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Abstract

Serial and parallel interconnection of photonic devices is integral to the construc-
tion of any all-optical data processing system. This thesis presents results from
a series of experiments centering on the use of the nonlinear-optical loop mirror
(NOLM) switch in architectures for the manipulation and generation of ultrashort
pulses.

Detailed analysis of soliton switching in a single NOLM and cascade of two
NOLM’s is performed, centering on primary limitations to device operation, effsct

to stimulated Raman generation is postponed to demonstrate multiple-peaked
switching for the first time. It is found that while cascading leads to a sharpen-
ing of the overall switching characteristic, pulse spectral and temporal integrity is
not significantly degraded, and emerging pulses retain their essential soliton char-
acter. In addition, by including an asymmetrically placed in-fibre Bragg reflector
as a wavelength selective loss element in the basic NOLM configuration, both
“soliton self-switching and dual-wavelength control-pulse switching are spectrally
quantised.

Results are presented from a novel dual-wavelength laser configuration generat-
ing pulse trains with an ultra-low rms inter-pulse-stream timing jitter level of
630fs enabling application in ultrafast switching environments at data rates as
high as 130GBits/s. In addition, the fibre NOLM is included in architectures
for all-optical memory, demonstrating storage and logical inversion of a 0.5kByte
random data sequence; and ultrafast phase-locking of a gain-switched distributed
feedback laser at 1.062GHz, the fourteenth harmonic of the system baseband
frequency. The stringent requirements for environmental robustness of these ar-
chitectures highlight the primary weaknesses of the NOLM in its fibre form and
recommendations to overcome its inherent drawbacks are presented.
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« .anticlericalism and American bustle would soon free them
from belief in miracles and holy likenesses. But where, I ask my-
self, will mercy and divine compassion come from then? Or are such
things necessary to people who are well fed and know the wonders
that lie concealed in an atom? I don’t regret economic and educa-
tional advancement; I just wonder how much we shall have to pay

for it, and in what coin.”

from “Fifth Business”,

by Robertson Davies.
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Chapter 1

Introduction

The current rise in demand for untethered personal communications and compre-
hensive telecommunications products which can provide not only “traditional”
services such as telephony and FAX, but broadband multi-media services as well,
necessitates the development of networks capable of carrying and processing data
at rates of tens or hundreds of gigabits per second. Meeting the diverse require-
ments of these disparate services requires the unification of a set of widely dif-
fering network concepts into a single transport and switching methodology such
~ as the Broadband Integrated Services Digital Network (B-ISDN) concépt, which
is based on the, now universally accepted, Synchronous Digital Hierarchy (SDH)
and Asynchronous Transfer Mode (ATM) standards [1]. Such developments are
primary drivers in the further exploitation of the high capacity of optical fibre
networks through photonic processing technologies [2].

It has become apparent that the complex processing of electrical signals
required by SDH optical networks will become prohibitively difficult above
10GBit/s [3] due to the accompanying increases in complexity of software, and
switching and signal processing systems. By designing the network to optimally
combine the advantages of existing technologies with the potential of photonic
‘processing, greater throughput may be achieved. In such a network, a photonic
switching layer above the electronic network will perform simple ultrafast rout-
ing, switching and processing functions on time-division- [4, 5] and wavelength-
division-multiplexed [6] SDH channels, leaving more complex, but less latency-
sensitive processing, to the electronic network below.

It is not enough, however, merely to address the impact of increased traffic on
switching technology. As optical-time-division-multiplexing (OTDM) hierarchies
grow to interleave ever-increasing numbers of data streams, consequences also
ensue from accompanying reductions in the temporal width of each data bit,

pushing data, necessarily, into the picosecond regime.
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As a picosecond regime data bit, which inherently balances the effects of fibre
chromatic dispersion and nonlinearity, effects detrimental to non-return-to-zero
(NRZ) systems [7, 8], the soliton has two important advantages. Firstly, it is
resistant to temporal broadening, being stable over long propagation spans, a
property which lies at the root of the current high level of interest in soliton
systems for future long--[9, 10, 11, 12] and medium-haul [13, 14, 15] transmission.
Secondly, the phase of a soliton is constant across its temporal envelope [16], a
property which may be used to ensure minimal temporal distortion in photonic
switching devices [17, 18].

Within this context, 7.e. that of photonic processing of ultrashort pulses, the
purpose of this thesis is to present experimental results from a series of studies of
nonlinear switching using optical fibre. As all-optical processing elements, fibre
devices have the advantages of simplicity of construction, a near-instantaneous

‘nonlinear response on the order of only a few optical cycles, and inherently low
loss, allowing long interaction lengths which compensate for the relatively weak
nonlinear coefficient of fibre. In addition, as an environment in which soliton
formation may be achieved with comparative ease through the use of picosecond
mode-locked sources, fibre also provides an ideal medium for evaluating the merits

of this type of carrier in all-optical processing.

A fundamental aspect of any high level data processing system is the princi-
ple of concatenation through which sets of primitive components are combined to
perform functions of higher complexity. Since the same is true of photonic archi-
tectures, it is also vital to ascertain the cascadability of any device which is posited
as a candidate for all-optical processing. One such device is the nonlinear-optical
loop mirror (NOLM) [19], a fibre-based device which has been used in experi-
mental demonstrations across a wide spectrum of applications such as all-optical
demultiplexing [20], clock recovery [21], phase detection [22], and wavelength and
pulse width conversion [23]. This thesis presents an experimental study, the prin-
cipal aim of which is, to establish the suitability of the NOLM for integration both
with itself and with other devices in photonic processing architectures. Indissol-
ubly linked with this aim, is the necessity of evaluating the effect of the device on
the data it manipulates. Thus, the foundation experiments analyse not only the
amplitude response of the device but also its effects on the spectral and temporal

integrity of soliton data passing through it. ‘As the simplest implementation of



the NOLM, and one in which soliton formation is inevitable under the correct
conditions, the all-fibre NOLM is a device well suited to such a study.

Before entering into a detailed experimental discussion, succeeding sections in
this chapter introduce some basic fibre characteristics and fundamental concepts
which underpin the process of nonlinear switchihg and soliton formation in optical
fibre. A comparative study of a representative selection of the most important
all-fibre devices demonstrated to date is then presented, identifying a numb’er of

key weaknesses which present obstacles to future use.

1.1 Linear and Nonlinear Fibre Characteristics

1.1.1 Fibre Loss
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Figure 1.1: Typical loss profile for silica optical fibre as a function of wavelength.

