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The following thesis presents results obtained from both numerical simulation and
laboratory experimentation (both of which were carried out by the author). When data is
propagated along an optical transmission line some timing irregularities can occur such as
timing jitter and phase wander. Traditionally these timing problems would have been
corrected by converting the optical signal into the electrical domain and then
compensating for the timing irregularity before converting the signal back into the optical
domain. However, this thesis posses a potential solution to the problem by remaining
completely in the optical domain, eliminating the need for electronics. This is desirable as
not only does optical processing reduce the latency effect that their electronic counterpart
have, it also holds the possibility of an increase in overall speed.

A scheme was proposed which utilises the principle of wavelength conversion to
dynamically convert timing irregularities (timing jitter and phase wander) into a change in
wavelength (this occurs on a bit-by-bit level and so timing jitter and phase wander can be
compensated for simultaneously). This was achieved by optically sampling a linearly
chirped, locally generated clock source (the sampling function was achieved using a
nonlinear optical loop mirror). The data, now with each bit or code word having a unique
wavelength, is then propagated through a dispersion compensation module. The dispersion
compensation effectively re-aligns the data in time and so thus, the timing irregularities
are removed. The principle of operation was tested using computer simulation before
being re-tested in a laboratory environment.

A second stage was added to the device to create 3R regeneration. The second stage is
used to simply convert the timing suppressed data back into a single wavelength. By
controlling the relative timing displacement between stage one and stage two, the
wavelength that is finally produced can be controlled.
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mirror.
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Chapter 1 - Introduction to Optical Communications

1.1 Introduction

Since the advent of telegraphy in the 1830’s [1, 2] the modern telecommunications
industry has grown at a tremendous rate. The importance and need to be able to directly
communicate at will on a global scale has become paramount in modern society. This was
made possible by the birth of the telephone. However, an increase in demand for capacity
(more and more simultaneous telephony) and the introduction of the internet (by
connecting computers together, it has meant that it is possible to transmit large amounts
data over a telephone line) has meant that the traditional “twisted copper pair”
communication system is fast becoming obsolete. The demand for an increase in
bandwidth lead to the discovery in the 1970’s that light could be propagated along an
optical fibre with a loss of less than 20dB/km [3] (at the time of discovery this was often
referred to as a “light pipe”) and that this propagated light could be encoded with data. It
was clear from an early stage that this new optical fibre technology would be able to
overcome many of the limitations of coaxial copper electrical system where the key
development in the industry has been the dramatic improvement in optical fibre

technology, both in terms optical loss and dispersion.
Certainly another important factor in the growth of optical communications was the
technological advancements in the optical amplifier domain which involved the use of

doping silica or fluoride fibres with rare-earth ions such as erbium. Developments like
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these have meant that it was now possible to consider the high bandwidth possibilities of

optical communications.

1.2 Optical fibres

Before we go any further it is important that we firstly discuss some of the properties of
optical fibre. Any typical optical communications system will consist of a lightwave
transmitter (clearly electronics of some sort will be associated with this section), a

transmission medium (we would assume optical fibre) and finally a receiver.

An optical fibre consists of a dielectric core (usually doped silica) of a high refractive
index which is then surrounded by a cladding which has a lower refractive index than the
core [2]. A typical cross-section of SMF is shown in Figure 1.1 (not shown is the
protective coating that usually covers optical fibres which simply protects the fibre from
breakage or excessive bending. This can come in many different forms and have many
different thicknesses. It is important that optical fibres are protected in this manner
because the excessive attenuation caused by severe bending of the fibre could lead to a
drop below a given threshold at the receiver and thus causing an increase in transmitted
errors. We should also note that the protective coating can be used to shield the fibre from
interference, when multiple fibres are “bundled” together, the transmission light, an

electromagnetic field, is prone to leaking from one fibre to another).
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Figure 1.1: A typical cross-section of standard mode fibre (SMF). The core would

typically have a diameter of 2-10um

As the core of the fibre has a higher refractive index than the cladding the light can be
contained within the optical fibre. The fibre itself can be described by using the following
two parameters, the relative core cladding index difference, A, and the normalised

frequency, V [4] where:

T (1.1)

n,

1

V= koa(n,2 —n22)2 (1.2)

n; and np are the refractive indices of the core and cladding respectively and kg is the

wavenumber:

k, == (13)
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Single mode fibre has a typical normalised frequency value such that V < 2.405. Because
of the laws of total internal reflection [5], light can be guided through the optical fibre. If a
wave is incident at an interface which bisects two media of differing refractive index, n;

and n,, and has an angle of incidence of 8 = 0,, then:
nsinf. =n, (14)

and the refracted wave just grazes the interface of the two media and the angle is known as
the critical angle, 0. If the angle of incidence is greater than 8, then there is no refracted
wave and it is for these angles that we have total internal reflection. If we now transpose

this to the more specific case of an optical fibre and re-arranging equation 1.4 we get:

6, =sin™ (’f—J (1.5)
n

as before, any angle of incidence (at the core-cladding interface) greater than 6. will result
in total internal reflection. Assuming that we have a cylindrical and symmetrical fibre
cross-section (as in the case of SMF, Figure 1.1), the wave will undergo the same total
internal reflection at the lower interface and thus, the wave will be guided along the fibre.
This phenomenon will still occur, even if the fibre is bent, so long as the angle of

incidence is not less than the critical angle (Figure 1.2).

(Of course the phenomenon of total internal reflection in order to “guide” light around
corners is nothing new. It was first demonstrated by John Tyndall et al in 1854 {6]. Even
back in 1854 Tyndall also speculated back then that it might be possible to create stable
structures that would one day be able to carry light, an early idea which later turned into

the optical fibre which gave birth to the optical communications industry).
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Figure 1.2: Optical rays enter at one end of a curved piece of optical fibre (core and
cladding are not drawn to scale). Because of the effects of total internal reflection, light

propagates through the fibre

Note, some of the other properties of the fibre such as attenuation, dispersion and

nonlinearity will be discussed in the following chapters.

1.3 Digital transmission over optical fibre

Throughout the following thesis data will be transmitted along an optical fibre. This will
be both computer simulated as well as seen in a laboratory environment. Thus, we can

think of a transmitted signal as series of 1’s and 0’s (where a 1 is represented by the
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presence of a data pulse and a O is represented by the absence of a data pulse). At the end
of a transmission system there would typically be some sort of photo detector and receiver
where a decision threshold level would need to be set (this threshold level is used to
determine the difference between a 1 and a 0. If the measured energy within the bit slot at
the receiver is greater than the threshold level a 1 is deemed present. If the energy
measured is less than the threshold setting, a 0 is deemed to be present). Because of the
way that we “measure” the data, if the propagated data channel undergoes some level of
degradation, such as attenuation or dispersion (section 1.4 and section 1.6 respectively),
there may not be the required power at the receiver. When this happens a 1 will fall below
the threshold setting and will be assumed to be a O and so thus, the initial codeword will
be changed and so errors will have occurred during transmission. However, when data
propagates along any optical fibre if the peak power is too high the signal will also suffer
degradation due to nonlinear effects (section 1.7). Because of the fine balancing act,
careful consideration is required when choosing the power of codeword which is to be
transmitted. It is for this reason that throughout most transmission links there will be some
sort of device used to correct for any degradations that have occurred to the integrity of the
transmitted data. Amplification, dispersion compensation and regeneration are

commonplace.

In any optical communications system it is important to decide on the modulation format
that 1s to be used. Usually data 1s applied by applying a codeword or data pattern to an
external modulator (in some cases the laser itself can be directly modulated) which in turn
modulates a channel of pulses. The two most commonly used formats are return-to-zero
(RZ) and nonreturn-to-zero (NRZ) [4]. The RZ format occurs when each pulse,

representing a 1, is firstly shorter than the bit period and secondly its amplitude returns to
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zero before the bit period is over. On the other hand, in the NRZ format the bit slot
remains full for the entire bit period and the amplitude is not returned to zero. Throughout

this thesis, the RZ modulation format is always used.

1.4 Fibre Loss

Although dispersion and the nonlinearity in optical fibre may limit the performance of an
optical communications system, fibre loss represent yet another limiting factor. It is for
this reason that most lightwave systems use optical fibre as the transmission medium [7,
8]. The level of attenuation has dropped significantly in recent years with a level of
0.2dB/km being the norm for single mode fibre (SMF, the most commonly used

transmission fibre) operating at a transmission wavelength of 1550nm.

Under what we will call “general” conditions the average optical power, P, of a bit stream

propagating inside an optical fibre is given by:

ap _

—aP 1.6
dz ( )

where o is the attenuation coefficient. If P;, is now the power launched into a fibre of

length L, the output power, Py, can be calculated using equation 1.7.

P, =P, exp(-ol) (1.7)

out

which can be expressed in dB/km (which is the most common units used to describe

attenuation) as:
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L P

in

10 P,
a(dB/km) :—-“_logiO[ - J ( 18)

It should be noted that the loss of an optical fibre is not constant for all wavelengths, the
loss is wavelength dependant. A simple sketch depicting the loss profile is shown in

Figure 1.3.
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Figure 1.3: The loss profile of a silica based single mode fibre

The two most important loss mechanisms are material absorption and Rayleigh scattering
[9-11]. Material absorption can be split into two categories, intrinsic absorption and
extrinsic absorption. Intrinsic absorption losses correspond to absorption by the fused
silica. On the other hand extrinsic absorption is caused by the presence of materials such
as transient metal ions (Fe’*, Cu®*, Cr’* to name a few) which absorb strongly in the
wavelength range of 0.6-1.6um. However, one of the main sources of extrinsic absorption
is due to the presence of water vapour where the OH" ions, which are dissolved in the
glass, causing vibrational resonance. Rayleigh scattering arises from local microscopic
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fluctuations in density because the silica molecules move randomly when the silica is in
its molten state and then freeze in place during the fibre fabrication. These density
fluctuations lead to random variations in the refractive index. The variations are on a scale
smaller than the optical wavelength and when light is scattered in this manner it is referred

to as Rayleigh scattering.

1.5 Derivation of the nonlinear Schrodinger equation

In order to be able to study most of the nonlinear effects which occur when a short pulse
(~10ns to 10fs depending on power) propagates along a length of fibre we require a
mathematical model. The nonlinear Schrédinger equation, or NLSE, is derived from
Maxwell’s equations [12-17] and describes pulse propagation within a dispersive medium.
However, it is not prudent to perform or show a rigorous derivation in this thesis as many

versions can be found in suitable textbooks and journals [18-22].

When optical pulses propagate along optical fibre, both dispersive and nonlinear effects
occur which influence the temporal profile of the pulse as well as its associated optical

spectrum. To investigate such phenomenon we start at the basic wave equation:

1 0*E o0°P o0°P
V2 - — - Ly NL
c? ot #o ot? #o or?

(1.9)

c is the speed of light, [y 1s the permeability of free space and P and Pyy. are the linear
and nonlinear parts of the induced polarisation. It is important that at this stage we make

the following assumptions. Firstly Pyp is taken as only a small perturbation of Py, (this is
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because the nonlinear changes are fairly small). Secondly, the optical field is assumed to
maintain its polarisation along the propagation length within the optical fibre (clearly this
is unlikely to be the case as the fibre’s polarisation will change as the fibre is handled).
Finally, the optical field is assumed to be quasi-monochromatic (Aw/ @y << 1, where Aw is
the spectral width and @y the central frequency). The electric field equation is now written

as:

E(r,t)==z[E(r.t)exp(—iwyt)+cc) (1.10)

R | —

X is polarisation unit vector propagating light and c.c is complex conjugate (note, Py, and
Pni can be written in a similar way). By assuming that we have an instantaneous nonlinear
response, the molecular vibrations, or Raman effect, can be ignored (no x(3) term) and so
by applying a Fourier transform to equation 1.10 we get:

Elr.o-a,)= [E(r)explilw- a, il (L11)

—oo

which satisfies the Helmholtz equation:

~

V2E + gl@lE =0 (1.12)

ko is the wavenumber (equation 1.3) and €(w) is the dielectric constant. The dielectric

constant can be used to define refractive index, 7 , such that:

fi=n+nyE| (1.13)
nzzgn-Re 0 ) (1.14)

where n; is the nonlinear index coefficient. Equation 1.12 is now solved by using the

separation of variables method to leave:
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E(r,a)—a)o):F(x,y)ﬁ(z,a)—a)o)exp(ilb’oz) (1.15)

where A (z,w)is a slowly varying function of z and B is the propagation constant. For the
case of single mode fibre, F(x,y) corresponds to the modal distribution of the fundamental

mode within the fibre. Substituting equation 1.12 into equation 1.15 gives:

— =i[B(w)+Ap- B,]A (1.16)

Thus, each spectral component within the pulse envelope will suffer from a phase shift
who’s magnitude is both frequency and intensity dependant as it propagates. We now go
back to the time domain by taking the inverse Fourier transform of equation 1.16 where it

is useful to expand B(w) in a Taylor series about the carrier frequency oy

Blu)=p +(0-a )8+ 0-af+zlo-a ) f+..  (117)

where:

ow

s {a’"ﬂ (118)
w=a

If the spectral width, A®w << @y then the cubic and higher order terms are negligible and
can be ignored because of the quasi-monochromatic assumption that was made earlier. If
however, propagation is to be considered when the carrier frequency is close to the zero-

dispersion wavelength then third order dispersion may well need to be considered.

