signal regeneration do exist and have been successfully demon-

strated on a range of formats, but must now be refined and made more

suitable for real world deployment, and it is towards this task that efforts

are made in this thesis.

1.0.2 Approach

Although a large range of phenomena have been exploited to achieve all-

optical signal regeneration, in this thesis all demonstrations of signal re-

generation are implemented using four-wave mixing (FWM). FWM is

a particularly appealing process for regeneration of complex signals, as

it is inherently sensitive to the phase of the signals upon which it oper-

ates, unlike related phenomena such as self-phase modulation, and im-

portantly, is able to produce new waves possessing integer multiples of

the original signal’s phase, in the same band as the signal, unlike sum-

frequency generation or second harmonic generation. Besides phase har-

monic generation, FWM can also be used to perform wavelength conver-

sion of a signal, as well amplification, and these functionalities form the

core optical processing tools used throughout this thesis.

From a coarse perspective, all-optical regeneration of a signal us-

ing FWM is achieved by combining the signal strategically with one or

a number of optical waves (pumps) whose powers and spectral locations

have been carefully selected according to the mechanism of the scheme.

The combined wave is then launched into a nonlinear medium to undergo
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FWM, during which the interaction of the pumps and the signal brings

about some improvement in the quality of the signal.

A number of underlying mechanisms can be used to evoke FWM,

such as the optical Kerr effect, electrostriction and stimulated emission

gain saturation effects. The optical Kerr effect is one of the most com-

monly exploited in all-optical signal processing, and is exhibited by media

whose refractive index depends upon the intensity of light propagating

within it. Semiconductor optical amplifiers (SOAs) can also be used to

bring about FWM although this is the result of a number of other ef-

fects in addition to the Kerr effect. In this thesis all demonstrations of

all-optical signal processing will be made using the optical Kerr effect in

fibre, except for one, which will be made using an SOA.

Typically used Kerr media for all-optical signal processing are of-

ten formed as fibres (Figure 1.1-a) or planar waveguides (Figure 1.1-b),

as the tight light confinement they offer acts to increase nonlinearity.

Highly nonlinear fibres (HNLFs) are able to offer less nonlinearity per

unit length compared to planar waveguides whilst still remaining com-

petitive in terms of net nonlinearity, as they offset their lower nonlinear-

ity per unit length through long total length and low loss. SOAs (Fig-

ure 1.1-c) are also formed as waveguides and are notable for offering gain

through stimulated emission, however this can be a double-edged sword

in that it also constitutes a source of additive noise from amplified spon-

taneous emission.

1.0.3 Outline

The objective of this project is to work towards more practical regener-

ative schemes by eliminating the deleterious side-effects which are com-

monly observed in many implementations. To this end, both amplitude

preserving phase regeneration and phase preserving amplitude regener-

ation are demonstrated. The work culminates in a demonstration of a

combined phase and amplitude regeneration achieved by cascading two
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Figure 1.1: Examples of nonlinear media used for FWM. a) spool of
highly nonlinear fibre b) several nonlinear waveguides on one chip c)
semiconductor optical amplifier in driver mount. All pictures contain a
one penny piece for scale.

other schemes presented in this thesis and using the understanding of

their operation to produce a system that exhibits benefits which are ef-

fectively greater than the sum of its two parts.

The outline of this thesis is as follows. In Chapter 2, the background

theory and concepts necessary to understand the rest of the thesis will

be discussed. The chapter begins with a discussion of the various for-

mats deployed in optical networks, drawing attention to the properties

of light upon which data is encoded, as it is upon these properties that

we must operate when performing all-optical regeneration. The chapter

then moves on to discuss the various distortions to which a signal is sub-

ject during propagation, as not only will it be these distortions which are

to be corrected through all-optical signal regeneration, but many of the

demonstrated regenerative schemes are capable of exhibiting these dis-

tortions themselves and so must be carefully designed to avoid doing so.

After this, a more in depth discussion of FWM is presented, followed by
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some use cases of FWM for all-optical signal regeneration.

In Chapter 3, undesirable phase to amplitude noise conversion exhib-

ited by a phase sensitive amplifier (PSA) is suppressed through the use of

an additional harmonic. It is also shown theoretically that, given access

to a large number of a signal’s phase harmonics, the phase transfer and

gain properties of a PSA can be tailored as desired in a process akin to

Fourier synthesis.

In Chapters 4 and 5, an alternative scheme for phase regeneration is

presented, first in highly nonlinear fibre and then in SOAs. The scheme

is notable for the ease with which it can be tuned, its possibility of low

power operation and for achieving phase squeezing using only a single

nonlinear stage, factors which also make it ideal for realisation using

SOAs. Demonstration of phase squeezing in SOAs is attractive given

their ease of integration and their short length, which leads to low la-

tency. This scheme makes a third appearance later on in the thesis as the

method by which phase regeneration is achieved in the combined phase

and amplitude regenerative scheme.

Up until Chapter 6, all demonstrations will have been of schemes for

phase regeneration. Chapter 6 provides an in depth analysis of amplitude

regeneration through saturation of FWM gain. By using an exact solu-

tion to the case of a wave travelling in a dispersionless media, the causes

of amplitude noise to phase noise conversion are identified, and a means

to eliminate them revealed. This understanding is used to demonstrate

phase preserving amplitude regeneration, the counterpart to the ampli-

tude preserving phase regenerator demonstrated in Chapter 3.

Continuing with amplitude regeneration, Chapter 7 provides an al-

ternative means of obtaining phase preservation. In this scheme, instead

of taking steps to avoid amplitude noise to phase noise conversion, the

signal to be regenerated is first predistorted using an initial, phase con-

jugating stage, negating the distortions to which it is later exposed in a

second, amplitude squeezing stage. This approach relaxes the require-
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ments for high pump power that were present in the preceding chapter,

making it easier to realise practically.

The final experimental demonstration is that of combined phase and

amplitude regeneration, presented in Chapter 8. Here, the techniques

demonstrated in Chapters 7, 6 and 4 are combined, allowing the phase

to amplitude noise conversion of the phase regenerator to be compensated

using active amplitude regeneration, whilst the amplitude to phase noise

conversion of both stages is minimised by exploiting their phase conjugat-

ing nature.

After these experimental demonstrations, a concluding chapter is

presented (Chapter 9), discussing the outcome of the project and direc-

tions for further development.
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Chapter 2

Background

Optical telecommunications can be understood to be quite a broad topic.

Being a practical field, whose goal is, essentially, to convey information

from one location to another, no bounds are placed on what technologies

it incorporates. In its current state, optical telecommunications could be

considered to be a convergence of telecommunications, optics and elec-

tronics, and it inherits many formalisms and techniques from radio, mi-

crowave and electrical telecommunications. The theoretical framework re-

quired for understanding all-optical signal processing inherently possesses

much overlap with that already required to understand optical telecom-

munication systems. Indeed, the optical nonlinear phenomena exploited

to perform all-optical signal processing are typically the very same phe-

nomena recognised as impairments in optical telecommunications, and

this is especially true when the nonlinear processing medium is optical

fibre itself.

In this chapter, the background work required to understand the

studies presented in this thesis will be covered. Firstly, we begin with a

somewhat fundamental discussion of modulating light to carry data. We

then proceed to focus on complex modulation formats, their characteris-

tics, and methods for quantifying their fidelity, as these are the formats

upon which all-optical signal processing will be demonstrated, given their

recent and on-going adoption in optical telecommunications. Afterwards,
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some optical phenomena present in fibre and their role as impairments

to a propagating signal will be discussed. One of these phenomena, four-

wave mixing (FWM), will then be selected out and covered in more de-

tail, as it will be the tool used for all-optical signal processing throughout

this thesis.

2.1 Modulation Formats in Optical Fibre Net-

works

In this section we begin with a general formula for linear light propaga-

tion which makes apparent a number of potential modulation formats.

~E(z, t) = E0(t) ·
[
ĥ sin [θ(t)] + v̂ cos [θ(t)]

]
· ei[ω(t)t−β(ω)z+φ(t)] (2.1)

Equation 2.1 provides a mathematical description of the longitudinal

evolution of a CW wave, propagating in the z direction, with radial fre-

quency ω = 2πf , amplitude E0, propagation constant β(ω) and polarisa-

tion described by θ, the angle the electric field makes with an arbitrarily

defined “horizontal” axis ĥ, which lies perpendicular to both the direction

of propagation and v̂, the “vertical” unit vector defined to be orthogonal

to ĥ. Assuming β depends upon ω(t) and the medium properties (that

we cannot modulate over time), we have available to us four independent

variables which we can modulate over time to carry information: E0(t),

θ(t), ω(t) and φ(t). We are free to choose which of these four parameters

we modulate, each choice having its own merits depending upon practi-

cal setting. Although polarisation may be modulated to carry data (in

a format called polarisation shift keying (PolSK) [22]), this technique

is uncommon, and polarisation is more usually used to carry additional

channels through polarisation multiplexing [22–24]. Likewise, although

frequency shift keying (FSK) has also been demonstrated [25, 26] it is not

commonly deployed in optical fibre communication systems (although

it is more common in radio-based communications), with the frequency
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dimension often being used for multiplexing alone (as in wavelength di-

vision multiplexing). In present day optical fibre communications, de-

ployed formats are commonly realised by modulating E0(t), the ampli-

tude, and/or φ(t), the phase, in some manner, resulting in formats such

as on-off keying (OOK), binary phase shift keying (BPSK) and quadra-

ture amplitude modulation (QAM) formats. The regenerative schemes re-

ported in this work operate upon phase and amplitude, and so it is these

amplitude and phase based formats we shall discuss next.

2.1.1 Constellation Plots

Figure 2.1: Phasor diagram showing the dimensions of a constellation
diagram.

Constellation plots, which are essentially polar plots of the complex

electric field of a signal measured at intervals, provide a useful way to

describe many signal formats and visualise the quality of transmissions.

The real and imaginary axes are often referred to as the in-phase and

quadrature components of the signal, respectively, nomenclature inher-

ited from wireless communication. As shown in Figure 2.1, the in-phase

component, I, is given by I = E0 cos(φ), whilst the quadrature compo-

nent, Q, is given by Q = E0 sin(φ). Points on the plot are obtained by

measuring the electric field components of a series of received symbols, at
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their nominal decision time, as is illustrated in Figure 2.2-a for an exam-

ple, pulsed, format. Each time a point is measured, it may be added to

the constellation plot. Figure 2.2-b shows this process, wherein points are

sequentially added to the plot. As the number of points plotted increases,

clusters of points become apparent, centred about the ideal points de-

fined by the format’s alphabet; in this particular case, a quaternary phase

shift keyed signal (to be discussed shortly) is used as an example, which

exhibits four clusters of points, corresponding to the four phase levels de-

fined in its alphabet. In the ideal case, all points of a given symbol would

lie perfectly atop one another, however, due to noise, this is not the case,

and instead the points exhibit some spread. The robustness of each for-

mat to additive white noise can be judged on a purely geometric basis

from the constellation diagrams.

2.1.2 Format Description Nomenclature

For convenience in discussing the various phase and amplitude modulated

formats of the following section, we shall define some simple nomencla-

ture to describe their symbols in field (IQ) space. We shall describe a for-

mat by a set which contains vectors which describe its symbols’ locations

in IQ space. A set shall be defined using curled parentheses ({· · · , · · · , · · · })

and the electric field vectors shall be represented in one of two forms, de-

pending on what is more natural to the format: polar, (E0, φ), or Carte-

sian, (E0 cos(φ), E0 sin(φ)). Sets of polar vectors shall carry the prefix ],

whilst Cartesian vectors, ⊥.

2.1.3 Amplitude Shift Keying

Amplitude shift keying (ASK) is a family of formats where only the am-

plitude of the signal is modulated. The simplest is on-off keying, known

as OOK (or systematically, 2-ASK), which involves only two amplitude

states ‘on’ and ‘off’ and hence is a binary modulation format, being de-

scribed by ]{(0, 0..2π), (1, 0..2π)}, where “0..2π” indicates that the phase
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Figure 2.2: a: Time domain waveform of a series of symbols. Decision
points are illustrated for each symbol with a dotted line. b: Constella-
tion diagrams for a noisy QPSK signal, showing how clusters of symbols
become apparent as the number of plotted points increases.

Figure 2.3: Archetypal plots of three ASK formats, OOK, 3ASK and
4ASK. Each symbol possesses a colour coded domain; measurements
which fall in one of these domains are assumed to be transmissions of the
symbol to which the domain belongs.
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of the symbols is undefined for OOK formats. The constellation diagram

of a prototypical OOK (with phase carrying a nominal value of 0 rad) as

shown in Figure 2.3 with colour coded zones showing the domains be-

longing to each symbol. A measurement of a symbol lying in one of these

domains is assumed to indicate the data associated with that domain.

This is not always true and as a result of noise, errors can be made when

decoding a symbol if it has accrued enough noise such that it lies in the

incorrect domain. OOK is one of the simplest formats available, in both

modulation and detection. Modulation can be achieved using, for exam-

ple, a Mach-Zehnder Modulator, electro-absorption modulator or even

through direct modulation of the laser. OOK, like higher order ASK for-

mats, can be detected directly using a single photodiode and requires no

means of carrier tracking, making it very cheap to implement. Higher or-

der formats, such as 3-ASK, 4-ASK and so on (shown in Figure 2.3), are

capable of carrying more information per symbol, increasing spectral effi-

ciency, but do this at the expense of decreased receiver sensitivity. As we

shall see later, moving towards complex modulation formats allows for an

increase in spectral efficiency with a smaller decrease in receiver sensitiv-

ity, albeit with an increase in receiver complexity. ASK formats tend to

show high resilience to phase noise (as no information is included in their

phase), however, their intrinsic power variation means that ASK systems

do incur a large exposure to nonlinear effects, as will be discussed in Sec-

tion 2.3.

2.1.4 Phase Shift Keying

Phase shift keying (PSK) formats have a symbol alphabet mapped only

to the phase of the signal, with the amplitude remaining otherwise con-

stant, leading to formats of the form:

]{(1, 2π

n
), (1, 2

2π

n
), (1, 3

2π

n
), . . . , (1, (n− 1)

2π

n
)} ,
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Figure 2.4: Archetypal plots of three PSK formats, BPSK, QPSK and
8PSK. Each symbol possesses a colour coded domain; measurements
which fall in one of these domains are assumed to be transmissions of
the symbol to which the domain belongs. Note there is a relative phase
shift of π/4 applied to the QPSK constellation relative to its description
below; this has no bearing on any conclusions presented and is simply
customary.

where n is a positive integer. Binary phase shift keying (BPSK) is the

simplest PSK format, being described by ]{(1, 0), (1, π)} (shown in Fig-

ure 2.4, along with its colour coded zone boundaries). There are a num-

ber of ways of detecting BPSK, each with their own merits. In differential-

detection, by interfering two sequential BPSK symbols with each other

(for instance, using a delay-line interferometer), a BPSK signal can effec-

tively be turned into an OOK signal, allowing the use of direct detection.

If a single output of the interferometer is detected using a single photodi-

ode (single-ended detection), the receiver sensitivity is comparable to that

offered by OOK [27], however, if both outputs of the interferometer are

detected and compared using a balanced detector, a ≈ 3dB improvement

in receiver sensitivity over OOK can be realised [27, 28]. Furthermore,

balanced differential-detection has been shown to exhibit a 6 dB higher

tolerance to cross-talk than OOK for a given BER [29]. These delay-line

based techniques (sometimes referred to as self-coherent techniques) are

relatively cheap and simple to implement, however are somewhat restric-

tive in what formats they can be used to decode. A much more compli-

cated but far more versatile means of detection is coherent detection. By

splitting the signal into a number of branches and interfering each branch

with a local oscillator, itself split into branches of various polarisation
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states and phase shifts, coherent detection essentially provides a way to

measure the amplitude, phase and polarisation of the signal relative to

the local oscillator, as it evolves with time. Once this is done, DSP may

be used to decode the signal and obtain the transmitted data. Although

more complex than self-coherent detection, it allows for the benefits of

coherent detection to be brought to any format (in fact for BPSK it ac-

tually results in a further 0.4 dB improvement in receiver sensitivity as

compared to balanced, differentially detected BPSK) without the need of

complicated, inflexible delay-line cascades. Besides its flexibility, an addi-

tional benefit of coherent detection is the possibility of applying various

digital signal processing techniques to undo channel impairments, such as

chromatic dispersion and nonlinearity compensation (discussed later).

Quaternary phase shift keying (QPSK) is the next simplest binary-

compatible PSK format, enabling 2 bits to be carried by each symbol,

effectively double the capacity of a BPSK signal of the same baudrate,

albeit with a reduction in receiver sensitivity of 3 dB. Having four phase

levels, it is described by the alphabet ]{(1, 0), (1, π2 ), (1, π), (1, 3π2 )}.

Higher order formats can be obtained by further increasing the num-

ber of phase states used in the modulation. PSK formats are in general

characterised by their relative sensitivity to phase noise compared with

their robustness to amplitude noise (the exception being BPSK, which,

when subject to white noise, will exhibit bit errors mainly due to vari-

ation in amplitude). However, as all of their symbols are of the same

power, they do not suffer from Self Phase Modulation induced phase ro-

tation as much as multi-level formats [30].

BPSK is unique amongst the PSK formats in that it can be modu-

lated using a single Mach-Zehnder modulator. All other formats may be

produced, for instance, using a phase modulator, IQ modulator (a kind of

nested Mach-Zehnder Modulator) or a directly modulated laser [27].
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Figure 2.5: Archetypal plot of a 16QAM signal, shown with its colour
coded decision boundaries.

2.1.5 Quadrature Amplitude Modulation

Quadrature amplitude modulation (QAM) is the name given to any for-

mat which encodes information in both the phase and amplitude of a

signal. QAM signals are commonly implemented using an IQ modula-

tor which naturally lends itself to realising constellations with an alpha-

bet arranged on a square grid in field space. For this reason, a phase and

amplitude description of the electric field of each point is not the most

natural description of these formats, and so they are most often described

using their I and Q electric field components. For illustrative purposes,

it is noted that the lowest order QAM format, 4-QAM, is described by

the alphabet ⊥{(1, 1), (−1, 1), (−1,−1), (1,−1)}, which turns out to be

entirely equivalent to the QPSK format in all but perhaps interpretation.

Figure 2.5 shows an example of 16QAM, a format with an alphabet of

16 symbols, which enables each symbol to carry 4 bits. Fundamentally,

the benefit of adopting high order QAM based formats is because of the

increased spectral efficiency they offer. Of course, this advantage comes

at the price of reduced receiver sensitivity, however it should be noted

that, when subject to additive Gaussian white noise, 2N -QAM formats

with alphabets of eight symbols or more outperform their PSK equiva-

lents of the same symbol number in terms of receiver sensitivity [31, 32].

Naturally, such an argument does not take into account nonlinear noise,

dispersion or practical considerations which may alter the conclusion.
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2.2 Quantifying the Fidelity of a Signal

First of all we shall define the bit error ratio (BER), which stands as one

of the most fundamental metrics for determining the success of a trans-

mission. As its name suggests, the BER is the ratio of erroneously de-

tected bits to transmitted bits. BER measurements are usually taken

for a variety of received optical signal to noise ratios (OSNRs)1 or sig-

nal powers, with the received signal typically being loaded with white

noise using an EDFA before detection. The OSNR or received power re-

quired for a particular BER is known as the receiver sensitivity, which

itself forms an important measure when comparing the effects that dif-

ferent processes, such as transmission or amplification, have upon a sig-

nal. In practice, the BER is measured by transmitting some known se-

quence, detecting and decoding the transmission and comparing the re-

ceived bits to the originally transmitted ones. An estimate of the BER is

then obtained by dividing the number of erroneously received bits by the

total number of received bits: BER = nerror/ntotal. Although there are

many sequences which may be useful to test, such as alternating 1’s and

0’s or pre-determined cycles of keywords, often a pseudo-random binary

sequence (PRBS) is selected as they are easy to produce (they may be

implemented as digital filters such the linear-feedback shift register), are

well-known and possess good properties such as low autocorrelation and

exploration of all possible codewords of a given length. It is important

to explore as many codewords as possible, as it may be found in practice

that a transmission system does not cope well with transmitting certain

keywords. As a crude illustrative example, we may envisage a non-ideal

transmitter whose power fades when it is required to emit a series of 1’s.

Further discussion of the implementation of PRBSs and their properties

is unnecessary here, suffice it to say that PRBSs implemented as linear-

feedback shift registers are often referred to by their bit length (PRBS-

1The OSNR of a signal is the ratio between the signal power and noise power over a
particular bandwidth, normally 0.1 nm.
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15, for instance contains 15 bits in each codeword), are very commonly

used in optical telecommunications, and will be used as test sequences

throughout this work.

A theoretical relationship between the expectation value of the BER

and the OSNR of a QPSK signal subject to additive white Gaussian noise

can be approximated as [33]:

BERQPSK =
1

2
erfc

(√
OSNR/2

)
, (2.2)

where erfc(x) = 2√
π

∫∞
x e−u

2
du is the complementary error function. Plots

of Equation 2.2 will accompany BER plots througout this thesis, to give

an indication of the implementation penalty of each scheme (the amount

by which the receiver sensitivity of the implementation deviates from the

theoretical ideal) or the extent of any purposeful degradation of signals

for characterisation purposes.

Aside from bit error ratio measurements, which provide a direct in-

dication of the amount of information which can be extracted from a sig-

nal, there are a number of indirect measurements which provide useful

information about the fidelity of a transmission and provide indicators

as to the distortions it may have undergone. Amongst these, extensive

use will be made of three metrics in particular which describe the noise

of complex signals: the error vector magnitude (EVM), phase noise and

magnitude noise. These three measurements are statistical metrics which

describe the deviation of measured symbols from their ideal locations in

electric field space.

Figure 2.6 presents a constellation plot of a QPSK signal, with mea-

sured symbols plotted with yellow crosses and ideal symbol points plot-

ted with black points. One of these measured symbols has been selected

out for discussion. Three vectors are plotted on the figure, a vector from

the origin to the ideal location of the selected symbol (green), a vector

from the origin to the actual location of the measured symbol (blue) and

a vector from the measured symbol to its ideal location (orange). This
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Figure 2.6: Constellation plot showing ideal symbol locations (black dots)
for a QPSK signal, along with some measured symbols (yellow crosses)
and error vectors to each measured symbol from their ideal symbol loca-
tion.
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latter vector is the error vector.

EVM is given by the root mean square of the magnitude of the error

vector, normalised by the magnitude of the symbol in the format’s alpha-

bet with the highest power,

EVM = 100×

√
1
n

∑
n |εn|

2

|Apeak|2
,

and is given as a percentage, hence the factor of 100. The error vector

is a particularly good gauge of noise when the signal is subject only to

white noise, in which case a direct link can be made between the EVM of

a signal and its BER, the exact relationship depending upon the format

in question [34]. In this way, it can be thought of as providing similar in-

formation as the Q-factor of an OOK signal, only, in complex field space.

If the noise distribution is particularly anisotropic in field space (for ex-

ample, predominantly phase noise), the EVM becomes a less effective in-

dicator of noise.

The angle δφ in Figure 2.6 shows the deviation in phase exhibited

by the selected symbol relative to its closest ideal location. Phase error is

given by the root mean square of the phase deviation,

∆φ =

√
1

n

∑
n

(δφn)2 .

In this work, phase error will be presented in degrees rms.

Magnitude error is defined in a similar fashion. Figure 2.6 also shows

the magnitude deviation of the symbol relative to a locus of constant

power equal to the ideal power of the symbol. Magnitude error is the

root mean square of the magnitude deviation of a sample of symbol mea-

surements relative to their ideal power,

∆Mag = 100×
√

1

n

∑
n

(δMagn)2 ,

and is reported as % rms. It should be noted that a constant locus of
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amplitude may be drawn for PSK formats, however for multi-level for-

mats, the reference power will depend upon which symbol is chosen as

the reference symbol.

Magnitude and phase noise are especially useful metrics for the present

work, as not only do a number of processes exist whereby noise is pro-

duced in either one of these dimensions (for example, relative intensity

noise or the Gordon-Mollenauer effect [35]), but also, many all-optical re-

generators, and certainly those that have been investigated as part of this

work, naturally operate upon phase or magnitude, meaning that their

performance can be judged in terms of these quantities. Magnitude and

phase noise are also particularly useful quantities when investigating PSK

formats, which show very different tolerances toward phase noise and am-

plitude noise.

2.2.1 Noise in BPSK and QPSK Signals

In this section, we will consider how different types of noise impact, specif-

ically, the performance of BPSK and QPSK. The reasons for doing this

are as follows: first of all, the schemes demonstrated in this study are

mainly designed for, or at least characterised with, QPSK signals. Sec-

ondly, although there are many phase quantisation schemes which have

been demonstrated upon BPSK signals [14, 36–38], not all of their conclu-

sions are applicable to QPSK signals, as there are some very important

differences between BPSK and QPSK formats in how they respond to

noise, phase quantisation and amplitude quantisation, and these differ-

ences should be held in mind when attempting to compare demonstra-

tions using different formats.

2.2.1.1 White Noise

Figure 2.7 shows constellation plots for BPSK and QPSK, with blue

circular fields representing the spread of measured points due to white

noise. The extent of the white noise is arbitrary, but is large enough to
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Figure 2.7: Constellation plots illustrating the occurrence of bit errors
with increasing white noise, which is represented by blue circles centred
about the ideal symbol locations (black dots). Plots are shown for both
BPSK and QPSK and the overlap between circles illustrates the location
in electric field space where errors will occur first with increasing noise.

reveal the location of overlap between fields which represents the oc-

currence of bit decoding errors. Concentrating first upon BPSK, we see

that the overlap between the circles occurs mostly due to magnitude er-

ror. QPSK on the other hand, experiences overlap between neighbouring

symbol clusters and hence bit errors occur mainly because of phase error

(although, of course, magnitude noise will cause errors in more extreme

cases).

2.2.1.2 Pure Amplitude and Phase Noise

We can gain further insight into the susceptibility of various formats to

different types of noise by considering the geometric distance between

their symbols in electric field space. Figure 2.8 shows two different for-

mats, BPSK and QPSK, all of the same average power (nominally ’1’ ar-

bitrary linear units). The upper row is subject to phase noise whilst the

bottom is subject to amplitude noise. The important distances in elec-

tric field space which determine a particular format’s susceptibility to the
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Figure 2.8: Constellation diagrams for BPSK and QPSK showing the ge-
ometric distance between symbols in electric field space- Upper: distance
along an arc. Lower: linear distance.

kind of noise to which it is subject are also plotted on each constellation

diagram.

Considering first BPSK, ]{(1, 0), (1, π)} , as shown in Figure 2.8, we

see that the straight-line distance between the two symbols is 2, whereas

the distance in phase (following an arc from one point to the other) is

(2π)/2 = π. In BPSK, the symbols are clearly much closer to each other

radially than circumferentially, and hence are more susceptible to ampli-

tude noise than phase noise.

QPSK signals, however, show the reverse relationship. If we now

consider a QPSK signal of the same average power, ]{(1, 0), (1, π2 ), (1, π),

(1, 3π2 )}, there are three distances to consider. First the diagonal dis-

tance between symbols can be found to be 2, the same as in BPSK. The

straight-line distance between neighbouring symbols is
√

2 ≈ 1.41, whilst

the distance along an arc (of radius 1) between them is π/2 ≈ 1.57.

Given that the radial difference between the points, 2, is larger than the

circumferential distance, QPSK is more susceptible to phase noise than
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amplitude noise.

To generalise, for all PSK formats of the same average magnitude

(and hence power), a, we see that the radial distance between points is

2a, whilst the circumferentially distance is (2πa/M), where M is the

number of symbols in the alphabet. As we increase M , the circumfer-

ential distance between neighbouring points decreases, and hence PSK

formats become less tolerant to phase noise with increasing alphabet size.

All PSK formats of order M = 4 or more show this increased susceptibil-

ity to phase noise over amplitude noise.

2.3 Optical Channel Effects as Impairments

We shall now consider typical optical phenomena observed in fibre from

the perspective that they are impairments. To aid in discussion, we shall

consider their effect upon a prototypical QPSK signal. The discussion

will be divided into two sections, linear effects, which are independent of

the power of the electromagnetic field, and nonlinear effects, which do

depend upon it.

2.3.1 Linear Effects

Linear effects do not depend upon the power of the electric field. We

shall identify three linear effects relevant to single mode fibre: attenua-

tion, chromatic dispersion and polarisation mode dispersion (PMD).

The first two effects can be identified by considering the following

description of a monochromatic wave propagating in a linear, isotropic

(non-birefringent) fibre:

~E(z) = ~E0e
−gz = ~E0e

−(α/2+iβ)z = ~E0e
−α/2ze−iβz , (2.3)

where g = α/2 + iβ is the propagation constant (often represented as

γ, but we shall reserve use of this symbol for the nonlinear coefficient

discussed later). The real part of the propagation constant, α/2 can be
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seen to represent the loss the wave experiences as it propagates along

the fibre. We include the factor of 1
2 so that α may be defined in terms

of a loss of power per unit length, not amplitude (although the choice is

one of preference). The imaginary part, β, represents a phase shift which

increases along the length of the fibre, hence, we may associate it with

the linear refractive index of the material. If constant, β would represent

nothing more than an optical delay, however, in practice β generally ex-

hibits some dependence upon the frequency of the propagating wave and

its polarisation. These two dependencies respectively result in the phe-

nomena known as chromatic dispersion and polarisation mode dispersion.

To describe polarisation mode dispersion, modifications must be made

to Equation 2.3 to include the two polarisation modes present in typical

solid core fibre and take into account the effects of birefringence:

~E(z) = ~E0 · ~G =

Ef
Es

 · (e−(α/2+iβf )z e−(α/2+iβs)z
)
, (2.4)

where βf and βs are the propagation constants of the fast and slow axis,

respectively, of the fibre which may vary in orientation along its length.

The fast and slow axis are eigenvectors of the propagation tensor and are

so named because light polarised along the fast axis experiences the low-

est refractive index, whilst that polarised along the slow axis experiences

the highest refractive index. Note that in Equation 2.4, the attenuation

has been assumed to be independent of polarisation.

2.3.1.1 Attenuation

Attenuation simply results in a loss of power from the transmitted wave

and is caused by processes such as scattering and absorption. In itself,

this would not be an issue, however, it effectively challenges the sensitiv-

ity of the receiver used, necessitating amplification and reduces the signal

power versus the power of vacuum fluctuations [39]. Amplification is typ-

ically a noisy process and so indirectly, loss results in an increase in the
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noise of a signal due to the need for amplification. Equation 2.3 shows

that attenuation, represented by the parameter α, results in an exponen-

tial decay in the power of a wave.

2.3.1.2 Chromatic Dispersion

The term chromatic dispersion represents the phenomenon wherein the

refractive index electromagnetic radiation experiences depends upon its

frequency. In other words, it arises from the dependence of β upon ω and

hence is mediated by the parameter β (ω). From Equation 2.3 we see that

chromatic dispersion simply imparts a frequency dependent phase shift

upon the travelling wave. In optical fibre, chromatic dispersion depends

not only upon the intrinsic refractive index of the medium in which it

propagates, but also the properties of the waveguide itself. β(ω) does not,

in general, take an analytical form and so is often approximated using a

Taylor series about a centre frequency, ω0:

β (ω) = β0 + (ω − ω0)β1 +
1

2
(ω − ω0)2β2 +

1

6
(ω − ω0)3β3 + . . . , (2.5)

where the propagation constants βx are given (according to the normal

Taylor series relationship) by βx = dxβ
dωx

∣∣∣
ω=ω0

.

These propagation constants may be associated with various disper-

sive effects:

1. β0 is the common phase shift experienced by all frequency compo-

nents.

2. β1 = dβ
dω = 1

v g
= 1

c

(
ω dndω + n

)
is the reciprocal of the group veloc-

ity of the medium, the speed with which amplitude changes in the

carrier propagate along the fibre. It does not elicit changes in the

shape of a pulse, but describes the difference in velocity between

two pulses of differing carrier frequency.