Inherently low loss is an attribute of optical fibre which makes it an extremely
attractive medium for both data transmission and nonlinear switching systems,
facilitating transmission over extremely long distances without repeaters on the
‘one hand and compensating for the relatively low nonlinearity of fibre on the

other by allowing long nonlinear interaction lengths.
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Figure 1.1 shows a summary of the major loss contributions for silica fibre
plotted as a function of incident wavelength. Fibre loss arises from a combina-
tion of both extrinsic and intrinsic absorption mechanisms coupled with Rayleigh
scattering. The major extrinsic absorption is due to the presence of impurity hy-
droxyl ions (OH‘) in the glass and is the cause of the prominent peaks at 1400nm,
950nm and 725nm, the first, second and third harmonics of the fundamental OH™
absorption peak at 2.7um . Intrinsic absorption in the constituents of the glass,
which exists even in an impurity- and defect-free material, is dominated by the
transfer of optical energy to silica-germania bonds and gives rise to the strong

absorption edge beyond 1.6um .

The final major source of loss is from Rayleigh scattering due to localised
refractive index variations on a length scale which is smaller than the wavelength
of the incident optical signal. These arise from compositional and structural in-
homogeneities in the material due to the amorphous nature of the glass and lead
to wavelength-dependent scattering out of the material. Below 1pm Rayleigh
scattering is the dominant loss mechanism in fibre, however, the A~* dependence
causes its influence to weaken dramatically with increasing wavelength. Thus,
overall fibre loss falls significantly with increasing wavelength to a minimum value
of ~0.19dB/km around 1550nm, a region known as the third transmission win-
dow, and increases strongly beyond 1.6um as infrared absorption becomes more
important. The extremely low loss in this third window is the principal reason
for the thrust to develop transmission systems at 1550nm [24] and is the region

chosen for the experimental investigations detailed in this thesis.

1.1.2 Chromatic Dispersion in Fibre

Chromatic dispersion is a result of the frequency-dependent response of bound
electrons in a dielectric to a propagating optical wave, an effect which manifests
itself, in turn, as a frequency-dependent refractive index. The effect of chromatic
dispersion on an optical wave in such a medium may be evaluated using a Taylor

_expansion of the propagation constant,

21

B= 7”(“’) (1.1)

17



giving,

1 1
ﬂ2ﬂ0+ﬂ1(w)+§ﬂ2(w-w0)2+gﬁg(w—w0)3+... (1.2)
where,
Bn=2L form=012,... (1.3)

The group velocity, given by vy = dw/df3, is then

Vg = — | (1..4)

a1l ldy,
B = dov, - o du .ps®/km. (1.5)

.GVD is more commonly expressed in terms of a wavelength derivative to give a

group delay per nanometer per unit length, or group delay dispersion (GDD),

271'Cﬂ2
- O

D= ,62%%\)‘ = ps/(nm.km) (1.6)

where ¢ is the speed of light in vacuum.

Thus, transmission delay is seen to be wavelength-dependent, giving rise to
temporal broadening and the formation of a frequency chirp due to a redistribu-
tion of the spectral content of a finite-bandwidth optical pulse. Figure 1.2 shows
a plot of the variation of group delay dispersion, D, with wavelength for a typical,

standard single-mode fibre.

The crucial aspect of this dispersion profile is its zero-crossing, pointing to the
existence of two distinct dispersion regimes, each with its own implications for
an initially unchirped pulse. For wavelengths in the normal dispersion regime,
i.e. below the zero-dispersion wavelength, Ag, in this case at 1312nm, shorter
wavelengths travel more slowly than longer wavelength components causing the
pulse to become up-chirped, i.e. blue-shifted towards the trailing edge. In the
anomalous dispersion regime, i.e. for wavelengths above 1312nm, propagation
leads to the emergence of a down-chirp with longer wavelengths towards the

trailing edge.
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Figure 1.2: Variation of group delay dispersion, D(ps/nm.km), with wavelength for a
typical standard, single-mode fibre.

In practice, the position of Ag is determined by the precise physical parame-
ters of a fibre since the total group-delay dispersion is the sum of contributions
from waveguide dispersion, which is a function of the core refractive index pro-
file, and chromatic dispersion. By appropriate fibre design, therefore, the value of
Ao can be tailored, enabling the fabrication of dispersion-shifted fibres [25] with
~zero-dispersion wavelengths within the minimum loss window at 1550nm. Such
fibres are important tools in the control-pulse-switched version of the NOLM, a
configuration which is discussed in section 5.2 of chapter 5. Results from disper-
sion characterisations of the fibres used in subsequent experimental studies are

presented in section 2.4.1 of chapter 2.

1.1.83 Fibre Nonlinearity

When propagating through a medium, an optical field induces a polarisation on
the atomic level due to distortion of bound-electron charge clouds. For small
applied fields, the induced polarisation, P, is linear with intensity and is given by

P=¢ox1E where E is the magnitude of the field, x; is the linear susceptibility of
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the material and ¢, is the permittivity of free space. With increasing intensity,
however, the presence of anharmonic resonance terms becomes important and the
medium response may no longer be considered to be linear, s.e. obedient to the
principle of superposition. Under these circumstances, a more general expression
for induced polarisation which includes anharmonic (nonlinear) terms must be

used. A fuller polarisation description is then,
P =¢x1FE+ x2E* + x3E* + ... (1.7)

For optical fibre the second order susceptibility, x», which is responsible for
second-harmonic generation, vanishes due to the inversion symmetry of molecu-
Jar silica. Thus the lowest order nonlinear effects in fibre arise from the y3 term,
the major contribution of which is that of nonlinear refraction i.e. the intensity

dependence of refractive index giving a total material index,
n(w, |E[*) = n(w) + ne| EP? (1.8)

‘where n(w) is the linear refractive index contribution, |E|* is the intensity of the
optical field inside the fibre, and n, is the nonlinear refractive index coefficient,
which has a value of +2.6x1072 m*W~! in silica fibre [26].

This intensity dependence has clear implications for high-intensity ultrashort
pulses. Since the central regions of a pulse will “see” a higher refractive index than
the low-intensity wings, the propagating pulse will become increasingly phase

‘modulated with distance, developing an instantaneous nonlinear phase,

2oL
A

AByy(t) = — 222 1 (1) (1.9)
where L is propagation distance and I(t) is the pulse temporal intensity profile.
This effect is known as self-phase modulation (SPM). Since instantaneous phase
becomes time-dependent, the pulse develops a frequency chirp with a magnitude
which is proportional to the time-derivative of the intensity profile, as illustrated
in fig. 1.3, from which it can be seen that the pulse becomes spectrally broadened
and develops a net up-chirp. It is also clear that, since the frequency deviation

is dependent on the maximum temporal rate of change of phase, the extent of
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spectral broadening increases with power. This is verified by the experimental
progression in fig. 1.4 (i) to (iv). The series shows spectra recorded at the out-
put of a 500m length of dispersion shifted fibre (A\y=1556nm) into which were
launched, at gradually increasing power levels, 7ps sech? pulses with a spectral
width of 0.38nm in the normal dispersion regime. A detailed dispersion profile
for this fibre, subsequently referred to as DSF2, may be found in section 2.4.1 of
chapter 2. '

Au)—coo

Figure 1.3: Frequency chirp of a high intensity pulse due to self-phase-modulation
(SPM). Pulse up-chirped, :.e. red-shifted towards the leading edge.