By substituting B(w), talking the inverse Fourier transform and evaluating AR the

propagation equation can be found:

A z,[)’zaA o
ZA=iMA A 1.1
'Blz 2 or 2 }H (1.19)
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where o, is the fibre loss, the nonlinearity is given by n, and the nonlinear parameter, Y, 18

defined by using the effective core area, Ay

(1.20)

It can therefore clearly be seen that v is dependant on the fibre parameters and than by
simply either increasing the refractive index of the fibre or decreasing the core effective
area, the nonlinearity of the fibre can be increased. In order to further simplify equation
1.19, we can make a frame of reference which moves along with the pulse at the same

group velocity, Vg, by making the transform:

T=t-—=1-f2 (1.21)

Applying this to equation 1.19 gives us a simply version of the nonlinear Schrodinger

equation (NLSE):

l.aA l0(A ﬂzaA

=15 T 2+7|A]A 0 (1.22)

The second, third and fourth term determine the effects of loss, group velocity dispersion
and the nonlinearity of the fibre [23]. For completeness, the more complex, generalised

nonlinear Schrodinger equation (GNLSE) is also included (equation 1.23):

A a, iBIA_BOA_

oz 2 2 9T 6 oT®

QMA)TA%g- (123)

There are two more equations which will become quite useful. Depending on the initial
pulse width, Ty, and peak power, Py, of a pulse, either dispersive or nonlinear effects will

dominate in propagation. Thus, two length scales are introduced, Lp, the dispersion length:
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and the nonlinear length, Lyy:
1

The dispersion length and the nonlinear length provide the length scales over which the

dispersive or nonlinear effects become important.

1.6 Dispersion

In general, the optical frequency, ®, of an electromagnetic wave will have an effect on the
response of the medium when the wave interacts with the bound electrons of the dielectric
(this is referred to as chromatic dispersion). Chromatic dispersion is related to the resonant
frequencies at which the transmission medium absorbs the electromagnetic wave through
the oscillation of the bound electrons. Thus, we can say that because of the frequency
dependence of the bound electrons, different wavelengths will actually travel at different
speeds along an optical fibre. This is clearly a significant issue as no source will be truly
monochromatic and so a large “spreading” of optical pulses after propagation along an
optical fibre can occur. This can seriously affect of a high speed optical communications
system where closely spaced pulses, 1’s, broaden and merge with one another or even fill

a 0 slot causing errors to occur in the received signal.
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Thus, the envelope of an optical pulse moves at the group velocity whilst 3, represents the
dispersion of the group velocity and is responsible for the actual pulse broadening and can

be related to the dispersion parameter, D, in the following way:

dp 27
D= = 67 1.26
dA Y/ ( )

where ng is the group index, v, is the group velocity and:
pf=—=-*% (1.27)
v

If the wavelength of the channel propagated is such that:

A<, (1.28)

the fibre is said to exhibit normal dispersion (2 > 0). In this normal-dispersion regime,
we see that the higher frequency components of the optical pulse travel slower than the
low frequency components of the same optical pulse and so either broadening or

shortening occurs. When:
A>A, (1.29)

then the fibre is said to exhibit anomalous dispersion (B2 < 0) and so the lower frequency
components travel slower than the high frequency components and again, the pulse will
either broaden or shorten, depending on the system parameters. As the pulse changes
duration, it also becomes chirped. A similar effect is seen when more than one channel
(and therefore each channel must have its own unique wavelength) is propagated along a
fibre at once. In this case, the two pulses will experience different levels of dispersion and
so will propagate at different speeds. This effect is known as walk-off and the walk-off

length, Ly, is defined by:
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Lo (1.30)

with:

dlZZﬂI(&)NﬂI(A’Z) (1.31)

A1 and A, are the centre wavelengths of the two pulses and Ty is the pulse width.

1.7 Fibre nonlinearity

The nonlinear coefficient for silica fibre is relatively low. However, because of not only
the potentially long propagation distances involved in optical communications, but also
the high peak powers which may be involved, nonlinear effects do happen (of course
sometimes we actually want them to happen, as is the case when we are trying to
purposefully shape the pulse). They can be therefore very important in optical
communication systems with one of the main nonlinear process being nonlinear refraction.
This near instantaneous effect gives rise to several different phenomena including self

phase modulation and cross phase modulation [24-26].

When an optical pulse travels through a fibre, the high intensity portions of the pulse
encounter a higher refractive index than the lower intensity portions (equation 1.18). This
intensity dependant refractive index effect is known as self phase modulation (SPM) [27-

29]. Self phase modulation occurs when L << Lp and L > Lyp (equations 1.24 and 1.25
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respectively). Here the pulse evolution will be governed by nonlinear effects and the

dispersion contribution will be negligible. Thus:

Ly Ty (132)
Ly, lﬁ%l

If the spectrum broadens without a corresponding increase in temporal width, frequency
chirping occurs with lower frequencies in the leading edge and higher frequencies in the
trailing edge. This is because the broadening of the optical spectrum generates new
frequencies within the pulse which will ultimately lead to an increase in broadening

(because of the effects of dispersion).

We can now write the normalised amplitude of the field in the following way:

. oz
Q_l_]_:f_?__lUle (133)
oz Ly

with Ly, being the nonlinear length (equation 1.25), 7y is the nonlinear parameter (equation
1.21) and o is the attenuation (the attenuation needs to be considered here as when the

pulse is attenuated, the size of the intensity dependant refractive index also decreases).

Equation 1.33 is now integrated to give:
U(L,T)=U(0,T)explig,, (L, T)] (1.34)

where U(0,T) is the field amplitude when there is zero propagation distance and:

3 (L. T)=|U (O,le[ﬁ) (135)
where:
L, :h"e_xl;(‘aL__)] (1.36)
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Thus, the nonlinear phase shift increases with fibre length, L. The effective length, Les, is
shorter than L and defines the distance over which the phase shift would occur in a loss-
less system. The effect that self phase modulation has on the frequency chirp (or

instantaneous frequency across the pulse), for a Gaussian pulse, can now be calculated to

be:

0T )= a% :—(II: )——|U o1 (137)

Cross phase modulation (XPM), however, occurs when two or more channels propagate
along the same length of optical fibre [30-35]. It is the nonlinear phase shift which is
induced by one field on to another field where the two fields have different wavelengths,
direction or even state of polarisation. The total electric field of two channels at
frequencies ®; and , propagating along the same axis and in the same direction with the

same polarisation state is given by:

E==%[E exp(-imt)+ E, exp(-im,t)+cc] (138)

NI*—‘

c.c represents the complex conjugate. We can also define the nonlinear phase shift for the

field at w,; as:

b = ko LIE| +2E,[) (1.39)

0461~ 2 Jon = 2|l 3.

which takes contributions from both SPM and XPM. If we were to now assume that if we

) (1.40)

were to have two channels, at differing wavelengths, but with identically intense optical
fields, the contribution of XPM to the overall nonlinear phase shift will be double that of

SPM [36].
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In reality it is unlikely that we can assume that two channels exist in the same polarisation
state. In order to be able to consider the case where two optical fields are orthogonally
polarised, we must first define an arbitrarily polarised optical field, equation 1.41, for an

elliptically polarised input wave.
E(r,t)= —; (RE, + SE, Jexp(—iayt)+c.c (1.41)

where Ey and E, are defined as the complex amplitudes of the orthogonal polarisation
states of the field at oy (the carrier frequency). One of the polarisation states will effect the
other, which will result in a relative change in refractive index and so the nonlinear

birefringence is given by [37]:

An_ = nz[Ex ? +§]Eyl2j (1.42)
2 2 2
An_y:n{Ey +2IE, ) (1.43)

In equations 1.42 and 1.43, the first term on the right hand side is the contribution that the
SPM makes and the second term causes XPM. This is because the nonlinear phase shift
which is acquired by one polarisation component is dependant on the intensity of the other
polarisation component. The effect of the nonlinear birefringence is therefore to change
the state of the aforementioned elliptically polarised light, which results in a nonlinear
polarisation rotation. This in turn causes a self-induced change in the polarisation of the
higher intensity section of the pulse compared to the low intensity section of the pulse and

thus, pulse shaping can occur.

If we now take the case where a Gaussian pulse is zero chirp, the dispersion induced

broadening does not depend on the sign of B, and so the pulse broadens by the same
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amount in both the normal and anomalous regime [38]. However, it is important that we
realise that the propagation of a Gaussian pulse changes once a chirp has been applied to it
[39](a pulse is said to be chirped if the carrier frequency changes with time). The initial

field can be expressed in the following way:

1+ic( )"
A(0,1)= A, exp| — (—] (1.44)
% { 2 |1,

where Ag is the peak amplitude, C is the frequency chirp (note, when C = 0 there is said to

be no chirp and the pulse is transform limited) [40], and:

1
Trwum = 2(1n z)ETo (1.45)

when m = 1, we have a chirped Gaussian pulse, as m controls the pulse shape (as m gets
larger, the pulse shape tends towards that of a rectangle with sharp leading and trailing
edges). Thus, the instantaneous frequency increases linearly from the leading edge to the
trailing edge for C > 0 (also known as up-chirp or positive chirp) yet decreases when C <
0, down-chirp (or negative chirp). When the carrier wavelength is far from the zero-

dispersion wavelength (which implies that there is negligible contribution from PB3) we

obtain:
A, (1+iC)
zt Q(Z { 2TQz)iI (1.46)
where:
Q(Z)=1+——-—~(C—Ti2)ﬂzz (1.47)
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from this we see that a Gaussian pulse remains Gaussian through propagation but its
duration, chirp and amplitude change (the change is caused by Q(z)). Note, changes in the

pulse duration are governed by the broadening factor:

L:[[H%;Z) +(—@2;-” (1.48)
TO TO 7:)

o | —

where T is the half-width.

1.8 Opitical loop mirrors and optical processing

There are several different types of optical loop mirror some of which share similar optical
switching properties, including the Mach-Zehnder and Michelson interferometer and
Sagnac loop mirror. These have many useful applications including the sensing of external
parameters such as pressure, temperature and magnetic fields [41-43]. Light can be caused
to “switch” when there is a change in the phase of the light or data propagating through
single mode fibre (in terms of sensing, the phase change is caused by the change in an
external parameter). When the power levels are large enough for nonlinear effects, such as

SPM and XPM to occur (section 1.7), a phase change occurs and light is switched.
The Sagnac loop (or interferometer) [44-47] can also be used to switch light (because of

the phase change caused by the nonlinear effects in the fibre). A single length of fibre is

folded back on itself and connected to an optical coupler to form a loop Figure 1.4 [48].
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Figure 1.4: Schematic diagram of a basic all-optical Sagnac interferometer acting as a

nonlinear optical loop mirror

The optical field enters the coupler and is split into two. The phase difference between the

two counter-propagating fields determines if the beam is to be reflected or transmitted by

the loop. If a 3dB coupler is used (also known as a 50:50 coupler as the light will be spit

evenly in two with 50% of the light propagating in either direction) then the signal is

completely reflected and the device simply acts as a perfect mirror (hence the name,

nonlinear fibre loop mirror). Thus, the transmittivity of the loop can be seen to be

dependant on the splitting ratio of the coupler. By taking the transfer matrix of a basic

optical coupler the transmitted field of the loop is found to be:

SHE 2L

where:
p=cos’(xd,)
Thus, the transmittivity of the Sagnac loop is given by:

Ty =1-2p(1- p)i+cos[(1-2p ), L]}
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This demonstrates that when p = 0.5, T equals 0 and the loop is 100% reflective because
there is no relative nonlinear phase difference between the two arms (a perfect loop
mirror). However, if the p # 0.5, the loop mirror will act differently at low powers
compared to that of high powers. As the input power, Py, increases, so does the nonlinear
effects and a phase shift is induced, caused by SPM. When there is a  phase difference
between the two arms 100% transmission occurs (no light exits from the reflected arm of
the loop):

_1-2p\ARL

1.52
(2m-1) (1:52)

where m is an integer and represents the order of the switching peak (so one would usually
assume that m = 1 as this is the case which requires the least amount of power to switch)
[49]. Because of the high peak power required to obtain T switching, we would usually
expect a short pulse to be used. However, this can lead to distortions as only the central
part of the pulse will have a large enough peak power to achieve the switching and so
pulse distortion will occur. The switching point of the loop can also be lowered by
introducing further offset or asymmetry to the loop by placing either amplification or
attenuation in one arm [50]. In the case of amplification, one side of the loop will be
amplified entering the loop whilst the other side will be amplified when exiting the loop.
Because the intensities of the fields are different throughout propagation through the loop,
the differential phase shift can be quite large. If the clockwise wave is now amplified by a

factor G and assuming complete transmission, equation 1.51 now becomes:

p =2 (1.53)

(G-l

A second channel, at a different wavelength, can now be added to the simple Sagnac loop
after the coupler, on one side of the mirror only (this is often called a control, pump or
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clock). When this happens, the control is injected into the loop mirror so that it propagates
in only one direction and through XPM (section 1.7) induces a nonlinear phase shift in
only one of the propagating waves whilst the other is unaffected. Thus, the control signal
is used to unbalance the interferometer in the same was applying gain (equation 1.53) and

so the loop can actually be made using any splitting ratio (including 0.5).

Considering a sech control pulse with:

A, (T)= Posech(—zj (1.54)
Ty
The phase shift becomes [51]:
b 6)=| 2 ) rnble -, ) (155)
with:
T
=— 1.56
T T ( )
and:
d,L
0,=—2 1.57
o= ( )

The relative phase difference is not only time dependant but its shape is also affected by
the group velocity mismatch. The walk-off (equation 1.30) between the two pulses
experiencing XPM will always be a problem resulting in low levels of XPM. This can
either be avoided by using orthogonally polarised control and data or arranging for the two
channels to experience the same group velocity (this requires careful selection of the fibres

zero dispersion wavelength). By exploiting the two different switching characteristics, self
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switching (SPM) and controlled switching (XPM), the loop mirror can be found to have

many different applications.

1.9 Regeneration

The “regeneration” of data has the potential to be very useful indeed. It has applications in
both long-haul transmission systems (for example, transatlantic links) and metro style
networks (a network which may link an entire city together). If regeneration is not used,
during transmission data will degrade (because of effects like dispersion, attenuation and
maybe even nonlinear pulse shaping) and so some alternative method to regeneration is
used. Clearly some of this can be achieved using optical amplification and dispersion
compensation. However, regeneration offers a neat single box solution to the problem

[52].