3. β2 = d2β
dω2 = GVD = 1

c (ω
d2n
dω2 + 2 dndω ) is the group velocity dispersion
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(GVD) and represents the dependence of the group velocity on fre-

quency. GVD is responsible for the different components in a wave

packet travelling at different velocities (and hence is responsible for

dispersion induced pulse broadening).

4. β3= d3β
dω3 = TOD = 1

c (ω
d3n
dω3 + 3 d

2n
dω2 ) is known as the third order

dispersion (TOD). Following the pattern, the TOD dispersion rep-

resents the dependence of GVD upon frequency.

As chromatic dispersion depends upon frequency and nothing else, it

can be viewed as only invoking phase shifts in the frequency domain. As

a result, dispersion alone can cause no changes to a signal’s power spec-

trum, however, these phase shifts in the frequency domain result in mod-

ulation of a signal’s waveform in the time domain. The effect of GVD is

to broaden pulses in time, effectively by imparting chirp upon them. If

these pulses are, for instance, part of an OOK transmission, we can see

that ‘on’ symbols may be broadened such that they leak into the time

slot of ‘off’ symbols, decreasing the power ratio between the two symbols

and increasing the chance of bit errors.

There may exist a wavelength about which there is no dispersion,

this wavelength is known as the zero dispersion wavelength. If a signal

propagates at this wavelength, it will experience no dispersion induced

distortion. Typical optical fibre used for telecommunications (such as

SMF-28 and its variants) possess a zero dispersion wavelength which lies

close to λ =1300 nm (hence the use of this wavelength in early telecom-

munications systems).

Chromatic dispersion may be undone simply by propagating a dis-

persed signal through a suitable medium of opposite dispersion, i.e. if the

signal had previously propagated a length l through a medium of disper-

sion profile β(ω), it should be propagated a distance l′ through a second

medium of dispersion profile β′(ω), such that l′β′(ω) = −lβ(ω) for all

relevant values of ω. Provided that the signal has experienced no other
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distortions, such treatment will result in complete recovery of the origi-

nal signal [40]. Chromatic dispersion compensation can also be performed

in the digital domain through digital signal processing [41], however, any

phase noise in the local oscillator used to decode the signal is converted

into amplitude noise upon detection, limiting the effectiveness of the dig-

ital chromatic dispersion compensation [42], a problem not present in op-

tical methods.

There are two alternative parameters to β2 and β3 commonly used

when discussing optical fibres, the dispersion parameter D = dβ1
dλ =

−2πc
λ2

β2 and the dispersion slope, D′ = dD
dλ = 2πc

λ2

(
2β2λ − β3

)
. These

parameters are encountered more often than β parameters as they are

consistent with measurements of wavelength, which is historically a more

common metric than optical frequency.

2.3.1.3 Polarisation Mode Dispersion

As noted before, PMD, measured in

ps km−1/2, occurs due to the dependence of the propagation constant

upon the polarisation of the electromagnetic wave, as shown in Equa-

tion 2.4. PMD in non-polarisation maintaining fibre is typically low per

unit length, but varies randomly along the fibre, due to imperfections in

the fibre structure and changes with the physical strain applied to the fi-

bre as well as the temperature, etc. This means that linearly polarised

light launched into such a fibre will exit the fibre with some random po-

larisation state which may indeed vary over time. PMD may be compen-

sated using a polarisation controller driven by an active feedback circuit

(although this is typically only applicable to non polarisation multiplexed

signals), or digital post-compensation may be applied during decoding of

a signal. In polarisation maintaining (PM) fibre, a large birefringence is

applied along the entire length of the fibre using stress rods. This large

birefringence prevents mode coupling, and so signals launched linearly

along one of the principle axes of the fibre will remain linearly polarised

59



as they propagate.

2.3.2 Nonlinear Effects

There are many nonlinear effects which occur in optical fibre, such as

the Kerr effect, occurring due to the χ(3) nonlinearity of silica [43], elec-

trostriction, which is important for pulses longer than 1 ns [44, 45] and

stimulated Raman scattering [43]. The Kerr effect is responsible for a

substantial range of phenomena with response times much faster than the

baudrate of signals in use today, and results in the refractive index of the

medium exhibiting a dependence upon the intensity of the light travelling

within it [43]. Hence, the refractive index of such a Kerr medium can be

expressed as:

n = n0 + n2 |E|2 , (2.6)

where n0 is the common, linear refractive index, n2 is the nonlinear re-

fractive index that accounts for nonlinearity, and |E|2 is the intensity of

the propagating light.

So, whereas the effect of dispersion is to make the refractive index

dependent upon the frequency of the propagating electromagnetic wave,

nonlinearity makes the refractive index dependent upon the intensity of

the propagating electromagnetic wave. The intensity dependence of the

refractive index means that, in the case of positive n2 (as is typical for

silica optical fibres with n2 ≈ 3.2× 10−20 m2W−1), high intensity parts of

a pulse will travel slower than their lower intensity counterparts, resulting

in a phase shift between them. Intensity is, of course, a measurement of

power density, however, in a practical setting, it is often easier to obtain

knowledge of the total power of light in a fibre. As a result, the nonlinear

coefficient, γ = n2ω0
cAeff

is often used, where c is the speed of light, ω0 is the

frequency of the field, and Aeff is the effective area of the fibre, which

takes into account the intensity distribution of light in the fibre [43].
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2.3.2.1 Self-phase Modulation

Self-phase modulation (SPM) is the nonlinear phase modulation a wave

experiences due to its own power |E1(t, z)|2 (where E1 is the optical am-

plitude with units W
1
2 ). The phase shift experienced by a signal due to

SPM when it is propagated a length z along a fibre is given by:

δφ1 = γz |E1(t, z)|2 , (2.7)

which, in the event that SPM is the only impairment, leads to the follow-

ing equation for the propagating wave:

E1(t, z) = E1(t, 0)ei(ω1t−k1z+φ1+γ|E1(t,z=0)|2z) . (2.8)

Being a phase modulation which depends upon the intensity of the

wave as it varies over time, SPM may only induce phase changes in the

time domain, and hence, in isolation, may change a signal’s power spec-

trum, but not its waveform. If E1 happens to be perfectly constant over

time, SPM results in nothing more than a constant rotation of the phase

of the signal. However, typically a signal does possess some variation of

power, either due to magnitude noise, in which case SPM results in mag-

nitude noise to phase noise conversion, or, in the case of a multi-level for-

mat, rotation of symbols of different power relative to each other.

When viewing constellation diagrams, variation in the amplitude of a

signal (whether due to amplitude noise or the format itself) results in an

apparent rotation or swirling of the constellation diagram. An example

of this effect is shown in Figure 2.9 for an amplitude noise loaded QPSK

signal. Moving away from the origin (i.e. increasing amplitude), the an-

gular distortion of the diagram can be seen to increase. This effect is due

to the quadratic dependence of SPM on amplitude (Equation 2.8), which,

incidentally, results in the symbol clusters following Fermat’s spiral.

SPM is especially harmful to PSK signals, due to amplitude noise to

phase noise conversion [46]. Additionally, SPM can be harmful to WDM
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Figure 2.9: Constellation plots illustrating the effect of SPM on an ampli-
tude noise loaded QPSK signal.

systems where the spectral broadening it is responsible for can cause

neighbouring channels to contaminate each other. Multi-level formats

suffer further from SPM, as symbols of differing power level will rotate

differently to one another.

Techniques exist to correct for the effects of SPM either optically

(such as optical phase conjugation, OPC [47]), or using DSP [48].

2.3.2.2 Cross-phase Modulation

Cross-phase modulation (XPM) is similar to self-phase modulation, ex-

cept in this instance, the nonlinear phase modulation is due to another

signal’s intensity variations (e.g. |E2(t, z)|2), not the signal’s own, hence:

δφ1 = 2γz |E2(t, z)|2 (2.9)

and

E1(t, z) = E1(t, 0)ei(ω1t−k1z+φ1+2γ|E2(t,z)|2z) . (2.10)

XPM can be harmful in WDM signals, where a signal may be mod-

ulated by neighbouring channels. Again this represents a conversion of

intensity noise into phase noise, however this time it is the intensity noise

in other signals that is important. In addition, XPM can also lead to tim-

ing jitter due a broadening of the switching points of a signal [49].
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2.3.2.3 Nonlinear Polarisation Rotation

The effects of SPM and XPM may also induce what is called nonlinear

polarisation rotation. Nonlinear polarisation rotation can be seen as re-

sulting from a signal experiencing a polarisation dependent phase shift,

either due to its own power (self polarisation modulation - SPolM), or the

power of another wave (cross polarisation modulation - XPolM), which

inherently changes its polarisation state. Nonlinear polarisation rotation

compounds the polarisation scrambling which a signal normally under-

goes due to randomly varying birefringence along a fibre, however it has

been shown that PMD may act to reduce the severity of XPolM [50]. For

polarisation multiplexed signals, XPolM can result in fading and cross-

talk between the two polarisation channels [50, 51], although there is nu-

merical evidence suggesting that XPolM remains of lesser importance for

polarisation multiplexed systems than XPM [50].

2.3.2.4 Four Wave Mixing

Four wave mixing, as its name suggests, involves the interaction of four

waves, although these waves can be degenerate. Classically, it can be

viewed as the process whereby the beating of two waves in a medium

causes a modulation of the refractive index of that medium from which

a third wave is scattered, creating a fourth. From a quantum perspective,

it can be described as the annihilation of two photons with the concomi-

tant creation of two new photons. Of course, in both descriptions there

must be a conservation of energy and momentum, the former determin-

ing the frequency at which the new waves/photons are created, whilst the

latter determines the likelihood of the interaction taking place.

As an impairment, FWM is a source of cross-talk between neigh-

bouring wavelength channels. Fortunately, it is suppressed somewhat

around 1550nm due to the high dispersion of transmission fibre at this

wavelength, which results in poor phase matching for the FWM pro-

cesses. Given the importance of FWM in this thesis, a more in depth
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discussion of FWM will be given later.

2.3.2.5 Stimulated Brillouin Scattering

At high intensities, optical fibre may exhibit stimulated Brillouin scat-

tering (SBS), a nonlinear, inelastic optical scattering effect which may

be considered to be a result of the intense lightwave inducing an acoustic

density wave in the fibre from which it then scatters. The most relevant

mechanism causing these density waves in fibre is electrostriction [52],

although absorptive effects may also be responsible in some cases [52].

Stimulated Brillouin scattering can be thought of as involving the annihi-

lation of a photon, with the simultaneous creation of an acoustic phonon

and a new photon of lower energy. As some of the original photon’s en-

ergy has gone into the production of the phonon, the output photon will

be red shifted by an amount equal to the phonon energy, which depends

upon the material, but is typically around 10 GHz for silica based fi-

bre [43]. The inverse case is also possible, whereby an acoustic phonon

and a photon are annihilated, resulting in the emission of a new photon

that is blue shifted relative to the original. As in a typical fibre at room

temperature there are few such phonons present, the latter case is less

likely than the former, unless the fibre is specially prepared, for example

through pumping, such as is done to produce a stimulated Brillouin fibre

laser [53].

Optical fibres can be particularly prone to suffering from SBS, as

they may act not only as an optical waveguide, but also as an acous-

tic waveguide [54], enhancing the propagation of the density wave. SBS

tends to limit the amount of power that can be launched down an optical

fibre, as, once the input power reaches the Brillouin threshold (the max-

imum launch power beyond which the SBS effect becomes important),

any further increase in power does not result in a proportional increase in

the forward propagated light, but instead leads to an increased amount

of backscattering. If the launch power is great enough, the backscattered
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light may become so large as to undergo SBS itself, resulting in a new

frequency in the original ‘forward’ direction being produced, which may

degrade the original signal.

The gain bandwidth of SBS is relatively small, at around 10 MHz

[43]. There are a number of definitions for the SBS threshold; following

the definition that the SBS threshold is the input power resulting in 1%

of the input light being back scattered [55], the SBS threshold can be for-

mulated as [56]:

Pth =
21bAeff
gBLeff

, (2.11)

where b is a polarisation factor representing the relative polarisation of

the pump and Stokes waves with range 1 ≤ b ≤ 2 (1 in the case that lin-

ear polarisation is maintained, 2 if polarisation is scrambled [57]), and gB

is a gain factor specific to the fibre in question. For illustrative purposes,

a typical single-mode fibre (SMF), possessing the following parameters:

gB = 4 × 10−11mW, Aeff ≈50µm2 [56] and under the assumption that

b = 2 and Leff =1 km, would be predicted to possess a Brillouin thresh-

old of 17 dBm.

For nonlinear signal processing, we generally desire a high net non-

linearity. In contrast to the Brillouin threshold shown in Equation 2.11,

net nonlinearity is directly proportional to the length of the medium and

inversely proportional to effective area. This leads to a conundrum; if we

wish to, for instance, double the net nonlinearity, either by doubling the

length of the medium or halving its effective area, we inherently halve the

SBS threshold at the same time, reducing the amount of power which

may be launched into the medium and reducing the net nonlinearity

which may be obtained. Hence, we are strongly motivated to find ways

of increasing the SBS threshold, and, as such, a number of methods have

been proposed:

Dithering By dithering the phase or frequency of a signal, its spec-
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tral width can be broadened outside of its SBS gain bandwidth

[58], increasing the amount of power that can be launched into the

medium before the onset of SBS. This technique is very effective

and can result in an increase in the power threshold of more than

20 dB [59]. However, it can present challenges to injection locking

(if such a technique needs to be performed) as well as impairing de-

tection of a signal if the dithering is not undone.

Stress Applying a varying strain to the fibre increases the Brillouin gain

bandwidth and can be used to achieve increases in Brillouin thresh-

old of at least 9 dB [60]. Such stresses can be applied in a tempo-

rary or permanent manner and cause a variation in the frequency of

the acoustic wave, increasing the SBS gain bandwidth but decreas-

ing the gain factor which in turn rases the Brillouin threshold.

Temperature Gradient Applying a temperature gradient along the

length of the fibre effectively results in a varying strain along its

length, again increasing the Brillouin gain bandwidth [61]. A Bril-

louin threshold increase of 3 dB per 100 ◦C as been reported [61].

Core Doping Certain dopants can increase the Brillouin threshold of

the system. For instance, doping the fibre core with Al2O3 causes

its optical refractive index to increase, but the acoustic refractive

index to decrease, resulting in a guiding structure for optical fields,

but an antiguiding structure for acoustic fields [54].

2.3.2.6 Stimulated Raman Scattering

Stimulated Raman scattering (SRS) is an inelastic scattering process

similar to Brillouin scattering, but instead of involving an interaction

between a photon and an acoustic phonon, it entails an interaction be-

tween a photon and an optical phonon. In fibre, SRS differs notably from

SBS in that it can provide gain over a much larger bandwidth (up to

40 THz [43]) and results in a much larger frequency shift (13.2 THz for
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silica based fibres [43]). Just like the Brillouin threshold defined for SBS,

we may define a Raman threshold for SRS, which may be formulated

as [62]:

PSRS =
16Aeff
gRLeff

, (2.12)

where gR is the Raman gain factor. It is interesting to compare the Ra-

man threshold given by Equation 2.12 to the Brillouin threshold given by

Equation 2.11. Taking the ratio of the two equations and rearranging, we

may obtain:

PSRS =
16gB
21bgR

PSBS . (2.13)

Substituting in gB = 4 × 10−11mW−1 and b = 2, as before and gR =

6× 10−14mW−1 (the Raman gain factor of a typical fibre [56]), we obtain:

PSRS =
16gB
21bgR

= 254PSBS . (2.14)

In other words, for this model case the SRS threshold is 254 times (24 dB)

higher than the SBS threshold. Hence, we tend to reach the Brillouin

threshold long before we reach the Raman threshold, and because the

former tends to set an upper limit on the amount of power that can be

launched into a fibre using a narrow bandwidth CW line, SRS is typically

not an issue for the work in this thesis. However, due to its large band-

width, SRS can become an issue for high power ultrafast pulses or WDM

bands, which can posses enough power to exceed the Raman threshold,

but whose bandwidths are greater than the SBS gain bandwidth. In this

case it acts similarly to SBS, drawing the power off into a scattered beam

and limiting maximum launch powers.
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2.4 Optical Signal Processing with FWM

Although constructive use has been made of all of the nonlinear phenom-

ena presented in Section 2.3.2 for all-optical signal processing, in this

project we make use only of FWM, with all of the other nonlinear effects

appearing as impairments. There are a number of things which make

FWM an ideal phenomenon for all-optical signal processing; it is phase

sensitive, amplitude sensitive, capable of producing new wavelengths over

broad bandwidths, and importantly, it can produce harmonics of a sig-

nal’s phase in the spectral vicinity of the original signal. The final point

is a very important one which distinguishes phase harmonic production

via FWM from second or third harmonic generation. These latter mul-

tiplicative processes result in not only the multiplication of a signal’s

phase, but also of its frequency, resulting in a concomitant upconversion

of a signal far out of band, which is potentially not only inconvenient, but

also may introduce challenges in designing a medium which can not only

carry such a range of frequencies, but also provide good phase matching

between them. In this section, a theoretical discussion of FWM will be

presented, given its role in all-optical signal processing throughout this

project.

2.4.1 Nonlinear Schrödinger Equation

To develop the background for discussing FWM more thoroughly, we

must make use of a more accurate mathematical model of pulse prop-

agation in an optical fibre. It is sufficient for our purposes to consider

a scalar model of pulse propagation in fibre, in which all electric fields

are assumed to be copolarised. We consider the longitudinal evolution

of a complex wave, B(z, t), as it travels along a fibre, and assume that it

may be described as a carrier wave of radial frequency ω, modulated by a

complex, time dependent envelope, A(z, t), such that B(z, t) = A(z, t)eiωt.

The evolution of the envelope function, A(z, t), can by modelled using

the Nonlinear Schrödinger Equation (NLSE), under the condition that
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the envelope of the pulse varies much more slowly than the carrier fre-

quency of the electromagnetic field [43]. This approach is valid for pulses

as short as 0.1 ps [43], which is entirely appropriate for our purposes, as

this corresponds to bandwidths on the order of 10 THz, far greater than

the bandwidths considered in this work. The simplified NLSE is provided

below in Equation (2.15) in accordance with [43]:

∂A

∂z
= − iβ2

2

∂2A

∂t2
+
β3

6

∂3A

∂t3
+ iγ|A|2A− α

2
A . (2.15)

This equation does not take into account other important nonlinear ef-

fects, such as Stimulated Raman Scattering or self-steepening (an effect

which induces a steepening in the leading or trailing edge of a pulse, de-

pending upon whether n2 > 1 or n2 < 1, respectively [63]), however it is

sufficient to describe a number of phenomena important to this work.

We may split the right hand side of Equation 2.15 into three parts:

Attenuation −α
2A represents the loss of power from the pulse as it

propagates through a lossy material, discussed in Section 2.3.1.1.

Dispersion − iβ2
2
∂2A
∂t2

+ β3
6
∂3A
∂t3

represents the effects of dispersion — the

dependence of refractive index upon frequency (see Section 2.3.1.2).

Here, only the effects of GVD and TOD are considered, although

higher order dispersive terms may also be included to improve the

accuracy of the model when considering media of low chromatic dis-

persion. Indeed, the lower the dispersion or the greater the pump-

signal detuning, the greater the number of terms which should be

considered.

Nonlinear Refraction iγ|A|2A represents the effects of the variation

of refractive index of the transmission medium with the intensity of

the electric field, as was discussed in Section 2.3.2.
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2.4.2 Four-wave Mixing

Using the NLSE (Equation 2.15), two types of FWM will be presented

mathematically: degenerate and non-degenerate FWM. In the lossless

and dispersionless case, Equation 2.15, reduces to:

∂A

∂z
= iγ|A|2A , (2.16)

which can be solved directly to yield:

A(t, z) = A(t, 0)eiγ|A(t,0)|2 . (2.17)

If we consider A(t, 0) to be comprised of multiple, co-propagating waves,

such that it takes the form:

A(t, 0) =

n∑
x=1

ψx ,

where

ψx = Ex(t, z = 0)ei(ωxt−kxz+φx)

and Ex is the optical amplitude of the xth wave (with units W
1
2 , as be-

fore), radial frequency ωx, propagation constant kx and phase φx, Equa-

tion 2.17 can be expanded to describe FWM. We shall now consider two

cases, that of n = 2 and that of n = 3, both of which elicit FWM. The

case of n = 1 shall be omitted as this simply describes SPM. For illus-

trative purposes, the effects of FWM will be presented accurate to some

first order approximation; a more in depth analytical study of degener-

ate FWM will be presented in Chapter 6, where an exact solution of the

NLSE for the dispersionless case is studied.
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2.4.2.1 Two Initial Waves: n = 2

First of all, we consider the case of two initial waves, in other words the

case where n = 2, which results in the initial field being given by

A(t, 0) =

2∑
x=1

ψx(t, 0) = ψ1 + ψ2 .

Substituting this initial field into Equation 2.17 leads to the following:

A(t, z) = (ψ1 + ψ2)eiγz|ψ1+ψ2|2

= (ψ1 + ψ2)eiγz[|ψ1|2+|ψ2|2+ψ1ψ∗2+ψ∗1ψ2]

= (ψ1 + ψ2)eiγz[|ψ1|2+|ψ2|2]eiγz[ψ1ψ∗2+ψ∗1ψ2] . (2.18)

To gain some phenomenological insight into FWM, we simplify Equa-

tion 2.18 by consider FWM over a length, z = `, small enough that we

may approximate the final exponential in Equation 2.18 using the trun-

cated Taylor series: ex ≈ (1 + x), which effectively amounts to neglect-

ing the higher order products which result from extended FWM. Equa-

tion 2.18 then becomes:

A(t, `) = (ψ1 + ψ2)eiγ`[|ψ1|2+|ψ2|2](1 + iγ`ψ1ψ
∗
2 + iγ`ψ∗1ψ2) . (2.19)

Substituting ψx(t, 0) = Ex(t, 0)ei(ωxt−kx`+φx) into Equation 2.19 and, for

now, retaining only the terms with coefficient ψ1 from the first pair of

brackets in Equation 2.19, we obtain:

Aψ1(t, `) =E1e
i(ω1t−k1`+φ1)eiγ`[E

2
1+E2

2 ] (2.20a)

+ iγ`E2
1E2e

i(ω2t−k2`+φ2)eiγ`[E
2
1+E2

2 ] (2.20b)

+ iγ`E2
1E2e

i((2ω1−ω2)t−(2k1−k2)`+(2φ1−φ2))eiγ`[E
2
1+E2

2 ] . (2.20c)

The term on Line 2.20a describes the SPM experienced by ψ1 due to

its own intensity as well as the XPM it experiences due to the intensity

of ψ2. Note the absence of a factor of 2 in front of the term for XPM,
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E2
2 , when compared to that given by Equation 2.9. This factor of 2 is

lost upon truncation of the Taylor series for the exponential function

(ex ≈ (1 + x)). Later, in Section 6, an exact solution to Equation 2.18

will be presented wherein in all of the detail contained in the exponen-

tial term is retained. In this case, the factor of 2 is again absent, but the

double weighting of XPM compared to SPM can be seen to be incorpo-

rated in another term, which we name Bessel order mixing (BOM). The

processes on Lines 2.20b and 2.20c occur similtaneously and effectively

describe the process wherein two photons of frequency ω1 are annihilated

with the concomitant creation of a photon of frequency ω2 (the one de-

scribed by Line 2.20b) and one of frequency ω3 = 2ω1 − ω2 (the processes

described by Line 2.20c). The term on Line 2.20b describes parametric

amplification, where it can be seen that the output power of the wave

at ω2 depends upon its own power, the power of the wave at ω1 (which

may be considered the ‘pump’), γ and z. Inspecting Line 2.20c, which de-

scribes the process of degenerate FWM, we see that it represents a new

oscillation in electromagnetic field with frequency ω3 = 2ω1 − ω2, propa-

gation vector, (2k1 − k2) and phase (2φ1 − φ2).

Figure 2.10: a) Spectral representation of degenerate FWM. b) Energy
diagram illustrating energy conservation in degenerate FWM. c) Momen-
tum diagram illustrating momentum conservation in degenerate FWM.

Figure 2.10-a provides an example spectral schematic of the scenario

being described, with a pump, lying at ω1 amplifying the signal, which
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lies at ω2, whilst simultaneously producing the signal’s conjugate at ω3 =

2ω1 − ω2. Given that the energy of a photon is given by E = }ω, we can

see that the relation

ω3 = 2ω1 − ω2 =⇒ 2ω1 = ω2 + ω3

is effectively a statement of the conservation of energy and is described

graphically in Figure 2.10-b. Similarly, as the momentum of a photon is

given by p = }k

k3 = 2k1 − k2 =⇒ 2k1 = k2 + k3

represents the conservation of momentum (shown in Figure 2.10-c) and

has important implications about the efficiency of FWM, as we shall

discuss later. The length of the arrows in Figure 2.10-c which represent

the momentum of each of the photons has been specifically chosen not to

match those representing energy in Figure 2.10-b. This is to illustrate the

fact that the momentum of the photons need not have a linear relation-

ship with its energy, seeing as it is described by β(ω).

An important property of this process is the multiplicative factor de-

scribing the phase of the newly created wave, φ3 = 2φ1 − φ2. This effect,

which is absent from other spectrally local effects, such as sum frequency

generation (whose equivalent phase relationship is given by φ3 = φ1 + φ2),

turns out to be of vital importance to a number of FWM based process-

ing techniques.

Retaining, instead, the second term, ψ2 in the brackets in Equa-

tion 2.19, would yield a result analogous to Equation 2.20c and lead to

essentially the same conclusions as above.

2.4.2.2 Three Initial Waves: n = 3

The next case which should be considered is that of three initial waves,

i.e that given by A(t, 0) =
∑3

x=1 ψx(t, 0). Proceeding with the substitu-

tion of A(t, 0) =
∑3

x=1 ψx(0, z) into Equation 2.17 and expanding leads to
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the following:

A(t, z) =(ψ1 + ψ2 + ψ3)eiγz(|ψ1|2+|ψ2|2+|ψ3|2) (2.21a)

× eiγz(ψ1ψ∗2+ψ1ψ∗3+ψ2ψ∗1+ψ2ψ∗3+ψ3ψ∗1+ψ3ψ∗2) . (2.21b)

Following the process for n = 2, we expand the second exponential in

Equation 2.21 to first order (whilst setting z = `) and consider the terms

which arise from multiplying out only ψ1 from the first bracket:

Aψ1(t, `) =ψ1e
iγ`(|ψ1|2+|ψ2|2+|ψ3|2)

× (1 + iγ` (ψ1ψ
∗
2 + ψ1ψ

∗
3 + ψ2ψ

∗
1 + ψ2ψ

∗
3 + ψ3ψ

∗
1 + ψ3ψ

∗
2)) .

(2.22)

Substituting ψx(0, `) = Ex(0, `)ei(ωxt−kx`) into Equation 2.22 naturally

leads to quite a complicated expression. In light of this, and given that

|a+ b+ c|2 = |a+ b|2 + ac∗ + bc∗ + ca∗ + cb∗, i.e., the results for n = 2 are

a subset of those for n = 3, we shall only consider the new terms which

arise from increasing n from 2 to 3 that describe new processes, in effect,

omitting Terms 2.20b and 2.20c which describe degenerate FWM. This

leads to the following:

Aψ1(t, `) =ψ1e
iγ`[|ψ1|2+|ψ2|2+|ψ3|2](1 + iγ` (ψ2ψ

∗
3 + ψ3ψ

∗
2))

=ψ1e
iγ`[|ψ1|2+|ψ2|2+|ψ3|2]

+ iγ`ψ1ψ2ψ
∗
3e
iγ`[|ψ1|2+|ψ2|2+|ψ3|2]

+ iγ`ψ1ψ3ψ
∗
2e
iγ`[|ψ1|2+|ψ2|2+|ψ3|2]

=E1e
i(ω1t−k1`+φ1)eiγ`[E

2
1+E2

2+E2
3 ] (2.23a)

+ iγ`E1E2E3e
i((ω1+ω2−ω3)t−(k1+k2−k3)`+(φ1+φ2−φ3))eiγ`[E

2
1+E2

2+E2
3 ] (2.23b)

+ iγ`E1E2E3e
i((ω1+ω3−ω2)t−(k1+k3−k2)`+(φ1+φ3−φ2))eiγ`[E

2
1+E2

2+E2
3 ] (2.23c)

Once again, we see that the term E1e
i(ω1t−k1`+φ1)eiγ`[E

2
1+E2

2+E2
3 ] repre-

sents the SPM and XPM that a signal experiences due to its own inten-

sity and the intensity of the other copropagating waves. Note again the

lack of a factor of 2 in front of the term for XPM; this is due to the ex-

act same reasons discussed before. Lines 2.23b and 2.23c again represent
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Figure 2.11: a) Spectral representation of non-degenerate FWM. b) En-
ergy diagram illustrating energy conservation in non-degenerate FWM.
c) Momentum diagram illustrating momentum conservation in non-
degenerate FWM.

FWM, but this time describe non-degenerate FWM. Figure 2.11-a pro-

vides a spectral schematic of the scenario being considered, involving

the annihilation of one photon of frequency ω1 and one of ω2, with the

creation of a photon of frequency ω3 and one of ω4. Concentrating on

Line 2.23b, we see that a new oscillation in electromagnetic field is cre-

ated with frequency ω4 = ω1+ω2−ω3, propagation vector k4 = k1+k2−k3

and phase φ4 = φ1 + φ2 − φ3. In other words, a new wave has been cre-

ated due to the interaction of three other waves. The involvement of four

waves (of frequency ω1, ω2, ω3, ω4), leads to the name of the phenomenon

- four wave mixing. Of course, this process obeys energy and momentum

conservation, shown in Figures 2.10-b and -c, respectively, as discussed

before for the two wave case. To reiterate for clarity: for n = 3, the pro-

cesses described in Section 2.4.2.1 occur in addition to those described in

the present section, Section 2.4.2.2.

2.4.3 Functionalities Provided by FWM

Omitting the effects of SPM and XPM, it can be seen from Section 2.4.2

that degenerate FWM results in the creation of a new wave according to
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the following equation:

E3(t, 0)ei(ω3t−k3`+φ3) = iγ`E2
1E2e

i((2ω1−ω2)t−(k1−k2)`+(2φ1−φ2)) , (2.24)

whilst non-degenerate FWM may result in the following:

E4(t, 0)ei(ω4t−k4`+φ4) = iγ`E1E2E3e
i((ω1+ω3−ω2)t−(k1+k3−k2)`+(φ1+φ3−φ2)) .

(2.25)

The important things to notice here, are that the amplitude, frequency

and phase of the newly created wave in both cases depend upon the am-

plitude, frequency and phase of the waves from which they were cre-

ated. It follows from this that there are three core tasks that FWM can

be used for: amplification, frequency conversion and phase operations.

We shall proceed to discuss these processes in the following section. All-

optical signal processing techniques which are based upon FWM are re-

alised using the effects below either alone or in combination. It is impor-

tant to recall that the present discussion only considers first-order FWM

effects, and the reality is that, depending upon the scenario, much more

complicated behaviour may be witnessed (and such behaviour will be the

topic of some of the work presented in this thesis).

2.4.3.1 Amplification

Amplification can be extracted from FWM in a number of ways. First of

all, we recall that parametric amplification, according to Line 2.20b, is

described by the following term:

iγzE2
1E2e

i(ω2t−k2`+φ2) , (2.26)

where we have neglected the effects of SPM and XPM. Term 2.26 de-

scribes the situation whereby two photons of frequency ω1 are annihilated

with the resultant creation of one photon of frequency ω3 = 2ω1 − ω2 and

one of ω2. In this scenario, the wave which undergoes an annihilation of
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two photons (ψ1) is described as the pump, the wave which is paramet-

rically amplified (ψ2) the signal, whilst the new wave, ψ3, with frequency

ω3 = 2ω1 − ω2, is referred to as the idler. This creation of a new photon

of frequency ω2 represents parametric amplification, however, it should

be noted that the process whereby two photons of ω2 are annihilated to

create one of ω1 and one of frequency ω4 = 2ω2 − ω1 occurs simulta-

neously, and hence, whether any given wave actually experiences a pos-

itive gain depends on other factors. Term 2.26 shows that, provided the

pump’s amplitude is constant (i.e. E1 is constant over time and so causes

neither XPM nor gain variation), the resulting amplified signal will carry

the same modulation as it did before amplification, even if the pump’s

phase is varying. Being able to modulate the pump’s phase allows us to

employ pump phase dithering for SBS mitigation during parametric am-

plification without incurring penalties to the signal’s quality.