The oscillatory structure of each spectral measurement may be explained by
reference to fig. 1.3 from which it can be seen that a given frequency chirp is
generated at two temporal positions within the pulse envelope. The two waves
produced are, thus, generated with a net phase differential. The measured in-
tensity of a given frequency component, as the vector sum of two such waves,
is, therefore, determined by this differential phase. The spectral asymmetry is
ascribable to depletion of the leading edge of the pulse due to stimulated Raman
_generation, a nonlinear effect which will be introduced in a later section.

The most important aspect of SPM from the point of view of this thesis, is
its relationship to GVD. It has been shown that SPM leads to the generation
of a net up-chirp across a propagating pulse. In the normal regime, in which
GVD also leads to an up-chirp, it is clear that SPM will produce an enhancement

of dispersion-induced temporal broadening.” However, in the anomalous regime
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Figure 1.4: Spectra showing spectral broadening, due to SPM, of pulses emerging

from a 500m length of dispersion-shifted fibre with increasing input power.

pulses: A7 =7ps, AX =0.38nm.
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the down-chirping effect of GVD acts in opposition to the effect of SPM. It is
conceivable, then, that a specific combination of pulse temporal profile and power
exists in which a net equilibrium between these two phenomena will be sustained,
with a resultant elimination of temporal broadening. The soliton is such a pulse,

and is the subject of the next section.

1.1.4 Optical Fibre Solitons

Pulse propagation in optical fibres with loss may be modelled using the dimen-
sionless nonlinear Schrodinger equation (NLSE) [27, 28],

jaz J 2 Ot?

+ Julfu =0 (1.10)
where u is the normalised temporal envelope, z is propagation distance, t rep-
resents temporal position within the pulse envelope and I' is fibre loss. For a
launched pulse, u(z=0,t), of the form Nsech(t), evolution as a pure soliton occurs
~ within the fibre for integer N. Analytic solutions of the lossless NLSE (I' = 0)

‘exist for N=1,2 and are given by,
u(z,t) = e’*/%sech(t) (1.11)

(2.1) 4e™72/2[cosh(3t) + 3e™**cosh(t)]
z —
e cosh(4t) + 4cosh(2t) + 3cos(4z)

(1.12)

| respectively. The most notable aspect of the fundamental (N=1) soliton solution,
is that the pulse temporal profile is independent of distance. "It is this ability
to propagate for long distances without distortion which lies at the root of the
considerable interest which has arisen in soliton communication systems. As is
clear from eqn. 1.12 the same is not true for higher order (N>1) solitons, a factor
which limits their usefulness in transmission systems and in nonlinear switching
vusing the NOLM, as will be discussed in chapter 2.

Another critical aspect is the time-independence of the instantaneous non-
linear phase, a property which is of particular significance for nonlinear inter-
ferometric switching, resulting in the maintenance of pulse temporal profile and

width on combination of two solitons with the same initial characteristics. Phase
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evolution is characterised by the soliton period, zg , which defines the propagation

distance required for the accumulation of a nonlinear phase of 7 /4.

These two fundamental soliton descriptors, 7.e. soliton order, N, and soliton

period, zg , are related by the equation,

. 47?,220P0

N2 =27 (1.13)
AAeff

where n, is the nonlinear refractive index coefficient for fibre, Py is the pulse peak

power, A.ss is the effective fibre core area and z, is given by,

B 0.3227%72%¢
D)2

2y (1.14)
where 7 is the full-width-half-maximum pulse width and D is the fibre group-
delay-dispersion at the pulse centre wavelength, A . Using typical experimental
parameters, the peak power, Py, for an N=1 soliton in standard single-mode fibre
with D=17ps/(nm.km), A =1550nm, A,; =88um? , 7=T7ps, is 1.2W.

In a real system, in which it may not be possible to launch a pulse with
‘the exact required power level, a modified soliton evolution will, nevertheless,
still occur. For a generalised launched pulse of the form Asech(t) it has been
shown [27] that the propagating pulse asymptotically splits into soliton and noise
components. For A=N+a where |a| < 1/2, the soliton part corresponds to a

pulse of the form
(N +2a)t
N

Thus, even an approximate soliton exhibits the characteristic behaviour of a soli-

(N + 2a)sech (1.15)

ton.

In the “real-world”, however, fibre is not lossless, and for I' % 0 no analytic

solutions of the NLSE exist. In this case, as the pulse propagates, fibre loss

—2I'z which leads to a corre-

Tz

results in an exponential decrease in pulse energy as e

Tz and an increase in pulse width as e?

‘sponding increase in soliton period as e
This adjustment may be understood qualitatively if loss is taken as an adiabatic
perturbation. As already discussed, a defining mark of a soliton is the dynamic
equilibrium which it maintains between nonlinear chirp due to SPM and disper-

sive chirp due to fibre chromatic dispersion so that, on average, the instantaneous
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‘frequency across the pulse envelope is constant. As loss causes the pulse energy

to decrease, the rate of SPM also falls resulting in an excess of dispersive chirp
and necessitating compensation to maintain equilibrium. This is accomplished
by a narrowing of the pulse spectral content with a corresponding pulse width
increase which scales as €' [27] as described.

Thus, the soliton has a number of attractive properties. It is a pulse which
forms a dynamic balance between two potentially detrimental fibre properties,
i.e. nonlinear and dispersive chirp, with two features which impact positively
on its suitability as a data carrier in nonlinear fibre switching systems, namely
uniform phase across the whole pulse envelope, and robustness under adiabatic
perturbation due to fibre loss. These two features receive more quantitative

analysis in the experiments of chapters 2 and 3.

1.1.5 Stimulated Raman Generation

Another nonlinear effect which features strongly in the experimental discussion of
this thesis is stimulated Raman generation, an inelastic scattering phenomenon
“which occurs when a fraction of the energy in the optical wave propagating in a
fibre is converted to molecular vibrational modes (page 219£f[29]) with a resulting
net downshift in the frequency of the wave. The incident optical wave then acts
as a pump which feeds the down-shifted field known as the Stokes wave, the initial
growth of which is given by the relation,

fld_lz_s_ = grl,1, _ (1.16)
where I, is the power in the incident optical field, ; is the power in the Stokes
wave, gg is the Raman gain coefficient and z is propagation distance. Thus, the
rate of growth of the wave is initially proportional to the product of the input
optical power and the power in the Stokes wave. The spectrum of the Raman
gain coefficient, gg, which is a measure of the efficiency of transfer of energy to
the Stokes wave with frequency, for a pump wavelength, A,, of 1um is shown
in fig. 1.5. For other pump wavelengths the shape of the curve remains the
same and the absolute frequency shift, which is dependent on the frequency of
the incident optical wave, can be found from the inverse relation between g and