Regeneration of optical data can be achieved using a nonlinear optical loop mirror
(NOLM). 2R regeneration [53-55] occurs when data is injected into the fibre coupler of a
simple NOLM. The data is split into two paths and co and counter propagation occurs
around the loop simultaneously. It is arranged such that one side will see a different peak
power (either attenuation or amplification is used in one side of the loop to achieve this)
and so a phase shift occurs back in the coupler such that only the high powered section of
the data is transmitted and low powered reflected and so thus, zero noise suppression
occurs [section 1.8]. By taking this a stage further and adding an extra clock source,
wavelength conversion can be applied and 3R regeneration is possible. Wavelength

conversion occurs because the data pattern is effectively “mapped” onto a new clock
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source which is then used as the new data source [section 1.8] [56]. However, because the
wavelength conversion happens as a result of XPM inside the NOLM, long lengths of
nonlinear fibre are required. This leads to instability and the system becomes very
sensitive to temperature fluctuations. By replacing the nonlinear fibre with an SOA, these

instabilities can be removed and wavelength conversion is still possible [57, 58].

A slightly different technique for regeneration using a NOLM involves splitting the
problem into three separate stages. Firstly the zero noise is suppressed using the first
NOLM before a second NOLM is used to apply wavelength conversion where the data is
mapped onto the local clock source before a final third NOLM is used to suppress the zero

noise once again [59].

As well as using an SOA as the nonlinear element in a TOAD, a different and much more
compact/practical solution is to use the SOA as the nonlinear element in a Michelson
Interferometer (the Michelson Interferometer is simply a Sagnac loop that has been
“unfolded”). This approach lends itself to integration onto a “photonic chip” and so we are
left with a polarisation-independent monolithically integrated Michelson Interferometer
[60-62]. The are two main advantages to this type of device. Firstly and most importantly
is its physical size. Integrated devices are designed such that they can be packaged in
conventional style photonic packaging and are generally less than 5cm in size and only
require a couple of simple external controllers to operate. Secondly, because of their
physicality’s the devices are very stable and tolerant to extrinsic fluctuations such as
temperature or movement. These features are extremely attractive from a practical point of

view where simple integration into a network is of the up most importance.
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There are alternatives to the previous approaches. For example, electro-absorption
modulator (EAM) based devices can be used for optical regeneration. In this type of
device the EAM is used to produce wavelength conversion where the original degraded
data is mapped onto a new local clock wavelength. The data is launched, along with the
clock, into the EAM and because of the cross-absorption effect in the EAM the data
emerges at the new wavelength and is hence, regenerated. A second wavelength
conversion is then applied so that the final emitted data is back at the original wavelength
[63-66]. There is a serious limiting factor in this type of scheme and that is that the
response time of the EAM itself will ultimately govern the maximum repetition rate of the
device (although the response time of EAM’s is ever increasing, current commercial limits
are around 40Gbit/s) where as a fibre based device, such as the afore mentioned NOLM,
has the potential to operate at much higher data rates as the fundamental limiting factor is

the response time of the nonlinear silica fibre [67].

One should also note that by combining the use of an EAM and an SOA, nonreturn-to-
zero, NRZ regeneration can also be achieved. An EAM is used to convert an NRZ signal
into an RZ signal and thus the timing jitter significantly reduced. By converting back from
RZ to NRZ (using an SOA) the amplitude jitter can also be removed and the regeneration

1s complete [68].
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1.10Single or multiple channels?

There are at the moment two different schools of thought when talking about optical
communications. The first says that the more different optical wavelengths (also referred
to as channels) the better. This is a potential easy way of increasing bandwidth and
therefore the capacity of a transmission link. By choosing an appropriate level of
dispersion, WDM couplers and amplifier spacing, it is possible to maintain and balance a
transmission link (called a dispersion map) with multiple channels [69, 70]. Although this
technique increases the capacity of a system, it isn’t without its problems. Inter-channel
interactions and nonlinearities have to be compensated for and the appropriate dispersion
map chosen (as different wavelengths propagate at different speeds along the fibre). Thus,
it is not simply a case of “adding channels” when we want to increase the capacity of a
system. The second option is to concentrate on having one, single channel with an
increased repetition rates [71, 72]with laboratory experiments heading towards multi-
terabit transmission speeds [73] with the aim of practical installation as soon as possible. It
should be pointed out however, that often in order to reach these record figures, the same
techniques are often employed for single channel, as that of a multi-channel system.
However, the an alternative approach is to use such techniques as 2R/3R regenerators and
profile re-shapers in order to maintain and balance the system [74-83]. The limitation of
this technique is that it usually only used on single channel systems as each channel would
require a 3R regenerator, which potentially increases the components in a system (there
are however, some 3R regenerators that can work with more than one channel at once,
thus reducing component costs [84]). In order for optical networking to progress in the
future, all-optical networks will have to be realised [85-91]. The current trend in optical

networking is to electronic routers at each node in the network, however, this leads to
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potential bottlenecks with the need to convert from the optical domain into the electrical
domain and then back again adding large latency. The obvious solution to this problem is
to keep the signal in the optical domain. In order to do this we need both optical routers
and optical regenerators (whereby it would be possible to regenerate the signal at the same
time that it is being routed) which would increase the efficiency of the network. It is in
fact along this route that the following thesis progresses starting with a fundamental
process, all-optical timing jitter [92, 93]/phase wander reduction and then finally all-

optical 3R regeneration.

1.11Discussion

The basic theoretical and numerical considerations which govern the propagation of light,
or data, along an optical fibre have been presented within this section of the thesis. The
nonlinear Schrédinger equation was derived which resulted in the formulation of the
generalised nonlinear Schrodinger equation. Numerical analysis of nonlinear effects were
also discussed, which included self phase modulation and cross phase modulation. Finally
the way in which optical loop mirrors operate was analysed numerically. It is now
possible, with the knowledge and theoretical tools contained within this chapter, to

analyse the following simulation and experimental chapters.
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Chapter 2-  Phase wander reduction, proof of principle

using optical filters

2.1 Introduction

In this chapter we will start to investigate the principle of timing jitter and phase wander
reduction. The results contained within the following chapter were completely generated
using the commercially available computer simulation tool, VPL There is an important
distinction that needs to be made between the aforementioned timing jitter and phase
wander. Timing jitter can be thought of as the variation in temporal displacement between
adjacent bits which acts on each individual bit (the RMS noise which drives timing jitter is
incoherent). For timing jitter suppression to occur, the amount of timing jitter must be
significantly shorter than the timing window (the maximum/potential timing window is
defined by the pulse duration of the chirped clock pulse. In order for the timing
irregularities to be suppressed, the incoming data must temporally align with the chirped
clock pulse inside the NOLM. If this does not occur, the timing irregularities will remain
after propagation through the system). Alternatively, low frequency noise, phase wander,
is caused by extrinsic, non-optical variations, such as environmental variations, which
result in a physical change in say propagation distance. This results in an overall “timing
offset” of the entire train of pulses or codeword. In order for phase wander suppression to
occur the data pulses must fall somewhere inside the chirped clock pulse duration. This
means that a significantly larger amount of phase wander can be corrected for compared to

that of timing jitter.
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The speed at which light propagates along an optical fibre is dependant upon its
wavelength and as such, once the dynamic wavelength conversion has taken place, a pulse
with wavelength A, will propagate faster than that of one with wavelength A. Conversely,
a pulse at wavelength A; will propagate slower than that of one at Ap. Thus, by using an
appropriate and pre-determined amount of dispersion compensation (the dispersion
compensation module can take many forms, for example a fibre Bragg grating, FBG, or
dispersion compensating fibre, DCF) after the wavelength conversion section, the
temporal displacement will be resolved and the timing jitter or phase wander suppressed.
Because this scheme operates on a bit-by-bit level, both timing jitter (short time scale) and
phase wander (long time scale) will be suppressed simultaneously. Figure 2.2 shows a

block diagram illustrating the make up of the device.

Wavelength Dispersion
/P < conversion > compensation > O/P

With timing Without timing
jitter/phase wander jitter/phase wander
Figure 2.2: Block diagram demonstrating the principle of operation of the jitter

reduction/phase wander suppression scheme

In the previously discussed scheme, it was shown that the jitter reduction system, in its
simplest form, can be thought of a simple wavelength conversion scheme followed by a
dispersion compensation module. Thus, it should be possible to re-create the effect of
optical sampling by using a system of filters (this will replace the need to simulate the
more complicated optical sampling function). Here we take the already generated linearly
chirped clock pulse and use an optical filter to “slice out” a specific section of the chirped
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pulse. The discrete frequency, Af,, is then assigned a discrete optical timing delay, AT,
ensuring that each frequency has a unique timing delay. As long as both Af and At have
uniform independent increments, we can assume that this is analogous to the previously
described system. The outputs are then re-combined together and propagated through a
dispersion compensation module. Providing that the dispersion is chosen appropriately,
the variation in timing displacement caused by the optical timing delays can be removed
(it should be noted here again that there should be no confusion when talking about the
dispersion compensation. The sign of the dispersion compensation needs to compensate
for the variation in sampled frequency, in reality this means that if we change the sign of
the chirped pulse, we need to change the sign if the dispersion slope in the dispersion

compensation module) this principle is illustrated in Figure 2.3.

Af 1 AT
Chirp Af AT Dispersion
generation compensation » O/P
Af3 A"C}
Afa, ATy

Figure 2.3: Schematic illustrating basic principle of the jitter suppression scheme. The

filtering section replaces the optical AND gate

In order for timing jitter reduction to work correctly, it is important that we actually have
as temporally “square” a clock pulse as possible. This is simply because if the pulse is not
square in time (for example, if it were Gaussian), although wavelength conversion would
still be possible, any timing jitter would be converted into amplitude jitter. We can now

look at the case where we have a Gaussian shaped, locally generated, linearly chirped
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2.2 Chirp Pulse Generation

The first thing to be considered is “how do we actually generate the desired linearly
chirped, locally generated optical clock pulse?” There are several possible ways of
achieving this, for example, a split contact distributed feedback (DFB) laser, could be
used. However, this requires careful fabrication in order to achieve the desired properties
and achieving a linear chirp can be especially difficult. Fibre Bragg gratings, FBG’s, can
also be used but the same problems as before may be encountered [97]. One could also use
a semiconductor optical amplifier, SOA [98], to generate the linear chirp, but this dynamic
component will then require an external power source. In this thesis we will concentrate
on another method, that of using a length of nonlinear fibre to generate the linearly
chirped clock pulse. By propagating a high peak powered optical pulse (the initial optical
pulse used throughout this thesis will either be a Gaussian or Hyperbolic Secant, whose
peak power can be increased by shortening the duration of the pulse) along nonlinear
fibre. Through the effects of SPM (chapter 1.7) the pulse changes temporal profile and a
chirp 1s developed [99]. The amount of broadening and chirp can be controlled by either
changing the peak power of the initial pulse, or by changing the length of the nonlinear
fibre, thereby changing the overall propagation length. This principle is demonstrated by
simulating an input pulse propagating through a 1km length of Sumitomo nonlinear fibre
(the parameters of which can be found in Appendix C). In order to maintain consistency,
the initial power of the Gaussian pulse was kept constant throughout the simulation and
then passed through an erbium doped amplifier, EDFA, which was immediately filtered in
order to remove the amplified spontaneous emission, ASE. This was then propagated
along the aforementioned nonlinear fibre and the output filtered before going into both a

sampling oscilloscope and an optical spectrum analyser, OSA. A basic schematic diagram
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Thus, the properties of the chirped pulse can be controlled by either increasing the incident
power to the fibre, increasing the length of the nonlinear fibre or by changing the
nonlinearity of the fibre. By tailoring these factors, we can control the generation of the

chirped pulse.

2.3 Optical filtering to demonstrate the principle of operation

We can now verify the basic principle of operation by again, using the VPI simulation
tool. We take the previously generated linearly chirped pulse (section 2.2) of 18.60ps
duration and split the output into five equal paths (note, a conventional optical splitter was
not used here, instead an optical node was used which makes four identical copies of the
signal without any loss in optical power or added timing delay). The first sampled pulse,
Afy, 1s then propagated along a short length of “perfect” optical fibre (we define the perfect
optical fibre as one where there is no attenuation or dispersion, thus, we don’t have to take
any of these potentially adverse effects). We will define the f; as the “start” of our phase
wander, AT;=0.00ps. Each additional frequency will be offset in time from this first

sample. Thus, each new frequency has an additional 2.88ps of timing delay added thus,

A1, =0
(2.2)
AT, =AT +x
Thus;
AT, =AT,_ +x (2.3)

where x = determined time constant.
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2.4 Discussion

Several things have been demonstrated during this chapter. Firstly, the basic principle of
operation has been explained. An explanation of how the system would work and why was
discussed. Secondly, it was shown that by careful and precise considerations, a linearly
chirped clock pulse could be generated by propagating a short, high powered Gaussian
pulse along a length on nonlinear fibre. Not only can the slope of the chirped pulse be
controlled, but also the temporal profile. It was clearly difficult to obtain a perfectly

square temporal profile which would be the ideal.

An analogy to the sampling properties of an optical AND gate was also formulated and
demonstrated. By using a simple optical filter to “slice out” a specific portion of the
chirped clock pulse discrete wavelengths can be generated. These were then propagated
through a dispersion compensating module (standard single mode fibre in this case) where
it was shown that the applied phase wander could be reduced. This proved to be a useful
tool in determining the feasibility of the proposed scheme without having to simulate a

complete optical loop mirror.
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Chapter 3- Phase wander reduction using a NOLM

3.1 Introduction

In the previous chapter we demonstrated the “basic principle of operation” using the
optical communication and network modelling tool VPI. However, in the previous chapter
an analogy was used to demonstrate the principle. Simple optical filtering generated the
wavelength shift and then dispersion compensation was used to remove the phase wander
that had been applied at the input. In this chapter it will be shown that a nonlinear optical
loop mirror (NOLM) can be simulated in the VPI and then used to apply wavelength shift
to a data source which contains phase wander [100-102]. Not only can we use VPI to
model the NOLM, it can also be used to show that applied phase wander can be removed
from a data channel by compensating for the applied wavelength shift using dispersion
compensation. This means that we can fully simulate the timing jitter/phase wander
reduction scheme. The results contained within the following chapter were entirely

obtained using computer simulation.