Dual pump configurations may provide gain, not only by the above

degenerate process, but also by other higher order processes which ana-

lytically arise from extending the Taylor Series of ex = 1 + x+ x2/2 + ....

2.4.3.2 Wavelength Conversion

Figure 2.12: a) Wavelength conversion using degenerate FWM. b) Wave-
length conversion using non-degenerate FWM.

Wavelength conversion can be achieved by making use of the fre-

quency relationships of either degenerate or non-degenerate FWM. In

the degenerate case, shown in Figure 2.12-a, we see that the frequency of
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the newly created wave is given by ω3 = 2ω1 − ω2, hence, by selecting

the spectral location of the pump, ω1 relative to the signal, ω2, we may

choose the location of ω3. This process is governed, to first order, by:

iγzE2
1E2e

i((2ω1−ω2)t−(2k1−k2)z+(2φ1−φ2))eiγz[E
2
1+E2

2 ] . (2.27)

Assuming that information is encoded in the phase and amplitude of the

signal, ψ2, we must select ψ1 such that it replicates these properties as

best as possible. By ensuring that E1 is constant over time, the ampli-

tude of the newly created wave is determined by E2, as desired. The

phase of the new wave is given by φ3(t) = 2φ1(t) − φ2(t). This time,

by ensuring that the phase of the pump, φ1 remains constant over time,

the time dependent variation of the phase of the wavelength converted

signal is determined by the negative of the phase of the signal, i.e. by

φ3(t) = 2φ1 − φ2(t), with the phase of the pump representing only a

constant phase shift. This negation of phase is referred to as phase conju-

gation, and whilst this may be undesireable for simple wavelength conver-

sion tasks, it may be taken advantage of for nonlinearity and/or disper-

sion compensation [64]. Of course, in a practical setting the phase noise

of the pump can only be minimised, not eliminated, and so the generated

conjugate will in general always be contaminated by phase of the pump.

A similar process may be achieved using a dual pump scheme, as

shown in Figure 2.12-b, although the frequency relationship is instead

described by ω4 = ω1 + ω2 − ω3, where we treat ω3 as the signal. In this

case, the location of the output can be controlled through appropriate

selection of both ω1 and ω2. This non-degenerate mechanism is governed

by the following term from Line 2.23b:

iγzE1E2E3e
i((ω1+ω2−ω3)t−(k1+k2−k3)z+(φ1+φ2−φ3)) . (2.28)

Here, the phase relation is given by φ4 = φ1 + φ2 − φ3, so the idler, again,

carries the negated phase of the signal, provided the pumps are of low
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enough phase noise.

2.4.3.3 Phase Operations

The phase dependent nature of FWM enables processes such as phase

sensitive amplification and nonlinearity compensation through phase con-

jugation. The conjugation of phase has already been described above and

simply results from the phase relationships of both degenerate and non-

degenerate FWM, given by:

φ3 = 2φ1 − φ2 (2.29)

and:

φ4 = φ1 + φ2 − φ3 , (2.30)

respectively.

Multiplication of phase by other factors may also be achieved using

degenerate FWM, but this time the role of the pump and signal are con-

ceptually inverted. Firstly, we consider the same non-degenerate process

as before, described by the term:

iγzE2
1E0e

i((2ω1−ω0)t−(2k1−k0)z+(2φ1−φ0))eiγz[E
2
1+E2

0 ] . (2.31)

Here we have effectively renamed the initial waves as ψ0 and ψ1, for rea-

sons which shall become clear shortly. If we modulate ψ1 to carry data

and use a continuous, unmodulated field for ψ0, the phase of ψ2 will in-

stead vary as twice the signal phase: φ2(t) = 2φ1(t)− φ0, with ψ0 produc-

ing an otherwise constant phase shift, provided that it does not vary over

time. Further, let us consider now that ψ2 undergoes a degenerate FWM

process with ψ1 which produces a new wave with frequency:

ω3 = 2ω2 − ω1 = 2(2ω1 − ω0)− ω1 = 3ω1 − 2ω0 . (2.32)
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The phase of this new wave is described similarly as

φ3 = 2φ2 − 1φ1 = 2(2φ1 − φ0)− φ1 = 3φ1 − 2φ0 (2.33)

and so if φ0 is constant, this process has resulted in the creation of a new

wave whose phase is thrice that of the signal. Indeed, if we continue this

process, it can be seen that an infinite number of harmonics may result,

with frequency and phase described by

ωn = nω1 − (n− 1)ω2 (2.34)

and

φn = nφ1 − (n− 1)φ2 , (2.35)

respectively, hence ψn, is the nth harmonic of ψ1, with n < 0 represent-

ing conjugated harmonics. Note that, although the generated waves are

referred to as harmonics, they are not of the same nature as the har-

monics generated due to second or third harmonic generation, as, unlike

the phase of the pump, the frequency of the pump cannot be neglected

and so ‘harmonics’ are not produced at multiples of the signal frequency,

instead obeying Equation 2.35. The results of this process of cascaded

FWM are shown in Figure 2.13.

Figure 2.13: Phase harmonics resulting from cascaded degenerate FWM
between a pump located at ω0 and a signal located at ω1.
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2.4.4 Phase Matching

As previously discussed, for the effects of FWM to accumulate efficiently

as the signals propagate through the nonlinear medium, there is a phase

matching requirement such that δk = k1 + k2 − k3 − k4 = 0 in the non-

degenerate case, or δk = 2k1 − k2 − k3 = 0 in the degenerate case, with

both of these equations in essence being statements of momentum con-

servation. The implication is that the propagating signals must maintain

their relative phases if the contributions of FWM are to add up construc-

tively. Using the relationship ki = niωi
c , we may write the phase matching

requirement for the non-degenerate case as:

δk = k1 + k2 − k3 − k4 =
n1ω1 + n2ω2 − n3ω3 − n4ω4

c
= 0 , (2.36)

where c is the speed of light in a vacuum.

In optical fibre, waves are subject to a number of phase shifts due to

discussed propagation effects, such as dispersion and nonlinearity. This

results in a phase mismatch which can be expressed as [43]:

κ = ∆kM + ∆kW + ∆kNL = 0 , (2.37)

where ∆kM ,∆kW ,∆kNL represent the phase mismatch due to the mate-

rial dispersion, waveguide dispersion and nonlinear effects, respectively.

To achieve a value of κ = 0, the ideal case to maximise FWM efficiency,

at least one of the terms in Equation (2.37), and at most two of them

must be negative. For single mode fibre, ∆kW is nearly zero, as the re-

fractive index change due to the waveguide structure does not change

much with frequency [43] and seeing as optical fibre most commonly

has a positive term of γ (due to positive n2), inducing a positive phase

shift on the wave due to SPM and XPM, typically the only way to realise

κ ≈ 0 is for the material dispersion, ∆kM to be negative.

Even if the phase matching factor, κ is not perfectly 0, the waves

may still maintain a good enough mutual coherency to achieve useful

81



gain. If it is assumed that ∆kM is the dominant term then the coherence

length is given by [43]:

Lcoh =
2π

∆kM
. (2.38)

If we propagate a signal for a distance longer than the coherence length,

the power in the system will oscillate between the signals.

2.5 Phase Sensitive Amplification

Phase sensitive amplification is the process by which a signal experiences

a gain which is dependent upon its phase. In other words, if a constant

gain is given by G, in phase sensitive amplification, gain would instead be

some function of phase, G(φ). In all-optical signal processing, the term

‘phase sensitive amplifier’ (PSA) is used to describe two distinct devices,

both of which result in phase sensitive amplification, but exhibit quite

different behaviour. In this section, for distinction, we shall refer to the

two schemes as phase quantising PSAs (PQPSAs) and low noise PSAs

(LNPSAs). Elsewhere in this document, the terms phase sensitive ampli-

fier and PSA shall be used to refer to phase quantising PSAs.

2.5.1 Phase and Amplitude Squeezing

The terms amplitude squeezing and phase squeezing can be used in the

quantum mechanical sense to refer to squeezed coherent states in which

the product of the uncertainty of the photon number, N and the phase φ,

take on their minimum value as per the uncertainty principle, ∆N∆φ ≥
}
2 , being complementary variables, with one standard deviation (either

∆N or ∆φ) being much smaller than the other. Whilst many all-optical

signal processing techniques can indeed create such states, when the terms

‘amplitude squeezing’ or ‘phase squeezing’ are used in this document, we

refer simply to a process by which the standard deviation of a variable is

reduced, not necessarily a process by which we are achieving a squeezed

coherent state. This distinction is important as many all-optical regener-
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ators demonstrated in literature reduce one of these uncertainties whilst

increasing the other. This may lead to the perception that it is not possi-

ble to regenerate both the phase and amplitude of a signal, that regener-

ating one necessarily increases the other. This is not the case, as in gen-

eral the signals being regenerated are far away from the limit imposed

by the uncertainty principle and so a reduction in both variables may be

achieved before this limit is approached and indeed, schemes for phase

preserving amplitude regeneration and amplitude preserving phase regen-

eration will be presented in this thesis.

2.5.2 Low Noise PSAs

The basic principle in LNPSAs, as implemented in fibre, is to produce

one or more conjugate-signal pairs, allow them to propagate over some

noisy channel and/or incur nonlinearity, then coherently superimpose

them upon each other whilst undoing the original conjugation [65, 66].

LNPSAs can be used to realise low noise amplification and compensation

of nonlinear impairements but cannot be used to regenerate a signal, as

such.

Figure 2.14 shows a simple two-mode LNPSA scheme implemented

using FWM. In the first stage, shown by Figure 2.14-1, a pump, ψP1 =

EP1e
i(ωP1t−kP1z+φP1), which lies at ωP1 is multiplexed with a signal, ψS =

EP1e
i(ωSt−kSz+φS) which lies at ωS . After undergoing FWM, an idler,

ψI = EIe
i((2ωP1−ωS)t−(2kP1−kS)z+(2φP1−φS)), which lies at ωI = 2ωP1 − ωS

is produced.

During the second stage, shown by Figure 2.14-2, the pump is re-

moved and the signal-idler pair propagates over a noisy and nonlinear

channel, as required by transmission. As a result, the signals pick up

noise and, ignoring FWM, are also subject to SPM and XPM. Therefore,

after propagation, the signal will be of the form:

ψ′S = ψSe
iγL(|ψS |2+2|ψI |2) + nS ,
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Figure 2.14: Schematic showing the stages in a two-mode LNPSA.

where nS is a randomly varying electric field which represents additive

noise accumulated by the signal during transmission. Similarly, the idler

will be of the form:

ψ′I = ψIe
iγL(|ψI |2+2|ψS |2) + nI ,

where nI is the additive noise accumulated by the idler which is uncorre-

lated with nS .

After the signals have been transmitted, a new pump, ψP2, which

lies at the same location as the original pump, ωP2 = ωP1, is added to

the signal-idler pair, as show in Figure 2.14-3. If we allow this system to

undergo FWM, there are two important simultaneous degenerate FWM

processes that will occur: an interaction between ψP2 and ψ′S resulting

in photons which interfere with ψ′I and an interaction between ψP2 and

ψ′I resulting in photons which interfere with ψ′S . Focusing on the wave
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located at ωS , the result of the interference can be described by:

ψI+S = ψ′S + aψP2ψP2ψ
′∗
I

= ψSe
iγL(|ψS |2+2|ψI |2) + nS + aψP2ψP2(ψIe

iγL(|ψI |2+2|ψS |2) + nI)
∗

= ψSe
iγL(|ψS |2+2|ψI |2) + nS + aψP2ψP2(ψ∗Ie

−iγL(|ψI |2+2|ψS |2) + n∗I) ,

(2.39)

where the factor a simply allows the power ratio between the two terms

in Equation 2.39 to be equalised. Substituting in the electric field de-

scription for ψP2, ψS and ψI results in:

ψI+S =ES exp
{
i(ωSt− kSz + φS + γL(|ψS |2 + 2 |ψI |2))

}
+ aE2

P2EI exp
{
i ((2ωP2 − (2ωP1 − ωS))t

− (2kP2 − (2kP1 − kS))z

+ (2φP2 − (2φP1 − φS))

− γL(|ψI |2 + 2 |ψS |2))
}

+ ns + nI . (2.40)

Now, as the idler has been wavelength converted back to its original wave-

length, 2ωP2 − (2ωP1 − ωS) = ωS and 2kP2 − (2kP1 − kS) = kS . Addi-

tionally, we use the factor a to ensure that aE2
P2EI = ES (in practice this

can be done by controlling the power of the pump and signals before they

undergo FWM). Equation 2.40 can then be reduced to:

ψI+S =ESe
i(ωSt−kSz+φS+γL(|ψS |2+2|ψI |2)) + nS

+ ESe
i(ωSt−kSz+(2φP2−(2φP1−φS))−γL(|ψI |2+2|ψS |2)) + nI

=ESe
i(ωSt−kSz+φS)

×
[
eiγL(|ψS |2+2|ψI |2) + nS + ei(2φP2−2φP1−γL(|ψI |2+2|ψS |2)) + n∗I

]
.

(2.41)

If φP2 can be rendered equal to φP1 (which can be achieved through var-
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ious means, such as using pilot tones and injection locking [67]), and not-

ing that |ψS |2 = |ψI |2 (if the signal and idler were launched with the

same power), Equation 2.41 can be reduced to the following:

ψI+S =ESe
i(ωSt−kSz+φS)

[
cos(γL(3 |ψS |2)) + nS + n∗I

]
. (2.42)

It can be seen in Equation 2.42 that the effects of SPM and XPM are

compensated, having been reduced to a pure amplitude modulation and

so no longer affect the phase of the signal. Additionally, it can be seen

that, as the two independent noise terms nS and nI are summed together,

the variance they result in is effectively halved through their incoherent

superposition. This improvement can be though of as arising due to an

averaging effect, similar to the way that averaging multiple measurements

subject to a Gaussian noise process can result in a decrease in the vari-

ance of their mean (central limit theorem).

In this scenario, it can be seen that, although we can compensate

SPM and XPM, this comes at the expense of bandwidth and results in

a conversion of phase noise into amplitude noise. It is important to note

that such systems can be made completely agnostic to the underlying sig-

nal format, and so can act upon a variety of signals. Even better perfor-

mance can be achieved by transmitting more idlers and ensuring they are

averaged similarly. In fibre optic networks, LNPSAs would take a role as

low noise/noiseless amplifiers, increasing the reach of a signal by offering

amplification with a much lower noise figure to that of EDFAs.

2.5.3 Phase Quantising PSAs

Phase quantising PSAs represent a different approach to phase sensitive

amplification. The previously discussed LNPSAs can compensate for non-

linearity induced phase rotation and decrease the effects of random noise

processes through coherent superposition of electromagnetic field, how-

ever, to do so they sacrifice some of the transmission bandwidth and ad-
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ditionally they cannot regenerate phase, that is, improve the phase vari-

ance regardless of the cause of the distortion. Phase quantising PSAs on

the other hand, can regenerate phase, however to do so, they effectively

sacrifice some flexibility upon which formats they can operate.

Figure 2.15: Ideal phase transfer function and phase dependent gain.

Phase quantisation is effectively achieved by tailoring a phase trans-

fer function such that it exhibits phase quantising steps. The ideal func-

tion would be a staircase function as shown in Figure 2.15 in black for

4-level phase quantisation, as would be appropriate for a QPSK signal.

Also shown in Figure 2.15 in blue is the ideal phase dependent gain for a

pure phase regenerator - a flat line. Using the tools provided by FWM,

the goal is to mimic this staircase function as much as possible.

One method is to coherently add to a signal with M phase levels its

−(M − 1)th phase harmonic [16, 68, 69]. For instance, given a QPSK

signal which posseses 4 phase states, we should add to it its conjugated

third phase harmonic. Mathematically, the process of adding to a signal

its −(M − 1)th phase harmonic can be described as:

Eoute
i(ωt−kz+φout) = Eine

i(ωt−kz+φin) + E−3rde
i(ωt−kz−(M−1)φin) , (2.43)

where Eout and φout are the magnitude and phase of the output field re-
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sulting from the interference, Ein and φin are the magnitude and phase of

the input signal, and E−3rd is the magnitude of the conjugated 3rd har-

monic being coherently added to the signal. The interference is assumed

to take place at a radial freqeuncy of ω with corresponding wavevector, k.

Dividing Equation 2.43 through by Eine
i(ωt−kz) results in:

Eout
Ein

eiφout = eiφin +
E−3rd

Ein
e−i(M−1)φin . (2.44)

At this stage, we define the signal gain,
√
G = Eout

Ein
and mixing factor

m =
E−3rd

Ein
, which allows the equation to be rewritten as:

√
Geiφout =eiφin +me−i(M−1)φin

=eiφin(1 +me−iMφin) . (2.45)

To obtain a description for G and φout we simply take the absolute

square and argument, respectively, of Equation 2.45:

G =
∣∣∣√Geiφout∣∣∣2 =eiφin(1 +me−iMφin)e−iφin(1 +meiMφin)

=1 +m2 + 2m cos(Mφin) (2.46)

φout = arg(
√
Geiφout) =φin + arctan

[
={1 +me−iMφin}
<{1 +me−iMφin}

]
=φin − arctan

[
m sin(Mφin)

1 +m cos(Mφin)

]
. (2.47)

The PQPSA described by Equations 2.46 and 2.47 is capable of re-

generating a range of M -PSK signals, simply by choosing the appropriate

value of m and M . However, there are some important differences in the

outcome of the regeneration, depending upon the order, M , of the PSK

signal being regenerated, particularly between regenerators for M = 2

and M > 2. To illustrate this, Figure 2.16 provides surface plots of φout

as it varies with φin for values of the mixing factor 0 ≤ m ≤ 1 for both

M = 2 and M = 4. The phase quantising steps which regenerate phase
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are non-existent for m = 0, as in this scenario, φout = φin, but steadily

increase with increasing m. In the two level phase quantiser, the steps be-

come flat for m = 1, whereas in the four level phase quantiser, the steps

have created something of a sawtooth pattern at m = 1, with flat-topped

steps being realised for m = 0.33. To achieve effective phase quantisa-

tion, mixing factors are normally selected around the values that result in

flat-topped steps.

Figure 2.16: Surface plots of the phase transfer functions of a 2-level and
4-level phase quantiser as they vary with mixing factor.

Figure 2.17: Surface plots of the phase dependent gain of a 2-level and
4-level phase quantiser as they vary with mixing factor.

Figure 2.17 provides similar surface plots, but this time for the phase

dependent gain, plotted in decibels for visibility. In both cases (for M =

2 and M = 4), the phase dependent gain can be seen to exhibit M peaks,

separated by dips in intensity which become deeper with increasing m.
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The peaks occur for the same φin as the centre of the phase quantising

steps exhibited by the phase transfer function. Assuming that the steps

of the phase quantiser are located about the mean phase of the signal to

be regenerated, we see that this phase dependent gain means that the

greater the error in phase a symbol possesses, the greater its attenuation

(or the smaller its gain).

Figure 2.18: Phase transfer functions and phase dependent gain for a
2-level with m = 1 and a 4-level phase quantiser with m = 0.33. Mixing
factors, m, have been chosen to produce phase transfer functions with
flat, phase quantising steps.

Figure 2.18 contains plots of φout (left axis) and G(φin) (right axis)

for a 2 and 4 level phase quantiser versus φin + π, the additional factor

of π is simply a constant phase shift used to make the graphs more in-

tuitive. In each case, m has been chosen to elicit a phase transfer profile

with flat-topped steps, as we might expect most mimics the ideal phase

transfer function provided in Figure 2.15, which is achieved using m = 1

for M = 2 and m = 0.33 for M = 4. One important difference between

the two phase quantisers is that in the two-level case, the phase trans-

fer function does indeed achieve ideal phase quantising steps - the top

of the steps are flat and stretch for π radians, whilst the transition be-

tween the two phase states is vertical. This is in contrast to the four-level

case, where we see that even though we have flat-topped steps, they do

not stretch for π/2 radians, as they should ideally, and the transition be-

tween states is comparatively smoother. However, the conclusions from
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this analysis are not necessarily straightforward. We might suspect that

the two-level phase quantiser, when used to regenerate the phase of a

BPSK signal, performs better than the 4-level phase quantiser applied to

a QPSK signal. In practice, this is not necessarily the case. One thing to

notice is the difference in phase dependent gain between the two schemes.

According to Equation 2.46, the phase dependent gain is given by:

G = 1 +m2 + 2m cos(4φin) .

Using the phase dependent gain, we can obtain a metric called the phase

sensitive extinction ratio (PSER), describing the difference between the

maximum gain exhibited by the PQPSA, and its minimum value:

PSER =
max(G(φ))

min(G(φ))
(2.48)

which for the phase quantiser in question can be written as:

PSER =
1 +m2 + 2m

1 +m2 − 2m
. (2.49)

Phase dependent gain is in general an undesirable quality for a phase

quantiser or regenerator to possess, as it represents a mechanism by which

the phase noise of a signal input to the system is converted into ampli-

tude noise in its output. Equation 2.49 shows that the PSER is inde-

pendent of how many phase quantising steps it exhibits, depending only

upon the mixing factor m. We see that for m = 0.33, as required for flat-

topped steps in the 4-level phase quantiser, PSER = 1.7
0.5 = 3.9 ≈ 6dB,

whereas for m = 1, as required by the 2-level phase quantiser, PSER =

4
0 → ∞. This implies that the 2-level phase quantiser results in much

greater phase noise to amplitude noise conversion than the 4-level quan-

tiser. Of course, this analysis may be considered unfair as the calculated

PSERs correspond to correcting for phase deviations of ±π
2 rad about the

centre of the gain peaks in the 2-level case, but only phase deviation of
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±π
4 rad in the 4-level case. However, it turns out that, even if we consider

phase deviations from the centre of the gain peaks of ±π
4 rad in both

cases, the conclusion is still valid. Clearly the 2-level phase quantiser ex-

hibits much greater phase noise to amplitude noise conversion given its

much greater PSER when operated with flat-topped steps. Importantly,

this effect is compounded by the geometry of BPSK; as discussed in Sec-

tion 2.2.1, BPSK formats are much more susceptible to amplitude noise

than phase noise, with the inverse being true for QPSK formats. In the

absence of further amplitude regeneration, it may be necessary when re-

generating BPSK formats using 2-level phase quantisers to reduce the

mixing factor, m, in order to decrease the PSER and stave off excessive

phase noise to amplitude noise conversion. It is not uncommon for the 2-

level phase quantiser described above to actually result in a decrease in

receiver sensitivity when it is applied to a BPSK signal. Eliminating this

undesirable phase dependent gain is a topic covered later on in this the-

sis, as is an alternative approach, of accepting the phase dependent gain

and compensating for it through amplitude regeneration.

2.5.4 Practical Considerations in PQPSAs

In the previous section, a method for achieving phase quantisation of a

signal was discussed. The principle behind its functioning is the coher-

ent addition of a signal with one of its phase harmonics. However, it is

important to note that as no underlying physical mechanism of generat-

ing the required harmonic and coherently adding it to the signal was as-

sumed, any valid means of doing so can be used to provide this function-

ality. In this section, for illustrative purposes, a practical, FWM-based

implementation of the 4-level phase quantiser examined in Section 2.5.3

will be described (essentially that presented by Kakande et al. [16,68,69]).

This will help to highlight a number of practical challenges which must

typically be overcome by real-world phase quantisers, and solutions to

some of these challenges will be presented.
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Essentially, the phase quantiser described by Kakande et al. con-

sists of two stages of FWM. In the first stage, degenerate FWM is used

to produce the required phase harmonic, as shown in Figure 2.19-1: a

pump, ψP1, is multiplexed with the signal, ψS , after which the two waves

are then allowed to undergo FWM, producing a continuum of phase har-

monics through the process described in Section 2.4.3. Discussion of the

medium used for FWM is purposefully deferred until a later section as it

is not important to the functioning of the scheme (only its performance).

After the appropriate harmonics have been produced, the unneeded har-

monics may be filtered out, as shown in the left hand schematic of Fig-

ure 2.19-2. In order to perform coherent addition in the following stage,

an appropriate second pump needs to be supplied. This leads us to the

first challenge, frequency tracking.

Figure 2.19: Schematic showing the stages of the 4-level PSA demon-
strated by Kakande et al.
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2.5.4.1 Frequency Tracking

Using the degenerate FWM relationships of Section 2.4.3, it can be seen

that the 3rd harmonic of the signal will be located at ω3 = 3ωS − 2ωP1,

where ωS and ωP1 are the radial carrier frequencies of the signal and the

first pump, respectively. After the second stage of FWM, which this time

is non-degenerate, the conjugated 3rd harmonic photons which are in-

tended to interfere with the original signal will be located at:

ωI = ωP1 + ωP2 − ω3 (2.50)

= ωP1 + ωP2 − 3ωS + 2ωP1 (2.51)

= 3ωP1 + ωP2 − 3ωS , (2.52)

where the new pump ψP2 is at some yet to be decide radial frequency

ωP2. To achieve coherent addition, as desired, ωI must be equal to ωS .

Substituting this into Equation 2.52, we obtain:

ωS = 3ωP1 + ωP2 − 3ωS (2.53)

=⇒ ωP2 = 4ωS − 3ωP1 . (2.54)

Following the degenerate FWM relationships discussed in Section 2.4.3,

it can be seen that the 4th harmonic of the signal lies at exactly this fre-

quency, 4ωS − 3ωP1, hence if we can somehow make ψP2 adopt the fre-

quency of the 4th harmonic, the condition expressed by Equation 2.54

will be satisfied. One way of achieving this is to seed the pump laser

which produces ψP2 with the 4th harmonic itself [36] in a technique re-

ferred to as injection locking [70], such that it oscillates at the same fre-

quency. By doing this, as shown in the right-hand diagram of Figure 2.19-

2, we may obtain an appropriate pump to perform the second, non-degenerate

stage of FWM, shown in Figure 2.19-3 and achieve interference of the 3rd

harmonic with the signal. However, although we now have a means of

controlling the frequency of the pump P2 relative to the signal, so far in
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this analysis we have not considered how to control phase of the pumps

relative to the signal, and this turns out to have a very important role in

achieving not just the addition of the signal and harmonic, but the co-

herent addition neccessary to perform phase regeneration. This will be

discussed in the following section.

2.5.4.2 Phase Tracking

If the same analysis is performed upon the phase of the conjugated 3rd

harmonic photons, a similar result is obtained, wherein the phase of the

photons being coherently added to the signal is given by:

φI = φP1 + φP2 − φ3 (2.55)

= φP1 + φP2 − 3φS + 2φP1 (2.56)

= 3φP1 + φP2 − 3φS . (2.57)

This implies that, in reality, the coherent addition we obtain is described

by the following equation:

√
Geiφout =eiφS +meiφI (2.58)

=eiφS +mei(−3φS+3φP1+φP2) (2.59)

=eiφS (1 +mei(−4φS+∆φ)) , (2.60)

where ∆φ = 3φP1 + φP2. It can be seen that ∆φ effectively results in

a phase shift being applied to the quantising steps of the phase transfer

profile relative to the signal input phase as is illustrated in Figure 2.20-a,

where a polar plot of the phase dependent gain of such a phase quantiser

is plotted (purple lines) along with the location of the centre of its phase

quantising steps (green dashed lines) upon a constellation plot of a phase

noise loaded QPSK signal (orange points). Let us assume that we can

control ∆φ, for instance by controlling φP2. Clearly the phase quantising

steps should be aligned with the symbol clusters for effective quantisa-
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tion and minimal phase noise to amplitude noise conversion, as shown in

Figure 2.20-b.

It is useful at this stage to seperate the phase of the signal into three

parts: a slowly varying carrier component, φC ; a more quickly varying

noise component, φN ; and an ideal phase modulation term describing the

phase shifts relative to the carrier of each symbol, φM . Using these terms

we may rewrite the signal phase as φS = φC + φN + φM . Subsitituting

this relationship into Equation 2.60, we obtain:

√
Geiφout =eiφin(1 +mei(−4φS+∆φ)) (2.61)

=ei(φC+φN+φM )(1 +mei(−4φC−4φN−4φM+∆φ)) . (2.62)

Given that φM describes the ideal modulation of a QPSK signal,

which has 4 phase levels (assumed to be {0, π2 , π,
3π
2 }), the data of the

signal is erased from the second term inside of the brackets in Equa-

tion 2.62, as 4φM = 0 in all cases, rendering Equation 2.62:

√
Geiφout =ei(φC+φN+φM )(1 +mei(−4φC−4φN+∆φ)) . (2.63)

Intuitively, we may distinguish between the two phase terms, φC

and φN , by considering the time scales over which they vary: φC varies

over the timescale of many symbols whilst φN varies over a timescale

comparable to the baudrate. In order to correct for φN whilst retain-

ing/tracking the carrier of the signal, we should make ∆φ = 4φC through

some means, such that Equation 2.63 becomes:

√
Geiφout =ei(φC+φN+φM )(1 +mei(−4φC−4φN+4φC)) (2.64)

=ei(φC+φN+φM )(1 +mei(−4φN )) (2.65)

which can be seen to squeeze the phase noise of the signal φN , whilst

leaving carrier phase drifts, φC unaltered. It is important to note how-
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ever, that in reality, variations in φC and φN are part of the same unde-

sireable non-ideal phase behaviour of the signal, φV = φC + φN . When

phase tracking is implemented in the real world using some particular

feedback mechanism, it is its tracking bandwidth which partitions φV

into φC and φN , effectively determining which frequencies are consid-

ered ‘noise’ and which are considered ‘carrier drift’; frequencies within

the tracking bandwidth constitute φC whilst those outside, φN . Interest-

ingly, if we track at a bandwidth equal to or greater than that of 4φV , we

see that ∆φ = 4φV = 4φC + 4φN and hence Equation 2.63 will become:

√
Geiφout =ei(φC+φN+φM )(1 +mei(−4φC−4φN+4φC+4φN )) (2.66)

=ei(φC+φN+φM )(1 +m) , (2.67)

indicating that no phase squeezing will occur. Obviously, if we do not

track at all (zero tracking bandwidth), the phase of the signal will ef-

fectively be squeezed towards arbitrary points throughout time and the

signal will be destroyed. It is important to recall that the goal in squeez-

ing the phase of a signal is to maintain the signal’s quality sufficiently

until it can be detected. Receivers employing coherent detection or self-

interferometric detection (through a delay line interferometer) both have

an ability to track the ‘carrier’ of a signal (effectively by comparing the

phase of successive symbols). Therefore, both schemes are typically im-

mune to phase noise within some bandwidth narrower than the baudrate

of the signal. Hence, there is little to no benefit from correcting varia-

tions in phase which are slow enough that they have no bearing upon the

detection and decoding of the signal. Indeed, given that symbols whose

phase lie further from the centre of a phase quantising step experience

greater deamplification, tracking the phase of a signal too slowly may ac-

tually be harmful, as it increases phase noise to amplitude conversion due

to the phase dependent gain of the system. In conclusion, the bandwidth

of phase tracking used has important ramifications concerning the perfor-
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mance of the scheme and effectively defines what is considered to be the

carrier phase (phase variations within the tracking bandwidth) and phase

noise (phase variations beyond the tracking bandwidth).

Practically, we may achieve phase tracking using an electronic feed-

back circuit. This technique will be discussed later, as it is used for the

wavelength converting idler-free scheme.

Although the task of frequency and phase recovery has been sep-

arated into two parts above, it is important to note that, theoretically,

they are related through ω(t) = dφ
dt (t). In reality, injection locking does,

of course, help to solve the phase tracking issue above. The reason why

active feedback is often required is to compensate for acoustic pick up ex-

perienced by P2 as it is spatially seperated from the rest of the waves to

undergo injection locking. Additionally, phase shifters used to achieve

phase tracking typically only provide a finite phase shift; they cannot

delay or advance phase indefinitely and so cannot be used to effect long

term frequency changes, hence the tasks of frequency tracking and phase

tracking being separated into two parts.