Ap. It can be seen that the gain spectrum extends continuously over a broad
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Figure 1.5: Raman gain spectrum with a 1um pump.

frequency range of around 40THz with a prominent peak situated, in silica fibre,
~ at a frequency offset of 13.2THz.
By modification of the nonlinear term in the basic NLSE (eqn. 1.10) to include
a delayed response, the effect of Raman generation may be modelled [30, 31, 28].
.The fuller NLSE is then,
Ou 10%u ~Olul?

vty =2 2, —
Jg, TiTu+ + |ul*u = au 5

= (1.17)

where a is a constant related to the nonlinear susceptibility of the glass.
In soliton systems, stimulated Raman generation is found to cause the optical
‘frequency of a soliton to shift as it propagates [32], a phenomenon known as
soliton self-frequency shift (SSFS). This is due to a self-pumping (intrapulse)
effect in which energy is transferred from the higher to the lower frequency parts
of the spectrum, at a rate which increases in strength as 7=* where 7 is the soliton
pulse width. This dependence is due to a combination of the 772 dependence of
soliton peak power and the 77! dependence of the pulse spectral width. The
effect, therefore, becomes more pronounced as pulse width decreases since the
corresponding increase in pulse peak power results in a higher rate of growth of
the Stokes wave while the increase in spectral width results in a higher degree

of overlap of the pulse spectrum with the Raman gain curve with a consequent
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increase in efficiency of energy transfer. In addition, it has been shown that this
intrapulse Raman shift ultimately causes the break-up (decay) of higher order

solitons into their single soliton components [33, 34].

1.1.6 Cross-Phase-Modulation

A further nonlinear effect which is of great importance in nonlinear switching is
cross-phase-modulation (XPM) which, like SPM, is a manifestation of third-order
nonlinearity. XPM is the induced nonlinear phase shift on.an optical field due to
a co-propagating field at a different wavelength or polarisation. The accumulated
nonlinear phase for a field E; must be modified to include this effect so that the

total becomes the sum of contributions from both SPM and XPM given by,

27T712L

cbtot - N

(IB1 [ + 2| Eo[?). (1.18)

where E, is the magnitude of the co-propagating field. The interdependence of
optical fields due to XPM has obvious implications for ultrafast control of optical
data. XPM may be used in the development of systems with functionality which
is based on the correlation between independent data streams such as logic and
routing. In the nonlinear domain, the exploitation of this effect is a primary

“concern in all-fibre switching.

1.2 Nonlinear Fibre Switching

With the need to manage and process ever-incréasing volumes of data, there
‘has also arisen a great deal of interest in all-optical switching [35, 36, 37, 18].
The current section introduces a number of all-fibre devices which have attracted
particular attention providing for each, a brief outline of operating principles and

most important features.

1.2.1 Nonlinear Directional Coupler

The nonlinear directional coupler (NLDC) [38]} is an intensity dependent routing
switch which operates by nonlinear detuning of the mode-coupling between two

waveguides in close proximity. A schematic of this device is shown in fig. 1.6. For
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Figure 1.6: Schematic of a nonlinear directional coupler switch. Solid line indicates
linear operation of device; dotted line indicates nonlinear operation.

a low power input signal, mode-coupling due to evanescent field overlap causes
a periodic exchange of energy between the waveguides, the period of which is
defined by the coupling length, L., the distance required for complete transfer of
energy from the input arm into the other guide. A coupler of physical length,
L=L,, is ordinarily in its cross state, as shown by the solid line in the diagram.

As the input power is increased, L. gradually increases due to SPM until a
critical power is reached at which it approaches infinity. For a NLDC of length
L., an input above the critical power will switch the device into the bar state as
illustrated by the dotted line in fig. 1.6

In practice, the critical power has been found to be prohibitively high with
switching powers in the region of several nJ [39]. In addition, although the
'NLDC has the sharpest CW switching characteristic of any device proposed to
date, demonstrations so far have shown only very poor switching contrast ratios,
a direct result of the inability to support solitons of devices investigated. It has
already been shown that the phase of the soliton is constant across the envelope
leading to what has been termed “particle-like” or “atomic” behaviour, descrip-
tions which lead on from its persistence as a solitary wave. Consequently, modifi-
“cation of the NLDC to support solitons has been shown to be capable of effecting
whole pulse switching [40]. However, even for pulses as short as 100fs, required

device lengths are well in excess of 1m, posing significant manufacturing diffi-
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culties and rendering the device highly sensitive to environmental disturbances.
"Thus, the NLDC has significant drawbacks in its all-fibre form.

1.2.2 Soliton Trapping and Dragging

Alternative switches based on soliton trapping and dragging, in which the nonlin-
ear coupling between a control and signal pulse at orthogonal polarisations causes
“switching” by temporal displacement [41], have been used in implementations of
a number of primitive logic functions [42, 43, 44, 45, 46]. Switching power levels
in these devices are significantly lower than for the NLDC with required pulse
energies of ~40pJ and 6pJ for trapping and dragging gates respectively.

The principle advantages of these are, therefore, their low switching thresh-
olds, and, in the case of soliton dragging gates, inherent gain. However, out-
weighing these considerations are the requirements of tight relative polarisation
“control and need for extremely long fibre lengths of around 30z, for sufficient time

displacement due to dragging.

1.2.8  Switching by Kerr-Induced Polarisation Rotation and XPM-Induced Spec-
tral Shift

‘Two further devices, with outputs which are modulated in amplitude rather than
temporal position, are those relying on Kerr-induced polarisation rotation and
XPM-induced spectral shifting. An outline schematic of a typical Kerr gate is
shown in fig. 1.7. These switches are classified together due to their similarity
of rationale, each using a nonlinearly induced change due to a strong control
pulse on a weak signal pulse in combination with an appropriate discriminating
element. In the first case, the nonlinear refractive index change induced by a
control signal is used to effect a change in the polarisation state of the signal.
Discrimination is then performed using a polarising beam splitter [47, 48, 49].
Measured switching energies for this device are ~50pJ. In the spectral switch,
XPM-induced spectral shift of the low power input signal is converted into an
amplitude response by passive filtering at the output of the device [49, 50].

| Although both configurations are inherently simple, neither is cascadable with
itself: the polarisation switch requiring not only careful control of input polari-

sation, but also leaving the emerging signal altered in polarisation state; and the
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Figure 1.7: Outline schematic of a nonlinear Kerr gate.

spectral-shifting configuration leaving the output altered in wavelength.

1.2.4 Nonlinear Mach-Zehnder Switch

A final all-fibre switch, and one similar in operation to the NOLM, is the nonlinear
Mach-Zehnder interferometer. This device exhibits a periodic nonlinear transmis-
sion characteristic due to differential self- [51, 17] or cross-phase modulation [52]
each of which causes a net imbalance in transmission distance between its arms as
shown in fig. 1.8. The nonlinear Mach-Zehnder switch is a low switching-threshold
“device and, as one which is compatible with soliton formation, is inherently ca-
pable of whole-pulse switching due to the constant-phase property of this form of
input. However, in practice, it is highly sensitive to environmental disturbances

requiring dynamic control to maintain interferometric balance [53].