3.2 Self-Switching Characteristics of a Nonlinear Optical Loop
Mirror

Using computer simulation to model a nonlinear optical loop mirror (NOLM) is not
trivial. One would assume that in order to simulate the effects of a NOLM one would need
to be able to backward-propagate optical signals through a fibre whilst at the same time,

along the same piece of optical fibre, have forward propagation. This is simply not
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By varying the input power of the data source that is to be propagated through the system
and measuring the output power produced at both arms of the NOLM (reflection and
transmission), the self-switching characteristic of the NOLM can be obtained. For the
NOLM to be able to switch, the two arms (forward and backward propagation) need to be
unbalanced. This can be achieved by either changing the coupling factor of the NOLM
(i.e. the splitting ration of the input coupler) or unbalancing one side of the NOLM by
adding either attenuation or amplification. The maximum achievable extinction ratio is
reached with a 50:50 coupling ratio (0.5) and so it is usually more desirable to unbalance
the loop whilst maintaining a 50:50 split. Amplification may seem like the obvious choice,
by adding amplification we can increase the output power of the NOLM. However, this
will add unwanted ASE into the system. It is for this reason that attenuation has been
chosen. By varying the level of attenuation, the NOLM is manipulated to be more
unbalanced. The more unbalanced the loop, the lower the level of input power required to
achieve m switching, Figure 3.3 and Figure 3.4. We also see that as the loop becomes more

and more unbalanced, the extinction ratio also increases.
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arm for the second half of the timing window. Thus, the centre of this, 75ps, is chosen as

the ideal point which will produce the best results.

With At = 75ps and the control peak power at 38W peak power (equivalent to 4.05W of
average power) the effect that the control pulse has on the output of the transmission arm
of the loop was investigated. By applying a 4-bit word (we will use the following data
pattern, 0111) to the data, in the absence of a control pulse) there 1s almost no output
(Figure 3.12. However, a small amount of the original data does “leak through”. This is
due to the extinction ratio of the NOLM. The extinction ratio can be increased (which
would decrease the level of leak through) by increasing the offset of the loop (in this
particular case this would require increasing the attenuation on one side of the loop).
However, for the purposes of this experiment, a small amount of leak through is of no
consequence. Comparing now with Figure 3.11, with the addition of a control pulse, the
output on the same transmission arm shows the original 0111 4-bit word. As before, we
obtain a decent extinction ration between a ‘0’ and ‘1’ which could be further improved by

increasing the attenuation in the aforementioned NOLM.

From this we can conclude that unless there 1s a control pulse of required power incident
to the NOLM at the correct timing displacement, the loop will produce no output on the
transmission arm. This property makes the NOLM particularly useful, by manipulating the
control pulse it is possible to “turn on or off” the data. This functionality is analogous to

an electronic AND gate or transistor.
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3.4 Wavelength conversion using a nonlinear optical loop mirror

In the previous section, the data was only transmitted when there was a control pulse
present. Optical filtering was employed to remove the control pulse at the output and the
original data was allowed to propagate. However, if the data and control are swapped
around (so that the control, or clock is incident on the “main” input to the NOLM) then the
optical filters can be used to eliminate the data pulse and the so only the original clock
wavelength is allowed to propagate (instead of the data). Because the NOLM acts like an
AND gate, now the clock will only be transmitted when there is data present and so the
pattern of the data is effectively “mapped” onto the clock [103]. Thus, a completely “new”
copy of the data, but at the original clock wavelength, is transmitted. This principal is
illustrated in Figure 3.12, the data power was increased for a fixed timing offset and the
output produced at both the reflection and transmission arm measured. The NOLM
configuration was changed slightly in order to achieve all of the following results. The
SMF inside the NOLM was replaced with lkm of nonlinear fibre whose properties are

based on commercially available nonlinear fibre from Sumitomo.
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Figure 3.16: With a chirped clock pulse, XPM still occurs and maximum output on the

transmission arm of the NOLM occurs at 32ps

At the same time, the frequency or wavelength shift that is produced at the transmission
arm of the loop was measured and the results shown in Figure 3.17. It can be seen that for
a change in optical timing delay, At, the wavelength that is produced at the output of the
loop changes. Although it is not shown in the following graph, the relationship is not
linear at the very extremities of the clock pulse. Beyond the clock pulse, no wavelength

conversion occurs at all.

-89 -





















Here we find that the increase in FWHM implies that up to 28ps, an increase of 8ps, of
phase wander can now be reduced, but at the expense of amplitude jitter, to 0.49ps. This
demonstrates how the chirped clock pulse duration determines the level of phase wander
that can be effectively reduced. Clearly there is a limit, as previously discussed, it is
imperative that adjacent clock pulses do not overlap. If this happens, errors will be

generated when the sampling falls at the extremities of the chirped clock pulse.

3.6 3R regeneration using Nonlinear Optical Loop Mirror

It now has been shown that phase wander can be reduced using the principle of
wavelength conversion (section 3.5). However, if we extend a slight modification to the
previous model, full 3R regeneration can be achieved. In the previous section the phase
wander was reduced (all be it at the expense of amplitude jitter). However, as the system
relies on wavelength conversion to achieve the desired phase wander reduction, it should
be obvious that each section of data, after phase wander compensation, will have its own
unique wavelength (if timing jitter were compensated for, each individual successive bit
would have its own unique wavelength). This problem is not an issue if the device were to
be used as say, an all-optical clock recovery unit at the end of a transmission link.
However, the system could not be placed inside a transmission link as propagation after
the said system would re-introduce any timing irregularities that had been compensated
for (due to the effects of dispersion, propagation of light at different wavelengths travel at
different speeds). Thus, in order for further propagation to occur, the corrected data must

all be at the same wavelength. If this occurs, 3R regeneration will have been achieved.
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wavelength needs to be altered. This device iézlzsg as several potential uses in all optical

metro style networks. Placing such a device at a node in say a local area netWQrk (LAN)
would only allow for very specific wavelength conversion to occur whilst si'multan@ous

regenerating the signal.

In reality we can conclude that the level of phasé wander produced at the output can only

ever be as small as the phase wander that produced by either of the clock sources. Of

only slightly less than 1.00ps was because of compromises in the reso
computer simulation. Both the amount of samples contained within the simulations and
the level of dispersion compensation could have been increased. However. this increase

was considered unnecessary as it would have greatly increased simulation time.

It should be noted that as it is not possible to apply timing jitter to an optical source in-
VPI, timing jitter reduction has not been investigated. However, it is clear that this scheme

would be able to compensate for applied timing jitter.




Chapter 4- BER siemul'ai'i.c‘ns;'

4.1 Introduction

In the previous chapter it was shown that byusmg ::z/i nomigea;r‘;oplticayl loop mirror‘
(NOLM) to sample a linearly chirped, locally generétea:';i;;i; pulse, phase wander could
be reduced from an incoming data stream. This is an imp/rovemc;rﬁ/over chapter 2 where
an optical filtering technique was used as an analogy to demonstrate the principle of
operation. It was also shown that by adding an almost identical second stage to the device,
3R regeneration could be achieved. This rather simple addition to the scheme increases the
flexibility of the device as all-optical 3R regeneration is undoubtedly more useful.

However, to date we have assumed the system works correctly by visually comparing an

input codeword with that if the output codeword produced at the ierid;ﬁpf the system (Figure
3.11 and Figure 3.14). This now needs to be taken a stép further and bit-error-rates

(BER’s) need to be measured.

It is at this stage that we run into a slight problem. It would have been desirable to use the -

previous NOLM configuration and add a photo-detector and BERT at the output.
However, in order to obtain a “sensible” BER measurement, the time window that the
simulation runs over has to be dramatically increased. Previously most of the basic
simulations were only ran over 4 bits, only increasing wh¢n the input codeword and output
codeword needed to be compared. When carrying out BER measurements the time
window needs to be increased by 16 times at the very least. Of course, if the simulation is
ran with a longer time window, the amount of samples taken needs to be increased

appropriately (if we have too few samples the integrity of the pulses breaks down and
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significant errors occur). All of this leads to

multiple parameter sweeps will be rieédq’d , : ;1lowing chapter. Thuéf,’ ‘; the
configuration of the system has changed slighth; (thls d(ﬂ)es;hotféfifcfct- the way in which the
system works or the validity of the results). By adding lérigtzhs; of SMF inside the loop, the
point at which 7 switching occurs decreases. A decreasrerin requiréa: switching power will
decrease the simulation time (it is the massive input peak powers of the previously

chapters which caused such long simulation time) and so a manageable compromise can

be reached, the results of which are shown in the following section.

The results that are shown in the following chapter were achieved entirely using VPI.

4.2 Basic operation of the new NOLM

As previously stated, the system has to be changed slightly so that the simulation time is
manageable. These small changes do not affect the idea behind the system or the principle
of operation. Figure 4.1 shows the configuration used to produce the following results.
There are two new and identical receiver sections used to simultaneously measure the
BER of firstly the back-to-back signal of the original data and secondly, the output signal
of the timing jitter and phase wander reduction scheme (the back-to-back signal is used as

a benchmark and to provide a comparison to the output of the system).

- 110 -




Back-to-back =
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Figure 4.1: New schematic of timing jitter and phase wander suppression scheme.
Included is the 50m of SMF which provides the nonlinear elements offset within the

NOLM

Both the self-switching curves (where the clock power is increased without the presence
of data in the NOLM), for firstly the reflection arm of the NOLM and secondly
transmission are of the NOLM are shown in Figure 4.2 and Figure 4.3 respectively. Here
we see how increasing the length of SMF inside the loop changes the switching
characteristic of the NOLM. The increase in length of fibre effectively controls the offset
of the nonlinear element (in this case the same 1km length of nonlinear fibre that has been
previously used) inside the loop. Thus, the longer the length of fibre, the greater the offset

and the lower the switching power is required to achieve 7 switching.
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4.3 Error free operation

Now that it has been demonstrated that the new NOLM behaves in a sensible manner, it is
time to carry out some BER measurements. Firstly the BER is measured out of the system
as a function of BER delay (because there is no clock recovery is used in the simulation a
timing offset, or BER delay, is applied in order for the data to arrive at the BERT at the
appropriate time). This is achieved by connecting the output of the system (note, at this
stage no phase wander or timing jitter is present on the original data and so it can therefore
be considered that we have a “perfect” source) to the “BER receiver”. The receiver
consists of an optical delay unit (which is used to add optical timing delay, Atger) along
with an optical filter (which has a Gaussian profile). A photo detector then converts the
signal from the optical domain into the electrical domain and is then followed by an
electrical filter (the electrical filter is used to broaden the “eye” and has a bandwidth of
70% of the bit rate, so for a 10Gbit/s signal, the filter would have a bandwidth of 7GHz).
One of the uses of this system would negate the need for an electrical clock recovery unit
which is used to lock the original data to the BERT. If no electrical clock recovery is used,
we must manually find the start of the data pattern in order to measure and BER’s. Here
we effectively remove the latency time that has occurred thus far by propagation through
the system. As the data propagates through the phase wander reduction scheme it will
encounter a certain relative timing delay which needs to be removed before BER
measurements occur. This is vital as if we do not do this, BER measurements will be

impossible as the BERT will not know where the start of the codeword or data pattern is.
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Thus, we can assume from the previous result that although the FWHM of the back-to-
back signal and that out of the system may be slightly different, this should not have a
detrimental effect when we are testing the validity of the system. However, the variance in

peak power will still affect the results.

Throughout this chapter a 7GHz low-pass filter has been used in the BER receiver section
of the model. The low-pass filter is used to broaden the pulse after the photo-diode but
before the BERT. This would usually give a “better” BER (more tolerance to timing
irregularities). However, if we compare the BER tolerance to applied phase wander for the
back-to-back signal with that of the BER signal out of the system the opposite to what one
might expect occurs (we always try and maintain that for both signals the average received
power will be the same). There is actually more tolerances to phase wander when the
system 1is not used (clearly this is less than ideal!). The reason for this is simple; it is an
artefact of VPI (the simulation tool used throughout this thesis). Even without the use of
electrical clock recovery, VPI always tries and measures the BER at the centre of each bit.
Because the 7GHz low-pass filter broadens the eye by so much, we obtain an unusually
high BER. Although the BER out of the system is also improved, the BER of the back-to-
back signal will be better than that out of the system. By removing the aforementioned

7GHz filter the opposite occurs, this is illustrated below.

In the same manner as before the back-to-back signal and that out of the phase wander
reduction system are compared. When doing the comparisons the same average received
power (at the BERT module) is maintained throughout. This is achieved by starting with a
single, constant data source and splitting it into two channels (the same basic model as

Figure 4.1) where the two channels power can be independently controlled at the receiver
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In the same way, the output of the phase wander reduction system is measured. Here we
see that the level of received power required to achieve error free operation is much le\s’s’
than before. Now we only require the average received power to be greater than
0.0028mW in order to achieve error free operation (a decrease in received power of
0.0091mW). Another very important feature of this channel is that there is significantly
less influence on the BER as phase wander is applied. For lower levels of applied phase
wander, between -1.5ps and +1.5ps, there is virtually no effect at all on the BER. This
demonstrates that the phase wander reduction system removes some of the detrimental
effects associated with the said, applied phase wander. Taking this a step further, although
the received power drops slightly, the bigger range of -3ps to +3ps only has a small effect
on the BER with extra plots almost falling on top of one another (decrease in received
power is due to the profile of the chirped clock pulse. With a more temporally “square”
profile, this difference would be eliminated). Thus, propagation through the system

improves the BER and tolerance to applied phase wander.