2.6 Nonlinear Media

Finally we shall discuss some nonlinear media in which FWM can be ob-

served. Extensive use is made throughout this work of highly nonlinear

fibre (HNLF). As its name suggests, this is simply optical fibre which

has been engineered to exhibit high nonlinearity, typically by ensuring

that the light is tightly bound within the fibre, reducing its effective area,

Aeff , the result of which can be seen to increase the nonlinear coefficient

of the fibre, according to [43]:

γ =
n2ω0

cAeff
. (2.68)

Solid core optical fibres consist of a higher refractive index core sur-

rounded by a lower refractive index cladding. An illustration of the sim-
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Figure 2.20: Polar plots of the phase dependent gain of such a phase
quantiser is plotted (purple lines) along with the location of the centre
of their phase quantising steps (green dashed lines) upon a constellation
plot of a phase noise loaded QPSK signal (orange points) for two cases:
a) non-ideal alignment of phase quantising steps with symbol clusters b)
ideal alignment of phase quantising steps with symbol clusters.

Figure 2.21: Illustration of a step index fibre. A higher refractive index
core is surrounded by a cladding of lower refractive index, enabling light
guiding in the core. The jacket is incorporated for mechanical protection.
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plest case, a step-index fibre, is given in Figure 2.21. In many optical fi-

bres, including SMF-28, the fibre is comprised predominantly of germa-

nium doped silica glass. Germanium doping increases the refractive index

of the glass and so the core of a typical silica fibre contains a higher ger-

manium dopant concentration than the cladding. Silica itself has a rela-

tively low nonlinear refractive index of n2 = 2.7× 10−20 m2 W−1, however,

when designing a silica-based fibre for high nonlinearity, this can be com-

pensated for by ensuring very tight confinement of light and low levels

of attenuation which allow for a very long interaction length [71]. Tight

light confinement is achieved by ensuring a high refractive index contrast

between the core and cladding. In many commercial HNLFs, the core is

heavily doped with germanium, increasing the refractive index contrast

between the core and cladding and allowing tighter light confinement to

be achieved, hence reducing Aeff and increasing γ [71]. Of course, other

dopants may also be used to achieve high refractive index contrast; for in-

stance, doping the core with aluminium oxide increases the optical refrac-

tive index whilst reducing the acoustic refractive index, making it useful

for SBS suppression (as discussed in Section 2.3.2.5) and doping the in-

ner region of the cladding with Fluorine decreases its refractive index,

further increasing the refractive index contrast [71]. At a wavelength of

1550nm, SMF-28 possesses an effective area of Aeff = 93µm2, a nonlin-

ear refractive index of n2 = 2.96 × 10−20 m2 W−1 and a nonlinear coef-

ficient of γ = 1.3 W−1 km−1 [72]. In contrast, many commercially avail-

able germanium doped HNLFs possess, at a wavelength of 1550nm, an

effective area around Aeff = 10µm2 and a nonlinear coefficient around

γ = 11 W−1 km−1, and hence a nonlinear refractive index relatively simi-

lar to SMF-28, of about n2 = 3× 10−20m2 W−1.

When used for FWM, fibres are typically tailored to exhibit as low a

dispersion as possible in the spectral region in which FWM is to be per-

formed, in order to provide good phase matching and good FWM effi-

ciency. HNLFs are an ideal medium for FWM, as they typically offer low
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losses and may be manufactured in particularly long lengths, certainly

much longer than the lengths provided by other nonlinear media. Unfor-

tunately, not only are these fibres optical waveguides, but many of them

are also acoustic waveguides, which, given their long length, makes them

particularly susceptible to SBS, something which must be avoided to pre-

vent harm to the signals being processed. Although its long length is one

of its strengths, this also turns out to be perhaps its greatest drawback:

long lengths of fibre do not lend themselves readily to integration, and

so the concept of performing all-optical signal processing upon individual

WDM channels, each in their own fibre becomes difficult to defend. The

use of HNLFs is entirely justified provided that they are used to perform

all-optical signal processing of channels en masse.

Fibre doped heavily with germanium is by no means the only fibre

used for nonlinearity, and indeed other types of fibre are in use, such as

tapered fibre and photonic bandgap fibres.

Semiconductor optical amplifiers (SOAs) are another medium ca-

pable of exhibiting FWM, although they do so not only due to the Kerr

effect, but also due to other effects such as spectral hole burning, carrier

heating and carrier depletion [73]. SOAs are notable for not only pro-

viding a compact nonlinear medium (lengths are typically ≈ 1mm), but

also providing non-parametric gain. Unfortunately, one downside of the

non-parametric gain they provide is the production of a large amount

of amplified spontaneous emission. Additionally, given their reliance on

electronic effects to exhibit FWM, they often exhibit a limited operating

bandwidth. SOAs, however, are very compact and readily integrated with

electronics [74].

As mentioned previously, silica itself possesses a comparatively low

nonlinear refractive index, and hence for many purposes, sufficient net

nonlinear interaction can only be extracted from it by forming it into

optical fibres to obtain a long interaction length. Other materials, with

much higher nonlinear refractive index, may offer sufficient nonlinearity
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over much shorter lengths. If fabrication techniques permit, these may be

formed into waveguides of much shorter length than typical optical fibre.

Examples of such materials which offer χ(3) nonlinearity include silicon

(with a nonlinear refractive index of n2 = 4.5 × 10−18m2W−1 [75]) and

aluminium galium arsenide (which possesses a nonlinear refractive index

of about n2 = 1.5 × 10−17m2W−1, for Al0.18Ga0.82As [76]). These ma-

terials are often formed into centimetre long planar waveguides, making

them attractive for integration in a compact nonlinear processing device.

So far, only media which exhibit χ(3) nonlinearity have been dis-

cussed, however χ(2) media, which exhibit the Pockels effect as opposed

to the Kerr effect, may also be exploited for nonlinear optical process-

ing. Lithium niobate is one such χ(2) medium. Periodic poling of the

medium is used to achieve good phase matching and so, whilst these de-

vices are quite versatile, they must also be designed for the task at hand.

Periodically poled lithium niobate (PPLN) often suffers from restricted

operating powers and requires careful temperature control, however they

can provide highly efficient frequency conversion and harmonic genera-

tion [77], with typical medium lengths on the order of tens of centimetres.
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Studies
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Chapter 3

An Optical Phase Quantiser

Exhibiting Suppressed Phase

Dependent Gain Variation

3.1 Introduction

As discussed in Section 2.5.3, the ideal phase quantiser should possess

a phase transfer profile in the form of a perfect staircase function and a

flat phase dependent gain. Such a quantiser would effectively perform-

ing phase quantisation on the optical signal whilst leaving its intensity,

aside from a constant scale factor, entirely unaffected. This ideal be-

haviour is illustrated for a hypothetical QPSK signal in Figure 2.15 of

Section 2.5.3. Unfortunately, the commonly used −(M − 1)th harmonic

based approach [68, 69, 78], despite successfully regenerating phase, ex-

hibits a strong phase-dependent gain, partially converting phase noise

into amplitude noise. This is not only undesirable in itself, but also, upon

forward propagation of the signal along a fibre optic channel, the accrued

amplitude noise may be transferred back into phase noise through fibre

nonlinearities, grossly limiting the benefit of performing the regenera-

tion in the first place. This trade-off between phase noise and amplitude
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noise stands as a significant hurdle to realising practical phase regener-

ators based upon this approach. In this chapter, we shall refer to this

(M − 1)th harmonic approach as the single harmonic scheme, for reasons

which shall become clear later.

G.Hesketh et al. proposed a simple alteration to this scheme which

greatly reduces the unwanted phase dependent gain, whilst maintaining

good phase quantisation [79]. This can be achieved by mixing not only

the (M − 1)th phase harmonic, but also the −(M + 1)th phase harmonic

with the original signal. It has been shown numerically that this scheme

(which we refer to as the dual harmonic scheme) can improve BERs by

a factor of 2 when applied to an 8-PSK signal compared to an equivalent

system utilising the single harmonic case [80]. This technique is experi-

mentally validated in this section and a detailed analysis of its applica-

tion to 4-level phase quantisation is presented (as would be appropriate

to the regeneration of a QPSK signal) by using a programmable optical

filter to synthesise the proposed system from an optical frequency comb

and HNLF to perform the coherent addition through FWM. The system

is characterised by mapping both its intensity and phase transfer func-

tions and comparing them to the conventional single harmonic system.

To this end, what is believed to be a novel technique is proposed and em-

ployed to measure the phase difference between two signals by utilising

an optical comb generator and a programmable optical filter to form a

time sequential, balanced coherent receiver. The results are then com-

pared to those obtained through simulation conducted by G.Hesketh and

are found to be in very good agreement.

3.2 Concept

As discussed in Section 2.5.3, the all-optical regeneration of phase can be

achieved through coherent addition of a signal with one or, as we shall

see, a number of its phase harmonics [16, 17, 68]. In essence, the step-like

phase transfer function required for phase quantisation is obtained as a
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result of the interference between photons of the original signal with its

selected phase harmonics (which possess phase equal to integer multiples

of the original signal from which they were derived). By selecting appro-

priate phase harmonics to mix with the original signal, we have a limited

control over the shape of the phase and intensity transfer functions that

will be applied to the original signal.

Figure 3.1 shows some possible spectral configurations which may be

used to achieve 4-level phase quantisation using either the 3rd or −5th

harmonic in single harmonic configuration as well as the alternative, dual

harmonic system suggested by G. Hesketh et al. [79] which makes use of

both harmonics. The harmonics shown are assumed to have been cre-

ated using a preliminary stage of degenerate FWM. Hence, the configu-

rations shown are those required to perform the coherent addition of the

harmonics with the signal and are all based upon non-degenerate FWM,

with pump powers much higher than the signal and harmonic powers,

such that we assume the undepletable pump approximation. Also given

in the figure are the corresponding intensity and phase output profiles for

each system. The pumps are unmodulated continuous waves. It should

be noted that, due to the FWM phase relations, the −5th harmonic in a

non-degenerate FWM system acts to add photons of phase 5φ to the sig-

nal; likewise, the 3rd harmonic acts to add photons of phase −3φ to the

original signal. The dual harmonic system can be viewed as the combi-

nation of both of the non-degenerate, single harmonic systems, with each

system sharing the pump, P2. By shifting the relative phase difference

between the pumps of a single harmonic system, we may translate the

phase and intensity transfer functions in the phase dimension, effectively

controlling the location of the steps in the phase transfer function.

With the dual harmonic system, there exists an extra degree of free-

dom; pumps P1 and P3 are not shared between the two underlying sys-

tems, and by controlling their phase, we may translate the transfer pro-

files of the two systems relative to each other. This ability is essential in
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achieving the reduction of gain variation that is the object of this study.

The phase and intensity transfer functions of the dual-harmonic system

depend upon the relative phase difference between the pumps, P1 and

P3. The phase difference must be set in such a way that the intensity

variations of the two underlying single-harmonic systems combine de-

structively, as this is the key to the phase dependent gain suppression.

Figure 3.1: Some possible configurations for 4-level phase quantisation
through FWM. Channels sit on an uniformly spaced frequency grid of
width equal to the distance between P2 and S.

Following the methodology in Section 2.5.3, the phase and gain rela-

tions for each system can be obtained by considering the coherent addi-

tion of the original signal with a proportion of the selected harmonics. As

before, we represent the magnitude of harmonic mixing by the factor, m,

such that, statistically, for every 1 signal photon, there are m harmonic

photons, from all sources. This leads to the following relations for the

three systems studied, where Ψ is the complex amplitude of the output,

G is the gain, φ and φ′ are the input and output phases, respectively and

subscripts denote the harmonic(s) coherently added to the signal in each
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system:

Ψ{3} =
√
G{3}e

iφ′{3} =eiφ +me−i3φ

=eiφ
[
1 +me−i4φ

]
(3.1a)

Ψ{-5} =
√
G{-5}e

iφ′{-5} =eiφ +mei5φ

=eiφ
[
1 +mei4φ

]
(3.1b)

Ψ{-5,3} =
√
G{-5,3}e

iφ′{-5,3} =eiφ +
m

2
(e−i3φ − ei5φ)

=eiφ
[
1 +

m

2
(e−i4φ − ei4φ)

]
. (3.1c)

There is a factor of 1/2 before the brackets in Equation (3.1c) due to

the definition of m and because we consider only equal addition of the

3rd and −5th harmonic (which is necessary to minimise the gain varia-

tion). It is worth pointing out that the negative sign applied to the am-

plitude of the 5th harmonic term in Equation (3.1c) is necessary oth-

erwise the phase terms cancel out and the system has a flat complex

transfer function. This negation can be achieved in practice by shifting

the phase of the 5th harmonic by a value of π relative to the other lines,

which amounts to aligning the two underlying harmonic systems so that

their phase dependent gain relations combine ‘destructively’. The fac-

tors in square brackets in Equations 3.1a-3.1c can be considered to ap-

ply phase shifts of θ to the original signal phase whilst scaling its ampli-

tude by a factor A, such that: Ψ = eiφAeiθ. Applying G = |Ψ|2 and

φ′ = φ+ arctan[θ], we obtain:

G{3} =1 +m2 + 2m cos[4φ] (3.2a)

G{-5} =1 +m2 + 2m cos[4φ] (3.2b)

G{-5,3} =1 +m2 sin2[4φ] (3.2c)
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φ′{3} =φ− arctan

[
m sin[4φ]

1 +m cos[4φ]

]
(3.3a)

φ′{-5} =φ+ arctan

[
m sin[4φ]

1 +m cos[4φ]

]
(3.3b)

φ′{-5,3} =φ+ arctan [m sin[4φ]] . (3.3c)

Figure 3.2 shows some plots of the phase and intensity transfer func-

tions of the 3rd harmonic, and dual harmonic system for various values

of m which are to be discussed. In addition, a plot is provided comparing

the shape of the phase transfer functions for the 3rd and −5th harmonic

systems. For the case of m << 1, that is, for a weak admixture of pho-

tons where the original signal photons greatly outnumber the harmonic

photons, the phase transfer function for the single, 3rd harmonic system

reduces to:

φ′ = φ− arctan [m sin [4φ]] , (3.4)

which is identical to the phase transfer function exhibited by the dual

harmonic system, with the approximation being confirmed in Figure 3.2.

Taking the small m approximation further, arctan[x] ≈ x for small x.

Applying this to Equation 3.4 yields

φ′ ≈ φ−m sin [4φ] ,

which can more clearly be seen to be a step-like function in which in-

creasing the magnitude of m increases the harshness of the steps. If in-

stead we consider the same 3rd harmonic system but with m = 1, we

obtain:

φ′ = φ− arctan

[
sin [4φ]

1 + cos [4φ]

]
(3.5)

for the phase transfer function, to which we can apply the half-angle for-
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Figure 3.2: Graphs a), b) and c) show plots of the analytic functions for
the 3rd harmonic and dual harmonic systems for different values of m.
Please note the differing gain scale for graph c). Graph d) provides a
comparison between the 3rd and -5th harmonic systems.
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mula, tan
[
θ
2

]
= sin[θ]

1+cos[θ] , giving:

φ′ = φ− arctan

[
tan[

4φ

2
]

]
= φ− {2φ mod π} (3.6)

(where mod is the remainder operation defined for the set R). This sys-

tem will clearly not have flat-topped steps and is more saw-toothed in

appearance and so stands as an upper limit to m. Therefore, to obtain

a desirable step-like phase quantising system, 0 < m < 1. For non-

small values of m that are nonetheless smaller than 1, we should expect

some divergence in the shape of the phase transfer profile from that of

the 3rd harmonic system, although Figure 3.2 shows that the similarity

holds even for values of m = 0.37, for which we obtain flat topped steps.

A similar analysis can be applied to the -5th harmonic system as was

applied to the 3rd, resulting in the following transfer function, for small

m:

φ′ = φ+ arctan

[
tan[

4φ

2
]

]
= φ+ {2φ mod π} . (3.7)

In this case, the gradient of both terms in the final part of Equation (3.6)

are both positive, and so the sawtooth-like appearance is not as pro-

nounced.

For a given value of m, the PSER (in decibels) of the single har-

monic system is given by:

PSER{3} = 10 log

(
1 +m2 + 2m

1 +m2 − 2m

)
, (3.8)

whilst that for the dual harmonic system can be derived as:

PSER{−5,3} = 10 log
(
1 +m2

)
. (3.9)

Plots of Equations 3.8 and 3.9 as they vary with mixing factor, m, are

given in Figure 3.3 (note the singularity at m = 1 for the single harmonic

case) and show that PSER{−5,3} < PSER{3} for 0 < m < 2.3. As it

was already determined that the mixing factor for optimal squeezing in
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both the single and dual harmonic cases is with the range 0 < m < 1,

Figure 3.3 shows that, within this regime, the dual harmonic scheme will

always possesses a much smaller PSER and will result in a much smaller

conversion of phase noise into amplitude noise, as desired. Indeed, for

m = 0.33, which results in approximately flat-topped steps in both cases,

the single and dual harmonic schemes possess phase sensitive extinction

ratios of PSER{3} =6 dB and PSER{−5,3} =0.5 dB, respectively.

Figure 3.3: Plots of the PSER in decibels of the single harmonic system
(purple line) and dual harmonic system (green line) as they vary with
mixing factor, m.

3.3 Experimental Characterisation

This section starts with a brief overview of the approach used to analyse

the phase quantising ability of the proposed PSA, before providing more

detail on the specific parts of the system. Provided in Figure 3.4 is a sim-

plified schematic of the experimental setup which was designed with the

goal of providing measurements of both the intensity and phase trans-

fer profiles for each of the systems discussed earlier and to illustrate the

improved intensity behaviour of the modified, dual harmonic setup.

In the first stage, an optical comb is produced using an over-driven

Mach-Zehnder modulator. A programmable filter is then used to remove

113



unwanted comb lines from the spectrum and to apply the appropriate

phase shifts to the remaining lines to emulate the system under test. Af-

ter this, the lightwave is then amplified to high power in order to perform

coherent addition through FWM. After phase quantisation, the lightwave

is split into two paths, one to perform the intensity measurements by di-

rect detection (using an OSA), the other to perform phase measurements

of the signal line relative to a chosen pump line using an interferometric

technique discussed later.

As the PSA approach to phase quantisation works through coher-

ent addition, the pumps utilised to instigate four wave mixing must have

some level of mutual coherency. As discussed in Section 2.5.3, when per-

forming phase regeneration on a data carrying stream, pumps are typi-

cally generated by using the Mth harmonic (which is stripped of mod-

ulation) as the seed to an injection locked laser so as to satisfy the co-

herency conditions. In the present case, the use of an optical frequency

comb derived from a single laser as the source of all of the spectral lines

ensures this coherency.

HNLF
CW Laser EDFA

OSA3dB
Splitter

Tap A

OSA

PF-A

PF-B

MZM=Mach-Zehnder Modulator, PF=Programmable Filter, HNLF=Highly Nonlinear Fibre, OSA=Optical Spectrum Analyser

Phase 
Meas.

Intensity 
Meas.

Generation of Phase- 
Locked Harmonics

Coherent Addition 
through FWM

Complex Transfer 
Profile Measurement

MZM-A

MZM-B

Figure 3.4: Schematic of the experimental setup used in this investiga-
tion.

3.3.1 Generation of the Phase Locked Harmonics

In this section, the emulation of the phase locked harmonics will be dis-

cussed in more detail. In order to reduce the complexity of the setup,

we synthesise the systems that are to undergo coherent addition by ap-

plying a wavelength selective, programmable filter (PF-A) to an optical

frequency comb. The optical frequency comb is produced by launching a
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single laser beam of wavelength 1557.36 nm and power 17 dBm through

an integrated photonic, dual-drive MZM (labelled MZM-A in Figure 3.4),

which is modulated (under push-push operation) by a sinusoidally vary-

ing voltage of frequency 20 GHz and magnitude ≈ 8 Vp−p — about 4

times the Vπ of the modulator. The result is an optical comb of frequency

spacing 20 GHz. The method of optical frequency comb production via

MZM is discussed theoretically in [81–84], although it was found unneces-

sary to implement the techniques discussed therein for the production of

ultra-flat combs, given that we may flatten and shape the comb as needed

using the subsequent programmable filter — already a feature of the sys-

tem. An example of a typical spectrum that may be obtained using an

over-driven MZM is given in Figure 3.5.
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Figure 3.5: Example spectrum of an optical comb produced using an over
driven MZM. Frequency spacing is 25 GHz.

The programmable filter, PF-A (based on liquid silicon on chip tech-

nology), allows for the control of the phase and intensity of each spectral

line of the optical frequency comb produced by MZM-A. This setup al-

lows us to mimic the spectral location of the pumps and harmonics that
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may be produced as a result of a stage of degenerate four wave mixing

of a signal with a CW pump to produce a continuum of phase harmonics

(as discussed in Figure 2.4.3), followed by filtering of unwanted harmon-

ics and insertion of phase locked pumps, as might be done to perform-

ing phase regeneration on a phase encoded signal [69] . In essence, the

spectral lines are assigned various roles according to the system in Fig-

ure 3.1 being emulated, and their phases set accordingly with the pro-

grammable filter. For clarification, it should be noted that this control

is not dynamic; the update rate of the programmable filter is ≈4 Hz —

the spectral lines are not modulated, as they would otherwise be, to carry

data. The spectral lines assuming the role of harmonics have their phase

set to the appropriate multiple (modulo 2π) of the chosen signal phase.

For instance, if the signal phase is to be set to π/2 rad, the phase of the

‘conjugated 3rd harmonic’ will be set to −3π/2 = π/2 rad. By control-

ling the relative power of the signal line to its harmonics and pumps, the

mixing factor, m, may be controlled.

3.3.2 Coherent Addition through FWM

After passing through the programmable filter, PF-A, the lightwave is

then amplified to high power using an EDFA (≈ 20.4 dBm total Power),

before being launched into the HNLF to undergo FWM.

A germanium doped HNLF was chosen as the medium for the co-

herent addition due to easy coupling of light therein, as well as the long

interaction lengths and tight light confinement that they offer. Due to

phase matching considerations for FWM, care must be taken to select a

fibre whose zero dispersion wavelength is in the spectral region in which

we will perform the generation of harmonics (centred at 1557.36 nm).

The systems studied here are susceptible to SBS due to the neces-

sarily high optical powers being used for FWM and the narrow spec-

tral linewidth of the signals used. To increase the Brillouin threshold,

and hence, the maximum pump power which could be launched into the
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fibre, the HNLF chosen had had a linear strain applied to it (see Sec-

tion 2.3.2.5). OFS Fitel LLC supplied and performed the straining of the

fibre according to [85], and so the increase in Brillouin threshold due to

straining can be expected to be about 6.5 dB. The specifications of the

fibre are presented in Table 3.1

α D D′

0.88 dBkm−1 −0.08 psnm−1km−1 0.018 ps2nm−1km−1

γ L λ0

11.6 Wkm−1 300 m 1555 nm

Table 3.1: Specifications of the fibre used in this experiment.

3.3.3 Measurement of Complex Transfer Function

MZM-BPF-B

S H2

P3P2P1
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From PSA
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on S only
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Output of HNLF

Action of the comb 
on P2 only
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on P2 and S 
combined

+

=

Figure 3.6: Schematic of the section of the setup used for phase measure-
ments.

After the step of coherent addition within the HNLF, the lightwave

is split into two paths, one to perform intensity measurements (the lower

path in Figure 3.4) and one for phase measurements (the upper path).

Whilst measuring the intensity of a channel is relatively straightforward,

acoustic vibrations and path length differences would make it difficult

to use a local oscillator to take measurements of the phase of the sig-

nal before and after phase sensitive amplification. Ideally, what is re-

quired is a phase reference channel which is exposed to the same or simi-

lar random phase shifts as the signal itself, but which is unaffected by the
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phase quantisation. Fortunately, in the systems studied, the pumps ful-

fil these criteria and may be used as phase references. Provided that the

pumps are of a high enough intensity relative to the test signal, they re-

main comparatively unaffected by the FWM processes (as was confirmed

through simulation). In order to measure the phase difference between

the signal and reference line, we use another programmable filter, PF-

B, to remove all spectral lines apart from the signal to be measured and

the selected pump reference line. We then mix these two remaining lines

using a second Mach-Zehnder modulator, MZM-B, which is again oper-

ated as an optical frequency comb and is driven at the exact same fre-

quency MZM-A (which is ensured by using the same source). The action

of this second MZM-B can be considered to be the production of two op-

tical frequency combs, one from each of the spectral lines which enter it

(the signal and the pump), which overlap due to their frequency spacing

matching the frequency difference between the input lines. This amounts

to a coherent addition of the signal and the selected pump wherever the

new comb lines produced overlap. By measuring the intensity of one of

these mixed lines and applying successive phase shifts ξ to the pump line

using PF-B, we may form a time sequential, balanced coherent detector,

where the role of the local oscillator is taken by the pump line. Measure-

ments of the intensity of the selected line are made for each of the val-

ues of ξ = 0, π/2, π, 3/2π. The intensity of the selected line is given by

Iξ =
∣∣ηsESeiωt+φs + ηpEpe

iωt+0
∣∣2, where ηs and ηp represent the fraction

of the original signal power and pump power that end up in the selected

comb line, and φs is the signal phase. Expanding this relation for each of
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the values of ξ gives:

Iξ=0 =
∣∣∣ηsESei(ωt+φs) + ηpEpe

i(ωt+0)
∣∣∣2 = η2

sE
2
s + η2

pE
2
p + 2ηsηpEsEp cos[φs]

Iξ=π/2 =
∣∣∣ηsESei(ωt+φs) + ηpEpe

i(ωt+π
2 )
∣∣∣2 = η2

sE
2
s + η2

pE
2
p + 2ηsηpEsEp sin[φs]

Iξ=π =
∣∣∣ηsESei(ωt+φs) + ηpEpe

i(ωt+π)
∣∣∣2 = η2

sE
2
s + η2

pE
2
p − 2ηsηpEsEp cos[φs]

Iξ=3π/2 =
∣∣∣ηsESei(ωt+φs) + ηpEpe

i(ωt+ 3π
2 )
∣∣∣2 = η2

sE
2
s + η2

pE
2
p − 2ηsηpEsEp sin[φs] .

If we then perform Iξ=0 − Iξ=π and Iξ=π/2 − Iξ=3π/2 we obtain:

Iξ=0 − Iξ=π = 4ηsηpEsEp cos[φs] (3.10)

Iξ=π/2 − Iξ=3π/2 = 4ηsηpEsEp sin[φs] . (3.11)

Finally, we divide Equation (3.11) by Equation (3.10) to obtain:

Iξ=π/2 − Iξ=3π/2

Iξ=0 − Iξ=π
=

sin[φs]

cos[φs]
= tan[φs] (3.12)

=> φs = arctan

[
Iξ=π/2 − Iξ=3π/2

Iξ=0 − Iξ=π

]
. (3.13)

In summary, by taking measurements of one selected comb line for ξ =

0, π/2, π, 3/2π and using Equation (3.13), we may determine the phase of

the signal relative to the pump with which it was compared. Figure 3.7

shows the results of making measurements on the relative phase differ-

ence between the spectral lines S and P2 using the method outlined above.

The relative phase difference between them is set using the programmable

filter PF-A and the HNLF is bypassed. Measurements were taken for a

range of phase shifts applied to S, from 0 to 2π, and are plotted as black

squares. In the perfect case, we would observe a straight line of gradient

1. This ideal case is plotted in Figure 3.7 as a solid black line. The red

dotted line in Figure 3.7 shows the results of a least squares linear fit ap-

plied to the measurement data. The result of the fit suggests a standard

error of 0.011. However it should be noted that this value incorporates
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not only the accuracy with which the measurement can be made, but

also the accuracy with which PF-A can set the phase difference between

the lines. Despite this compound error, the standard deviation is small

enough to confirm the validity of this method to measuring the relative

phase difference between the two lines. To map the complex transfer pro-
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Figure 3.7: Plot of the relative phase difference between the frequency
lines S and P2 for a range of input phases measured using the suggested
method. Measurements are shown with black squares, the ideal case
φmeas = φset is shown by the black line and the line of best fit obtained
using the least squares method is shown by the red dotted line.

files, we synthesise the configurations shown in Figure 3.1 and make mea-

surements of the output intensity and phase for values of φ between 0

and 2π radians, each time updating the synthetic harmonics with the ap-

propriate phases.
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3.4 Results

Figure 3.8 shows the results for all three configurations detailed in Fig-

ure 3.1. The experimental data (points), are plotted along with corre-

sponding numerical results obtained using the split-step approach to solv-

ing the NLSE (solid lines). In all cases, the numerical results show very

good agreement with both the experimental phase and intensity transfer

curves, confirming the concept and validating the method by which phase

was measured.

For the single-harmonic systems, the pump powers were set to 17.4 dBm,

the signal to 6.4 dBm and the harmonic lines to 4.4 dBm. This results in

a value for m, the mixing coefficient, of approximately 0.38. The inten-

sity transfer curves for both single-harmonic systems are very similar,

as would be predicted from their analytical values (see Figure 3.2) with

the magnitude of their gain variation being about 7 dB. We see that the

phase transfer profile of the system using the 3rd harmonic has broad,

flat-topped steps; in contrast, and in agreement to the expressions of

Equations (3.1a) and (3.1b), the system that uses the conjugated 5th har-

monic, exhibits a more jagged, saw-tooth-like phase transfer profile and

as a result is less effective at phase quantisation.

For the dual-harmonic system, pumps were held at 15.3 dBm and the

harmonics at 2.3 dBm with phase and intensity transfer functions being

mapped for a range of signal powers from 2.3 dBm to 7.3 dBm (corre-

sponding to a range for the mixing factor, m, of 0.28 to 0.62). In each

case, the phase difference between P1 and P3 was optimised so as to min-

imise the amplitude of the oscillations in the intensity transfer function.

Firstly, we note how the intensity transfer profile for the dual-harmonic

case has 8 maxima, as opposed to the 4 maxima present in the single-

harmonic cases, as predicted by their intensity transfer functions.

A comparison between the results for the dual harmonic system at

m ≈ 0.42 and the single harmonic systems, which have a value of m ≈

0.38 is most appropriate, given the similarity in the values of the mixing
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factor, m and the qualitative similarity of their phase transfer profiles,

which ultimately determine their phase squeezing ability. Given that the

dual harmonic system is a combination of the two single harmonics, we

could expect its transfer function to appear to be a mix between the two.

Indeed, this is so, with the dual harmonic system having steps neither

quite as broad and flat as the 3rd harmonic system, nor quite as jagged

as the −5th harmonic system.

Using Equation 3.8, we should expect to observe, for the single-harmonic

system operated with m = 0.38, a phase sensitive extinction ratio of

PSER{−5 OR 3} = 6.95 dB, which is in agreement with the single har-

monic output intensity plots in Figure 3.8. Similarly, for the dual har-

monic case, the expected phase sensitive extinction ratio for the system

when operated with m = 0.42 is PSER{−5,3} = 0.71 dB, again, in concur-

rence with the relevant plot in Figure 3.8.

A direct comparison of these curves shows that, by using the pro-

posed scheme, a reduction of the phase dependent gain from 7 dB down

to < 0.5 dB was achieved, a ≈ 6.5 dB improvement. This is, to our knowl-

edge, the only demonstration of this approach to reducing phase noise to

amplitude noise conversion in a PSA, with a number of other demonstra-

tions instead making use of saturation effects, an approach which may

compromise the phase transfer profile of the system [86].