Thus it is clear that a number of all-fibre optical switching methodologies exist.
‘It is also apparent that each of these options has significant drawbacks. The
work contained in the rest of this thesis is centred on an alternative fibre device,
the nonlinear-optical loop mirror (NOLM) [19]. The NOLM is an inherently bal-
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Figure 1.8: Schematic of a nonlinear Mach-Zehnder switch.

‘anced interferometric device which is cascadable as will become clear from the
experimental studies carried out, more environmentally robust than its counter-
part, the nonlinear Mach-Zehnder switch, and has low switching thresholds on
~ the order of a few tens of pJ. Additionally, as a device which, in its all-fibre form,
may be configured to support soliton propagation, whole-pulse switching may be

“achieved over eminently practical fibre lengths.

1.3 Overview of Thesis

This thesis aims to provide a detailed experimental analysis of the suitability
of the NOLM as a processing element in all-optical switching architectures. As
processing systems are inherently composed of combinations of functional units,
it is essential to evaluate the ability of any device to be cascaded both with itself
and other devices. Thus, preliminary experiments are directed at establishing
the cascadability of the NOLM in terms of the impact of cascading on the overall
amplitude response of the device as well as on data integrity after transmission
through a series of devices.

Chapter 2 presents results from foundation experiments to characterise a sin-
gle NOLM, a natural starting point for an extended study of multi-device con-

figurations. Soliton regime self-switching is investigated using input pulses with
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durations an order-of-magnitude greater than in previous experimental investiga-
‘tions [41, 54]. The primary restriction on the extent of the NOLM switching char-
acteristic is self-Raman generation which leads to imperfect interference due to
soliton self-frequency shift [30] (SSFS) and higher-order soliton decay [33, 34]. By
choosing relatively long pulses with narrower spectral content, this failure is post-
poned due to accompanying reductions in soliton power and spectral overlap with
the Raman gain spectrum. A systematic numerical study of this phenomenon is
presented which charts the gradual degradation of the switching characteristic
with decreasing input pulse width, and hence, increasing self-Raman generation.
The results show that, over the first two switching peaks, no appreciable increase

in switching efficiency is obtained by a further increase in pulse width.

It is not enough, however, to restrict analysis to the amplitude response of the
device. It is also essential to quantify the effect of switching on the temporal and
-spectral integrity of pulses switched. By comparing the characteristics of pulses
emerging from the device with those at the input, it is found that transmission
~ through the NOLM does not significantly degrade the essential soliton charac-
teristics of incident pulses, providing further evidence for the robustness of the
soliton as a data carrier, and showing‘that data passing through the device is

rendered capable of further processing.

This hypothesis is tested in chapter 3 by analysing the response of a cascade
of two devices to a train of input solitons with the same duration as those in the
study of chapter 2. A simple model is developed which enables the designer to
construct an optimal two-device cascade so that the characteristics of each are
matched to compensate for fibre loss. The amplitude response of such an optimal
cascade is shown to be significantly enhanced, with steeper switching edges, and
flattened peaks giving a configuration with increased amplitude discrimination
and immunity to input amplitude noise. In line with the findings of chapter 2 it
is found that pulses emerging, even from a two-device cascade, still retain their
essential soliton character, verifying, not only that pulses emerging from a single
device may be processed further, but that the soliton has significant advantages

in nonlinear processing.

In addition to addressing the tailoring of amplitude response, the chapter
goes on to present a technique for quantisation of the spectral response of the

NOLM, enabling application in wavelength-division-multiplexed (WDM) systems
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where wavelength selectivity is of prime importance. By reconfiguring the NOLM
to include an asymmetrically arranged in-fibre Bragg reflector as a wavelength-
selective loss element, both soliton self-switching and dual-wavelength control-
pulse switching are spectrally confined with operation being restricted only to
wavelengths lying inside the reflection band of each grating.

The next two chapters present results from NOLM-based configurations for
ultrashort pulse generation and control. Chapter 4 introduces a novel all-fibre
dual-wavelength laser configuration which uses the NOLM as an amplitude mod-
ulator to simultaneously mode-lock two cavities incorporating chirped fibre Bragg
gratings as end-mirrors. The use of a dual-cavity configuration with spectrally
selective end-mirrors enables arbitrary and accurate wavelength definition across
the entire erbium gain band, an inherent requirement of WDM systems. As the
dominant source of intracavity dispersion, Bragg gratings are shown to provide
‘a convenient means of tailoring the overall dispersion and consequently, also, the
pulse characteristics of each cavity. The laser generates synchronised, indepen-
dently dispersion-tunable pulse trains with an ultra-low rms inter-pulse-stream
timing jitter level of 630fs. Timing jitter is a critical parameter for the error-
rate performance of an optical switch. The value measured enables successful
i.e. producing error-rates of below 107, applicatibn of this laser configuration to
NOLM-based switching environments at speeds in excess of 130GBits/s.

Chapter 5 presents results from two further NOLM-based configurations for
memory and phase-locking. The first configuration is a novel all-optical memory
based on a sequential combination of two NOLM’s with feedback which is shown
to perform storage and inversion of a 0.5kByte random data sequence. In the
second, the NOLM is used as an all-optical phase—detector in a phase-locked-loop
(PLL) configuration. The use of the NOLM enables phase-locking not only to the
system baseband frequency, but also to harmonics and sub-multiples. Results are
presented showing phase-locking of a gain-switched distributed feedback (DFB)

laser to the seventh and fourteenth harmonics of a 76 MHz reference.
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Chapter 2

Characterisation of a Nonlinear-Optical Loop Mirror

2.1 Introduction

The previous chapter introduced a number of nonlinear fibre devices which have
been investigated both experimentally and theoretically as potential candidates
for inclusion in all-optical data processing systems, and identified a number of
drawbacks inherent in each. The current chapter presents an introduction to an
alternative device, the nonlinear-optical loop mirror (NOLM) which combines a
‘number of features which make it a more attractive primitive switching element
for use in more complex systems. Before going on, in subsequent chapters, to
provide experimental results demonstrating the use of this device in higher level
configurations, the current discussion provides an introduction to the fundamental
concepts of operation of this device.