A further example of the limitation of the back-to-back signal Figure 4.14 compared to
that after propagation through the system. Whilst the BER is being measured, it is possible
to also view the eye diagram that is produced (this is again, without any filtering in the

BER section), Figure 4.14 and Figure 4.15 respectively.
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Figure 4.14: Without the 7GHz low-pass filter in the BER receiver section the eye

diagram produced is almost completely closed
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Figure 4.15: After propagation through the phase wander reduction system, the eye is open

and the peak power increased significantly
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Using the shorted chirped clock pulse (generated from an initial 2W of peak power) as the
source we can clearly see why it is impossible for the back-to-back signal to achieve an
error free signal. The two eye diagrams shown are for when there is no phase wander on
the input data source, ATqaa = Ops, the point at which the “best” or “most open” eye should
be produced. Even with this ideal condition, the back-to-back channel contains high levels
of noise, low peak output power and the eye is very closed. The output that is produced
when the same data source has been propagated through the system is significantly
improved. We see a good open eye (Figure 4.15), all be it a very short eye, which has only
a small amount of noise. It is for this reason that we can achieve better than error free
operation (where we have defined “error free” as having a bit error rate of 10'9) but only

for a small amount of phase wander, a total of 6ps can be compensated for).

By adding a 7GHz filter to the BER section (this can be done either during the simulation
by actually adding a component to the model, as before, or by applying a filter post
simulation, this case) we see that the two eye diagrams that are produced, again with no
phase wander added to the data source, are almost identical (Figure 4.16 and Figure 4.17

respectively).
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Figure 4.16: By adding the 7GHz filter to the BERT, the back-to-back channel the eye is

dramatically opened

l

The eye is opened even
further with the
addition of the filter

— s
AN

[ S R N CA N> TR e I V]

1e?

1
o

1
N

100 110 120 130 140 150 160 170 180 190 200
Time (ps)

Figure 4.17: The eye produced after propagation through the system is almost identical to

that of the back-to-back channel
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assume that if the chirped clock duration was to be increased even further, the system
would become yet more tolerant to phase wander (assuming that the chirped clock pulse is

not so big that it overlaps with the next adjacent pulse).

20 = Open'eye, samelas
18 Figure 4.17
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Time (ps)
Figure 4.20: Increasing the chirped cock duration has no effect on the open eye when it is

broadened by a 7GHz filter

As a comparison, looking at the eye diagram that is produced when there is the broader
chirped clock pulse (and with the inclusion of the 7GHz low-pass filter) we see that the
there is little or no difference compared with the previous, shorter chirped clock source.

This is due to the effects of the 7GHz low-pass filter.
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4.4 Error free operation using the 3R regenerator

Although it has been shown that the phase wander reduction scheme can operate error free
and in fact improve the quality of the signal whilst increasing the tolerance to timing
irregularities, the 3R regenerator from section 3.6 has not yet been tested for error free
operation. It is important at this stage to show that the 3R regenerator can operate error
free as otherwise there would have been little point in demonstrating its functionality.
Thus, we firstly look at the tolerance to phase wander (in the same way in which the single
stage phase wander reduction scheme was tested. Remember that this device is different
from before in that it actually has 2, almost identical stages to the device. Stage 1 corrects
for the applied timing irregularities using wavelength conversion before stage 2 converts
the signal back into the original wavelength). Phase wander was applied to the data source
and the received power and BER measured for both the back-to-back channel and the
channel propagated through the phase wander reduction scheme. The results are shown in

Figure 4.21.

(Note, whilst testing the 3R regenerator, the data source used had a FWHM of 10ps, this is
different to previous BER simulations where the data source had a FWHM of 3ps. It
should also be noted that the 7GHz low-pass filter was turned off throughout the 3R

regenerator BER testing).
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Figure 4.24 reveals that less average received power is required to achieve error-free
operation when the data is propagated through the 3R system, compared with the back-to-
back channel (it should be noted again, that the “new” data produced by the 3R
regenerator is at the same wavelength as the original data). The effect of the phase wander
on the BER curve is also reduced because the BER curves are more tightly grouped
together. From this we can imply that there is an increase in tolerance to phase wander (in

much the same way as the single stage system did).

4.5 Dependency of BER on time window and resolution

It is important to realise that in the previous sections of this chapter, when we use VPI to
calculate the Q of a system, or in fact the BER of a system (the BER is inferred from the
calculated Q value), the importance that the global parameters have on the obtained
results. Although the global parameters will effect such results as the average output
power of channel (both back-to-back and out of either the single or dual stage system) the
greatest discrepancy will be in the measurement of the Q. This variation is shown in
Figure 4.25 where the dual stage 3R regenerator is used. The “time window” of the
simulation is varied from 0.8ns to 102.4ns whilst all local parameters of the simulation

remain constant.

The first point to make when looking at the following results is that we are unable to
measure the Q when the time window is below 400ps. This is because VPI only uses one
symbol to try and estimate the Q and BER and so fails to produce a result (because we are

using a PRBS code word, in this case, only one bit is generated. Thus, it is possible in
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ensuring this level of consistency we can always compare two channels whilst maintaining

the integrity of the simulation.

However, when the simulation time is increased, we need to be aware that we actually
have enough “samples” in the simulation to cope with the bigger time window. Because
the amount of samples is always fixed, it is important that we start with enough that if the
timing window is increased, it won’t be a problem. If there are not enough samples in the
simulation, erroneous results will be obtained and the integrity of the pulses will break

down, this is illustrated in Figure 4.26.
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Figure 4.26: If the simulation has too few samples then the temporal profile of the clock is

changed and the measured Q will be effected dramatically
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Figure 4.27: By ensuring that the simulation has enough samples, the clock’s temporal

profile is maintained

In Figure 4.26, the temporal profile of the chirped clock changes. We are always trying to
strive for a temporally square profile, this is clearly not obtained here. If the amount of
samples used is increased, Figure 4.27, we obtain the chirped clock profile that we would
have expected, given the input parameters. This change is also reflected in the measured
Q. When there are too few samples Figure 4.26, the measured Q out of the single stage
device is 2.82 where as when there are more samples taken Figure 4.27, the Q is measured
at 12.57. This illustrates the need for ensuring that enough samples are used in the

simulations.
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4.6 Discussion

The primary function of this chapter was to try and demonstrate that within the confines of
the VPI simulation tool, error free operation (error free was defined as 1 in 10° errors or
better) can be achieved using the previously discussed timing jitter and phase wander
reduction scheme. Prior to this chapter, both the functionality and the principle of
operation had been discussed, however, we still needed to demonstrate that under certain
conditions error free operation could be achieved. Thus, simultaneously phase wander is
reduced (in exactly the same manner as earlier chapters) whilst maintaining error free

operation.

A large degree of care needs to be taken when using the simulation tool to evaluate bit-
error-rates. It is vital that enough samples are taken in order to achieve an “accurate”
measurement. However, the simulation time increases as the amount of samples increases
and so we quickly arrive at a stage where the simulation is simply unmanageable and
impractical because of the length of actual time the simulation will take. It is for this
reason alone that certain compromises were taken when obtaining the BER results.
Because the simulations are simply used to prove the principle and the exact numbers
produced are not relevant, this does not affect the usefulness of this chapter. However, it
should be noted that whenever two results have been directly compared, the simulation
parameters for both sets of results were the exactly the same (for example the amount of
samples or size of timing window). This enables us to directly and accurately compare

results.

The initial goal of this chapter has been successfully achieved. It was shown that the

“simple” single stage timing jitter and phase wander reduction system could operate error
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free whist compensating for applied timing irregularities (phase wander. Although
previously it may have seemed that relatively large amounts of phase wander could be
compensated for, here it has been shown that the tolerance to the effect of phase wander is
smaller than one might have expected. There is little or no point implementing a system
that can not operate error free, so this test is vital and shows us the true level of useful
phase wander that can be compensated for. Under the conditions outlined in this chapter a
maximum of 8ps of phase wander could be corrected for whilst satisfying the error free
criteria. It was also shown how the FWHM of the locally generated chirped clock source
effectively determines the level of phase wander that can be compensated for. Thus,
increasing the FWHM of the clock further would increase the error free timing window
further. It was also shown that the temporal profile of the chirped clock has an effect on
the BER as well. This is simply because the profile of the clock determines the average
output power that will be received at the BERT, which in turn determines the BER that is
measured. It was finally shown that by propagating the data channel through the phase
wander reduction system the BER curves are very similar when there is only a small
amount of phase wander (with an increase in chirped clock duration this level would also
increase). This is an important improvement over the back-to-back channel (not
propagated through the system) again, demonstration the advantage of using the said,

phase wander reduction system in the first place.

Although it had been shown that the single stage phase wander reduction system could
operate error free, it was still necessary to repeat the same measurements using the more
complicated 2-stage, 3R regenerator. Thus, through BER measurements (simulations) we

were able to show that the 3R regenerator could also compensate for applied phase wander
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whilst maintaining error free and importantly (for this device) maintain the wavelength of

the original incoming data.

It should also be mentioned here that all of the BER measurements that have been
calculated in this chapter are of course subject to the receiver settings that were used. One
can argue that the exact settings are irrelevant and that provided that the settings are
consistent throughout all of the simulations (which is the case in all of this thesis) there is
no problem. By changing say the sensitivity of the photodiode in the receiver we would no
doubt have been able to increase the error free timing window available for both the one
and two stage device. However, this would have also improved the results obtained from
the back-to-back channel and so there would have been no net increase in performance for
the two comparisons. Thus, for this reason at the start of this chapter parameters were

chosen and they have remained constant throughout.

The effects of changing some global parameters were also examined in this chapter. It was
shown that care needs to be taken when deciding how big the simulation time window
should be. By increasing the simulation time window more samples can be used to
calculate the Q and in turn the BER of a specific channel giving us a more “accurate”
result. However, simulation run-time increases linearly and we easily find simulations
taking an unmanageable amount of time. One also needs to consider the amount of
samples taken as well. It is imperative that there are sufficient samples in the simulation to

accommodate for the chosen time window.

Throughout the simulation chapters of this thesis there has been the problem of not being

able to simulate timing jitter and this chapter suffers from the same problem. Because of

- 142 -



this limitation, it was not possible to measure the BER with respect to applied timing jitter.
However, it is important to remember that this is a limitation of the simulation tool used,

not the principles being tested.
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Chapter 5 - Laboratory experiments

5.1 Introduction

Until this juncture in the thesis, the results have been largely based on either numerical
modelling techniques or achieved using computer simulations. In the following chapter
the author will demonstrate, in a purely laboratory environment, some of the principles of
the proceeding chapters. It is vitally important to show that both the previously discussed
“principle of operation” actually physically works and that we confirm the validity of
some of the techniques that have been discovered and tested with the use of computer
simulations. It will also be shown that the timing jitter/phase wander reduction system can

be fabricated inside the laboratory whilst simultaneously operating error free.

Chapter 5 starts by constructing the all-optical timing jitter and phase wander reduction
scheme in the laboratory. The basic experiment is based on the simulations from chapter 3
and the experimental set-up mirrors that of Figure 3.7. We will then explore what happens
when with different sources operating at different repetition rates (this differs for the
simulation sections of the thesis where all of the sources used are ideal and perfect) before
finally moving onto full 3R regeneration (this technique was proved to be viable in section
3.7). All of the principles used within this section have been previously discussed and
demonstrated in the preceding simulation chapters. The same “principle of operation”
applies, the data undergoes dynamic wavelength conversion by optically sampling a
linearly chirped clock pulse (where a wavelength is assigned depending on the relative

timing displacement between the data and the clock). The new data is then propagated
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through a dispersion compensation module (in this case SMF) where an appropriate level

of dispersion is applied and the timing irregularity is removed.

A full investigation into the characterisation of the NOLM and a more detailed analysis of
the chirp generation principles are contained within a Masters thesis [104]. The laboratory

results in this section assume the characterisations found within the Masters thesis.

5.2 All-optical jitter suppression using one GS-DFB and one

actively mode locked fibre laser

In the following section a GS-DFB was used as the “data” source for the experiment. The
laser had a central wavelength of 1553nm and an actively mode locked laser operating
1538nm was used as the clock source. The clock source was then propagated through the
2.2km of nonlinear fibre (this is the Sumitomo nonlinear fibre that some of the simulations
were based upon, the parameters of which can be found in Appendix C) to generate the
chirped clock pulse. As previously discussed (section 2.2) we can control the parameters
of the chirped clock pulse by careful control of the input power and pulse duration (in the
following instances the fibre length and properties will not be changed, as they were in
some of the simulations, and the initial pulse duration will also be kept constant). The
actively mode locked laser provided a short, Gaussian pulse of <4ps FWHM which was
used for the chirp generation (because of the high peak power that the short pulse duration
provides). The clock pulse was then amplified by means of an EDFA and then optical

filtered using a tuneable FBG filter (it is important to remove the ASE from the EDFA



before propagation through the nonlinear fibre) and was then propagated through the said
nonlinear fibre. Due to the effects of SPM (as discussed in chapter 1) this arrangement

will produce the required nominally square, linearly chirped clock pulse.