3.5 Discussion

By making use of a single additional harmonic, a great reduction in the

phase dependent gain of the phase quantiser has been realised. It turns

out, naturally, that there is a great deal more depth to this subject. First

of all, recalling Equation 3.1c:

Ψ{-5,3} =
√
G{-5,3}e

iφ′{-5,3} = eiφ+
m

2
(e−i3φ−ei5φ) = eiφ

[
1 +

m

2
(e−i4φ − ei4φ)

]
,
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we are reminded that the two underlying −5th and 3rd harmonic systems

were aligned such that the peaks and troughs of their phase dependent

gain profiles overlapped, reducing the PSER. Interestingly, this is not the

only way of optimising this dual-harmonic system. Instead, we may pri-

oritise the breadth of the step by optimising the ratio of harmonics for

this purpose. Performing such an optimisation leads us to use the signal,

3rd harmonic and −5th harmonic in the ratio 1 : 0.5 : 0.1 with a phase

shift of 0 radians between them. As is shown in Figure 3.9-a, this optimi-

sation results in phase quantising steps (yellow line, squares) which are

much broader than both the dual harmonic system optimised for minimal

gain (blue line, circles) as well as the original, single harmonic scheme

(green line, triangles). This comes at the expense of an increased phase

dependent gain, as shown in Figure 3.9-b, where it can be seen that the

PSER has increased to 12 dB. Furthermore, if using a single additional

Figure 3.9: a) Plot of the phase transfer profiles, b) Plot of phase depen-
dent gain for three scenarios: the single harmonic case (green triangles);
the dual harmonic case optimised for low PSER (blue circles) and the
dual harmonic case optimised to provided the broadest phase quantising
steps (yellow squares).

harmonic can reduce the PSER by 6.5 dB, this raises the question as to

whether there is benefit in making use of further harmonics still. If we
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consider a general case, where we have the means to produce any phase

harmonics we wish and coherently add them to the signal with whatever

amplitude ratio and relative phase shift we choose, an interesting parallel

can be seen with Fourier synthesis. If we label the output wave by ψout,

this scenario of coherent addition can be represented by the following

equation (where mn is the complex mixing factor associated with each

harmonic):

ψout(φ) = ...+m−2e
−i2φ +m−1e

−iφ +m0e
i0φ +m1e

iφ +m2e
i2φ + ...

=
∞∑

n=−∞
mne

inφ . (3.14)

Equation 3.14 effectively defines the Fourier series of ψout(φ). Hence, we

may specify ψout(φ), however we desire, and determine which phase har-

monics are required to generate it as well as their magnitudes relative to

the signal in the same way that we would determine the Fourier series

coefficients of ψout(φ). To demonstrate this analysis, we determine the

Fourier series of the ideal, 4-level, phase transfer function with flat phase

dependent gain, as shown in Figure 2.15 of Section 2.5.3, finding that the

following harmonic ratios should be used:

mn = (−1)nkn


kn = 0 if n is even

kn = 1
n2 if n is odd

(3.15)

Naturally, if a high number of harmonics is used, we will obtain a

phase quantiser very similar to the ideal quantiser specified, albeit ex-

hibiting Gibbs phenomenon (ringing at the transitions of phase). How-

ever, given the practical difficulty in generating high order harmonics, it

is of interest to consider the resemblance to the ideal transfer function

that can be achieved when a limited number of harmonics is available.

We consider two cases, the first where we have simply truncated the har-

monic series in Equation 3.15, and the second where the σ-approximation
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has been applied to the series after truncation. The σ-approximation can

be viewed as a sinc-function-based low-pass filter which suppresses the

Gibbs phenomenon [87, 88]. Figure 3.10 shows the phase transfer func-

tions for such a scenario when a number of harmonics (of non-zero mag-

nitude), from 1 to 6, is coherently added to the signal, either without

the σ-approximation (Figure 3.10-a) and with it (Figure 3.10-b). As the

number of harmonics used is increased, the breadth of the steps increases

and the transition between steps become more vertical, as is expected.

However, introducing higher harmonics can be seen to decrease the flat-

ness of the steps, due to ringing. This ringing can be suppressed quite

well using the σ-approximation, as shown in Figure 3.10-b.

Moving on to consider the phase dependent gain (Figure 3.11-a), we

see that as we increase the number of harmonics used, a plateau in gain

begins to form which is located in the centre of the steps of the phase

transfer function. Increasing the number of harmonics tends to increase

the breadth of the plateau and reduces the deviation of the plateau about

its mean. The Gibbs phenomena at the edges of the plateaus becomes

more apparent when increasing the number of harmonics used and, once

again, is suppressed somewhat using the σ-approximation. One interest-

ing thing to note in this case, is that when we use an even number of

harmonics, the phase dependent gain has a very flat central region. If

the number of harmonics used is increased from an even number to an

odd number, the phase dependent gain function can actually be seen to

worsen. Returning briefly to the phase transfer functions in Figure 3.10,

although more subtle, we can actually see that the inverse is true; us-

ing an odd number of harmonics results in flatter steps with fewer devi-

ations than an even number of harmonics. In a practical scenario, this

may guide our decision as to how many harmonics to use depending upon

which is valued more, broad, flat-topped steps in the phase transfer pro-

file, or minimal phase dependent gain.

The analysis above was performed simply by obtaining the Fourier
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Figure 3.10: Phase transfer profiles obtained using a number of phase
transfer harmonics, from 1 to 6: a) without the σ-approximation; b) with
the σ-approximation.
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Figure 3.11: Phase dependent gain obtained using a number of phase
transfer harmonics, from 1 to 6: a) without the σ-approximation; b) with
the σ-approximation.
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series coefficients for the ideal phase transfer function and truncating the

resultant harmonic series. It is important to note that, given a limited

number of harmonics, simply truncating the Fourier series and applying

the σ-function likely does not represent the best that can be achieved

with the harmonics available. If we prioritise, for instance, the breadth

of the phase transfer function, optimisation of the relative magnitudes

and phase shifts of the available harmonics should be performed in order

to provide the best fit possible, as was done to produce the broad phase

transfer profile of Figure 3.9.

3.6 Conclusion

A newly designed, dual-harmonic, scheme for phase quantisation was nu-

merically and experimentally characterised in terms of its intensity and

phase transfer functions. It showed similar performance in terms of phase

quantisation to the conventional single-harmonic system, whilst achieving

a reduction in phase dependent gain variation of 6.5 dB, thus making it a

much more ideal phase regenerator. To measure the various phase trans-

fer functions, a novel technique was proposed and implemented using a

programmable filter and an optical comb to emulate a time sequential,

balanced coherent receiver. Experimental data are in very good agree-

ment with results obtained through simulation and with analytical pre-

dictions.

Further to this, we showed that, instead of using the −5th phase

harmonic to suppress phase dependent gain, it may be used to broaden

the steps of the phase transfer profile, although at the consequence of

an increased phase dependent gain. Finally, the similarity between the

coherent addition of FWM harmonics and Fourier synthesis was consid-

ered, and it was shown that we may obtain any phase transfer profile and

phase dependent gain desired, provided that we may synthesise sufficient

harmonics. We also considered the case when a small number of harmon-

ics, between 1 and 6, is available for synthesis of a 4-level phase quantiser
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and showed how the system becomes closer to the ideal phase quantiser

the more harmonics are available.
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Chapter 4

FWM-based, Idler-free

Phase Quantiser with

Flexible Operating Power

4.1 Introduction

There are a number of different schemes which have been proposed for

all-optical phase regeneration through FWM, each with their own merits

and characteristics. Given that two major benefits often cited in favour

of all-optical signal processing over electronic signal processing are those

of decreased energy consumption and reduced system complexity, it is of

interest to consider these factors when investigating prospective phase

regenerating schemes.

As discussed in Section 2.5.3, 4-level phase quantisation (as appli-

cable to QPSK), may be achieved using the coherent addition of conju-

gated 3rd harmonic photons to the original signal, or more generally, for

M -level quantisation, conjugated (M − 1)th harmonic photons may be

coherently added to the original signal [68,89].

In this chapter, two schemes which have been previously demon-

strated for achieving all-optical phase quantisation using this technique
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will be discussed [68, 78], before a new scheme1, is presented and demon-

strated. The proposed scheme is a wavelength-converting, idler-free scheme

which, as opposed to coherently adding harmonic photons to the sig-

nal channel, coherently adds conjugated signal photons to the harmonic

channel. The use of a separate wavelength to the original signal allows

for independent control of the relative power of the signal and harmonic,

achieving phase squeezing over a variety of operating powers, potentially

making it a particularly low power solution for phase regeneration whilst

requiring only a single nonlinear stage to function, leading to a relatively

compact setup. The system was implemented and its regenerative perfor-

mance analysed in terms of its BER curves and constellation plots for a

broadband phase noise loaded QPSK signal.

4.2 Concept

Figure 4.1: Illustration of three spectral configurations for achieving PSA.
Curved arrows represent individual FWM interactions.

Many PSA based schemes for phase regeneration make use of two

stages of optical nonlinear processing [68, 89] (see Figure 4.1 a); as shown

in Section 2.4.3, the first consists of a degenerate, single pump FWM

scheme to produce a continuum of phase-locked harmonics, of which one

is selected (typically the 3rd for an QPSK signal). This is then mixed

back into the signal through a second stage of FWM, making use of the

original pump and an additional pump produced through injection lock-

ing a laser to the signal’s 4th, modulation erased harmonic. This scheme

has a benefit in that the ratio of mixing between the selected harmonic

and the signal, and hence the level of phase squeezing, may be controlled

1which was initally suggested by Liam Jones.
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freely by controlling the powers of the various pumps as well as incorpo-

rating a means of carrier recovery.

Another scheme (shown in Figure 4.1 b), referred to as the idler-

free scheme [78] effectively combines these two stages into a single one

by making use of two pumps with their power tuned so as to simultane-

ously produce the 3rd phase harmonic and mix it back into the signal.

This scheme is more energy efficient and compact as compared to a two

stage scheme, however optimisation of phase squeezing is complicated by

the need to produce not only the necessary phase harmonic (which bene-

fits from high signal power), but also to mix it sufficiently back into what

may be a high power signal.

The proposed wavelength-converting, idler-free scheme is illustrated

in Figure 4.1-c. The setup is similar to the idler-free scheme shown in

Figure 4.1 b, however the objective is slightly different. Instead of pro-

ducing the 3rd harmonic and coherently adding its conjugate to the orig-

inal signal, phase conjugated photons of the signal are coherently added

to the 3rd phase harmonic. As a consequence, the regenerated signal is

formed at the wavelength of the 3rd phase harmonic and is phase conju-

gated. Although the two nonlinear processes (harmonic generation and

coherent addition) occur simultaneously, their contributions to the out-

put may now be controlled independently. Hence, for any specific signal

and P1 power values it is possible to achieve, provided sufficient OSNR,

any level of phase squeezing, simply by properly adjusting the power of

P2, potentially allowing lower pump powers to be used compared to the

standard idler-free scheme. The system can either be followed by a wave-

length converter to obtain output at the original signal wavelength or

indeed be used as a phase regenerating wavelength converter in its own

right. The output of this system is described by the following coherent
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addition:

√
Geiφout =e−iφin +mei3φin

=e−iφin(1 +mei4φin)

=
[
eiφin(1 +me−i4φin)

]∗
. (4.1)

Equation 4.1 shows that although the result is conjugated, it is otherwise

entirely equivalent to that obtained by combining the signal with its con-

jugated 3rd harmonic.

As discussed above, because there is only one process which relies

upon P2, conjugate generation, by controlling the power with which it

enters the nonlinear medium, we may easily control the mixing factor,

m, and hence the amount by which the phase of the signal is squeezed.

However, although this means that for any given pump to signal power

ratio, P1 : S, any degree of phase squeezing can be achieved, simply by

tuning the power of P2, this does not mean that the specific choice of

P1 : S has no consequence. Indeed, the P1 : S ratio effectively determines

the OSNR of the phase squeezed output as well as affecting the SPM to

which the signal is subject (smaller values of P1 : S imply a larger signal

power if total power is fixed). It is therefore worthwhile understanding

the impact of P1 : S upon OSNR.

Figure 4.2 shows the result of operating the phase regenerator using

coherent, in phase (to elicit maximum phase dependent gain from Equa-

tion 4.1) CW lines and a fixed total power launched into the nonlinear

medium. Measurements of the output signal OSNR (identified in Fig-

ure 4.2-a) were taken for a range of P1:S power ratios, with the power of

P2 tuned each time to achieve the same mixing factor, m = 0.33. Mea-

surements were performed for three different total launch powers into the

nonlinear medium, 24 dBm, 26 dBm and 28 dBm. The results of these

measurements are plotted in Figure 4.2-b. Each curve in Figure 4.2-b

roughly traces a parabola, with maxima obtained for a P1 : S ratio of
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approximately 2.5 dB. In addition, it can be seen that the output OSNR

increases with increasing total launch power, as might be expected.

Figure 4.2: a) Spectrum identifying the pump to signal power ratio,
P1 : S. b) Plot of output OSNR of regenerated signal against P1 : S for
three different total launch powers into the fibre.

To help explain the shape of the OSNR curves in Figure 4.2-b, Fig-

ure 4.3 provides plots, for a total launch power of 28 dBm, of the output

OSNR of the regenerated signal (blue triangles, left axis) as it varies with

P1 : S, accompanied by plots of the powers (right axis) of P1 (open, black

triangles), P2 (closed, black triangles) and the signal (crossed triangles)

required for a given P1 : S ratio to produce a mixing factor of m = 0.33.

The input OSNR was not recorded. Figure 4.3 shows that, across the en-

tire range of P1 : S considered, the power of P2 is always much less than

that of both the signal and the conjugate, which is indicative of the sys-

tem being inherently harmonic limited; the low power P2 required im-

plies that little conjugate is needed to compete with the available 3rd

harmonic power, which in turn suggests that not much 3rd harmonic is

itself available. The peak in OSNR, therefore, can be assumed to occur

under the conditions of maximum 3rd harmonic production for this hy-

brid degenerate-non-degenerate system.
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Figure 4.3: Plots against P1 : S of the output OSNR of the signal (left
axis) accompanied by plots of the launch powers of S, P1 and P2 (right
axis) for a total launch power of 28 dBm.

Knowledge of the conditions required for optimal OSNR for a given

total launch power, reduce the parameter space which must be searched,

greatly simplifying optimisation.

4.3 Experimental Setup

Figure 4.4: Wavelength-converting idler-free phase quantiser setup.

A schematic of the experimental setup is given in Figure 4.4. A 192.5 THz

(1557.36 nm) laser source was split into two paths, with one part be-

ing passed to the transmitter to produce a 10 Gbaud non-return-to-zero

QPSK signal carrying two quadrature multiplexed PRBS15 datastreams
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Figure 4.5: Spectra before and after HNLF.

and the other part being passed to the phase regenerator. After mod-

ulation, the signal was then passed through a phase modulator to have

broadband phase noise applied to it, as well as a 70kHz sinusoidal dither,

used for carrier phase tracking (discussed later).

α D D′

0.88 dBkm−1 −0.08 psnm−1km−1 0.018 ps2nm−1km−1

γ L λ0

11.6 Wkm−1 300 m 1555 nm

Table 4.1: Specifications of the fibre used in this experiment.

In the phase regeneration section, the laser was passed through a si-

nusoidally driven Mach-Zehnder modulator (MZM) to produce an optical

frequency comb with lines at 192.5 + 0.04n THz where n is the chan-

nel number, and is consistent with the labelling in Figure 4.1. The pro-

grammable filter was used to select out the required pump lines and con-

trol their power; as per Figure 5.1-c), we selected Channel 1 (at 192.54 THz)

to be P1 and Channel -3 (at 192.38 THz) to be P2.

The pumps were then combined with the signal using an optical cou-

pler and amplified using an EDFA before being launched into the HNLF

(whose details are given in Table 4.1). Figure 4.5 provides spectra before

(dotted green line) and after (dotted black line) the HNLF. An optical

bandpass filter was then used to select out the regenerated signal, which

137



was located at Channel -2 with centre frequency 192.42 THz. A coupler

was used to separate a small portion of the signal out after the PSA from

which the dither signal was extracted. The dither signal is used to op-

erate the carrier tracking feedback loop (discussed in the next section)

which drove the fibre stretcher through which the pumps travelled be-

fore they were combined with the signal. By sourcing the comb from the

same laser as the signal, we guarantee that the conjugated signal pho-

tons will be produced at the same frequency as the 3rd harmonic pho-

tons. In this way, we circumvented any additional effort to achieve the

frequency tracking discussed in Section 2.5.4 but were still susceptible to

phase drifts due to acoustic pick-up as the signal and pumps do not re-

main in the same fibre at all times, hence the need for phase tracking.

The receiver consisted of a variable attenuator followed by an EDFA

with fixed power output (to enable control of the signal OSNR), and an

optical bandpass filter. Finally, the signal was coherently detected using

an optical modulation analyser.

4.3.1 Phase Tracking

Figure 4.6: Phase transfer profile and phase dependent gain of the regen-
erator.
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As discussed in Section 2.5.4, to achieve phase squeezing of a signal us-

ing a PSA, it is necessary that the pumps be phase locked to the carrier

of the signal, such that the symbols of the signal are aligned correctly

with the phase quantising steps of the PSA. As can be seen in Figure 4.6,

the centre of the phase quantising steps with which the symbol clusters

should be aligned coincide with a maximum in phase dependent gain

and hence, if a time-averaged maximum in gain is achieved, it can be as-

sumed that the symbol clusters are correctly aligned with the centre of

the phase quantising steps. Recalling Section 2.5.4, we define a parame-

ter, ∆φ, which represents a phase shift between the signal and conjugated

3rd harmonic as they are coherently added. As the gain maximum is a

peak, if ∆φ is chosen to produce a maximum in gain, a small deviation in

∆φ will result a reduction of gain (and hence output power of the signal)

with no indication as to whether ∆φ should be increased or decreased to

correct for this. To obtain a useful error signal, a small sinusoidal dither

is applied to the phase of the pumps before FWM, ∆φ = a sin 2πf + b,

where a is the magnitude of the dither in phase and b is a controllable

quasi-constant offset which is varied in order to align the phase quantis-

ing steps and symbol clusters correctly. The dither magnitude, a, is nec-

essarily small so as to minimise any deleterious effects it might have upon

the signal. After FWM, the phase dither results in a power variation in

the regenerated signal due to the phase dependent gain of the regenera-

tor.

If ∆φ = a sin 2πf + b is substituted into the equation for the phase

dependent gain of the system, G = 1+m2 +2m cos(4φin+∆φ), we obtain,

ignoring 4φin for the moment:

G = 1 +m2 + 2m cos(a cos 2πf + b) . (4.2)

Using the sum-difference formula, cos(u+v) = cos(u) sin(v)−sin(u) cos(v),
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Equation 4.2 may be reformulated as:

G = 1 +m2 + 2m [cos(a cos(2πft)) sin(b)− sin(a cos(2πft)) cos(b)] (4.3)

As a << 1 (we only wish to apply a small dither to avoid extensive dam-

age to the signal), we may expand the following terms in a Maclaurin se-

ries: sin(a cos(2πft)), retaining the first term only, and cos(a cos(2πft)),

retaining the first two terms, which leads to:

G = 1 +m2 + 2m

[
(1− a2

2
cos2(2πft)) sin(b)− a cos(2πft) cos(b)

]
(4.4)

= 1 +m2 + 2m

[
sin(b)− a2

2
cos2(2πft) sin(b)− a cos(2πft) cos(b)

]
.

(4.5)

Using the half angle formula, cos2(u) = 1+cos(2u)
2 , Equation 4.5 becomes:

G =1 +m2

+ 2m

[
sin(b)− a2

4
sin(b)− a2

4
cos(2π(2f)t) sin(b)− a sin(2πft) cos(b)

]
.

(4.6)

Equation 4.6 shows that the gain will, as a result of the phase dither,

contain two oscillating components (in the case of small a), one of fre-

quency f , the original dither tone, and one of frequency 2f , its second

harmonic. If we set the constant offset, b = π/2 rad, the value required

for maximum gain, Equation 4.4 reduces to:

G = 1 +m2 + 2m(1− a2

4
− a2

4
cos(2π(2f)t)) , (4.7)

which can be seen to contain no component oscillating at f , hence, we

may determine that the phase quantising steps are correctly aligned when

oscillations at f are minimised. This scenario is illustrated in Figure 4.7-

b, where, in the upper graph, the dithering of phase can be seen to take

place about the peak in gain. In the lower graph, the output power (plot-
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ted in green) can be seen to vary at twice the rate of the phase dither

(plotted in purple with an amplitude of 0.05 radians and frequency of

1 kHz, for illustrative purposes), lacking a tone oscillating at frequency

f .

If b is decreased from this ideal, gain maximising value, such that it

is smaller than π/2 (upper plot of Figure 4.7-a), cos(b) will become pos-

itive, resulting in oscillations of f which are in phase with the original

dither (lower plot of Figure 4.7-a, shown for b = π/2 − 0.4 radians), in-

dicating that b ought to be increased to approach the gain maximum.

In contrast, if b is increased beyond π/2 (upper plot of Figure 4.7-c),

cos(b) becomes negative, meaning that the oscillations of f in the out-

put signal will be out of phase with the original drive dither (lower plot

of Figure 4.7-c, shown for b = π/2 + 0.4 radians), which indicates that

b should be increased. Hence, by detecting the variations in the output

signal which oscillate at f we may determine, not only whether the phase

quantising steps are correctly aligned with the symbol clusters, but also

whether phase needs to be advanced or delayed in order to achieve this.

Figure 4.7: Top row: Plots of a single peak in the phase dependent gain
profile of the regenerator with a dashed line showing the quasi-constant
value of ∆φ (b) about which the phase is dithered sinusoidally. Bottom
row: Plots showing how the output power (right axis) varies with the
phase dither (left axis) over time. For illustrative purposes, the phase
dither used for plotting has a frequency of 1 kHz and an amplitude of
0.05 rad and the regenerator has a mixing factor of m = 0.33.

To implement the above approach practically, we apply the dither,
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a cos(2πft) to the phase of the pumps using a phase modulator and con-

trol b using a fibre stretcher. The dither in the amplitude of the regener-

ated output is compared to the original dither using a lock-in amplifier,

the output of which is used as the error signal input to a proportional-

integral-derivative (PID) controller which drives the fibre stretcher, realis-

ing a feedback loop. Previously we neglected consideration of 4φin in the

equation for phase dependent gain. Assuming that the phase quantiser is

appropriate for the signal being quantised (e.g. a 4-level phase quantiser

for a QPSK signal), this is acceptable provided that the dither possesses

a high enough signal to noise ratio to be detected and a frequency much

slower than the baudrate so as not to unacceptably distort the signal. If

the signal is too noisy in the spectral region of the dither, phase tracking

using this method may be inhibited.

Figure 4.8: Plot of voltage across photodiode detecting output of PSA as
it varies with time. Three regimes are highlighted: the first with locking
deactivated, the second with locking activated but before locking has
been achieved and the final regime where locking has been achieved.

For illustrative purposes, Figure 4.8 shows the voltage across a pho-

todetector which is exposed to the signal after phase sensitive amplifi-

cation, measured using an oscilloscope. As the voltage across the pho-

todetector is proportional to the power of the incident radiation, this

plot shows the variation of the output signal power with time. Three

regions are highlighted on the graph. The first is the case when locking

is deactivated, during which time the power of the signal can be seen to
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vary erratically between a minimum and maximum which corresponds to

the PSER of the PSA. The variation is due to the lack of carrier locking

causing the gain the signal experiences to be determined by the randomly

varying phase difference between the two pumps and the signals carrier

phase. A large contributor to this variation in phase is due to the signal

and pumps experiencing a phase variation due to acoustic pickup; indeed,

physically disturbing the system may lead to failure of the tracking when

active. The second region noted is when the phase tracking system has

been activated, but locking has not yet been achieved. Finally, the third

region corresponds to the system during successful phase tracking. The

power can be seen to lie at a maximum, which is because the peaks of

phase sensitive gain are correctly aligned with the symbol clusters of the

QPSK signal. Note, the variation which exists about this maximum, al-

though partly an indicator of the quality of the locking, is not represen-

tative of the quality of the locking used to take the following data and is

for illustrative purposes only.

4.4 Results

As the characteristics of the system are highly dependent upon the rela-

tive powers of the pumps and the signal, the system’s phase transfer and

phase dependent gain profiles were measured for a range of pump and

signal power combinations by operating the system on a CW signal, fol-

lowing the method described in Section 3. Figure 4.9 shows phase trans-

fer and phase dependent gain profiles of the system for a total HNLF

input power of 24 dBm for three different mixing factors: m = 0.20,

m = 0.31 and m = 0.48. The mixing factors were controlled by vary-

ing the power of the pump P2. As expected, the PSER can be seen to

increase as the mixing factor increases and the phase quantising steps

can be seen to become harsher. Although other total launch powers were

characterised, results obtained using a total power of 24 dBm are pre-

sented, as this was the lowest power for which an acceptable quality of

143



Figure 4.9: Phase transfer and phase dependent gain profiles for three
different mixing factors, obtained by controlling the power of P2:
m = 0.20, m = 0.31 and m = 0.48. The total launch power is held
at 24 dBm for all cases.

the output signal could be achieved, and one objective of this demon-

stration was to validate the possibility of low power operation with this

scheme.

A P1 : S ratio of −2 dB was selected, as not only does this ratio lie

in the peak OSNR zone predicted by Figure 4.2, but keeping the signal

power in the lower end of this zone minimises SPM. For this total launch

power of 24 dBm, it was determined that a mixing factor of m = 0.33,

resulting in flat-topped phase quantising steps, could be achieved us-

ing P1= 22 dBm, P2= 2 dBm and S= 20 dBm. The system was as-

sessed through constellation plots (given in Figure 4.10-a)) and BER

curves (Figure 4.10-b) for a range of phase noise levels. Without any ad-
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ditional noise, the constellation plots show that the regenerated signal

(Figure 4.10-a, plot 2), is slightly degraded compared to the unregener-

ated signal (Figure 4.10-a, plot 1). This is confirmed by the BER curves

for which the regenerated signal (open black triangles) suffers a power

penalty of 0.5 dB for a BER of 10−4, as compared to the unregenerated

signal (open black circles); for a BER of 10−3, the system is operated

without penalty. The decreased performance at low BERs is likely due

to ASE contamination during regeneration.

With a signal phase error of 8 degrees root mean squared ( deg. rms),

the constellation plots (Figure 4.10-a, plots 3 and 4) show a noticeable

improvement from the use of the regenerator, with a reduction in phase

error from 8 deg. rms down to 4.5 deg. rms. The corresponding BER curves

are shown with blue circles before regeneration, and blue triangles af-

ter regeneration, along with their corresponding fits. With the increased

phase noise at the input, the regenerator is able to produce an improve-

ment in receiver sensitivity of 1 dB.

The final two constellation plots shown (Figure 4.10-b, plots 5 and

6), are those corresponding to a pre-regeneration signal phase error of

12 deg. rms. Here, the phase error is quite substantial, but with regen-

eration, it is reduced to 5 deg. rms. The corresponding BER plots for

this input noise level are shown in green in Figure 4.10-b, with the in-

put signal plotted with open circles, and the regenerated signal plotted

with open triangles. Here, there is a dramatic improvement from the use

of the regenerator, with an improvement in receiver sensitivity of 5.6 dB

for a BER of 10−4.
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Figure 4.10: a) Constellation plots for varying phase noise powers, with
and without regeneration, b) BERs for signal with and without regenera-
tion for three different input phase noise levels.

4.5 Conclusion

We have proposed and demonstrated a wavelength converting idler-free

phase quantiser, notable for its low power operation, compactness and

flexibility in the choice of operating power. Using the system as a re-

generator, BER measurements were taken for a broadband phase noise

loaded QPSK signal, illustrating that, for an input signal with phase er-

ror equal to 12 deg. rms, the phase error can be reduced by half and re-

ceiver sensitivity can be decreased by 5.6 dB for a BER of 10−4. It is im-

portant to note that the functioning of the current system relies upon

producing the comb and signal from a common laser. If we wish to per-

form regeneration of a QPSK signal whose carrier we do not have access

to (a so-called black-box configuration), additional steps must be taken to

perform frequency tracking.
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Chapter 5

Phase Regeneration of

QPSK Signal in SOA using

Single-stage, Wavelength

Converting PSA

5.1 Introduction

In Chapter 4, it was demonstrated that by combining the 3rd harmonic

of a QPSK signal and its conjugate at a frequency independent from

the original signal, regenerative phase quantisation can be achieved for

a large range of input pump and signal powers [90]. The ease of tunabil-

ity of this scheme is particularly beneficial when the nonlinear medium

to be used is an SOA, as the launch conditions it requires may be easily

met. This scheme was implemented in an SOA1 to demonstrate, for the

first time in this medium, phase sensitive amplifier based phase squeezing

of a QPSK signal.

Although all-optical regeneration of on-off-keying [91] and binary

1Experimental work was performed in a joint effort with Ravikiran Kakarla within a
collaboration between the University of Southampton and the Indian Institute of Tech-
nology Madras. Ravikiran Kakarla and Deepa Venkitesh are gratefully acknowledged
for their contributions.
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phase shift keying [92, 93] has been demonstrated in SOAs, to date there

has been no demonstration of all-optical regeneration of higher order sig-

nal formats, despite their demonstration in HNLF. SOAs are particularly

attractive for use in all-optical signal processing, combining a nonlinear

medium and an amplifier in a compact size on the order of millimetres,

which also benefits latency. The possibility of integrating these devices as

well as forming non-trivial structures, such as Mach-Zehnder interferome-

ters [94] further raises their appeal.

5.2 Concept

With the exception of using an SOA as the nonlinear medium, as op-

posed to an HNLF, the approach to phase regeneration taken in this

chapter is otherwise the same as that in Chapter 4. Whereas 3rd order

nonlinearity in optical fibre is mainly due to the Kerr effect (and elec-

trostriction for slowly varying fields), SOAs present a number of other

mechanisms by which optical nonlinearity can be brought about. In addi-

tion to the Kerr effect and electrostriction, SOAs also exhibit nonlinearity

due to the following mechanisms: carrier depletion, carrier heating and

spectral hole burning [73, 95]. These phenomena elicit gain modulation

effects as opposed to the phase modulation effects witnessed from the

Kerr effect. Despite this, they still result in FWM akin to that which is

a result of the Kerr effect alone, although their bandwidth of operation is

restricted by the limited response time of these processes. This is in con-

trast to FWM in a pure Kerr medium, where the operating bandwidth

is often limited instead by non-ideal phase matching due to dispersion.

Additionally, SOAs exhibit ASE due to the spontaneous emission of light

by electron-hole recombination [95], similar to that exhibited by EDFAs.

Naturally, HNLFs do not exhibit ASE, however, given that the high opti-

cal powers used with HNLFs to instigate FWM are often achieved using

EDFAs, HNLF based systems are typically not devoid of ASE either. The

difference is that SOAs typically have a much higher noise figure than
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EDFAs, (6 − 8dB [95] versus 3.5 − 6dB [96], respectively), hindering

their performance. The main advantages that SOAs have over HNLFs

are their compact size (on the order of millimetres), their ease of integra-

bility (when constructed of InGaAsP, for instance [97]) and, potentially,

their ability to provide non-parametric gain. It is these factors that make

SOAs a particularly attractive solution for performing all-optical signal

processing of multiple channels, each in their own spatially separated me-

dia.

Figure 5.1: Illustration of wavelength-converting idler-free QPSK regener-
ator showing both conjugated and unconjugated output. Curved arrows
represent individual FWM interactions.

The wavelength-converting idler-free scheme was previously demon-

strated in a manner which produced a phase conjugated output. How-

ever, it is also possible to obtain an unconjugated, albeit still wavelength

converted output from the same system, simply by choosing the regener-

ated output that appears on the opposite side of the pump to the original

input signal with frequency 4ωP1 − 3ωS , as shown in Figure 5.1. The con-

jugated output can be viewed as forming due to a number of mechanisms.

Firstly, P1 can be seen to effectively produce a conjugated copy of P2

and S, which may then undergo FWM resulting in the coherent addition

of unconjugated signal photons and its conjugated 3rd harmonic, analo-

gous to the production of the conjugated output. We can also conceive

of another explanation, which is the simple wavelength conversion of the

conjugated squeezed output at 3ωS − ωP1 through interaction with P1
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such that it lies at 4ωP1 − 3ωS . Of course, both of these processes and

more occur simultaneously, with the dominant mechanism being deter-

mined by the various efficiencies of the processes involved.