The first section presents a graphical description of the fibre loop mirror,
from which the NOLM is largely derived, and shows that by the introduction of
a differential phase shift of 7 in the counter-propagating fields of the device, a
switch from its normal operation of 100% reflection to 100% transmission may
be achieved. After outlining the principles governing nonlinear switching in the
NOLM, results from an experimental investigation of ultrafast self-switching us-
ing the device are presented. The effects of transmission through a NOLM on
the spectral and temporal characteristics of an incident soliton data stream are
evaluated and it is found that emerging pulses largely retain their soliton charac-
teristics. The results demonstrate that the input data stream is not significantly
degraded by propagation through the device and, consequently, that the output
data is capable of further manipulation. This fact also illustrates that the NOLM
is cascadeable, a property which is a primary requirement for any device within
‘a data processing architecture and, additionally, confirms the robustness of the
soliton, further recommending its use as a data carrier in ultrafast all-optical

processing environments.
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The results also provide a first-time demonstration of multiple-peaked switch-
ing in this device [55]. By using relatively long pulses (~7ps), the effect of in-
trapulse Raman generation, an effect whose strength is critically dependent on
‘pulse width and which leads to both soliton-self-frequency shift (SSFS) [30] and
break-up of higher order solitons [56, 57, 58], is postponed, thereby extending
device operation beyond the limits previously reported. The influence of this
effect is treated in detail in section 2.5, where results from a series of numeri-
cal simulations are presented which summarise the impact of this phenomenon
on the device by systematically charting the degradation of a NOLM switching

characteristic with decreasing incident pulse width.

2.2 Fibre Loop Mirror

As stated in the introduction, this section presents a graphical description of the
principle of operation of the fibre loop mirror, the primitive form of the NOLM.
It is shown that the reflectivity of the device can be varied from zero to 100%
by appropriate adjustment of the internal loop birefringence. This “switching” of
the light from the input to the output port is achieved by the introduction of a
differential phase shift of 7 between the counter-propagating components in each
arm.

A schematic of a fibre loop mirror is shown in fig.2.1.  The device consists
of a 50/50 fused-fibre coupler with ports three and four joined by a loop of fi-
bre [59]. Operation of the device is summarised simply as follows. Light input at
port 1 is split equally into two counter-propagating components, F3 and E4. In
cross-coupling, the counter-clockwise component, Fy, receives a phase lag of 7 /2
with respect to the straight-through component. On returning to the coupler,
“the transmitted intensity at port 2 is the sum of two signals of equal intensity:
a counter-clockwise signal with phase ¢ — 7 due to twice cross-coupling; and
a clockwise component of phase ¢, where ¢ is the phase accumulated by both
components due to propagation over the loop length, L. The relative phase dif-
ferential of 7 results in zero transmitted intensity at port 2 and 100% reflection
back through port 1 due to conservation of energy (illustrated by the dotted vec-
tor). Although this description outlines the basic aspects of operation of the loop

mirror, it does not address the issue of internal fibre birefringence. The following
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Figure 2.1: Schematic of a fibre loop mirror.

discussion provides a fuller description which includes this parameter.

Figure 2.2 summarises the principle of operation of the device for the case of
light incident at port 1 and no loop birefringence. For simplicity, the loop mirror
is assumed to lie in the horizontal zz plane and the incident signal is assumed to be
linearly polarised in the orthogonal zy plane with arbitrary polarisation, 8, to the
y axis.  On reaching the coupler, 50% of the input light is cross-coupled to port
4 and receives a m/2 phase lag with respect to the straight-through component
as already described. The polarisation orientations of the components F3 and
Ey4 as they leave the coupler are shown on axes (a) and (b) respectively, of the
lower diagram of fig.2.2. The components meet at the loop midpoint and return
to the coupler with polarisation angles of —6 as shown on axes (c) and (d). Since
the path length for each is the same, the /2 phase discrepancy between the
components is preserved with the result that the combined signal exits at port
.1 with a polarisation of —6 to the y axis, as illustrated by the dotted vector of
fig.2.2.

By varying the internal loop birefringence, which results in a polarisation
dependent phase change in the counter-propagating components, the loop mirror
may be configured for transmission rather than reflection, as illustrated in fig. 2.3.

In this case, the loop includes an asymmetrically placed half-wave plate which is
located close to port 4 of the coupler with its fast axis oriented at 45° to the plane

of the loop. For a half wave plate, light incident along the fast axis receives a 7
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-Figure 2.3: Graphical summary of operation of a fibre loop mirror with additional
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38




phase advance with respect to light incident along the slow axis. In terms of its
effect on polarisation angle; for a field incident at an angle v to one of the axes,
this gives rise to a rotation of 2. Analysing the counter-propagating field vectors
in turn: the components E5 and Fj arrive at the wave-plate with polarisations +6
and —0 respectively. On passing through it, the two are rotated in the the same
direction and exit at angles of —90 — 6 and —90 + . As a result, on returning
to the coupler, the polarisation axes are again parallel (see fig.2.3 (a) and (b)),
but of opposite sense, a situation which is equivalent to the accumulation of an
additional phase differential of 7. This accumulated phase differential causes
constructive interference at port 2 due to the additional cross-over, and light is
transmitted at an angle of —90 + 6 (c).

It is, fcherefore, clear that the introduction of a differential 7 phase shift be-
tween the counter-propagating components provides a technique by which light is
transmitted rather than reflected, enabling the device to perform the function of a
switch. It is by exploitation of fibre nonlinearity that this action is achieved in the
nonlinear-optical loop mirror switch, and this is the subject which is addressed

“in the next section.

2.3 Nonlinear-Optical Loop Mirror

As already stated, the NOLM is a derivative of the fibre loop mirror. Although

-the overall construction is the same, consisting of a fused-fibre coupler with its
ends joined by a length of fibre, the crucial difference lies in the asymmetric
splitting ratio i.e. @ # 50% [19]. It is, therefore, a fibre implementation of the
nonlinear antiresonant ring interferometer [60]. The effect of this imbalance on
the operation of the device as a linear reflector, i.e. for signals of low intensity
in which nonlinear effects can be considered negligible, is to degrade the maxi-
mum achievable reflectivity to a value of less than 100% [59]. Owing to self-phase
modulation (SPM), i.e. the intensity dependence of the refractive index, counter-
propagating fields with intensities high enough for nonlinear effects to become
significant no longer travel through the same path length. In this way, the in-
terference conditions at the coupler become intensity dependent so that when a
differential phase accumulation of m occurs, switching is achieved.