In order for jitter suppression and phase wander reduction to occur, we firstly need to
know how to compress the clock pulse down to as short a duration as possible (as this will
determine the minimum amount of jitter that will be produced at the end of the system).
Because the chirped pulse was generated in the normal regime (chapter 1) pulse
compression will occur after propagation through standard fibre, SMF (it is important to
realise that if the chirp had the opposite sign, i.e. was anomalous, then propagation
through DCF would have the same result, pulse compression). As pulse compression
needs to occur at the end of the system, the now chirped clock pulse (as it has already
propagated through the 2.2km of Sumitomo nonlinear fibre) is propagated through the
NOLM (which is biased to transmission. The bias of the NOLM is achieved by
manipulating the polarisation controllers so that a maximum output power occurs at the
transmission arm of the NOLM) and then through changing lengths of SMF. The basic

experimental arrangement is shown in Figure 5.1.
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Figure 5.1: schematic of the timing jitter/phase wander reduction scheme utilising a

nonlinear loop mirror which is used to perform the “and gate” function

At this point there is no need to actually have any “data” present in the NOLM, it has been
included in the previous schematic just for completeness. The optical filters (used to filter
off either ASE, if placed after an EDFA, or used to filter off any unwanted channels) are
left in the system just ensure that they don’t have any adverse effects on the results. A

graph of the results was produced (Figure 5.2).
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Figure 5.2: By changing the length of SMF we effectively change the level of dispersion

compensation and therefore can find the minimum obtainable pulse duration

As one would expect, as we add more dispersion (which has the opposite sign to that of
the chirped pulse), the output pulse duration approaches a minimum and then broadens
again. This shows that with an SMF length of 200m we are able to obtain a minimum

pulse duration of 0.95ps.

The GS-DFB, used as the data source, was nominally tuneable (it is possible to control the
wavelength that is produced from the GS-DFB by simultaneously manipulating both the
drive current of the device and its operating temperature). The actual wavelength of the
data source is not particularly important so long as it is sufficiently higher in wavelength
than the chirped clock pulse and is kept constant throughout the experiment. For this
particular case the GS-DFB was set to have a wavelength of 1553nm. “Data” was applied

to the GS-DFB by propagation through an electro-absorption modulator, EAM, which was
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connected to a pattern generator (we are able to control the pattern placed on the pattern

generator and therefore the pattern of the EAM and on the subsequent produced data).

It 1s important to note at this point that as the total fibre length of the overall system has
now reached in excess of 3km (2.2 km of fibre was used for the chirped pulse generation
and an additional 1km for the nonlinear fibre was used in the NOLM, which provided the
nonlinear element to the device. As well, we have to remember that there are also further
lengths of SMF used for dispersion compensation. Finally we should also note that we
have short lengths of SMF which are used as patch cords). Because of this, the system has
become inherently unstable. Due to the ambient temperature surrounding the system
randomly fluctuating the fibre either expands (as the temperature increases) or contracts
(as the temperature decreases) thus, we have a constantly changing overall propagation
length (this is also known as extrinsic fluctuations). The extent of the problem is
HUlustrated in Figure 5.3 where a sampling oscilloscope has been allowed to capture
1,000,000 samples (which equates to a capture time of ~30seconds). The output is taken
out of the transmission arm of the NOLM and the NOLM is biased so that the chirped

clock pulse it as at a maximum output power (no data was applied to the system).

It is clear from the temporal profile shown on the sampling oscilloscope that this random
“drift” is clearly going to be a problem. The problem will become most apparent when
trying to take BER measurements. Problems will also be encountered when trying to
actually measure the output timing jitter or applied phase wander of the system, as the
relative timing position of the output is constantly changing. It is possible to apply some

thermal shielding to the long lengths of fibre involved, however, even a small change in
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(the reason for the mismatch in operating frequencies is simply one of convenience. The

GS-DFB and the ring laser used both have fixed data rates which cannot be altered).

In order to demonstrate the effectiveness of the scheme, we can measure the BER as a
function of timing delay, At. We can define AT as the relative timing displacement of
incoming data stream with respect to the chirped clock pulse. AT is controlled by varying
the optical delay line, thereby shifting the relative timing position of the data with respect
to the clock This is equivalent to manually adding phase wander to the system, where the
entire word is shifted by the same amount, showing the tolerance to this problem (rather
than timing jitter where the displacement is at a bit-by-bit level). The range of “error free
operation” will help us determine the maximum timing range that can be compensated for
(“error free” is dependant on how long the BER is measured for. Throughout this thesis
we assume that the system is error free at 1x10”, one error in every 10° bits. Error free
could of course be defined over a longer period of time, in this case error free will be

1x10"° or lower).
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Figure 5.6: As we sweep through the bit period, as the data “samples” the chirped clock

pulse error free operation can be obtained

We now move At through 100ps, the bit period of the 10GHz chirped clock pulse (note,
the BER for the entire bit period is not shown in the above figure. Outside the 60ps region
shown, we would see that the system contains nearly all errors). From Figure 5.6 we see
that there is approximately 12ps of error free operation, which determines the timing
window of this device for the particular configuration used. If we assume that the data
source used to obtain this result is free from timing jitter (clearly there will always be
timing jitter in any source which can be seen in Figure 5.4, but we will assume that is
negligible in this particular case) and this scheme were to be used as a pre-receiver at the
end of a transmission link, a timing window of 12ps would mean that there would be 12ps
of tolerance to such effects as temporal drift and phase wander. It is important to
remember that the shape of the graph, and therefore the region of error free operation, is

dependant on the receiver sensitivity how much optical power it receives. If the overall
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output power of the system was increased, one would expect the overall region of error
free operation to also increase. This will scale linearly until increasing the receiver
sensitivity will have no effect and on the timing window. At this point we have the

maximum timing window and can infer the exact temporal profile of the chirped pulse.

We now need to know how the BER of the system varies as a function of the received
power (this being the power received after the system, at the BERT). In order to achieve
this, we must firstly measure the back-to-back BER (the back-to-back measurement is a
direct measurement of the data source straight into the receiver via the clock recovery unit,
which is used in order to maintain consistency when comparing to the results after the
jitter reduction system). The back-to-back signal was then measured directly after the
EAM, by varying the input power to the receiver with an optical attenuator. One would
assume that this should produce a linear result and is shown in Figure 5.7. If we now go
back to the jitter reduction scheme we firstly need to set AT so that we sample the chirped
pulse at the centre of the timing window (the centre of the timing window shown in Figure
5.6). This will ensure that we obtain the best possible BER result, with the most tolerance
to timing irregularities. The received power is varied at the receiver and the BER

measured.
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sampling the chirped pulse (the XPM interaction between the chirped clock pulse and the
incoming data pulses) then a graph of average output power as a function of At will show
the chirped pulse profile (this is a particularly useful technique as without the use of high
speed sampling oscilloscopes, we cannot accurately ascertain a temporal profile of the
chirped pulse. Because we are limited by the bandwidth of a photo-detector, simply
looking at the temporal profile of the chirped pulse on a 10GHz sampling oscilloscope
produces a Gaussian profile, not the profile that we actually generate through propagation
of the nonlinear fibre which is nominally square). Of course, we do have to remember that
the chirped clock pulse has also propagated through a further 1km of nonlinear fibre (the
nonlinear fibre which provides the nonlinear element of the NOLM), and also propagates
through a length of SMF (used to add dispersion compensation). These extra components
will of course affect the profile of the pulse. By increasing or decreasing the power of the
pre-nonlinear fibre (chirp generating fibre) EDFA we change the launch power into the

fibre thereby changing the profile of the pulse produced (Figure 5.8).

Not only does the FWHM of the chirped pulse increase as we increase the average input
power to the 2.2km of nonlinear fibre, the pulse starts to lose shape and also the pedestals
from the chirped pulse in the adjacent bit slot start to overlap. This again demonstrates the
need to be cautious when choosing the input power to the nonlinear fibre and thereby the
FWHM of the produced chirped clock pulse. One would always like to have as large a
pulse duration as possible (without sacrificing temporal profile) as this would imply that
more timing jitter/phase wander could be potentially be suppressed or corrected for.
However, if the pedestals overlap, errors will start to be produced and a “double sample”

effect will happen (section 5.10).
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timing jitter. Unfortunately it is impossible to correct for an initial error and thus, error
free operation will never be achievable. The solution is to replace the data source with a

more appropriate laser.

5.3 All-optical jitter suppression and phase wander reduction
using one passively mode-locked external cavity tuneable

laser, an actively mode-locked fibre laser and a NOLM

The same experimental arrangement as before (Figure 5.1) is used except that the GS-
DFB is replaced with a passively mode-locked external cavity laser (produced by a
company called LKF) which had a tuneable wavelength range between 1490nm and
1590nm. Because the pulses that the LKF source produced were relatively short (~3ps
FWHM) we no longer need to do any pulse compression prior to the NOLM (thus the
initial length of fibre before the EAM can be removed). In order to still be able to use the
previously described Agilent clock recovery unit, both the LKF (data source) and the
Pritel (clock source) need to operate at exactly 9.952GHz (four times that of the clock
recovery unit which operates at 2.488Gbit/s). Thus, although both data and chirp are at
~10GHz, we have to say the system is only operating at 2.5GHz. The LKF data source
was tuned to 1553nm and the Pritel clock source’s wavelength remains unchanged at

1538nm.

As in section 5.2, by varying AT we are able to sweep the data source through the chirped

clock source (using the NOLM as the optical AND gate, which once more performs the

159









If we look at the above figure, we see that for the two different AT settings (which are
separated by 8ps) have nominally the same BER curve, both of which exhibit a ~2dB
penalty when compared to the back-to-back measurements. Just like in Figure 5.7 the 2dB
penalty is caused by the build up of the ASE from the several EDFA’s which provide
optical amplification throughout the system, this is unavoidable. The significant result is
that using different At timing positions, the BER curve’s are almost the same. We can
infer from this that provided that our relative timing position is within the error-free
timing window, we shall always obtain a receiver power greater than that of -26.5dBm,
which in turn will mean that the system will be error free and we will also obtain the same
BER curve, and therefore the same 2dB penalty (this is exactly what happened in Figure
4.13). Although we discretely sample the chirped clock pulse, clearly any point could be
sampled and therefore as long as we fall between the limits of the timing window then the

system can be said to be continuous. This gives a total error free timing window of 60ps.

A direct comparison should now be looked at comparing chirped clock pulses of differing
durations (this was also looked at in chapter 4, a computer simulation chapter). Without
changing any of the major component parameters or settings, if we simply remove the
50m of Lycom (DCF) then we instantly shorten the duration of the chirped clock pulse
(removing a propagation length by 50m will mean that At will change as will the bias of
the NOLM and thus, the polarisation state will need to be altered to achieve full
transmission bias. These setting changes will not affect the comparison of the two systems
and this is an excellent way of looking at what happens for different chirped clock
durations whilst maintaining sources, amplifiers and modulator settings). Clearly opposite
dispersion (again, SMF) will be required to achieve the desired effects, the two SMF

lengths (with and without the 50m of DCF) will of course be different (because of the
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within the predetermined error free timing window, we will have an error free system that
will always produce the nominally same BER result. It is also interesting that both with
and without the extra 50m of DCF (and therefore significantly larger timing window) the
same characteristic result and the same 2dB penalty seen in the BER curve taken are both
the same. This demonstrates that the only advantage gained from the larger chirp clock
pulse duration is a larger tolerance to timing irregularity. One should also point out again

at this juncture that we are still only dealing with an “ideal” data source, one that we are

assuming has little or no timing jitter.

We can also measure the wavelength shift as a function of applied timing delay (Figure

5.13)

Wavelength shift

_ Power (dBm)

1

Wavelength (nm)

Figure 5.13: The wavelength sampled changes as the data delay is varied

Here we see that the wavelength shift is linear whilst the main temporal profile of the

chirped clock source remains constant.
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5.4 Application of timing jitter to data source

Previously in this chapter we have concentrated on demonstrating the basic principle of
operation and that the system can operate error free under specific conditions. However, to
date, we have only used an “ideal” data source to demonstrate this (low-level timing
jitter). After all, as the point of this system is to compensate for timing irregularities, its

time that we apply some!

By connecting one of the outputs of the BERT to an electrical phase shifter, to achieve
synchronicity, which is in turn connected to a noise generator we can apply Gaussian
noise to the data source. The Gaussian noise produces timing irregularities which
randomly change the relative temporal position of the data pulses on a bit-by-bit level.
This, as previously described, is known as “timing jitter”. By varying the applied voltage
to the noise generator we are able to control the amount of timing jitter experienced by the
data source (see Appendix D, section 8.4). Thus, we now have an excellent, controllable
way of generating and applying timing jitter to the data source. Using this it is possible to
see how our timing jitter reduction scheme will be able to compensate and remove the said
timing jitter whilst maintaining error free operation. This has an advantage over the
previously discussed scheme were a GS-DFB was used as the data source as now when
the level of timing jitter is increased, the source should not “drop-out” which caused errors
which could never be compensated for (note, at this juncture we are still using the clock
recovery unit before the receiver and BERT). It is now possible to compare the initially
input timing jittered data source (before the scheme) with that of the output after the jitter
reduction scheme to see if any improvements have been made. As we are now going to be
adding relatively large amounts of timing jitter to the data source, the 50m of DCF

(Lycom) has been re-added to the system in order to broaden the duration of the chirped
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After the jitter reduction scheme, we see that there has been a reduction in timing jitter of
70% (Figure 5.17). The data source now has a timing jitter of 0.93ps, which is close to
what we would expect (as previously discussed, we would expect the timing jitter to be
reduced to that of the clock source, ~1ps). We may have expected that the final timing
jitter reduction shown in Figure 5.15 and Figure 5.17 would have been exactly the same
and in theory this should have been the case. However, whilst carrying out the
experimentation to demonstrate that the jitter reduction scheme works, the author has
discovered that ring laser used to produce the initial clock pulses, which after propagation
through the nonlinear fibre produce our chirped source, does not always produce an
identical clock stream. The variation in initial clock pulses explains the variation in the
timing jitter reduction. As well as the results shown here, further demonstration of the
initial timing jitter can be seen in Appendix D, section 8.4 where applied voltages, Vs, of
250mV and 500mV produce initial timing jitters of 1.57ps and 2.21ps respectively, both

of which were reduced to ~1ps of timing jitter after the reduction scheme.