In this study, the opportunity is taken to demonstrate both the con-

jugated and unconjugated output, as identified by labels S̄′ and S′ in

Figure 5.2, which provides experimentally obtained spectra before and

after FWM in the SOA. Due to the relative location of the pump and sig-

nal, the conjugated output is red-shifted relative to the signal, whilst the

unconjugated output is blue-shifted. The conjugated output stems from

the interference between conjugated signal photons (of phase e−iφ) and

the 3rd harmonic (ei3φ), whereas the unconjugated output is obtained

through the interaction between unconjugated signal photons (eiφ) and

conjugated 3rd harmonic photons (e−i3φ).

Figure 5.2: Example of spectra before (dashed orange line) and after
(solid blue line) FWM in SOA.

5.3 Experimental Setup

Figure 5.3: Schematic of the wavelength-converting idler-free experimen-
tal set-up.

Figure 5.3 provides a schematic of the experimental setup used in

150



this study. Prior to the actual stage of phase regeneration, the setup can

be seen to consist of two separate sections, a signal generation stage and

a pump generation stage. Both stages are fed by the same 192.5 THz CW

laser to lessen the challenge of phase tracking in this demonstration.

The signal generation stage consists of an IQ modulator which is

used to impart a 10 Gbaud non-return-to-zero QPSK signal onto the car-

rier and a phase modulator which is used to contaminate the signal with

a controllable amount of broadband phase noise. The phase noise is gen-

erated by detecting ASE with a photo detector whose output is further

amplified and fed to the phase modulator. Using the phase modulator, a

sinusoidal phase dither was also added to the signal used by the feedback

system to lock the phase of the pumps to the signal [36].

Pumps are generated using an over-driven Mach-Zehnder modula-

tor (MZM) to produce an optical frequency comb with a tone spacing

of 40 GHz. This comb is passed through a programmable filter (PF) to

select pumps P1 and P2 which lie at 192.54 THz and 192.38 THz, respec-

tively (see Figures 5.1 and 5.2), and enables control of their power. The

pumps then pass through a fibre stretcher which is driven in a feedback

loop (whose error signal is obtained from the dither applied previously)

to ensure phase tracking of the signal carrier.

The pumps and signal are then combined using an optical coupler

and launched into two butterfly packaged and pigtailed, commercially

available nonlinear SOAs (manufactured by Kamelian), each 0.5 mm long,

with a saturation power of 5 dBm and a gain recovery time of 25 ps, to

undergo FWM. Two SOAs are used in cascade to improve the overall

efficiency of the FWM processes. After the SOAs, the phase squeezed

outputs at 192.42 THz (conjugated) and 192.66 THz (unconjugated), are

extracted using a tunable optical bandpass filter. Part of the output is

passed onto the receiver, whilst a small percentage (≈ 1%) is detected

with a photodetector whose output contains the error signal used to drive

the aforementioned fibre stretcher. The receiver consists of a variable at-
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tenuator, an EDFA, an optical bandpass filter and an optical modulation

analyser (OMA).

As stated previously, if any two of P1, P2 and S are fixed in power,

we may achieve any level of phase squeezing, simply by tuning the power

of the remaining third wave. However, as before, the particular selec-

tion of P1, P2 and S also acts to determine the OSNR of the output. It

is important to note that the OSNR curves shown in Figure 4.2 of the

previous section, do not necessarily hold here, as they are specific to the

medium under test. Given the importance of selecting a combination of

powers which results in good OSNR whilst avoiding excessive SPM, and

given the restrictions of the SOA compared to the HNLF, the system was

first optimised by searching for the P1:S power ratio for which the great-

est squeezing could be obtained. Once this optimal P1:S ratio was found,

it was used it as the basis for further optimisation.

Due to the phase dependent gain of the scheme, a decrease in the

phase noise of a signal is accompanied by an increase in its amplitude

noise. For a given phase noise input to the regenerator, there will be an

optimal level of phase squeezing to maximise the receiver sensitivity for

a particular BER; if the phase squeezing is insufficient, then the bene-

fits of the phase regenerator will not be fully realised, whilst if the phase

squeezing is excessive, the increase in amplitude noise will outweigh the

decrease in phase noise. The system was optimised for the highest level of

input phase noise for which measurements were performed, 12.2 deg. rms.

The phase regenerator, with P1:S ratio determined above, was applied

to the phase noise loaded signal, and the power of the pump, P2, tuned

so as to minimise the OSNR required to obtain a BER of 10−3 (chosen

as this is a well known forward error correction limit) for the unconju-

gated output. It should be noted that measurements of conjugated and

unconjugated output result from the same optimisation - i.e. optimisation

was not performed separately upon the conjugated output. All measure-

ments presented in the results section are derived from the same opti-
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misation; optimisation was performed only once. Using a drive current

for the SOAs of 350 mA each, the following launch powers were deter-

mined through the optimisation process: P1=9.7 dBm, S=−2.2 dBm and

P2=−9.3 dBm.

5.4 Results

Figure 5.4: a. Phase and amplitude noise statistics before regeneration
and after regeneration for both the conjugated and unconjugated, re-
generated output. b. Constellation plots for the three input phase noise
levels studied for the unregenerated case, as well as both the conjugated
and unconjugated, regenerated output. c. BER measurements against
receiver OSNR with no additional noise. d. BER measurements against
receiver OSNR with ∆φ = 7.5 deg. rms at input. e. BER measurements
against receiver OSNR with ∆φ = 10.7 deg. rms at input.
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Firstly, we consider the effect the regenerator has upon the noise statis-

tics of the signal. The black open diamonds in Figure 5.4-a show that the

phase noise loading system does not contaminate the signal with mag-

nitude noise, as desired. For the regenerated case (red and blue solid

circles), we see that the output phase noise is very similar between the

conjugated or unconjugated output and both exhibit a marginal upwards

slope, indicating a phase transfer function with steps that are quite ‘flat’.

By comparing the regenerated phase noise curves to the unregenerated

(linear) phase noise curve plotted with black circles, plotted for reference,

we see that the system results in a reduction in phase noise for all input

phase noises exceeding 5.5 deg. rms and for the highest input noise case of

12.2 deg. rms, the system results in a halving of phase noise. The output

magnitude noise in all cases can be seen to be worse than the input mag-

nitude noise, worsening as the input phase noise increases. This phase

noise dependent increase in magnitude noise is expected from this type of

phase squeezer [36] and is the result of phase dependent gain. The large

increase in phase noise for low input phase noise levels is due to the ASE

induced magnitude noise being converted into phase noise through non-

linear effects (such as SPM and XPM) as well as the ASE itself, which

could potentially be improved through the use of a longer SOA.

Constellation plots are presented in Figure 5.4-b before regenera-

tion (middle row, yellow), and for both conjugated and unconjugated

output, each for three different input phase noise cases. We see that the

conjugated and unconjugated results match each other quite well, both

showing deterioration of the signal in the case of low phase noise, but

showing a clear reduction in phase noise for the higher input noise levels.

We identify the following factors that are responsible for the increase in

phase noise observed for low input phase noises. The poor OSNR of the

pumps and consequent amplitude noise induces a nonlinear phase noise in

the signal [98]. In order to avoid phase changes in the pump due to cross-

gain modulation as well as the effects of SPM upon the signal, the P1:S
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ratio should ideally be as large as possible. However, the P1:S ratio used

in our experiment could not be increased beyond 12 dB as this led to in-

sufficient idler power and unacceptably low OSNR of the output. Thus

the relatively small P1:S ratio in our experiments resulted in additional

phase noise in the pump, further degrading the regenerated output con-

stellations. If P1:S is to be increased without detriment to the OSNR, we

must compensate for the loss of idler power through some other means,

for instance by using a longer length of SOA.

Figure 5.4 provides BER curves corresponding to the three noise lev-

els for which constellation plots were presented. These are obtained by

loading the signal after regeneration with ASE to control the OSNR of

the signal at the receiver. The results are separated into three graphs for

clarity in Figure 5.4 -a, -b and -c. For the lowest noise case (no additional

noise), plotted with squares in Figures 5.4-c, we see that regeneration is

associated with a power penalty of less than 0.5 dB, for both conjugated

and unconjugated regeneration.

For an input phase noise of ∆φ = 7.5 deg. rms, plotted in Figure 5.4-

d, receiver sensitivity is improved by 0.4 dB for a BER of 10−3 for the

conjugated and 0.8 dB unconjugated output. For the highest phase noise

considered, corresponding to an input phase noise of ∆φ = 10.7 deg. rms,

plotted in Figure 5.4-e, receiver sensitivity is improved by 1.8 dB at 10−3

for both the conjugated and unconjugated case.

Gradient changes in BER curves after phase squeezing are due to the

distribution of noise in phase and amplitude. PSK formats of order 4 or

more are more sensitive to phase noise than amplitude noise, which be-

comes more important for low OSNRs. The differing gradients between

the conjugated and unconjugated output is because the two outputs have

different ratios of signal to 3rd harmonic photons, being the result of dif-

ferent FWM processes, resulting in different levels of squeezing and hence

different noise distributions.
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5.5 Discussion

With the wavelength-converting idler-free phase quantiser having been

demonstrated in two different nonlinear media, HNLF and SOA, using

the same experimental set-up, it is a good opportunity to compare their

performance. Visually, the constellation plots for the two regenerators

can be seen to be comparable, although the demonstration in HNLF can

be seen to result in less SPM induced rotation than the demonstration

in SOA. Improvements in receiver sensitivity for an input phase noise of

8 deg. rms at a BER of 10−3 can also be seen to be comparable, with a

0.8 dB improvement being witnessed using SOA as opposed to the 1 dB

improvement obtained in HNLF. It should be noted, however, that in the

HNLF experiment, the power launched into the HNLF was restricted to

24 dBm in order to demonstrate low power operation. No such limita-

tion was placed upon the operation of the SOA and indeed the power

launched into the SOA was simply chosen to maximise performance. As

increasing the power launched into the HNLF would result in an improve-

ment in OSNR of the output, there is likely some scope for improvement

in the performance of the HNLF based system. In this respect, it could

be argued that, for the systems studied, the HNLF could be made to out-

perform the SOA.

However, what is being compared here is 200 m of HNLF versus

1 mm of SOA. Aside from practical limitations, these are both arbitrary

lengths of material, both of which could be increased, and it could be

viewed as impressive that an SOA 200 000 times shorter than an HNLF

can compete with it on some metric whilst using 14 dB lower input power.

As stated previously, it is believed that increasing the length of SOA

used will improve results, however one thing that will remain is the in-

creased noise figure of SOAs compared to the EDFAs commonly used in

the HNLF based systems. The impact of length upon practicality, such as

the ability to produce compact devices or pursue integration is naturally

much harder to quantify, but what can be concluded is that if integra-
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tion is required, SOAs offer good enough performance to be considered as

candidates for such a role.

5.6 Conclusion

Phase regeneration of a QPSK signal in SOA has been demonstrated, re-

sulting in a 1.8 dB improvement in receiver sensitivity for a BER of 10−3

for a signal contaminated with a high level of phase noise. Both conjugat-

ing and non-conjugating operation of the wavelength-converting idler-free

scheme was demonstrated as a proof of principle. It is believed that im-

proved results could be obtained by improving the OSNR of the pumps,

operating the SOAs in deep saturation to reduce ASE and using a longer

length SOA medium in order to increase the power of the FWM outputs.
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Chapter 6

Investigation into Saturated

FWM Based Amplitude

Limiters

6.1 Introduction

So far in this thesis FWM has been used only to accomplish phase regen-

eration. It is, however, possible to make use of FWM to perform ampli-

tude regeneration as well. A popular way to achieve this is through so-

called gain saturation [99], whereby a FWM system is operated such that

the gain experienced by a signal is saturated, clamping its amplitude.

A reduction in amplitude noise in a signal may increase the trans-

mission reach by two means. Firstly, it may constitute a real improve-

ment in the signal to noise ratio of a transmission or potentially reshape

the noise distribution to make it less harmful to the signal (see Section 2.1

for a discussion of the relative sensitivities of various formats to ampli-

tude and phase noise). Secondly, it may be seen as a preemptive mea-

sure against the generation of phase noise by preventing one of its major

sources - amplitude noise to phase noise conversion from channel nonlin-

earities [100,101] (see Section 2.3).
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The benefits of phase preserving saturated FWM based methods

over other approaches (such as nonlinear optical loop mirrors [20] and

gain saturation in semiconductor optical amplifiers [102]) are in their rel-

ative simplicity as well as their possible dual use as amplifiers [59], wave-

length converters [103] or even optical phase conjugators [2, 104]. Ampli-

tude squeezing of a signal through saturated FWM is often described as

occurring due to pump depletion. Such an explanation perhaps does not

capture the richness of the underlying phenomenon, which may instead

be viewed as depending upon the complicated interaction between the

pump, the signal and the evolved harmonics as power flows between them

during propagation.

Attempting to solve FWM of copropagating waves using coupled

equations often results in the adoption of an undepletable pump approx-

imation [105]. Such solutions are naturally of little use in understanding

saturated FWM. Instead, by considering a single initial field consisting of

multiple oscillating terms, an exact solution to FWM in the dispersionless

case can be derived in which the evolution of harmonics as they propa-

gate through the medium is described by the sum of two Bessel functions

of differing order [105,106].

By using the Bessel function model of FWM [105, 106] the conditions

under which amplitude squeezing of a signal can be achieved may be ex-

tracted. Under these conditions, expressions are derived for the terms

responsible for amplitude noise to phase noise conversion. Most impor-

tantly, by studying these terms, a means of suppressing the deleterious

conversion of amplitude noise to phase noise may be devised. To verify

the method, the validity of the Bessel function model of FWM in the sat-

uration regime of our highly nonlinear fibre setup is first experimentally

confirmed. The setup is then used to implement an amplitude regenera-

tor, and its behaviour is compared with that predicted by theory, before

phase preserving amplitude regeneration of a QPSK signal loaded with

broadband amplitude noise is demonstrated; any increase in phase noise
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would be expected to have a dramatic effect on the quality of the signal.

1

6.2 Theoretical Background and Experimental

Verification

In this section, a derivation is provided of the FWM model used to de-

termine the conditions for amplitude saturation and the sources of ampli-

tude to phase noise conversion, with experimental validation of the major

results provided as appropriate. Supporting experimental data were col-

lected by means of the setup shown in Figure 6.1 which highlights one

of the main features of saturated FWM based amplitude regeneration:

its simplicity. A pump at 192.46 THz and a signal at 192.42 THz (shown

in orange in Figure 6.1) are coupled together using a 3 dB coupler and

then gated with a 1/8 duty cycle and a repetition rate of 10 GHz using

a Mach-Zehnder modulator (not shown in Figure 6.1). The signal and

pump then pass through a programmable filter (PF) which enables ac-

curate control of their powers. The output of the PF is amplified using

an EDFA before entering the nonlinear medium. Given the fixed power

output of the EDFA used before the HNLF, gating the pump and signal,

although having no appreciable effect upon the average output power of

the EDFA, results in increased peak power of the pump and signal after

amplification. For this study, it is desirable to have the facility to achieve

a large value of PγL (the product of the pump power, nonlinear coeffi-

cient and medium length). The value of γ is determined by the nonlin-

ear fibre technology available, and so the only way to increase γL is by

increasing the length of HNLF. Unfortunately, increasing the length of

the HNLF also decreases the Brillouin threshold at the same time [107].

To counteract this effect, fibre length is increased by connecting a cas-

cade of HNLFs to each other using optical isolators, which helps to in-

1Graham Hesketh is thanked for his support throughout this work.
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crease the Brillouin threshold [108]. The HNLF cascade used consisted of

0.5 km of 4 low dispersion HNLFs (dispersion, |D| < 0.4ps nm−1 km−1

and dispersion slope, |D′| ≤ 0.025ps2 nm−1 km−1) with mean nonlinear

index γmean =9.7 W−1km−1 and attenuation of around α =0.8 dB km−1.

The HNLFs used had a linear strain along their length, further increas-

ing their Brillouin threshold [109], and the use of gated signals, whose

bandwidth extends beyond the Brillouin gain bandwidth of the fibre, in-

creases this threshold further. The output of the HNLFs (shown in the

blue spectrum of Figure 6.1) is analysed using an optical spectrum anal-

yser (OSA).

Figure 6.1: Experimental setup used to study the accuracy of the model.
Inset figures show example spectrum before (orange) and after (blue) the
HNLFs.

In the following derivation, we mainly follow the approach presented

by Mahric [106], although that presented by Lichtman et al [105] and

McKinstrie et al [110] provide analogous results. First of all, we describe

the pump and signal before undergoing FWM as two copropagating waves

following Ψ0 =
√
P0e

i(ω0t+φ0) and Ψ1 =
√
P1e

i(ω1t+φ1), respectively, where

Pm is the power of the wave, ωm its radial frequency and φm its phase.

Hence, m is defined such that the pump is denoted by m = 0 and the sig-

nal by m = 1. If they undergo FWM, the resultant field can be viewed to

consist of a series of harmonics (as shown in blue in Figure 6.1), which we

shall label Ψ′m =
√
P ′me

i(ω′mt+φ
′
m), where X ′ denotes the quantity X af-
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ter it has propagated through the nonlinear medium. Using the nonlinear

Schrödinger equation in the lossless and dispersionless case as a starting

point:
∂A(z, t)

∂z
= iγ |A(z, t)|2A(z, t) , (6.1)

where A(z, t) is the complex electric field amplitude. The neglect of dis-

persion may be justified by noting that, for efficient FWM, the medium

selected will likely have low net dispersion relative to its nonlinearity to

ensure good phase matching, in other words, the nonlinear length should

be much shorter than the dispersion length [43]. The inclusion of atten-

uation amounts to replacing the length of the medium, L, by the effec-

tive length, Leff = 1−e−αL
α [43, 105], which may be performed after the

derivation, so we omit it for now for compactness. The effective length of

this particular fibre cascade was calculated to be Leff =0.149km. Equa-

tion 6.1 may be solved directly by integrating over the interval 0 ≤ z ≤ L

(where L is the length of the medium) to yield:

A(L, t) = A(0, t)eiγ|A(0,t)|2L . (6.2)

If we substitute into this equation the sum of the two input waves, i.e.

A(0, t) = Ψ0 + Ψ1, and expand the resulting equation, we may obtain the

following:

A(L, t) =[
√
P0e

i(ω0t+φ0) +
√
P1e

i(ω1t+φ1)]

× eiγL(P0+P1)

× e2i
√
P0P1γL cos[(ω0−ω1)t+φ0−φ1] .

In order to recast this equation in terms of harmonics, we make use of

the Jacobi-Anger expansion, eix cos(θ) =
∑∞

n=−∞ i
nJn(x)einθ, where Jn(x)

is the nth order Bessel function of the first kind. Grouping harmonics of
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the same order leads to:

A(L, t) =

∞∑
m=−∞

√
P ′me

i(ω′mt+φ
′
m) , (6.3)

where:

√
P ′me

i(ω′mt+φ
′
m) =eiγLP0eiγLP1{

im
√
P0Jm(2

√
P0P1γL) + im−1

√
P1Jm−1(2

√
P0P1γL)

}
× ei[m(ω1t+φ1)−(m−1)(ω0t+φ0)] (6.4)

and P ′m is the output power of the particular harmonic m. The power re-

lationship for each harmonic may be obtained simply by taking the mod-

ulus squared of Equation 6.4:

P ′m = P0J
2
m(2

√
P0P1γL) + P1J

2
m−1(2

√
P0P1γL) , (6.5)

where J2
n(x) := (Jn(x))2. Each harmonic can be seen to be described by

two Bessel functions with identical arguments and of consecutive order,

one proportional to the pump power and the other to the signal power.

The setup in Figure 6.1 was used to test the validity of the theory,

by holding P0 =7 W (38.4 dBm) and varying P1 whilst measuring the out-

put power of each harmonic, P′m(P1), with −6 ≤ m ≤ 6. Figure 6.2 shows

the results of this procedure, with experimental data being plotted with

points and analytical curves with lines. The results for the first harmonic

were fitted using Equation 6.5 with m = 1 by varying the parameter

γL and the result used to plot all other harmonics shown in Figure 6.2

using the appropriate power relation obtained from Equation 6.5. Very

good agreement can be seen between the experimental data and these

plots, however the accuracy of the fit falls off for higher signal input pow-

ers. This is likely due to the effect of dispersion not being considered in

the theory, effectively neglecting the impact of imperfect phase matching

which is more noticeable at higher input signal power levels and for the
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pump (m = 0). To gather more evidence in support of this explanation,

further studies should be performed, either through simulation or by, for

instance, reperforming the experiments discussed above using a narrower

pump-signal frequency spacing (in which case we would expect a better

agreement between the experiment and theory for the higher harmonics).

Figure 6.2: Plots of output harmonic powers as they vary with signal
input power for −6 ≤ m ≤ 6. Experimental data shown with points,
analytical curves with lines.

Considering now the behaviour of the signal alone (m = 1), as it is

the object of the amplitude regeneration, Equation 6.4 becomes:

√
P ′1e

i(ω′1t+φ
′
1) = eiγLP0︸ ︷︷ ︸

XPM

eiγLP1︸ ︷︷ ︸
SPM

{
i
√
P0J1(2

√
P0P1γL) +

√
P1J0(2

√
P0P1γL)

}
︸ ︷︷ ︸

FWM Evolution

ei(ω1t+φ1)︸ ︷︷ ︸
Oscillatory Terms

.

(6.6)

We obtain its power and phase relationships by taking the modulus square

and complex argument, respectively, of Equation 6.6, and identify po-

tential sources of phase noise, cross-phase modulation (XPM), self-phase
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modulation (SPM) and Bessel-order mixing (BOM), to be discussed later:

P ′1 = P0J
2
1 (2
√
P0P1γL) + P1J

2
0 (2
√
P0P1γL) (6.7)

φ′1 = φ1 + γLP0︸ ︷︷ ︸
XPM

+ γLP1︸ ︷︷ ︸
SPM

+ arctan

{√
P0J1(2

√
P0P1γL)√

P1J0(2
√
P0P1γL)

}
︸ ︷︷ ︸

BOM

. (6.8)

Using Equations 6.7 and 6.8, we may plot the curves in Figure 6.3. The

upper plot of Figure 6.3 contains curves of the phase shift the signal ex-

periences due to SPM and BOM, and shall be discussed later. The lower

plot of Figure 6.3 shows the first term (plotted in blue) and second term

(plotted in pink) of Equation 6.7, as well as the resultant signal power

which occurs from their summation (plotted in black), for γL =1 W−1

and P0 =1 W (for illustrative purposes). As the input power of the signal,

P1, is increased, its output power, P ′1 can also be seen to increase until

it reaches a maximum, located at the dashed vertical line, after which it

decreases. If we set (for instance, through use of an amplifier) the mean

signal input power, 〈P1〉, such that it lies at this maximum, variations

about the mean (shown by the grey vertical band) will be squeezed by

the peak, resulting in much smaller variations of the output signal power,

P ′1 (shown by the grey horizontal band). This is in essence the underlying

principle behind saturated FWM based amplitude squeezing. The first

and second terms in Equation 6.7 are proportional to P0 and P1, respec-

tively, and so their relative contributions to the shape of P ′1 plotted by

the black line in Figure 6.3 are determined by the pump to signal power

ratio, P0 : P1. As both terms in Equation 6.7 share the same argument,

x = 2
√
P0P1γL, for a given P0 : P1 ratio, there is a value, x = x0, such

that P ′1 is at its first maximum.

For high pump to signal power ratio, such that P0 � P1, Equa-

tion 6.7 may be approximated using only a single Bessel function:

P ′1 ≈ P0J
2
1 (2
√
P0P1γL) . (6.9)
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Figure 6.3: Upper: Plots of SPM (orange dashed line) and BOM (blue
dashed line) induced phase shift against P1. Lower: Plot of P ′1 (black
solid line) and its summands, J0(x) and J1(x).

In this case, the operating point to achieve amplitude squeezing becomes

the first peak of J1(x), which occurs at x = x0 = 1.84.

Similarly, in the inverse case, where P1 � P0, Equation 6.7 becomes

dominated by its second term, leading to the following approximation:

P ′1 ≈ P1J
2
0 (2
√
P0P1γL) . (6.10)

Which can be shown to have a maximum at x = x0 = 1.26. Figure 6.4

shows a plot of x0, true for all values of γL, as it varies with P0 : P1.

Clearly visible are the two extreme cases where x0 = 1.26 and x0 = 1.84,

as discussed above, as well as a smooth transition between these two val-

ues which occurs at intermediate P0 : P1 ratios.

Dividing Equation 6.7 by P1 yields a relationship for the signal gain:

G =
P ′1
P1

=
P0

P1
J2

1 (2
√
P0P1γL) + J2

0 (2
√
P0P1γL) . (6.11)

Equation 6.11 shows that a greater signal gain may be achieved by in-

creasing the pump to signal power ratio, as is well known [43, 106]. For

large enough P0 : P1, the argument of the Bessel functions at saturation
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Figure 6.4: Plot of the argument of the Bessel functions required to
achieve amplitude squeezing (x0) against pump to signal power ratio
P0 : P1.

will be x0 = 1.84 and additionally, the first term in Equation 6.11 will

dominate the second, which may then be neglected. In this regime the

gain experienced by the signal may be approximated as G ≈ (P0/P1)J1(x0) ≈

P0/3P1.

Figure 6.5: Plots of the output signal power, P ′1 as it varies with input
signal power, P1 for different pump powers, P0. Experimental data are
plotted with crosses and analytical curves with lines.

Again, using the experimental setup in Figure 6.1, the function P1
′(P1)

may now be mapped for different values of P0. Figure 6.5 shows the re-
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sults of these measurements for seven different values of P0, from 32.5 dBm

to 38.4 dBm. The curves are plotted using the same estimate of γL as be-

fore. A very good match between experimental data and the theoretical

plots can be seen for all of the cases. With increasing pump power, we

see that not only does P ′1 peak for smaller values of P1, but also the gain

the signal experiences is larger, as predicted by Equation 6.11.

We shall now consider sources of phase noise intrinsic to the sys-

tem. Equation 6.8 contains four terms which contribute to the output

phase of the signal. The first term, φ1 is simply the input phase of the

signal and carries with it the phase noise of the original signal, although

it does not lead to any further increase in phase noise itself. The sec-

ond term, γLP0 can be seen to represent the XPM the signal experi-

ences from the pump. This source of phase noise is often neglected on

the assumption that the pump used will possess such low amplitude noise

that its contribution to the output phase noise of the signal is minimal.

For now, we shall do the same but note that, as the impact of XPM in-

creases with increasing pump power, pump power cannot be increased

forever without consequence, which has been comprehensively studied

in [21, 111]. The third term in Equation 6.8, γLP1 embodies the SPM

the signal induces upon itself and, due to its dependence upon P1, it con-

stitutes a source of amplitude noise to phase noise conversion. The final

term, arctan
{√

P0J1(2
√
P0P1γL)/

√
P1J0(2

√
P0P1γL)

}
is a consequence

of the fact that the Bessel functions describing the harmonic evolution

are orthogonal but vary in power, resulting in a variation of phase. We

refer to this term as Bessel-order mixing, BOM [90].

The top plots in Figure 6.3 show the phase shift of the output sig-

nal, φ′1, due to SPM (plotted in orange) and BOM (plotted in blue). It

should be noted that absolute phase shifts themselves do not constitute

phase noise, and it is really the change in output signal phase with input

signal power,
∂φ′1
∂P1

, which results in amplitude noise to phase noise conver-

sion. As the system is operated at the peak of the black power curve in
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Figure 6.3, identified by the dashed black line, it is the derivatives of the

phase curves about the peak, as shown in Figure 6.3 which are responsi-

ble for phase noise generation.

The variance of φ′1, σ2
φ′1

due to power fluctuations may be approxi-

mated to first order by:

σ2
φ′1

=

(
∂φ′1
∂P1

)2

σ2
P1
, (6.12)

where σ2
P1

is the variance of the signal input power, P1. If we amplify a

signal with an ideal amplifier, its variance will change but its fractional

variation will not. Hence fractional variation, εP1 = σP1/ 〈P1〉, also known

as the coefficient of variance, is a more useful metric in this instance and

is adopted here. Equation 6.12 then becomes:

σ2
φ′1

=

(
〈P1〉

∂φ′1
∂P1

)2

ε2P1
= Γ2ε2P1

. (6.13)

Hence, the factor Γ = 〈P1〉
∂φ′1
∂P1

directly represents the severity of ampli-

tude noise to phase noise conversion. To obtain a value for Γ, we take the

derivative of Equation 6.8 with respect to P1 and multiply the result by

〈P1〉:

Γ = 〈P1〉
∂φ′1
∂P1

= 〈P1〉 γL︸ ︷︷ ︸
ΓSPM

+ 〈P1〉
∂

∂P1
arctan

{√
P0J1(2

√
P0P1γL)√

P1J0(2
√
P0P1γL)

}
︸ ︷︷ ︸

ΓBOM

,

(6.14)

where we have left the final derivative unresolved due to its complicated

mathematical representation. Figure 6.6 provides plots for the two ampli-

tude to phase noise terms identified in Equation 6.14, ΓSPM (orange) and

ΓBOM (blue) when operating at x0 (saturation) as they vary with pump

to signal power ratio, both with a linear scale (plot a)) and a logarith-

mic scale (plot b)). These plots are valid for all values of γL and show

that the degree of phase preservation depends only upon the pump to sig-

nal power ratio. Focusing first upon the linear plot in Figure 6.6-a), we
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see that the effect of SPM diminishes for increasing P0 : P1. This makes

sense, as the SPM term follows ΓSPM = 〈P1〉 γL and for a given P0 : P1 at

saturation, x0 = 2
√
P0 〈P1〉 γL is true, therefore ΓSPM = 2

√
〈P1〉 /P0 x0.

ΓBOM, on the other hand shows a peak around 4 dB and reduces either

with increasing or decreasing P0 : P1. This time, inspection of Equa-

tion 6.6 reveals the cause of this behaviour. BOM can be seen to be the

result of the interaction between the two orthogonal Bessel terms. If ei-

ther P0 or P1 becomes overwhelmingly larger than the other, the larger

one will dominate the phase of the output signal, making the variation

of phase because of the other term negligible. When the two terms are

comparable we observe a maximum of phase variation, hence the peak at

P0 : P1=4 dB.

The logarithmic plots of Figure 6.6 assist comparison of the relative

importance of SPM and BOM. ΓSPM can be seen to decrease monotoni-

cally with increasing P0 : P1, with a small deviation about P0 : P1=4 dB,

which corresponds to the transition region of x0 shown in Figure 6.4.

ΓSPM is larger than ΓBOM for all values of P0 : P1. For P1 � P0, ΓSPM

renders the effect of ΓBOM negligible and is the major cause of ampli-

tude noise to phase noise conversion. However, at the other extreme, with

P0 � P1 ΓBOM/ΓSPM tends towards a constant value of approximately

0.7, i.e. although ΓBOM < ΓSPM, ΓBOM is responsible for about 40% of

the total amplitude to phase noise conversion, Γ, at high P0 : P1 levels.

As pump power is increased, the required signal power for saturation

decreases, resulting in an increase in XPM accompanied by a decrease

in SPM which implies that there is a trade off between SPM and XPM

[21, 111]. Later, it will be shown experimentally that the quality of the

pump used (a laser of narrow linewidth and low RIN typically used in

FWM experiments) is such that XPM does not play a major role in the

experiments and so we are free to neglect its effect in this analysis.

The conclusion, shown clearly by either plot in Figure 6.6 is this:

although saturation can be achieved, in theory, for any value of P0 : P1,
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amplitude noise to phase noise conversion from all sources is determined

only by P0 : P1 and may only be reduced by pursuing a high P0 : P1 ra-

tio. Given that saturation occurs at x0 = 2
√
P0P1γL, pursuing as large

a value of P0 : P1 as possible implies the need to increase P0, γ and/or

L whilst simultaneously decreasing P1 to maintain the equality. In prac-

tical implementations, the magnitude of γL will be limited by the tech-

nology available and similarly the maximum usable pump power is often

restricted to prevent damage to devices or adverse effects such as Bril-

louin scattering and/or two photon absorption. Such factors mean that

real world implementations of amplitude regenerators based on saturated

FWM often make use of signal powers comparable to the pump power.