The equations governing the operation of a fibre coupler on an optical field
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are given by,

E3 =E1\/5+jE2\/1-—a' (21)
Ey = jEWV1 —a+ ExwWo (2.2)

Taking the case already discussed for the basic fibre loop mirror of light input
at port 1: after application of the coupler equations 2.1 and 2.2 followed by
transmission through a fibre loop of length L, the nonlinear phase accumulated

by each field, on return to the coupler, is given by,

2 2
Ey = o:l/?Elezp(jaM/\ElL) (2.3)
: . 2| By 2L
Ey=7(1—a)?Erezp(j(1 - a)—J—IX—IL——) (2.4)

where A is the optical wavelength, and n, is the third order nonlinear coefficient
in the glass. The term |E)|*is the intensity of the optical field in the fibre and is
given by Pi,/Acss, where P, is the incident optical power at port 1 and Ay is the
fibre effective core area. Combining these fields gives the transmitted intensity

function,

2mng| FL 2L

| Byl = |Ey]*(1 — 2a(1 — a){1 + cos[(1 — 2a) 3

By (2.5)

‘It is clear from this expression that 100% transmission occurs when

2 E*’L
cos(1 — 2Q)L‘/\ll~— =-1 (2.6)
i.€e. N B ]215
TNy | Ly ™
= 2.7
A ml — 2 (2.7)

where m is an odd integer, and minimum transmission occurs for even m with
|Ey)? = |E (1 — de(l — ). (2.8)
Thus, for a splitting ratio, «, of 0.4, the output swings from 4% of P;, to 100%

of P;,, neglecting fibre loss. Figure 2.4 shows the transfer function computed
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for two values of & of 0.1 and 0.4 with ny = 2.6 x 107 2m?W 1, X\ = 1550nm,

Aesr = 50um? and loop length, L=1km. The sinusoidal nature of this switching

Pout/Pin

Pin/W

Figure 2.4: Output intensity against input intensity for a 1km NOLM.

characteristic, calculated for a series of single-valued input intensity levels, has
implications for a pulsed input signal. It is clear that the higher intensity central
regions of a pulse will be preferentially transmitted resulting in significant pulse
shaping. This saturable absorption property has been put to positive use in pas-
sively modelocked fibre lasers [61], and enables the “cleaning-up” and reshaping
of distorted non-soliton pulse trains [62, 63]. It might appear that whole-pulse
switching may only be achieved with a square-pulse transmission format such as
NRZ. However, the properties of the soliton outlined in Chapter 1 mean that
this is not the case. Firstly, since the phase of a soliton is constant across the
whole pulse [16] and since the shape of an exact single soliton does not change
with propagation distance, the interference of two pulses of the same width will
result in the preservation of the pulse temporal profile. Secondly, since the overall
nonlinear phase shift, which is proportional to distance [27], is dependent on the
Apulse peak amplitude [19], the potential for differential nonlinear phase accumu-
lation is evident. The combination of these factors makes whole-pulse switching
using the NOLM a reality in both soliton switching and transmission systems,
where its potential use as a noise suppressor in short-pulse soliton transmission
has been investigated [64, 65]. Thus, it is to an experimental investigation of
soliton switching in a NOLM that. the rest of the chapter is addressed.
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2.4 Experimental Characterisation of Soliton Switching

in a NOLM

Having detailed the operating principles of the device, the current section deals
with an experimental investigation of soliton switching in a NOLM with an un-
balanced coupler, the operation of which is outlined above. After presenting a
detailed analysis of the effects of application of the device to.a train of picosec-
ond regime solitons, results from a series of numerical simulations are presented
which systematically characterise the effect of self-Raman generation on the de-

vice’s switching characteristic.

2.4.1 Fibre Characterisation

Before experimental parameters can be calculated, information on both fibre
dispersion and nonlinearity must be evaluated. The current section, therefore,
provides a description of the experimental technique used to measure the disper-
‘sion characteristics of the range of three fibres used throughout this thesis. Two
fibre types appear: standard, single-mode telecommunications fibre (STF); and
dispersion shifted fibre (DSF). An estimation of the value for the effective core
area of the standard telecommunications fibre used is also presented. Values for
these two fibre characteristics must be calculated to enable definition of the fibre
lengths required to obtain 100% transmission for a given input power level.
Figure 2.5 shows a schematic of the experimental configuration used to mea-
sure fibre dispersion. 7ps pulses at a repetition rate of 76 MHz from a tunable,
modelocked F-centre laser, synchronously pumped using 100ps pulses from a
Nd:YAG laser, were launched into a 50/50 coupler as shown. One portion of
the split signal was then detected using a 45GHz photodetector and used to trig-
ger a HP54124T sampling oscilloscope. The other portion of the split signal was
launched into the sample fibre and the output viewed on the sampling oscillo-
scope after detection by an identical photodiode. While viewing the received
pulse train, the power launched into the fibre was adjusted so that pulse breakup
due to self-Raman generation [56] did not occur, and “clean” pulses were seen. As
the laser wavelength is tuned, the pulse arrival time, with respect to the trigger,

‘of a pulse N pulse intervals later, after transmission through the sample fibre, will
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Figure 2.5: Schematic of experimental configuration for measurement of fibre disper-
sion.

also vary due to the fibre’s chromatic dispersion. Thus, by recording this change
in arrival time with wavelength, a curve of group-delay against wavelength may
be plotted. The fibre dispersion can then be calculated by simply differentiating
~ the best-fit curve to this data. Figure 2.6 summarises the dispersion character-
istics for the three fibre samples. Figure 2.6 (i) shows the curve for standard
fibre and figures 2.6 (ii) and (iii) the curves for two types of dispersion-shifted
fibre, hereafter known as DSF1 and DSF2. Table 2.4.1 provides a summary
of the specified fibre dispersion parameters for each fibre type along with the
“corresponding measured values. Columns 2 and 3 present the values of group
delay dispersion specified by the manufacturer, D, (spec‘), at 1550nm and those
measured, t.e. Dy (rﬁeas.). Since a figure at 1550nm is not available for standard

fibre, only Aq 1s given.

| Fibre Type | Dy (spec.), ps/(nm.km) | D (meas.), ps/(nm.km) |
Corning, STF Ao=1310nm 17ps/nm.km
SM1399/P2511-R
Corning, DSF1 <2.7 -0.03 (A\g = 1551nm)
SMF/DS(TM)
Corning, DSF2 <2.7 -0.5 (Ao = 1556mm)
SMF /DS(TM)

When the group-delay against wavelength curves were plotted it was found,
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Figure 2.6: Experimentally determined fibre dispersion characteristic and best-fit
curves for (i) standard telecommunications fibre (STF), (ii) dispersion shifted fibre.
Xo=1551nm (DSF1), and (iii) dispersion shifted fibre. A\g=1556nm (DSF2).
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in all cases, that the best-fit curves were quadratic with the result that, when

differentiated, the dispersion against wavelength relationships were linear. The |
equations for each are shown on the corresponding characteristic. Using these
relationships, the dispersion for standard fibre was found to be +17ps/(nm.km)
at 1550nm, and the zero dispersion wavelengths for the two dispersion shifted
fibre samples were found to be A\y=1551nm for DSF1 and A\y=1556nm for DSF2.

2.5
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Fibre V-Value

Figure 2.7: Plot of variation of A¢s; with fibre V-number.