Previously we have shown that the jitter reduction scheme can operate error free (section
5.3) and we have now shown that the system can in fact reduce the effects of timing jitter,
however, in order for this system to be considered effective, we must also demonstrate
that it can operate error free, whilst under the influence of timing jitter and remove the
said, timing jitter. In essence, we will combine the last two sections. This can easily be
achieved by simply measuring the BER as a function of input timing delay, as in previous
sections, whilst applying various amounts of timing delay to the data (clearly BER as a
function of At is measured over the entire bit period, 100ps, the timing jitter is then

increased and the process repeated).
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compensate able window, the higher the initial timing jitter. What is interesting is that for
an applied rms voltage of 750mV (the largest voltage that we can apply) to the noise
generator (which gives an input timing jitter of 3.12ps) error free operation is never
achieved. One might have assumed that because the pulse, along with the timing jitter, is
significantly smaller than the FWHM of the chirped clock pulse, timing jitter suppression
would occur. What actually happens is that as the applied noise has a profile which fits a
Gaussian distribution, there is still a possibility that the data pulse will appear somewhere

at the extremities of the Gaussian profile (Figure 5.19).

Applied

A/ noise

Data could

occur here \A

Figure 5.19: With the application of rms noise to the data source, there is always, in

theory, the possibility that the timing jitter can never be compensated for

If we look at this from a purely theoretical point of view we could say that the Gaussian
“tail” tends of to infinity and therefore if we apply Gaussian noise at the input, the timing
jitter will never be compensated for (if this were the case, then one would need in an
infinitely large chirped clock pulse in order to be able to compensate for any timing jitter
no matter how small, this is clearly impractical!). What actually happens is that we need to
impose some physical limitations on the system, if the timing jitter exceeds these limits,
then although the timing jitter may appear to be suppressed, the system will not operate
error free. When dealing with timing jitter, we actually find that it would appear as though
a very large amount of timing jitter can be suppressed. However, if the timing jitter falls

outside our limits, we find that errors occur. This happens because the system can
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potentially take a wayward ‘1’ and turn it into a re-timed ‘0’. This is clearly wrong and an
incorrect code word would be transmitted. It is impossible to detect this type of error by
eye (using the sampling oscilloscope to measure the timing jitter) this type of error can

only be detected by measuring the output BER.

Thus, for our particular system under these specific conditions it has been found that the
maximum input timing jitter that can be suppressed (back to ~1ps) is 2.21ps. Timing jitter

greater than this will be suppressed but would not be error free.

5.5 Application of phase wander to data source

We now need to look at a slightly different timing irregularity, phase wander. As
previously discussed, phase wander is where an entire codeword is shifted in time (rather
than the individual bits). Thus, a different test needs to be analysed. In the last section we
applied Gaussian noise to the data source using a noise generator, if we replace this noise
generator with a sine wave generator we can actually shift an entire codeword backwards
and forwards in time, thus, we can apply the aforementioned phase wander in a
controllable way. This simple substitution now means that we can controllably emulate the
effects of phase wander and investigate how this will have an effect on the BER in the

same way as before.

It 1s important to realise that timing jitter has been replaced by phase wander and that
these two distinct timing irregularities are tested separately. However, the initial system

remains the same and only minor adjustments to the system are needed (naturally we
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Figure 5.23 shows that the blurred and elongated pulse shape (Figure 5.22) has been
resolved to something which starts to represent a Gaussian pulse profile and most of the
phase wander has been removed. The output is clearly not perfect, but it is however a vast
improvement on the excessive case that we started with. Unfortunately we have generated
some amplitude jitter. This can be attributed to the imperfections in the initial chirped
clock pulse. In order to generate the large FWHM required to be able to compensate for
such a large phase wander, we have to sacrifice the temporal profile of the chirped clock
pulse (by the addition of the DCF). We know that the chirped pulse does not have a
constant amplitude or “square” temporal profile and this imperfection will unfortunately

always be translated directly into amplitude jitter.

We now measure the BER as a function of At for varying amounts of phase wander in
exactly the same manner as when we applied timing jitter to the data source. In the case of
phase wander, one would expect that we would be able to achieve error free operation
provided that the level of phase wander is less than the timing window provided by the

chirped clock pulse (Figure 5.24).
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look at case (c). The phase wander is potentially larger than the timing window and so the
pulse falls outside the timing window and cannot be recovered. We should note here that
this is not always possible to spot when looking at an eye diagram as adjacent bits will get
dragged into the wrong bit slot. However, they will be re-shaped and re-amplified so
usually a very open and clean eye will be produced although the code word would now be

incorrect and will contain errors.

< Timing B g Timing b
(b) (b)

¢ Timing N 4 Timing B
() ©

Figure 5.25: Providing that the level of phase wander falls within the timing window,
determined by the locally generated chirped clock pulse duration, the phase wander can be

compensated for

If we were to now increase the chirped clock pulse duration then error free operation
would be achievable for even the largest amounts of applied phase wander (clearly if we

were to be able to increase the phase wander past the bit period, 100ps, then we would
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never be able to compensate for the phase wander as we would get interference between
adjacent clock bits). Thus, using the current configuration, provided that the phase wander \\
is less than 42.30ps (which equates to 42% of the bit period being taken up by phase
wander), then the system will remove the phase wander whilst still remaining error free.
As stated earlier, this figure is only limited by the FWHM of the chirped clock pulse and
so the phase wander has to be only slightly less than the FWHM of the chirped clock pulse
in order that the data pulse to be recoverable (this is in contrast to when applying timing
jitter where the chirped pulse must be significantly larger than the level of timing jitter
applied). As the data pulse used has an initially short FWHM, one only needs ensure that
the “centre” of the heavily phase wandered data pulses aligns temporally with the centre of
the chirped clock pulse. If the alignment is incorrect, then clearly errors will occur. This
demonstrates that there will be some tolerance to the temporal alignment for low levels of

phase wander, but for high levels the initial alignment must be very accurate.

5.6 10Gbit/s re-timing and jitter suppression without the use of

clock recovery

Until now we have always used a clock recovery unit at the output of the system (in
between the photo-detector and the BERT). Although when using this device both of the
laser sources (data and clock) were actually operating at 10GHz, the maximum rate of the
clock recovery unit was 2.5Gbit/s and so the system effectively had to be scaled down to
accommodate this device. By removing the clock recovery unit we are now able to operate

at a full 10Gbit/s (note, both the sources already ran at this speed and the EAM used can
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also operate at 10Gbit/s so scaling the system is trivial. It was however found that a
20GHz RF amplifier was needed after the receiver in order to increase the input poWer to
the BERT and the receiver itself had to be upgraded as well, to one with a greater
bandwidth). It is now easy to repeat some of the previous experiments at the higher data
rate (clearly the BERT had to be replaced with another model which was capable of
operating at 10Gbit/s). One of the uses of this system is as an all-optical clock recovery
unit which would be used at the end of a transmission link or optical network. Clearly if
this were the case then we would not want to have to use an electrical clock recovery unit
there as well, thus, it is important that the system can operate in a stand-alone manner

without the need for its electronic counterpart.

In the same manner as previous sections, the system was first tested by measuring the
BER and received power as a function of an input timing delay, At (in this particular case
AT was actually extended past 100ps, the bit period, to show that oscillatory nature of the

system). The results are found in Figure 5.26.
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Finally, we can now look at how both the optical spectrum and the temporal profile at the
output of the system changes as a function of At (clearly the temporal profile, shown as a
sampling oscilloscope trace, will be effected by the bandwidth of the photodiode which
proceeds the said device and also the bandwidth of the sampling oscilloscope itself). This
will show that by using the NOLM we effectively sample a different part of the broad
chirped clock pulses spectrum when At is varied. We will also see how the temporal

profile of the output changes for a corresponding sampling point.

Sampled
wavelength shift

Basic chirp
profile

Power (dBm)

Wy 1 5

Wavelength (nm)

Figure 5.30: As the data delay is increased, we sample a different section of the chirped

pulse which corresponds to a specific wavelength

In the above figure, AT is incremented by 20ps, the OSA traces have been grouped
together which generates a 3D plot showing how the optical spectrum changes as AT is

increased. The three points correspond to the following sampling oscilloscope traces.
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achieved by measuring the wavelength for which the maximum output power is produced
for any given sampling point. Naturally if AT was at 100ps then we would be back at the
start of the next chirped clock pulse (as the bit period at 10GHz is 100ps) so there is no

need to show this. The following pattern is simply repeated.

A =-0.1196(A1) + 1543.9

1540 ~

1538 -

Wavelength (nm)

1536 -

1534 -

1532 ; r v T T T T T )
0 10 20 30 40 50 60 70 80 90

Data delay (ps)

Figure 5.34: As At increases the wavelength produced decreases

As one would expect, the wavelength conversion is linear (Figure 5.34). By simply
controlling At, we can control the wavelength translation and therefore the wavelength
that 1s produced. This throws up another possible use for the single stage system. Here we

have shown that all optical controllable wavelength conversion has been achieved.
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5.7 All-optical jitter suppression using two GS-DFB’s at 2.5GHz

We would ideally like the chirped clock pulse to be perfectly temporally square, however,
this is highly unlikely to happen. We have already seen the effects that having a locally
generated chirped clock pulse which does not have a uniform and flat top will have on the
output that is produced (section 3.4). We can now take this one stage further and show that
the system will still work if the chirped clock pulse actually has a Gaussian profile and
that it doesn’t have to be square at all. However, it will be impossible to obtain a
particularly good eye opening as the timing jitter will be directly translated into amplitude

jitter during the wavelength conversion.

The basic experimental arrangement described in Figure 5.1 is used except that the clock
source is a 2.5GHz GS-DFB operating at 1538nm (the same wavelength as the 10GHz
source that has been previously used) and 600m of dispersion compensating fibre is
simply used to broaden the clock pulse instead of the 2.2km of Sumitomo nonlinear fibre.
However, as we now start with a relatively low peak power in the Gaussian pulse,
propagating through the length of DCF we will never be able to generate a square clock
pulse, the pulse will merely be broadened in time. We will now take a purposely highly

timing jittered data input to the system, Figure 5.35.
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an increase of 10Gbit/s as we were unable to obtain the required equipment needed to
operate at 40Gbit/s and beyond). In order to achieve the desired increase in repetition rate
to 20Gbit/s it was decided to use a dual SOA based Mach-Zehnder interferometer [105]
optical waveguide [106-108] to perform the optical AND gate function instead of the
NOLM, which has been used prior to this juncture. This is simply because of the required
increase in peak power which would be needed to optically switch data through the
NOLM is very high. In Chapter 1 we discussed how when using an SOA based, device

such as a TOAD, the required peak power needed to achieve full T switching would
generally be significantly less than the peak power required to achieve the same T
switching in a NOLM. As the repetition rate doubles (from 10Gbit/s to 20Gbit/s) the peak
power required to reach the m phase shift in the NOLM also doubles. Thus, it is easier if
we use the MZI as it requires much less power in order to switch (the MZI was a
proprietary design and was manufactured at Corning Research Centre. At the time of
usage, this device was not commercially available). Another advantage of this device is

that it will not suffer from extrinsic fluctuations in the same way that the NOLM did.

A schematic of the dual SOA based Mach-Zehnder interferometer is shown in Figure 5.37.
All though this particular device was not commercially available at the time of usage,

similar devices have been reported [58, 86, 109-113].

Dual SOA’s

I/P data

Clock input Output

Figure 5.37: Schematic of integrated SOA based all-optical switch
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Figure 5.37 only shows the new optical sampling device, clearly the locally generated’
clock still needs to be propagated through the 2.2km of nonlinear fibre in order to generate
the chirp and at the output of the Mach-Zehneder interferometer, an appropriate level of
dispersion compensation will still be required. By applying the data in the opposite
direction to the clock, we remove the need to filter of the unwanted original data pattern.
Thus, this device simply replaces the NOLM used in previous experiments and

simulations.

To achieve the initial 20Gbit/s data rates, two different Pritel ring lasers were used, both
multiplexed to 20Gbit/s (one ring laser was used as the locally generated clock source,
operating at 1538nm and the other was used as the data source operating at 1558nm.

Figure 5.38 shows the configuration required to achieve 20Gbit/s switching in the MZI.

Used move data in
time with respect

to clock pulse
Data
EDFA
2.2km Filters clock to
| AT just leave data
EAM 20GHz ]
Used to apply MUX
codeword to MZI: Dual
data source SOA utput
20GHz Filter
MUX [

Clock —{>—’

EDFA

Figure 5.38: Schematic of the experimental arrangement used to achieve 20Gbit/s

switching using two ring lasers and a dual SOA based MZI optical waveguide
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An 8-bit word is applied to the data source (operating at 1558nm) via the EAM. This is
then propagated through the 20GHz MUX to produce a 16-bit 20Gbit/s code word of
‘1111110011001100°. Because the data pattern was multiplexed, we naturally get a
repeated pattern; hence each individual bit is effectively seen twice. This is why we
always have two successive 1’s or 0’s. However, the output pattern, at 20Gbit/s is exactly

the same as the input pattern. Thus, we can say that we are now operating at a full

20Gbit/s (Figure 5.39).
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Figure 5.39: 20Gbit/s operation is achieved using two ring lasers (initially operating at

10Gbit/s but then multiplexed up to 20Gbit/s) and the MZI

The two markers seen on the sampling oscilloscope trace in Figure 5.39 (X1 and X2) are
separated by exactly 50ps which further confirms that the system is operating at 20Gbit/s
(as 50ps 1s the equivalent bit period). We do however see that the chirped clock pulse
leaks through at the output. This is why our ‘0 base line is not completely flat. Providing

that there is an appropriate threshold level at the receiver, this is not a problem, with
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further investigation and tailoring of some of the parameters this could be minimised. One
possible reason for why these extra peaks appear is that the polarisation of MZI was not
correctly balanced to produce the maximum extinction ratio between the ‘0’ and the ‘1°. It
can be noted that no BER’s at 20Gbit/s (or higher) are found within the experimental
section of this thesis. This is because at the time that the experimentation was carried out,

a 20Gbit/s BERT was unavailable.