It can be seen that, by increasing pump to signal power ratio through

the use of an increased pump power and reduced signal power, not only

can we eliminate SPM and BOM, but we can also extract a much greater

signal gain from the system - something which is sacrificed when a low

pump to signal ratio is used.

Figure 6.6: a) linear and b) logarithmic plots of ΓSPM (orange) and ΓBOM

(blue) as they vary with pump to signal power ratio P0 : P1 at peak.

6.3 Performance as an Amplitude Regenerator

Following the conclusions of the previous sections, the benefits of high

pump to signal power ratio are illustrated by performing amplitude re-

generation upon QPSK signals.
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Figure 6.7: Experimental setup used to assess the performance of the
scheme when applied to 10 Gbaud QPSK signals.

For this demonstration, the setup in Figure 6.1 was modified by re-

moving the gating (rendering the pump CW) and replacing the signal

with a 10 Gbaud, non-return-to-zero QPSK signal carrying two quadra-

ture multiplexed PRBS-15 data streams, as shown in Figure 6.7. QPSK

is a data format which, whilst being quite robust against amplitude noise,

is much more sensitive to phase noise, making it ideal for gauging phase

preservation (see Section 2.1). The use of a CW pump reduces the max-

imum pump power that can be used due to SBS. To overcome this, the

fibre cascade was reconfigured, resulting in an additional 1 km of fibre be-

ing connected to the fibre aggregate using an optical isolator so as not to

lower the SBS threshold. It should be noted, therefore, that the pump

powers in the previous study using a gated pump and signal may not

be directly compared to those used in the following section. To contami-

nate only the signal’s amplitude with broadband noise, the signal passes

through an appropriately biased MZM which is driven by the electrically

amplified output of a fast photodiode exposed to ASE. To extract the

signal after amplitude squeezing, an optical band pass filter is used, af-

ter which the signal is measured using an optical modulation analyser

(OMA). The regenerator is characterised using several different pump

powers, with the mean signal power being optimised each time to achieve

saturation.

Figure 6.8 provides the output phase noise, ∆φ′m (lower left axis),

and amplitude noise, ∆Mag (upper right axis) statistics as they vary

with the pump power of the system for three different input amplitude
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Figure 6.8: Central graph provides output phase and amplitude noise
statistics for 3 input amplitude noise levels as they vary with pump
power. Orange and blue constellation plots show the quality of the signal
before and after amplitude regeneration, respectively, with those on the
left and right corresponding to the lowest and highest pump powers used,
respectively.
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noise cases. Constellation plots are provided for these noise scenarios for

both the lowest pump power setting and the highest pump power setting.

Focusing on the noise statistics first of all, we see that the output ampli-

tude noise of the system varies little with pump power, in other words,

changing the P0 : P1 ratio does not compromise the ability of the regen-

erator to correct amplitude noise. It can be seen that, even with no extra

amplitude noise added to the signal, which results in ∆Mag =7.2 % rms,

the amplitude noise is improved in all cases to approximately 4 % rms.

Output amplitude noise, however, does depend upon input noise, and this

is because the amplitude squeezing region of the power transfer curve is a

peak and not a plateau, as shown in Figure 6.5.

Output phase noise depends heavily upon the input amplitude noise

as well as on the selected pump power. For the lowest input noise case,

that of ∆Mag =7.2 % rms, output phase noise is almost flat with pump

power and is very similar in magnitude to the 4.3 deg. rms phase noise of

the input, showing that all of the regenerators impart little amplitude-

independent phase noise. This result also supports our decision to dis-

regard phase noise due to XPM; as pump power is increased, there is no

increase in output signal phase noise (in fact, it decreases).

For the two higher input amplitude noise levels, ∆Mag =13.1 % rms

and ∆Mag =17.8 % rms, we see that phase noise decreases drastically

with increasing pump power. For ∆Mag =17.8 % rms, using the lowest

pump power of 25.3 dBm results in an increase in phase noise due to re-

generation from 5.1 deg. rms to 12.1 deg. rms, an increase of 130%. In

contrast, using the highest pump power, 30.3 dBm, results in an almost

negligible increase in phase noise of only 8%, proving the effectiveness of

using high pump power to achieve phase preservation.

Constellation plots accompany the noise statistics for the two ex-

treme noise cases and the three different input noise scenarios. They

show that although for the lowest input amplitude noise there is very lit-

tle increase in phase noise through regeneration regardless of the pump
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power used, for the highest input amplitude noise in the low pump power

case we see an increase in phase noise to the extent at which the ampli-

tude regenerator is effectively useless, whilst for the high pump power

case we have drastically reduced amplitude noise whilst suffering barely

any increase in phase noise.

Further constellation diagrams are provided in Figure 6.9 for the in-

put ∆Mag =17.8 % rms case for each of the pump powers presented in

this experiment, showing visually the reduction in amplitude to phase

noise conversion that occurs with increasing pump power. The leftmost

constellation plot in Figure 6.9 is a replica of the top left plot of Fig-

ure 6.8, whilst the right most plot in Figure 6.9 corresponds to the top

right plot of Figure 6.8. The plots in between correspond to the pump

powers in Figure 6.8 for which constellation plots were not presented.

Figure 6.9: Constellation plots for all pump powers with an input
∆Mag =17.8 % rms. Constellation plots before regeneration are orange
and after regeneration blue.

Finally, we consider how the regenerative ability of the system de-

pends upon pump power in terms of receiver sensitivity. Figure 6.10 pro-

vides BER plots for the same 3 input amplitude noise levels considered

above. The BER is plotted for the unregenerated, noise loaded signal

along with the results from using the highest pump power as well as the

lowest pump power as it varies with the OSNR of the signal. For the low-

est noise case, ∆Mag = 7.2% rms, Figure 6.10-a, we see, in agreement

with the noise statistics and constellation plots above, that regenera-

tion deteriorates the signal slightly, by about 0.5 dB, regardless of the

pump power. In the middle noise case, corresponding to an input noise

of ∆Mag = 13.1% rms, we see that the low pump power regenerator

still results in a power penalty to the signal after regeneration, meanwhile
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the high pump power case results in an improvement in receiver sensi-

tivity of about 1 dB for a BER of 10−4. In the highest noise case, with

∆Mag = 17.8% rms, we see that regeneration with low pump power

severely deteriorates the signal, even resulting in an error floor, whilst the

high pump power case still results in an improvement in receiver sensitiv-

ity of 1.4 dB for a BER of 10−4.

The improvements in receiver sensitivity could be viewed as modest

compared to those demonstrated using the phase regenerators of Chap-

ters 4 and 5. Since QPSK signals are more resilient to amplitude noise

than phase noise, they benefit much more from phase regeneration than

amplitude regeneration, and so this difference in receiver sensitivity im-

provement is to be expected. Hence, the improvement in receiver sensitiv-

ity that is measured by using the amplitude regenerator may be viewed

as a testament to the level of phase preservation that is achieved.

6.4 Conclusion

The objective of this study was to understand and eliminate the under-

lying mechanisms behind amplitude noise to phase noise conversion in

saturated FWM based amplitude regenerators. By making use of an ex-

act solution to the nonlinear Schrödinger equation in the dispersionless

case [105, 106], the conditions required for amplitude saturation of a sig-

nal were presented and the causes of amplitude noise to phase noise con-

version during amplitude squeezing were determined: SPM and BOM. It

was shown that the only way to eliminate both of these sources of phase

noise is by increasing the pump to signal power ratio and doing so brings

with it the added benefit of improved signal gain. In light of this un-

derstanding, phase preserving amplitude regeneration upon a 10 Gbaud

QPSK signal was demonstrated. Ultimately it was observed that regener-

ation of the signal using a pump to signal power ratio that is too low, for

instance 4 dB, results in an intolerable degradation in the signal quality

due to phase noise. In comparison, adoption of a higher pump to signal
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Figure 6.10: Bit error ratio measurements for 3 input amplitude noise
level cases.
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ratio of 13 dB, allows accrued phase noise to be reduced by a factor of 16.

Maximising the pump to signal power ratio to achieve an accept-

ably low level of amplitude to phase noise conversion presents a number

of practical challenges, namely the maximisation of net nonlinear interac-

tion using only pump power and the intrinsic nonlinearity of the medium,

issues which in the present case encouraged the use of optical isolators

between stretches of HNLF whose length totalled 1 km. Using the conclu-

sions of the present chapter, in the following chapter a method of relaxing

these requirements without sacrificing the extent of amplitude squeezing

and phase preservation is presented as an easier to implement alternative.
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Chapter 7

Dual Stage Amplitude

Squeezer Using Nonlinear

Predistortion to Achieve

Mitigation of Amplitude

Noise to Phase Noise

Conversion

7.1 Introduction

As discussed in Chapter 6, phase preservation in amplitude regenerators

for complex modulation formats is, if not highly desirable, a practical

necessity. It was shown in the previous chapter that, in amplitude lim-

iters based upon gain saturation in degenerate FWM, the degree of phase

preservation may be controlled by tuning the pump to signal power ra-

tio with which the system is operated; the greater the pump to signal

power ratio, the greater the phase preservation achieved (provided suffi-

ciently low pump noise). In this section an alternative means of achiev-
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ing phase preserving amplitude regeneration will be presented. In short,

instead of avoiding SPM induced amplitude to phase noise conversion,

which was the aim of Chapter 6, the signal is first predistorted with SPM

during conjugation in a first nonlinear stage, before having its amplitude

squeezed during a second stage of conjugation, undoing the SPM accrued

in the first stage. Additionally, although the scheme cannot completely

mitigate BOM (introduced in Chapter 6), it is capable of reducing it by

a significant margin by offsetting it against the initial SPM predistor-

tion. In this way, SPM and BOM need not be avoided and, although this

approach requires the use of two stages of nonlinearity, it reduces the de-

mand for high pump power as compared to the approach in Chapter 6, in

turn relaxing the requirements of the nonlinear medium.

7.2 Operating Principle

Figure 7.1: a) Single stage amplitude squeezer b) Dual stage amplitude
squeezer.

Figure 7.1-a illustrates a scenario where an amplitude noise loaded

signal is subject to SPM (with BOM ignored for illustrative purposes)

as it undergoes amplitude squeezing through gain saturation in FWM.

SPM can be seen to transform the radial distribution of the constellation

plots such that they follow an anticlockwise spiral (as discussed in Chap-
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ter 2). The combination of SPM and amplitude squeezing can be seen to

result in a signal which, although having a reduced amplitude noise, has

experienced an increase in phase noise. The severity of these effects has

been shown (see Section 6.2, Chapter 6) to depend only upon the pump

to signal power ratio used to achieve saturation, with phase preserving

operation being achieved in the limit of large pump to signal power ra-

tio. Achieving a large enough pump to signal power ratio to sufficiently

prevent amplitude noise to phase noise conversion may, however, present

something of a practical challenge. Indeed, to demonstrate this approach

in Chapter 6, a total launch power of 34 dBm and a total length of 1.5 km

of HNLF were used, with optical isolators between each span.

Being a deterministic process, instead of taking steps to avoid ac-

cruing SPM in the signal, we could accept its occurrence and try to com-

pensate for it. This is the approach taken in this chapter. The signal is

processed using two nonlinear stages. The first stage is effectively a wave-

length converter implemented with non-degenerate FWM whose role is

to produce a phase-conjugated idler and predistort its phase using SPM

as shown in stages 1 and 2 of Figure 7.2 before and after FWM. Using

Equation 6.4, the output power and phase of the wavelength converted

signal may be described by the following equations:

P ′−1 = P0J
2
−1(2

√
P0P1γ1L1) + P1J

2
−2(2

√
P0P1γ1L1) (7.1)

φ′−1 = 2φ0 − φ1 + γ1L1P0 + γ1L1P1 + arctan

{√
P0J−1(2

√
P0P1γ1L1)√

P1J−2(2
√
P0P1γ1L1)

}
.

(7.2)

Given the means of operation in this chapter, it is important during this

first, predistortion stage, that the amplitude of the signal is not squeezed.

SPM effectively instigates a one to one amplitude to phase shift map-

ping; the phase is shifted by an amount which depends on its power. This

mapping must be preserved if it is to be easily undone in the following

stage, as the amplitude of the signal indicates the phase shift it must
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Figure 7.2: Stages of the phase preserving amplitude regenerator.
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have experienced in the previous stage.

The second stage is implemented, in essence, identically to the first,

but receives the filtered conjugate of the original signal (Figure 7.2-3) as

input and so undoes the wavelength conversion and conjugation of the

first stage, although this time the powers of the pump and signal are cho-

sen to elicit saturation of the gain of the conjugate, squeezing its ampli-

tude. This process is illustrated by stages 4 and 5 of Figure 7.2 before

and after FWM. Conjugation during this stage effectively reverses the

phase shift experienced by the signal during the first stage. This is illus-

trated in Figure 7.1-b, where it can be seen that, after the first stage, the

symbol clusters follow an anticlockwise spiral, whereas during FWM in

the second stage they follow a clockwise spiral. SPM in this second stage

can now be seen to undo the SPM of the first stage, and so the system

results in a decrease in amplitude noise with no further increase in phase

noise. This stage, similarly to the first, can be described by the following

two equations:

Q′−1 = Q0J
2
−1(2

√
Q0Q1γ2L2) +Q1J

2
−2(2

√
Q0Q1γ2L2) (7.3)

θ′−1 = 2θ0 − θ1 + γ2L2Q0 + γ2L2Q1 + arctan

{√
Q0J−1(2

√
Q0Q1γ2L2)√

Q1J−2(2
√
Q0Q1γ2L2)

}
,

(7.4)

where Qn and θn represent the powers and phases of the various har-

monics for the second system, i.e. the following variable changes have

occurred Pn → Qn and φn → θn.

Figure 7.3 shows the arguments of the Bessel functions in Equa-

tion 7.3, given by x0 = 2
√
Q0Q1γ2L2, required to achieve saturation

of the signal (solid purple line - identical to that in Figure 6.6 of Chap-

ter 6), and the conjugate (dashed green line) as they depend upon the

pump to signal ratio used (Q0 : Q1). It can be seen that, for Q0 : Q1

values larger than 20 dB, to achieve saturation of either the signal or con-

jugate requires a value of x0 = 1.84. This is because, for large pump to
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Figure 7.3: The argument of the Bessel functions, x0 = 2
√
Q0Q1γ2L2,

required to achieve saturation using a given pump to signal power ratio
for two cases: saturation of the signal (purple solid line) and saturation of
the conjugate (green dashed line).

signal ratios, both Q1 and Q−1 are described only by one Bessel function,

J1(x), and so take the same form. Indeed in the limit of large Q0 : Q1,

the signal and conjugate are identical in power. For smaller values of

Q0 : Q1, the behaviour of the pump and signal diverges, with saturation

of the signal requiring x0 = 1.26 in the limit of small Q0 : Q1, but satura-

tion of the conjugate requiring x0 = 3.52. Increasing x0 = 2
√
Q0Q1γ2L2

whilst keeping Q0 : Q1 constant can be seen to require an increase in ei-

ther the total power Q0 +Q1, γ2 or L2, all of which are potentially costly

either energetically or practically. However, what this argument does not

capture is the difficulty of dealing with Brillouin scattering. Assuming

the signal is modulated with a high baudrate (for instance 10 Gbaud),

then its Brillouin threshold will be much higher than that of the pump

(being CW). In this instance, it is typically much easier to increase x0

by increasing Q1 rather than Q0 without running into issues with Bril-

louin scattering. Even though we benefit from this relaxation on the

required power of the pump used for saturation, SBS nonetheless still

poses a limit as to the maximum pump powers and hence OSNR which
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may be used. Given the scheme intrinsically makes use of two conjugat-

ing stages of FWM, the scheme is naturally capable of negating pump

phase dither between the two stages, and so this technique of increasing

the SBS threshold is used to increase output OSNR further. An addi-

tional feature of this approach is that its mechanism of action is one of

compensation rather than simply reduction, this means that SPM induced

distortions can be eliminated completely with more modest efforts than

those needed when pursuing a high pump to signal power ratio.

The signal input to the second stage is the conjugate output of the

first stage. Figure 7.4 provides plots of the conjugate output power (Q′−1,

given by Equation 7.3) as it varies with signal input power (Q1) for three

different operating scenarios defined by their pump power, Q0 =24 dBm,

Q0 =31 dBm and Q0 =36 dBm, plotted for γ2L2 = 1. It can be seen

that each curve possesses a value of Q1 which results in a peak in out-

put power, hence, to achieve saturation, Q1 must be operated about this

value, which can be achieved by attenuating or amplifying the output

of the first stage, P ′−1, as required. It is interesting to note that, for the

Q0 =31 dBm case, the peak in conjugate output power is noticeably

broadened as compared to the other cases and so may result in improved

amplitude squeezing. This is due to the coefficients of J1(x) and J2(x) in

Equation 7.3 being of comparable magnitude.

As we have a means of controlling Q1 to achieve saturation, we have

no further interest in expanding the expression for Q1. We are, however,

interested in expanding θ′−1, so that we can understand the output phase

of the signal. Substituting θ1 = φ′−1 into Equation 7.4 and expanding
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Figure 7.4: Conjugate output power as it varies with signal input power
for three different pump levels.
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using Equation 7.2 leads to the following:

θ′−1 =2θ0 −
(

2φ0 − φ1 + γ1L1P0 + γ1L1P1 + arctan

{√
P0J−1(2

√
P0P1γ1L1)√

P1J−2(2
√
P0P1γ1L1)

})
+ γ2L2Q0 + γ2L2Q1 + arctan

{ √
Q0J−1(2

√
Q0Q1γ2L2)√

P−1J−2(2
√
Q0Q1γ2L2)

}

=φ1 + 2θ0 − 2φ0 + γ2L2Q0 + γ2L2Q1 − γ1L1P0 − γ1L1P1

+ arctan

{ √
Q0J−1(2

√
Q0Q1γ2L2)√

P−1J−2(2
√
Q0Q1γ2L2)

}
− arctan

{√
P0J−1(2

√
P0P1γ1L1)√

P1J−2(2
√
P0P1γ1L1)

}
.

(7.5)

Provided that the linewidths of the pumps are sufficiently narrow and

their RIN is sufficiently low, 2φ0, 2θ0, γ1L1P0 and γ2L2Q0 all constitute

constant phase shifts and so can be neglected. Setting these values to

zero, Equation 7.5 becomes:

θ′−1 =φ1 + γ2L2Q1 − γ1L1P1 (7.6)

+ arctan

{ √
Q0J−1(2

√
Q0Q1γ2L2)√

P−1J−2(2
√
Q0Q1γ2L2)

}
− arctan

{√
P0J−1(2

√
P0P1γ1L1)√

P1J−2(2
√
P0P1γ1L1)

}
.

(7.7)

From here, it is relatively clear that SPM can be negated between the

two stages by tuning Q1 such that γ2L2Q1 = γ1L1P1, which is sufficient

provided that Q1 ∝ P1, i.e. the first stage is operated in a linear regime.

Negating the effects of BOM, on the other hand is not so straightforward.

It is important to recall that the second stage must be tuned to achieve

amplitude squeezing. As a result, if the argument of the second arctan

function in Equation 7.7 is set equal to that of the first arctan function,

the implication is that the first stage would also be operated in satura-

tion, something which we have previously forbidden in order to preserve

the amplitude-phase mapping.

As was shown in Chapter 6, it is the derivatives of the phase noise

terms with power which determines the extent of amplitude noise to phase

noise conversion during FWM. The derivatives of SPM induced phase ro-
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tation and BOM induced phase rotation at saturation are plotted in Fig-

ure 7.5-a as they vary with pump to signal power ratio, Q0 : Q1, for both

the case of signal amplitude squeezing and conjugate amplitude squeez-

ing. As might be predicted, for high Q0 : Q1, squeezing either the sig-

nal or the conjugate results in the same magnitude of amplitude noise

to phase noise conversion. When squeezing the conjugate, the peak in

BOM can be seen to occur about −0.5 dB (as opposed to 4 dB for the

signal), but more importantly, as compared to the BOM experienced by

the signal, although it is larger for Q0 : Q1 between −25 dB and 5 dB,

it is at most only a factor of 2.5 larger. Although SPM is larger for the

two-stage scheme for Q0 : Q1 <5 dB, as we may compensate for SPM,

it is of no consequence. In Chapter 6, it was shown that, when squeez-

ing the signal, SPM is always the dominant cause of amplitude noise to

phase noise conversion, and fortunately, this also turns out to be the case

when squeezing the conjugate, as can be seen in Figure 7.5-b where the

derivatives of both SPM and BOM are plotted on the same, logarithmic,

axis for comparison. For all Q0 : Q1 ratios, SPM is at least 1.4 times

larger than BOM and so, once again, whilst compensating for SPM re-

duces amplitude to phase noise by a large margin, a large proportion

still remains. Fortunately, we can, at least around the peak in conjugate

power, attempt to compensate for BOM using the SPM predistortion of

the first stage. This amounts to tuning γ1L1P1 in order to set the follow-

ing derivative to zero over the range of interest, as best we can:

d

dP1

[
γ2L2Q1 + arctan

{√
Q0J−1(2

√
Q0Q1γ2L2)√

Q1J−2(2
√
Q0Q1γ2L2)

}
−γ1L1P1 − arctan

{√
P0J−1(2

√
P0P1γ1L1)√

P1J−2(2
√
P0P1γ1L1)

}]
. (7.8)

To demonstrate the efficacy of this approach to BOM suppression, we

shall consider a model case where the amplitude limiting second stage is

operated with [Q0 : Q1]Sat =−0.5 dB, which, according to Figure 7.5, re-

sults in the most severe BOM. Hence, the performance of this approach,
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of offsetting BOM in the second stage using the SPM of the first stage,

will be demonstrated graphically for the worst case of operating the sys-

tem with [Q0 : Q1]Sat =−0.5 dB, under the assumption that other operat-

ing regimes will suffer less from BOM in the first place.

Figure 7.5: a) SPM (left axis, plotted with circles) and BOM (right axis,
plotted with squares) phase derivatives at saturation as they vary with
pump to signal power for the saturated signal case (purple line, solid
symbols) and conjugate case (green line, open symbols). b) BOM and
SPM at saturation as they vary with pump to signal power plotted on
same, logarithmic axis for comparison.

Figure 7.6 provides, on the left axis, plots of the phase derivatives
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Figure 7.6: Operating the amplitude saturator with
[Q0 : Q1]Sat =−0.5 dB - Left axis: Phase derivatives for 3 cases: without
predistortion (yellow short dashed line); with only SPM compensation
(purple long dashed line); with both SPM and BOM compensation (green
solid line). Right axis shows conjugate output power, plotted with blue
dash-dot line with grey band showing region of operation for amplitude
squeezing.

responsible for amplitude noise to phase noise conversion (as discussed

in Chapter 6) for three scenarios, along with a plot of the output power

of the conjugate on the right axis, with the operating region highlighted

by a grey band. The first derivative plotted is the phase derivative oc-

curring when no SPM predistortion is used (yellow, short dashed line),

and so represents the case of using a single, conjugating amplitude sat-

urator operating with [Q0 : Q1]Sat =−0.5 dB. If SPM predistortion is

used only to compensate for the SPM of the second, amplitude saturat-

ing stage, the phase derivative obtained is described by the purple line

with long dashes. The severity of amplitude to phase noise conversion in

the region of operation can be seen to decrease by two to three orders of

magnitude, with this plot effectively describing the residual phase noise
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due to BOM. If we now attempt to compensate for both the SPM and

BOM of the final stage, using SPM predistortion, we obtain the solid

green curve. The phase derivative can be seen to be decreased by at least

a further factor of 10. It is interesting to note that, in comparison, if we

wish to decrease BOM by a factor of 10 in the single stage case, simply

by increasing the [Q0 : Q1]Sat, Figure 7.5 shows us that, in the high pump

to signal power region, [Q0 : Q1]Sat should be increased by about 40 dB.

From this perspective, SPM predistortion shows a very impressive ability

to reduce BOM, even enough to compensate for the greater BOM which

the conjugate experiences compared to the signal (see Figure 7.5 about

[Q0 : Q1]Sat =−0.5 dB). As we have considered the pump to signal ra-

tio which elicits maximum BOM, we should expect the system to operate

even better away from this pump to signal power ratio.

7.3 Experimental setup

Figure 7.7: Experimental set-up.

α D D′

1.44 dBkm−1 0.06 psnm−1km−1 0.035 ps2nm−1km−1

γ L λ0

10 Wkm−1 500 m 1536 nm

Table 7.1: Specifications of the fibre used in this experiment for wave-
length conversion.

The experimental set-up used is shown in Figure 7.7, with the var-
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α D D′

0.88 dBkm−1 −0.08 psnm−1km−1 0.018 ps2nm−1km−1

γ L λ0

11.6 Wkm−1 300 m 1555 nm

Table 7.2: Specifications of the fibre used in this experiment for ampli-
tude saturation.

ious stages colour-coded for clarity. Details of the first fibre are given

in Table 7.1 and those of the second fibre are given in Table 7.2. The

pumps (P0 and Q0) were sourced from the same, 192.6 THz laser, which

was phase-dithered using a 93 MHz sine wave to increase the SBS thresh-

old in the two HNLFs. To undo the effects of the pump phase dither-

ing, the phase dither on the pump in the second stage must be correctly

synchronised with the residual phase dither present on the output of

the first stage. Given the fixed path length difference between the two

pumps and the signals with which they mix, tuning the frequency of the

phase dither can be seen to shift the relative phase of the dither on each

pump. Hence, dither negation was achieved by fine tuning of the dither

frequency.

A second laser, operating at 192.7 THz, was launched into an IQ

modulator to generate a 10 Gbaud QPSK signal. The modulated sig-

nal then entered a noise-loading stage wherein it was contaminated with

broadband amplitude noise by modulating it with a Mach-Zehnder mod-

ulator driven by ASE that had been detected using a photodiode and

amplified electrically. It was then fed to the first, wavelength convert-

ing stage, where it was multiplexed with P0 using an optical add-drop

multiplexer (see corresponding spectrum in Figure 7.8-1). Before mul-

tiplexing, the pump and signal passed through polarisation controllers

which were used to ensure they were copolarised by minimising the off-

axis power measured from a polarisation beam splitter which lay in their

common path. The pump and signal were then amplified using an EDFA

before being launched into HNLF1, which was comprised of multiple seg-
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ments of low dispersion HNLF with a total length of 1 km. A pump to

signal power ratio, P0 : P1, of 1.5 dB was used at the input of HNLF1,

with a total power of 20.5 dBm, tuned to provide the appropriate amount

of SPM predistortion. The wavelength converted phase conjugate (see

Figure 7.8-2) was selected using an optical add-drop multiplexer (OADM)

after which it entered the second nonlinear stage.

Figure 7.8: Spectra: 1. before SPM predistortion; 2. after SPM predis-
tortion; 3. before amplitude squeezing; 4. after amplitude squeezing.
Numerical labels correspond to locations indicated in Figure 7.7.

In the second nonlinear stage, similarly to the first, the conjugate

output of the first stage was multiplexed with pump Q0, (resulting in

the spectrum given in Figure 7.8-3) before passing through a polarisa-

tion beam splitter to allow their polarisations to be aligned. They were

then amplified using an EDFA before being launched into HNLF2. As be-
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fore, HNLF2 was comprised of multiple fibre segments totalling 580 m in

length. The total power launched into HNLF2 was 25 dBm and the pump

to signal power ratio, Q0 : Q1, was 6 dB. The output of this stage lay at

the original wavelength of 192.7 THz (see Figure 7.8-4), was amplitude

limited, unconjugated relative to the original, and, of course, had benefit-

ted from the SPM predistortion of the first stage. The signal was selected

using an OADM and analysed using an OMA.

To demonstrate the benefit of adopting the dual stage approach, the

system was also operated as a single stage regenerator by bypassing the

first, wavelength converting stage in Figure 7.7 and squeezing the signal

using the same total launch power. The results of these two means of op-

eration were compared with the unregenerated signal.

7.4 Results

Figure 7.9: Constellation plots: before regeneration (top row), after
regeneration with single stage regenerator (middle row) and after regen-
eration with dual stage regenerator (bottom row) for 6 different input
amplitude noise levels.

Figure 7.9 shows example constellation diagrams of the signal be-

fore regeneration (top row), after single-stage regeneration (middle row)

and after dual-stage regeneration (bottom row), for 6 different ampli-
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tude noise levels, quantified by their root mean squared amplitude vari-

ation, ∆Mag. The constellations presented for an input amplitude noise

of ∆Mag = 8.1% rms correspond to the case when no noise was added

to the signal, and show a small improvement in amplitude noise after re-

generation with either the single stage or dual stage scheme due to the

non-ideal amplitude noise of the transmitter. Both regenerators also re-

sult in a small increase in phase noise, which might also be due to incom-

plete dither compensation, apart from any amplitude noise to phase noise

conversion effects.

As input amplitude noise is increased, both regenerators can be seen

to reduce amplitude noise to approximately the same level. However,

drastic differences can be seen between their phase noise behaviour. For

the single stage regenerator, increasing the amplitude noise can be seen

to result in a strong increase in the phase noise of its output. In contrast,

the dual stage regenerator seems to exhibit no such increase, with phase

noise appearing reasonably constant until an input amplitude noise of

∆Mag = 16.8% rms, after which both the amplitude noise and phase

preservation can be seen to be slightly compromised.

For ∆Mag = 24.2% rms, which can be seen to correspond to sub-

stantial amplitude noise in the unregenerated case, we are no longer able

to decode the signal output of the single stage regenerator due to the ex-

tent of phase noise, however for the dual stage scheme the signal can be

detected quite well and still shows a great improvement in signal quality

over the unregenerated signal.

Figure 7.10 provides plots of ∆Magout (Figure 7.10-a) and ∆φout

(Figure 7.10-b) as they vary with ∆Magin for three scenarios: before

regeneration (open orange circles), after regeneration with the single

stage regenerator (green struck circles) and after regeneration with the

dual stage regenerator (blue, crossed circles). The noise statistics can be

seen to mirror the constellation diagrams. Considering first Figure 7.10-

a, both the single stage and dual stage schemes can be seen to offer the
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Figure 7.10: Noise statistics as they vary with input magnitude noise for
three scenarios, the unregenerated case, single-stage regeneration and
dual-stage regeneration. a) Output magnitude noise; b) Output phase
noise.

same performance in terms of amplitude regeneration, reducing the am-

plitude noise to a near constant value of about 5% rms, resulting in a

near threefold reduction in amplitude noise for the highest noise case of

∆Magin = 14.5% rms. The reduced performance of the single-stage re-

generator for ∆Magin > 13% rms is likely due to the inability of the

OMA to accurately decode the signal, given its high phase noise. Fig-

ure 7.10-b shows that the dual stage regenerator results in a small but

constant increase in phase noise of about 1 deg. rms relative to the input

signal. On the other hand, ∆φout in the single-stage system can be seen

to follow an approximately linear increase with increasing ∆Magin, for

the worst case showing an 8 deg. rms increase in phase noise over the un-

regenerated case.

Finally, BER curves are presented in Figure 7.11 for the unregener-

ated signal (plotted in orange) and for the signal regenerated using the

dual stage scheme (plotted in blue) along with linear fits. Results for the

single stage case were not collected as, based upon the noise statistics

and constellation diagrams shown previously, they would only be worse

than those obtained using the dual stage regenerator. For the case when

no additional noise was added to the signal, the regenerator can be seen

to result in approximately no power penalty. For a high input noise case
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of ∆Magin = 18.3 deg. rms (see Figure 7.9 for reference), the dual stage

regenerator can be seen to result in an improvement in receiver sensitiv-

ity at all BERs recorded, and specifically for a BER of 10−5, a 3.3 dB im-

provement compared to the unregenerated case is shown.

Figure 7.11: BERs with (blue symbols) and without (orange symbols)
regeneration for two noise scenarios, without additional magnitude noise
(circles) and with ∆Magin = 18.3% rms.