Since a fraction of the guided energy in a fibre propagates in the cladding, the
magnitude of the SPM is not simply related to the absolute fibre core diameter,
but to the effective area which depends on the optical field distribution within
the fibre (page 40, [29]). The variation of effective area, A.r;, with fibre V-
number is shown graphically in fig. 2.7. The V-number is a dimensionless number
which determines the number of modes supported by a fibre and is given by the

‘standard equation V = /(2ma/A)*(n} — n3) (page 44, [24]) where a is the core
radius, and n; and n, are the core and cladding refractive indices respectively.
Knowing the cut-off wavelength for this fibre i.e. the V-number above which the
fibre ceases to be single-mode, and the value of Ay at 1310nm, the fibre’s core
area could be calculated and was found to be 58um?. The V value at 1550nm

was then calculated and was found to be 1.99 giving a ratio from the graph of
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Aepr/Acore~1.5. Thus, the final value for Aess is taken to be 88um?. The value for
Aeys for Corning dispersion shifted fibre is well known and is taken as 50m? 66].

2.4.2 Ezxperiment

4.3km Standard Fibre

FQ\

PCI1
Variable
Attenuator
90/10 60/40
F-Centre Pout
Laser ' —_— —_—
B
Monitor (Pmon )

Figure 2.8: Schematic of experimental configuration for characterisation of an
asymmetric-coupler NOLM.

A schematic of the experimental configuration used to characterise the NOLM
is shown in fig. 2.8. 7ps (full-width-half-maximum) pulses at 1549.2nm from the
same F-centre laser were launched into the NOLM via a 90/10 coupler. The 10%
port of the coupler was then used as a monitor of the input pulse spectrum and
average power (Pp,,). Input power control (variable attenuator) was obtained
using a chopper. The NOLM was constructed using a 60/40 (o = 0.4) fused-
‘fibre coupler with its ends joined by a 4.3km length of standard fibre (Disper-
sion=17ps/(nm.km) at 1550nm). The quoted fibre loss was 0.19dB/km. Doran
and Wood [19] have shown that pulses with shapes and energies close to the values
required to form a soliton in a length of fibre display the essential characteristics
of these pulses when allowed to evolve over a sufficient fibre length. For this evo-

lution to occur in a NOLM, the loop length must be a few soliton periods long.
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The soliton period, zg, i.e. the distance which a pulse must travel to accumulate
a nonlinear phase of 7/4 is given by the equation,

2.2

2= 0'322%17/71 » (2.9)
where ¢ is the speed of light in vacuum, 7 is the full-width-half-maximum pulse
width, A is the optical wavelength and |D| is the magnitude of the fibre dispersion.
For the experimental parameters quoted, the calculated soliton period is z; =
1.1km. Thus, the chosen loop length of 4.3km corresponds to a length of 4zq.
The soliton power for a given soliton order is given by,

Py
4?22 20

(2.10)
where N is the soliton order. The peak power for an N=1 soliton in this con-
figuration is 1.2W which is equivalent to an average power, at a repetition rate
of 7T6MHz with 7ps pulses, of 0.6mW. The polarisation controller, PC1, was in-
“cluded to provide a means of biasing the NOLM into reflection as described in
section 2.2. The insertion loss of the device, a value which consists of contribu-
tions from fibre loss and coupler insertion loss, was measured with the NOLM
biased into linear transmission and the input power reduced to a level at which
nonlinear effects were negligible and was found to be 0.9dB.

Figure 2.9 (i) shows an autocorrelation and sech?® fit of the F-centre laser

kpulses launched into the NOLM, and 2.9 (ii) the corresponding spectrum. The

time-bandwidth product of 0.36, compared with a value for an exact soliton of
0.315, suggests that these pulses are slightly chirped. However, the difficulty in
distinguishing the autocorrelation from its sech? fit shows that they are close to
perfect soliton pulses and may, therefore, be expected to closely follow soliton
behaviour in the fibre.

With the NOLM biased into reflection and the chopper on, the transmission
characteristic of the device was recorded using two medium area photodetectors:
one recording P, and, hence, giving a measure of the input power; and the
other recording P,y The outputs from these detectors were then viewed on a
Gould 1600 digitizing oscilloscope which was triggered at the chopper frequency.
Using this technique, the input and output traces could be recorded for a single
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Figure 2.9: F-centre laser input pulses. (i) Autocorrelation and sech? fit. A7 =7ps.
(i1) Spectrum. AX =0.41nm, AvAT =0.36.

triggered sweep, providing a means of analysing the time-averaged transmission
characteristic of the device. An additional benefit of the technique is that it
also enables real-time optimisation of the switching response. Figure 2.10 (i)
‘shows a typical transmission characteristic for this NOLM. The first and second
peaks occur at average input powers (soliton order) of 2.2mW (N=1.95) and
5.1 mW (N=2.96) respectively, with corresponding peak transmissions of 66%
and 63%. The first and second minima occur at input powers (soliton number) of
3.1mW (N=2.31) and 4.8mW (N=3.16) with extinction ratios of 9.7dB at the first
minimum and 6.5dB at the second minimum. Figure 2.10 (ii) shows the switching
response predicted by numerical simulation using the experimental parameters.
»The NOLM is modelled by separately solving the NLSE for each of the counter-
propagating components using the well-known split-step fourier technique [31].
Predicted first and second peak input powers (soliton order) are 1.7mW (N=1.71)
and 3.7mW (N=2.52) with peak transmissions of 81% and 78% respectively. The
predicted first and second minima occur at input powers (soliton order) of 2.5mW
(N=2.07) and 4.1lmW (N=2.66) with respective extinction ratios of 13.6dB and
6.4dB. It is clear from qualitative examination that there is good agreement
between the experimental and numerical respsonse profiles, but that there exists
a consistent discrepancy between the switching powers at each of the features
listed above. This is most likely due to an experimental coupling ratio, «, of

greater than 0.4; the measured switching power at the first peak being consistent

with a splitting ratio of 0.43.
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>Figure 2.10: (i) Experimental time-averaged transmission characteristic for 4.3km
standard fibre NOLM. (ii) Time averaged response predicted by numerical simulation.
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As already mentioned, maintenance of the spectral and temporal integrity of
pulses is a prime requirement for any device. Figures 2.11 and 2.12 summarise
experimental measurements of output pulse autocorrelations and spectra respec-
tively at various points along the NOLM switching characteristic. Also shown

are the results predicted by the numerical model for the same points.
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Figure 2.11: Experimental autocorrelation and sech? fit for emerging pulse at (i)
first peak. A7 =10.3ps, Py, = 2.2mW. (ii) second peak. A7 =2.8ps, P, = 4.8mW.
Predicted autocorrelation at (iii) first peak. A7 =7ps, P, = 1.7mW. (iv) second peak.
ATt =3.9ps, P, = 3.7TmW.

Taking the results at the first switching peak, it can be seen that the output
pulse width has increased by a factor of almost 50% to 10.3ps compared with
an input pulse width of 7ps (fig 2.11 (i)), and that the time-bandwidth product
has risen from 0.36 to 0.37. This increase is probably due a combination of fibre
loss, which leads to an increase in pulse width as e~ 2% as discussed in chapter 1,
and soliton self-adjustment to intial chirp. It has been shown [27] that a pulse
of the intial form Asech(t) where A is not an integer, separates into soliton and

‘noise components which evolve as the phase of the underlying soliton towards
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