7.5 Conclusions

We have proposed and experimentally demonstrated a phase preserving

FWM-based amplitude limiter using two simple pump degenerate FWM

stages. The first one is used as an optical phase predistortion stage to

undo any SPM induced phase rotation accrued in the actual amplitude

saturation stage as well as mitigating the effects of BOM, grossly reduc-

ing the severity of amplitude to phase noise conversion. An almost three-

fold reduction of the magnitude noise is demonstrated on a QPSK signal

for an initial magnitude error of ∆Magin = 14.5% rms, while the cor-

responding phase noise remains fairly constant as the amplitude noise

increases. The dual stage regenerator was compared to a single stage ap-
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proach implemented by bypassing the predistortion stage, but using the

same total launch power to achieve saturation. The dual stage regener-

ator shows a near constant output phase noise, whereas the single stage

regenerator shows a seemingly linear increase in output phase noise with

increasing input amplitude noise on the signal, highlighting the advan-

tages of this approach.
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Chapter 8

All-Optical Phase and

Amplitude Regeneration

using a Phase Sensitive

Amplifier and a Saturated

Parametric Amplifier

8.1 Introduction

As discussed in Chapter 2, associated with many all-optical phase regen-

erators is an undesirable phase sensitive gain resulting from the interfer-

ometric functioning of these devices. Such a phase dependent gain can

be seen to result in the conversion of the signal’s phase noise into ampli-

tude noise, which not only harms the optical signal to noise ratio of the

output, but, due to the nonlinearity of optical fibre, accelerates the ac-

cumulation of phase noise in the signal upon further propagation. This

uncompensated amplitude noise is clearly a major obstacle to the reali-

sation of practical all-optical phase regenerators. As discussed in Chap-

ter 3, the phase dependent gain of a PSA based phase regenerator can be
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improved by making use of more harmonics, the more harmonics used,

the greater the amplitude preservation achieved. However, from a prac-

tical standpoint, this approach demands a notable increase in complexity

whilst only offering amplitude preserving operation; eventually the un-

compensated amplitude noise already existing in the signal will limit the

overall transmission reach. Other schemes bring with them the possibility

of regenerating not only the phase of the signal but also the amplitude,

effectively circumventing the issue of phase noise to amplitude noise con-

version. Although such approaches have been demonstrated in nonlinear

optical loop mirrors (NOLMs) [112] and saturated phase sensitive am-

plifiers (PSAs) [86, 113], accomplishing regeneration of both components

in one system can be seen to compromise their regenerative ability, with

each underlying process bringing its own disparate requirements for opti-

misation.

Active correction of the phase dependent gain using an amplitude

regenerator after phase regeneration offers a straightforward alternative

which decouples the phase squeezing and amplitude squeezing stages

from each other, simplifying their optimisation. In the present study, the

aforementioned idler-free phase regenerator (Chapter 4) and phase pre-

serving amplitude regenerator (Chapter 6) are combined in series in order

to realise all-optical phase and amplitude regeneration using two nonlin-

ear stages. The amplitude limiter is an ideal complement to the wave-

length converting idler-free PSA, not only undoing the wavelength con-

version and conjugation of the PSA, but also compensating for its phase

dependent gain and SPM. SPM compensation, is made possible by adopt-

ing an approach similar to that used by the dual stage amplitude regen-

erator in Chapter 7, wherein SPM and BOM induced by the first stage is

offset by that of the second. This technique is particularly advantageous;

not only does it mean that the signal leaves the system having accrued

no further SPM distortion, but it also allows for a higher output OSNR

of the system to be achieved, simply by increasing the power of the signal

202



launched into the PSA, an approach which is usually denied by the need

to limit SPM to a tolerable amount. As the scheme is capable of regen-

erating both the phase and amplitude of a signal, unlike the previously

demonstrated schemes, the opportunity was taken to demonstrate its per-

formance using signals loaded with white noise, which better replicate the

target input signals of the regenerator: signals contaminated with ASE

due to transmission along a real-world optical transmission link. As such,

the scheme is demonstrated upon a 10 Gbaud QPSK signal which is con-

taminated with varying levels of broadband phase noise and white noise.

8.2 Concept

The complete system can be described by its two underlying subsystems:

the wavelength converting idler-free PSA (upper yellow section of Fig-

ure 8.1), used to achieve phase regeneration (as discussed in Chapter 4),

and the saturated four-wave mixing (FWM) based wavelength converter

(lower blue section of Figure 8.1) which follows it, used to achieve ampli-

tude regeneration whilst returning the signal to its original wavelength

and undoing conjugation (as discussed in Chapter 7). To reduce the va-

riety of syntax, both the identity of the various waves and their corre-

sponding powers shall be referred to using the same labels. In essence,

the system can be seen to function the same as that in Chapter 7, but

with the first stage replaced by the PSA of Chapter 4.

8.2.1 Phase Regenerator

Figure 8.1-a shows the input of the PSA and Figure 8.1-b, the output.

As discussed in Chapter 4, as it is only the process of conjugate gener-

ation which relies upon P2, whilst harmonic generation is independent,

by controlling the power with which it enters the nonlinear medium, we

may easily control the mixing factor, m, and hence the amount by which

the phase of the signal is squeezed. However, it was also shown that, de-
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Figure 8.1: Left: Spectra a. Before PSA; b. After PSA; c. Before am-
plitude regeneration; d. After amplitude regeneration. Right: processes
resulting in the corresponding spectra.
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spite phase squeezing being achievable regardless of P1 : S, the specific

choice of P1 : S determines the OSNR of the output signal, as shown in

Section 4.2 of Chapter 4, wherein the dependence of the output OSNR

of the regenerator was mapped as it varied with P1 : S, reaching a peak

at 2.5 dB. Unfortunately, as discussed in Chapter 6, the pump to signal

ratio also effects the severity of SPM and BOM induced amplitude to

phase noise conversion. It was also shown that OSNR can be improved

by increasing the total launch power of the system, whilst keeping P1 : S

otherwise fixed, something which also increases the SPM in the output

signal. By making use of the conjugating nature of the amplitude regen-

erator to undo SPM, we have the luxury of ignoring the effect of SPM

upon the signal so that we can consider maximising the OSNR as the sole

objective, something we might not be able to do if SPM were an issue, as

was especially so in Chapter 5.

8.2.2 Amplitude Regenerator

Although there are a number of ways to achieve single-level amplitude

regeneration of an optical signal, including NOLMs [20, 114, 115] and

gain saturation in SOAs [116], saturated FWM is ideal in this instance

as not only does it perform amplitude squeezing, but offers the possibil-

ity of simultaneously compensating for the three other undesirable effects

to which the signal was exposed during phase regeneration: wavelength

conversion, conjugation and SPM. A side benefit of this approach is that

implementation is relatively simple; procedurally, all that is required is to

multiplex a pump with the signal and allow them to parametrically mix,

tuning their launch powers such that the gain the signal experiences sat-

urates. Figure 8.1-c shows the conjugated phase regenerated signal, S̄P

coupled with the pump, P3, before it is launched into the fibre, whilst

Figure 8.1-d shows the continuum of harmonics that results from allowing

them to undergo FWM, with the desired, amplitude squeezed and uncon-

jugated output labelled SP+A.
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Whereas amplitude squeezing in Chapter 6 was performed upon the

input of the regenerator, this time we wish to squeeze the amplitude fluc-

tuations which appear in the input’s conjugate, as done in Chapter 7.

It was also shown in Chapter 7, that because of the conjugating nature

of the two stages, accrued SPM and BOM can be balanced out between

them to achieve phase preserving operation. In that demonstration the

goal was to predistort the signal to compensate for the SPM and BOM

in the final stage, and the first, wavelength converting stage had no role

other than to perform this conjugation and predistortion. In the present

case, the first stage is more functional, being responsible for quantising

the phase of the signal. In this way, both stages benefit from the SPM

and BOM compensating effect, the benefit stemming from essentially the

same consequence: the relaxation of high pump to signal requirements

to suppress SPM and BOM. For the phase regenerator in isolation, hav-

ing to adopt a large pump to signal power ratio to suppress SPM (and

potentially BOM, depending upon the operating conditions of the regen-

erator) restricts the OSNR of the regenerated signal, especially because

phase quantisation depends upon the power of the third harmonic which

is generated. Whereas for the amplitude regenerator the benefit is mainly

in circumventing the practical issues such as SBS that a high pump to

signal power ratio presents.

8.3 Experimental Setup

Figure 8.2: Experimental setup of the regenerator showing the two under-
lying phase and amplitude regenerative stages.
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The two subsystems above were combined, one after the other, re-

sulting in the experimental setup shown in Figure 8.2, with its various

subsystems identified by coloured boxes. Firstly, a CW laser is divided

into two paths with a fibre coupler. Using an IQ modulator, one path is

modulated with a 10 Gbaud non-return-to-zero QPSK signal, carrying

two quadrature multiplexed PRBS-15 datastreams.

This signal then passes into the noise loading stage which facili-

tates the contamination of the signal with a controllable amount of phase

noise and in-band white noise. Phase noise is applied by passing the sig-

nal through a phase modulator which is driven by broadband electri-

cal noise, which is itself obtained by detecting amplified spontaneous

emission (ASE) from an unseeded EDFA using a 20 GHz photodetec-

tor and then amplified to a power high enough to drive the modulator.

A small sinusoidal dither of frequency 70 kHz is electrically multiplexed

with the noise signal before it drives the phase modulator, to facilitate

phase tracking after PSA. In-band white noise is added to the signal by

coupling into the signal path, ASE which has been filtered to the same

bandwidth as the signal using an optical bandpass filter.

Meanwhile the other path of the CW laser is modulated using a

Mach-Zehnder modulator to produce an optical frequency comb with

a 40 GHz frequency spacing. This optical frequency comb then passes

through a programmable filter, which allows for the comb lines which are

to be used as pumps for the PSA to be selected out. Sourcing the pumps

from an optical frequency comb seeded by the same carrier as the sig-

nal simplifies achieving phase locking between the pumps and the signal,

a requirement for the PSA to function correctly. Upon leaving the pro-

grammable filter, the two pump lines pass through a fibre stretcher which

is driven by a feedback loop, discussed later.

The pumps and noise loaded signal are then combined before being

amplified using an EDFA, after which they are launched into 300 m of

HNLF (whose details are listed in Figure 8.2) to undergo FWM in the
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PSA stage. The phase squeezed signal is then filtered out using on op-

tical bandpass filter. A small amount of this signal is tapped off using a

coupler and detected by a photodetecter, the output of which is used in a

phase-locked loop to drive the fibre stretcher, enabling the carrier phase

of the signal to be tracked, as was done in Chapter 4.

After the signal’s phase has been squeezed by the PSA, the signal

enters the amplitude regenerator stage. All that is required is for a CW

pump to be added to the signal, located where the 2nd harmonic of the

signal was formed in the first stage and the signal-pump pair amplified

before entering the cascade of HNLFs (the same cascade used in Chap-

ter 6) to undergo amplitude saturation. After the HNLF, the amplitude

squeezed signal is filtered out using an optical bandpass filter located at

the frequency of the original signal, after which it is launched into the

receiver.

In the receiver, before detection, the signal is loaded with a control-

lable amount of ASE (to facilitate measurements of receiver sensitivity),

filtered and then analysed using an optical modulation analyser (OMA).

8.4 Results

Given our ability to compensate for the amplitude to phase noise conver-

sion of the first stage, we may disregard how much SPM the first stage

induces, and simply optimise it for maximum OSNR above all else. We

choose to operate the phase regenerator with P1 : S =2.5 dB, given the

peak in OSNR at this value (see Section 4.2, Chapter 4) and use a total

power of 24.5 dB, as this represents the highest power we could launch

into the fibre before the onset of stimulated Brillouin scattering from the

pump. With these parameters determined, we may then search for the P2

to P1 ratio which results in maximal phase squeezing.

As shown in Chapter 6, in the amplitude regenerator the amplitude

dependent phase rotation caused by SPM and BOM depends only upon

the input pump to signal power ratio, P3 : S̄P , and, regardless of the
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value used, saturation can be achieved simply by tuning the total power

launched into the fibre, P3 + S̄P . Hence, the appropriate value of P3 : S̄P

to choose is that which compensates, to the greatest extent possible, the

SPM and BOM incurred by the phase regenerator.

Procedurally, after optimisation of the phase regenerator is performed,

as above, a blind optimisation algorithm trials values of P3 : S̄P , each

time tuning P3 + S̄P to achieve amplitude squeezing. The value of P3 :

S̄P selected is that which results in the lowest phase noise of the fully re-

generated signal, measured using the OMA.

After optimisation, the performance of the regenerator was first char-

acterised in terms of its signal noise statistics at various stages of the sys-

tem. Using the noise loading stage shown in Figure 8.2, three statistical

measures of the QPSK signal were mapped, phase noise (∆φ), magnitude

noise (∆Mag) and error vector magnitude (EVM), as they vary with in-

put noise. Figure 8.3 contains the results of this measurement performed

at three different points in the system: before regeneration (open circles),

just after the PSA (crossed circles) and after both the PSA and ampli-

tude limiter (solid circles). The left column (a-c) of Figure 8.3 shows how

the output statistics vary as the signal is loaded with phase noise whilst

holding the amplitude noise fixed, whilst the middle column (d-f) shows

the output statistics when we contaminate the signal with ASE only and

the right hand column (g-i) provides output statistics where a fixed high

level of ASE is added to the system with additional phase noise being

varied.

Focusing first upon Figure 8.3-a. we see that the system results in a

decrease of ∆φout for values of ∆φin > 4 deg. rms. Performing amplitude

regeneration after phase regeneration has very little effect on ∆φout due

to the low ∆Magin of the input signal and hence also limited SPM.

After passing through the PSA, there is a notable increase in ∆Magout

(Figure 8.3-b.), increasing with additional phase noise which results from

the phase dependent gain of the regenerator. For the highest input phase
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noise tested of ∆φin =12.4 deg rms magnitude noise can be seen to double

from 5.6 %rms before regeneration to 10.9 %rms after PSA. After ampli-

tude regeneration, the amplitude noise is reduced to 6.3 %rms, which is

comparable to the input magnitude noise.

Figure 8.3: ∆φ, ∆Mag and EVM for three different noise scenarios.

As mentioned above, the middle column of Figure 8.3 corresponds

to the scenario whereby white noise in the form of ASE was added to the

signal whilst otherwise adding no additional phase noise to the signal.

The phase noise statistics in Figure 8.3-d. show that phase regeneration

is of benefit for values of EVM beyond 11% rms, which corresponds to a

phase noise of about ∆φin = 4.5 deg. rms, comparable with the results
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in the phase noise loading test. Importantly, although for EVM beyond

11% rms, the phase regenerator does result in a decrease in phase noise,

the amplitude regenerator decreases phase noise further. This is simply

because of the conjugating effect of the amplitude regenerator which ef-

fectively allows the effects of SPM accrued during phase regeneration to

be undone by the amplitude regenerator, as in Chapter 7.

Figure 8.3-f. clearly shows the benefits of performing amplitude re-

generation after phase regeneration; phase regeneration actually results

in an increase in EVM due to phase dependent gain and SPM, both of

which are undone effectively by the amplitude regenerator. For an EVMin

of 7.3% rms, phase regeneration results in an increase in phase noise to

EVMout = 10.4% rms whilst amplitude regeneration brings this back

down to EVMout = 7.3% rms. The role of the amplitude regenerator is

even more pronounced for the highest noise level tested with EVMin =

17.7% rms which increases to EVMin = 18.3% rms after phase regener-

ation but is brought back down to EVMin = 9.8% rms after amplitude

regeneration. It could be argued that the phase regenerator is of little

benefit here and that the amplitude regenerator is doing most of the work

in improving the signal, however, this is not the case. If phase regenera-

tion was not performed, the amplitude regenerator would provide no de-

crease in phase noise; the benefits of the PSA are simply masked by the

increase in phase noise due to SPM.

Figure 8.3-g-i show similar plots to those of Figure 8.3-a-c, but with

additional ASE, equivalent to the amount added in the highest noise case

shown in plots Figure 8.3-d-f. It can be seen that, even at this high noise

level, the regenerator still manages to reduce both components of noise

by a large margin.

Figure 8.4-a provides constellation plots for the three input noise

scenarios shown in Table 8.1, at three different stages, before regenera-

tion (orange), after phase regeneration alone (green) and after both phase

and amplitude regeneration (blue). The constellation plots tell a simi-
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Noise Scenario Metric Units
Before
Regen

Phase
Regen

Phase
+ Amp
Regen

No Added Noise
EVM % rms 7.3 10.4 7.3
∆φ deg rms 3.0 3.8 3.4

∆Mag % rms 5.1 8.0 4.3

Phase Noise Only
EVM % rms 14.7 11.3 8.2
∆φ deg rms 7.9 4.1 3.9

∆Mag % rms 5.3 8.8 4.5

Phase Noise + ASE
EVM % rms 21.9 17.7 11.7
∆φ deg rms 10.2 6.3 5.4

∆Mag % rms 13.1 16.0 7.3

Table 8.1: Table of noise statistics of the signal.

Figure 8.4: a. Constellation plots; b. BER curves for the complete sys-
tem with both sub-systems combined.
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lar story to the noise statistics. For the case where the signal has been

contaminated with phase noise alone, (middle row Figure 8.4-a), phase

regeneration reduces the phase noise of the signal whilst increasing the

amplitude noise due to the phase dependent gain of the system. This am-

plitude noise is undone effectively by the amplitude regenerator, resulting

in a signal with a phase noise much reduced compared to the unregen-

erated input signal, and a comparable amplitude noise. For the highest

noise scenario, which was obtained by contaminating the signal with both

ASE and phase noise, we see that phase regeneration results in symbol

clusters which, although having been squeezed radially, exhibit a charac-

teristic SPM induced radial redistribution. Amplitude regeneration, once

again, undoes this rotation as well as correcting for amplitude noise.

Finally, BER curves are presented both before any regeneration and

after both phase and amplitude regeneration for the same noise levels

in Figure 8.4-b. With no additional noise (plotted in black), regenera-

tion can be seen to result in a very small power penalty of approximately

0.25 dB for all BERs. For the case where the signal was contaminated

with phase noise alone, shown in blue, regeneration results in an improve-

ment in receiver sensitivity around 1.1 dB for all BERs. Finally, for the

highest noise scenario, that corresponding to the addition of both ASE

and phase noise, regeneration results in an improvement in receiver sen-

sitivity of 1.8 dB, again, for all BERs except for those beyond 10−4 at

which a noise floor is present due to the high amount of noise with which

the input signal was contaminated.

8.5 Conclusion

The regeneration of both phase and amplitude of a noise loaded QPSK

signal has been demonstrated by cascading a phase sensitive amplifier

with a saturated FWM-based parametric amplifier. Given the conjugat-

ing nature of the amplitude limiter, it is possible to compensate for SPM

accrued in the phase regenerating stage, permitting the use of higher op-
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erating powers of the phase regenerator which would otherwise have been

prohibited due to the effects of SPM. The use of two cascaded regener-

ators allows each regenerator to be optimised for its specific role. Using

the scheme, an effective halving of EVM for the highest noise case was

demonstrated, with a corresponding improvement in receiver sensitivity

of 1.8 dB for a BER of 10−4.

To further enhance the performance of the system, an additional am-

plitude limiter operating upon the input signal prior to phase squeezing

should be considered. Due to the functioning of the PSA, variations in

input signal power effectively lead to variations of the mixing factor, m,

with which the system is operated. By first squeezing the amplitude of

the input signal, these variations in m can be minimised, improving phase

quantisation and additionally, relaxing the demands placed upon the fi-

nal, amplitude squeezing stage. Given the conjugating nature of the final

stage, SPM accrued in the first two stages can still be compensated for,

without any further alteration.
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Part IV

Conclusions
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Chapter 9

Conclusions and Future

Work

The objective of this project was to help refine all-optical signal process-

ing techniques by eliminating the deleterious side-effects by which they

are often accompanied and work towards making them a more practical

proposition. Work was presented on suppressing the conversion of one

species of noise to another during regeneration, on phase and amplitude

regenerators with low power requirements and deterministic phase noise

compensation, culminating in the demonstration of a complete phase and

amplitude regenerating system, but of course, this work is part of an on-

going development of all-optical signal processing techniques and can be

developed further still. In this concluding section, the work of the previ-

ous chapters will be reviewed and a discussion of further development of

these techniques provided.

In Chapter 3, a multi-harmonic approach was presented to suppress

phase noise to amplitude noise conversion in a phase quantising PSA, and

further to this, the parallel between phase quantisation by coherent addi-

tion of multiple phase harmonics and Fourier synthesis was shown. In the

dual harmonic case demonstrated, a great reduction in phase dependent

gain by a factor of 6.5 dB was obtained, although it was accompanied by

a reduction in phase squeezing performance. Applying the scheme to live
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data signals, which should be the next step in this scheme’s development,

brings with it some increased complexity due to the need to control the

phase of an additional pump compared to the single-harmonic scheme,

however these are not severe and the great reduction in phase noise to

amplitude noise conversion should make this worthwhile. Pursuing the

use of many more harmonics, however, would necessitate the adoption

of a different scheme for harmonic production and coherent addition. It

is likely that such a scheme would be very difficult to implement using

today’s photonic materials, due to the need of producing a large num-

ber of harmonics, however, as discussed, the phase transfer and phase

dependent gain profile of such high harmonic systems can be tailored ex-

actly as desired to achieve very high performance quantisers, exhibiting

very flat steps in their phase transfer profile and very flat phase depen-

dent gain. Improving the generation of higher harmonics, for demonstra-

tive purposes, may be possible by reducing the pump to signal spacing

to improve phase matching, however, as shown in Chapter 6, in a truly

dispersionless medium, the extent of harmonic production is determined

by the total power launched into the material and the pump to signal

power ratio, and so there is a limit as to the benefit of this approach. As

such, implementation of these techniques most likely awaits the devel-

opment of higher performance nonlinear media, but the concept shows

the potential of all-optical signal processing, and the level of control that

can be achieved. Coherent addition of multiple harmonics may be bet-

ter achieved by making use of an electro-optic modulator driven with

the same frequency as the harmonic tone spacing, when a large num-

ber of harmonics must be coherently added [117]. An alternative is sum-

frequency generation in a χ(2) medium.

In Chapters 4 and 5, a wavelength converting, idler-free scheme for

phase regeneration was demonstrated in both HNLF and SOA. The scheme

itself is easy to optimise and offers operation over a large range of pow-

ers, as coherent addition takes place at an otherwise unoccupied wave-
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length. The main intention of this scheme was as a phase regenerative

sub-system within a greater regenerative scheme, a role which it adopted

in the final experimental demonstration of the thesis. The implementa-

tion of the scheme in an SOA stands as the first demonstration of phase

regeneration of a QPSK signal in an SOA. The demonstration of such

all-optical processing techniques in compact, integrable media is quite de-

sirable, as it opens up the possibility of multi-channel operation through

integration. In order to obtain better performance from the system, it

was posited that a longer length of SOA should be used. This does not

represent a practical issue, seeing as the length of SOA used in the ex-

periment was only 1 mm long; increasing its length will have little im-

pact on integrability. In future work, it would be valuable to demonstrate

multi-channel all-optical signal processing using multiple, integrated SOA

waveguides or even, to test the feasibility of integrating the pumps re-

quired onto one chip. Non-trivial structures fabricated with SOA gain

media, such as Mach-Zehnder interferometers [118], have been demon-

strated in the past, and so integration of multiple regenerators onto one

chip is not implausible.

In the demonstrations of phase squeezing presented in this work and

elsewhere, some form of phase tracking is performed to ensure that the

phase quantising steps of the regenerator are correctly aligned with the

signal’s symbol clusters. As discussed in Chapter 4, phase noise which is

slower than the bandwidth of the phase tracking system is effectively re-

tained by the regenerated signal, whilst that which is faster is corrected

by the regenerator, with a consequent modulation of the signal’s ampli-

tude due to the regenerator’s phase dependent gain. Given the use of

coherent detection (whether homodyne or self-coherent), much of this

phase noise which is corrected for would have had no impact upon the

detection of the signal, and so by over-correcting the signal, we have ac-

tually obtained a less performant system. In light of this, the effects of

phase tracking bandwidth should be understood, and a study should be
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undertaken to determine the phase tracking bandwidth required to obtain

optimal reach of the signal. Of course, achieving high-bandwidth phase

tracking presents challenges of its own, and so a practical system will

likely be subject to a trade-off between performance and phase-tracking

complexity.

With practicality in mind, such phase regenerators must be capable

of self-optimisation without knowledge of the underlying signal. Demon-

strations of phase regeneration typically have the luxury of a coherent

receiver, permitting the optimisation of the phase regenerator by min-

imising the measured phase noise statistics. In practical settings, the use

of a coherent receiver must be forbidden; it is, in essence, the very de-

vice we are trying to eliminate. Therefore, other methods must be de-

veloped for optimisation of the regenerator. One possible approach is

the adoption of multiple dither tones of differing frequency and depth.

Given the correlation between the phase dependent gain of the PSA and

the phase quantising steps, which both depend upon the m-factor of the

scheme, it should be possible to determine the m-factor by comparing

the power of the two dither tones in the output of the regenerator and

use it to tune the system. Whilst on the topic of phase tracking, another

area which would benefit from improvement is the feedback circuit it-

self. In this project, a simple PID controller was used to drive the fibre

stretcher in order to achieve feedback. PID controllers exhibit a linear re-

sponse to the magnitude of the error signal they receive, but this turns

out to be slightly inappropriate when trying to perform phase tracking

based on the phase dependent gain of the PSA, whose profile is not lin-

ear, but rather sinusoidal. Using DSP, a nonlinear feedback circuit could

be tailored to better suit the system and provide, not only reduced lock-

ing time, but improved locking robustness. As fibre stretchers can only

impart a finite phase difference to a signal, they are limited in the phase

mismatch between signals and pumps that they can correct for and are

unable to correct for long term frequency mismatches. The adoption of
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pump frequency tuning for phase tracking is a possible solution to the

above problem and its function can be explained by the definition of in-

stantaneous frequency: f = dφ
dt . Frequency tuning, in effect, can provide

an infinite phase delay and also, provided that the tuning range is large

enough, may be able to replace the need for optical injection locking for

frequency recovery, which would be significant, as it is one of the issues

preventing phase regeneration of a remote signal from being performed

using a single nonlinear stage. As can be seen from the above discussion,

there is much work that can be done improving the phase tracking sys-

tems used by PSAs, making it an interesting topic for future work.

Amplitude squeezing through saturated, pump degenerate FWM has

been long suggested as a means to perform amplitude regeneration. It is

often implemented using a pump and signal of approximately compara-

ble power, in order to achieve saturation using as little power as possible

and as short a nonlinear material as possible. Increasing the pump power

introduces practical difficulties and so is often avoided. However, the use

of comparable pump to signal power ratios results in an intolerable con-

version of amplitude noise to phase noise conversion resulting from two

intensity dependent sources of phase rotation: SPM and BOM. To solve

this, two means of achieving phase preserving amplitude regeneration in

saturated FWM were presented in Chapters 6 and 7. The first makes

use of a high pump to signal power ratio to lessen the severity of SPM

and BOM. The maximum pump to signal power ratio that was achieved

was limited by stimulated Brillouin scattering, however it was sufficient

to demonstrate amplitude squeezing with a negligible increase in phase

noise. This approach also brings with it the side benefit of increased gain.

As is generally the case, this scheme would benefit from improvements

in nonlinear materials, allowing much higher pump to signal powers to

be used. The second approach demonstrated uses a different philoso-

phy to realise phase preserving amplitude regeneration. The underlying

processes responsible for amplitude to phase noise conversion during am-
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plitude saturation are deterministic and result in an amplitude to phase

mapping. Squeezing the amplitude of a signal subject to these distortions

destroys the amplitude to phase mapping, preventing these distortions

from being compensated. By preloading the signal with SPM and BOM

using a preliminary stage of wavelength conversion and conjugation, the

SPM and BOM to which a signal is subject to in the subsequent stage

of amplitude squeezing acts to undo the predistortion of the first stage.

This approach allows for a much lower pump to signal power ratio to be

used, relaxing design constraints and also provides insight into how SPM

(and BOM), often considered an unavoidable consequence of all-optical

signal processing, can be eradicated in multi-stage systems. These ben-

efits are not to be discounted; the two stage approach allows devices to

be operated in regimes subject to otherwise ruinous levels of amplitude

to phase noise conversion, permitting the realisation of this scheme in a

much larger range of media or using much less power.

The final demonstration presented in this thesis was that of cascaded

phase and amplitude regeneration in Chapter 8. Many presentations of

single noise component regenerators have been accompanied by the clari-

fication that they should be supplemented by their complementary regen-

erator in order to realise a complete, practical regenerative system, and

so to actually be able to demonstrate this is quite worthwhile. The sys-

tem uses only two nonlinear stages to achieve both phase and amplitude

regeneration and highlights the benefits of exploiting conjugation between

stages to undo amplitude to phase noise conversion, which in turn allows

the regenerators to operate in regimes that would otherwise be barred to

them, enabling the achievement of higher OSNRs and a system which is

greater than the sum of its two parts. This is particularly significant, as

it means that there is additional compensation from combining regener-

ative systems and that designing systems in isolation may not actually

be a good indicator of the real world performance that can be obtained

from them when combined. Being able to compensate for amplitude to
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phase noise conversion also implies that the pursuit of single stage regen-

erators offering phase preserving operation should be reassessed in some

situations, as it may be unnecessary.

As discussed before, many schemes for all-optical signal regenera-

tion do not lend themselves well to multi-channel operation, and the

demonstrations in this thesis are no different. The regenerative schemes

presented naturally make use of optical bandwidth in order to locate

pumps and produce the idlers essential to their operation. In all-optical

signal processing based upon FWM there is an unavoidable need to lo-

cate pumps and idlers somewhere, typically instigating issues with cross-

talk. Some solutions include complex dispersion maps to isolate regener-

ative systems the usage of multiple spatial modes, or simply the regener-

ation of channels each in their own spatially separated media, following

a process of demultiplexing, regeneration and remultiplexing. This latter

choice is certainly doable, but it remains to be seen under what condi-

tions it can be rendered feasible. Integrable media, such as SOAs and

waveguides, are perhaps much more applicable to this approach than is

HNLF.

Certain examples of all-optical signal processing, such as wavelength

conversion or optical phase conjugation, may be quite effectively com-

pared in terms of factors such as power penalty, cascadability or exten-

sion of reach. In contrast, all-optical signal regeneration for complex for-

mats lacks a well-enough established metric by which such demonstra-

tions can be ranked. Improvements in receiver sensitivity are often di-

vulged, and although this is a good indicator of performance, test condi-

tions are typically too varied between demonstrations to rely upon this

factor for strict comparison. In their current stage of development, all-

optical techniques for complex signal regeneration are instead mainly

competing over practicality and completeness, and there are still a num-

ber of challenges for which solutions are being explored. Previous demon-

strations of all-optical regeneration suitable for complex modulation for-
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mats have mainly been proofs of principle, and have often accepted com-

promises in their implementation (such as noise transfer from one com-

ponent to another), with very few demonstrating the regeneration of

both noise components. Many of these unresolved issues prevent demon-

stration of such schemes on realistic transmission links which would al-

low them to be better compared with each other as well as their elec-

tronic counterparts. In this work, solutions were presented to achieve

both phase preserving amplitude regeneration, and amplitude preserving

phase regeneration using techniques and concepts which had never before

been investigated. These were combined in order to demonstrate the of-

ten alluded to, but rarely performed concept of cascaded amplitude and

phase regeneration, bringing all-optical signal regeneration closer to being

demonstrated within a realistic transmission link. As we move forward

and experience a maturation in the field of all-optical regeneration for

complex modulation formats, we should hope to witness more demonstra-

tions of schemes capable of full-quadrature regeneration and thereafter,

characterisation of these schemes in terms extension of reach and in field

trials should become more and more common.

As a concluding remark, it is quite possible that all-optical signal

regeneration will not be the first example of all-optical signal processing

which finds itself deployed in optical networks. Schemes such as wave-

length conversion and optical phase conjugation, which naturally lend

themselves well to multi-channel operation, will likely be the first. If such

schemes find success, then this will add impetus to the development and

refinement of nonlinear media, much to the benefit of all-optical signal

regeneration. However, this does not mean that all-optical signal regen-

eration has no role as of present. Indeed, in niche applications requiring

a small number of channels to be transmitted over a distance requiring

regeneration with low latency, all-optical signal regeneration is clearly

presently capable of fulfilling this role.
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