5.9 2-stage 3R regenerator

It has been previously discussed that the all-optical, timing jitter/phase wander reduction
scheme has several different uses. It has been shown that device could be used as both a
jitter reduction scheme as well as an all-optical clock recovery unit which would be used
at the end of either a long-haul transmission system or at the nodes in an optical network.
However, with the addition of a second stage, the device could also be used as an all-
optical 3R regenerator (simulations in sections 3.6 and 3.7 showed that a 2-stage device
would be feasible). The same schematic, discussed in the previous section, is used as the
first section of the device and the output of stage 1 is then fed into the input of a dual SOA
Mach-Zehnder interferometer (another NOLM, identical to stage 1 could be used here
instead of the MZI. The MZI was used purely for convenience), Figure 5.40. It should also
be obvious that there is no reason why stage 1 and stage 2 could not be used the opposite

way around, if this were the case, the following results would look pretty similar.
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Figure 5.40: Schematic diagram showing how a 2 stage device could be used to produce a

full, all-optical 3R regenerator

The second stage is required as the output of stage 1 does not have a constant wavelength
(as the timing jitter and phase wander is reduced by means of wavelength conversion,
there is the potential that each individual bit, or in fact word, will have its own unique
wavelength. This is not a problem if the output is then simply passed into a BERT for
example, but would be disastrous if it were instead allowed to propagate as the dispersion
effects of any subsequent fibre would introduce yet more timing jitter and phase wander).
We can however, use the wavelength conversion to our advantage once more by allowing
the second stage to convert all of the data back to one wavelength (because we now know
the exact timing position of the data, we are able to convert all of the data to any given
wavelength that falls within a second locally generated chirped optical clock pulse). Of
course one could easily convert, within stage 2, to the original incoming data’s

wavelength, pre-stage 1, and so we would have a “conventional” 3R regenerator.
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5.10Generation of errors using a NOLM and two ring lasers

operating at different repetition rates

We now need to ask the question, what happens when the locally generated chirped clock
pulses overlap in time? More importantly, what happens when the chirped clock pulses
overlap and the data pulse happens to fall at that exact point in time? One way of
achieving this is to use a mismatch in repetition rates. By letting the data source operate at
10Gbit/s but at the same time letting the chirped clock pulse operate at 20GHz (using the
previously discussed MUX) we have a mismatch in repetition rates. This mismatch in
rates is used to demonstrate how errors can potentially arrive and now we can actually see
the problem physically arise. As the chirped clock source now only has a pulse separation
of 50ps (at 20GHz), using the optical delay associated with the MUX unit, we can
manipulate the chirped pulses so they do in fact overlap in time slightly at the edges (the
chirped clock pulse is not allowed to broaden too much so that we can control the amount
of overlap that occurs). The data is now given a specific 8-bit code word of ‘01000000’
This is to ensure that we only ever have one specific ‘1’ that we are dealing with, this is
used to minimise any confusion. We now start with the data sampling what we define as

the “start” of the first chirped clock pulse, Figure 5.44.
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‘Low output
: i

Figure 5.44: At = 5ps. The point in time where we first start to sample clock 1

The data is then moved with respect to the clock pulse by increasing AT. As we move
further toward the centre of the chirped clock pulse the output power increases, which
gives us an indication that clock 1 is not entirely square (this is not important for this

demonstration).

Output power increases nearer
/ centre of clock pulse”

Figure 5.45: At = 8ps. The increase in timing delay shifts the sampling point nearer to the

centre of the chirped clock pulse and so the output power increases




A further increase of 8ps pushes the data even further through clock 1, up to the point at
which clock 1 and clock 2 overlap. Because of the overlap, the data actually samples both
clock 1 and clock 2 simultaneously and so thus, two 1’s are generated instead of the
desired single ‘1’ (this is illustrated by a “double pulse” shown in Figure 5.46). This is
clearly a problem as we have now actually generated an extra ‘1° thereby changing the
initial codeword that we were actually trying to transmit in the first place. The original
codeword was ‘01000000°, but due to the error that has just been generated, the new

codeword would be ‘01100000,

Output power is very
low due to sampling on
edge of clock 1 and 2

Figure 5.46: At = 15ps: The double pulse produced illustrates that the newly generated

codeword is now wrong, the output should only contain one single pulse

With yet another increase in AT, we now only sample the second clock pulse (clock 2)
shown in Figure 5.47. The new pulse is approximately 30ps away from where the first
pulse (clock 1) was produced (we should note that At has only moved by a change of
20ps, not 30ps. The reason for this apparent discrepancy is simple. Although sampling

clock 2 may seem like an error, both jitter reduction and phase wander suppression will
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still occur as clock 1 and clock 2 are effectively identical. Thus, the SMF at the end of the
system, used for the dispersion compensation, will drag the second ‘1’ into the desired

place, the centre of the clock pulse).

At start of clock 2
output power
remains low

Figure 5.47: At = 28ps. The edge of clock 2 is now being sampled instead of clock 1. As it

is at the edge, the output power remains low

Output power reaches
second maximum at
centre of clock 2

Figure 5.48: AT = 31ps. The sample now occurs in almost the centre of clock 2 and hence,

the received output power is once again at a maximum
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By increasing At further still, the output power reaches a maximum at the centre of clock

2, Figure 5.48.

If At were to be increased even further (by another 74ps) we would see the exact same
pattern repeat. At first glance it may seem as if the pattern should be repeated before this,
however, we should remember that the two clock pulses are not evenly spaced in time

because the second clock pulse was shifted as it passed through the MUX.

We need to remember that although this limitation was demonstrated using a NOLM, the
same error will be incurred when using any switching device to sample the chirped clock
pulse. Thus, simply switching to say the dual SOA based Mach-Zehnder interferometer

will not elevate this problem.

5.11Discussion

In this chapter the author has demonstrated the feasibility of the timing jitter and phase
wander reduction scheme. It has been shown, experimentally, that firstly the scheme
works and secondly, and more importantly, that it works error free. It has been shown that
this scheme can be utilised as an all-optical clock recovery unit which would be placed at
the end of an optical point-to-point link or in an optical network. This would remove the
need for the relatively slow electronics (an all-optical clock recovery unit could not only
operate at significantly higher data rates compared to an electrical clock recovery unit, but
also suffers from far less latency) and potentially costly electronic counter part. It has also

been shown that with the addition of a second stage to the device, we are left with an all-
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optical, single channel, 3R regenerator that could be used in say, an undersea transatlantic
optical transmission. The device successfully exhibits the three characteristics required to
be a 3R regenerator, re-amplification, re-timing and re-shaping whilst simultaneously
reducing both timing jitter and phase wander. The second stage is required, however, if it
is to be used as 3R regenerator as the timing irregularities are translated into wavelength
conversion. This means that each successive section of data could easily leave the device

with a unique wavelength.

It has also been shown experimentally that practically, the device can operate at higher
repetition rates, 20Gbit/s, and still maintain its functionality (although of course some
parameters have to be adjusted to facilitate this increase). This is important as in the
future, significantly higher data rates will dominate the globe. It is at this stage that an all-
optical approach to both regeneration and clock recovery becomes much more attractive

than the current, conventional electrical approach.

Some limitations were also discovered within this chapter that had previously not been
considered. In the simulation chapters, the problem of extrinsic fluctuations such as
temperature changes had not been investigated. It is almost trivial to overcome this
problem and simply encasing the all-optical device inside an insulated, temperature
maintained chamber removes this problem entirely. An alternative to this would be to use
the dual SOA based Mach-Zehnder device (discussed in chapter 5.8). The small packaged
device will only suffer from extrinsic fluctuations in the extremists of cases and the
nonlinear fibre required to produce the chirped clock pulse can be accommodated inside
another small package. We have also seen experimentally that care needs to be taken when

setting up the device to ensure that the locally generated chirped clock pulses do not
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overlap in time with the next successive time slot. When this happens, and the data falls at
this intersection, errors will be generated. Although this is a limitation of the system, with

care this can easily be avoided.
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Chapter 6 - Phase wander reduction using single
length of fibre

6.1 Introduction

There are of course many different ways in which wavelength conversion can be used to
compensate for both timing jitter and phase wander. So far we have concentrated on using
different types of optical AND gates to sample a linearly chirped, nominally square clock
pulse. In this chapter we will look at a slightly different method which does not rely on
either generating a chirped clock pulse or using an optical AND gate. Instead we use XPM
(which is also the basic fundamental operating principle in the previously used optical
AND gates) between a locally generated clock pulse and the incoming data stream. This is
used to apply wavelength conversion in a single length of nonlinear fibre. The clock is
removed using an optical filter and after propagation through a length of fibre used for
dispersion compensation, timing jitter and phase wander is found to be reduced. All of the
following results were achieved using computer simulation, using VPI, and are presented

without any laboratory results for corroboration.

6.2 Wavelength conversion a single length of nonlinear fibre

Before we address the problem of trying to reduce either timing jitter or phase wander we
must firstly attempt to produce a system that can achieve wavelength conversion using a
single length of nonlinear fibre (without the aid of an optical AND gate to perform the

optical sampling function). The following experimental setup was created in VPI. The
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data source produced Gaussian pulses at 1576.2nm with a FWHM of 3.3ps. The clock
source also produced Gaussian pulses with a FWHM of 10.0ps and at a wavelength of

1530.2nm.

km Nonlinear

\A fibre

OSA2
Data
WDM
Sampling
scope
Clock

Figure 6.1: Schematic of wavelength conversion scheme

OSA 1 s included so that we can easily compare the output of the system with that of the
input. By varying At (the timing difference between the data and the clock) we are able to
walk the data through the clock pulse. The optical filter then removes the clock from the
data. The nonlinear fibre parameters are based on a short length (300m) of highly
nonlinear fibre (HNLF) provided by Sumitomo. By monitoring the output produced at
OSA 2 we can see if any frequency shift has occurred. All of the results are superimposed

on top of each other and shown in Figure 6.2 (each trace corresponds to a change in AT).

-209 -




-6
-12
Small
-18 frequency shift

Power (dBm)
o
S

-36
-42
-48
>4 /w\
-60 - AN

-10 -08 -06 -04 -02 O 02 04 06 08 10
Optical Frequency relative to 190.2THz (THz)

Figure 6.2: As the data and the clock walk through each other, the data is shifted in

frequency because of the effects of XPM

This simple demonstration shows that as the data is walked through the clock, the
frequency of the data produced changes. This frequency shift (or wavelength shift) is
dependant on the timing offset of the data with respect to the clock and so the timing
offset is dynamically converted into a specific wavelength shift (which is the foundation
of the timing jitter and phase wander reduction scheme used throughout this thesis). From
this we can hypothesise that with the addition of a dispersion compensation module, we
could compensate for both timing jitter and phase wander. The corresponding sampling
oscilloscope traces are shown in Figure 6.3. Again, all of the results are superimposed on

top of one another, however, the entire bit period (100ps) is not shown.
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From the previous two graphs we can exactly measure both the wavelength shift that is

Figure 6.3: The temporal profile at the output of the system shows that there is hardly any
produced by the XPM and the peak power change that is produced. These results can be
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6.3 Wavelength conversion using nonlinear fibre with zero

dispersion and dispersion slope

The problem of walk-off occurs between the data and the clock pulse because during
propagation the two pulses, at different wavelengths to each other, experience different
levels of dispersion and hence, propagates at differing speeds to one another along the
fibre. This appears to have the effect of increasing the FWHM of the clock as there is an
increased amount of time where interaction between the two channels occurs. This effect
can easily be removed by choosing a fibre with a zero dispersion slope, D’ = Ops/nm/km
(if this were a laboratory experiment, obtaining fibre with D’ = Ops/nm/km over the
wavelength range in which we are operating could be tricky and as alternative, choosing a
fibre with an appropriate dispersion slope and Dy falling in the centre of the two pulses so
that both the normal and anomalous channels experience the same net dispersion is an
option). However, as the following results were obtained using computer simulation, the
simplest approach is to set both Dy and D’ to be zero. The peak pump power was set to
2W with a FWHM of 10ps and At was varied in 1lps steps over 120ps range. As the
repletion rate for both the data and the clock was 10GHz, the 120ps range means that we
cover slightly more than one single bit period. The simulation schematic shown in Figure

6.1 was used to produce the following results.
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Figure 6.6: Optical spectrum showing how the frequency of data changes after XPM in the

nonlinear fibre

The optical spectrum of the output of the system is shown Figure 6.6. The figure shows all
of the 120 output traces produced all superimposed on top of each other (as AT was
increased in 1ps increments). As AT changes, the output frequency (and therefore
wavelength) changes accordingly. From this we are able to obtain a fixed output
wavelength simply by fixing At to a desired value. The corresponding sampling

oscilloscope traces are shown in Figure 6.7. As in the previous figure, all of the 120 traces

have been superimposed on top of each other and show the evolution of the output.
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Figure 6.7: The output power changes as AT and therefore the produced frequency changes

The distortion that has occurred on the temporal profile of the shifted data is due to the
filter used at the output of the system but for this demonstration, this aberration is not a
problem. At the point at which we go from a positive to a negative frequency shift the
maximum peak power is produced. As there was no dispersion compensation used at the
output, we see that there is still the 1ps of phase wander between each successive pulse,
which was applied by AT, is present at the output. The frequency shift and peak power
variation that is obtained from the previous two figures is translated into the following

graph.
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It is interesting to note that if we compare Figure 6.4 with Figure 6.8 and specifically
looking at the frequency shift, we see that there is a point in the centre of the frequency
shift, which corresponds to the same timing delay as the centre of the pulse in the time
domain, that it is not linear and in fact the frequency shift goes to zero. This is because of
the walk off caused by the dispersion in the nonlinear fibre. If we were to think ahead and
consider the phase wander reduction problem, we will realise that it is Imperative that we
have a linear frequency shift over our timing window. Thus, we can conclude that
although it may appear that the timing window will be increased by the effect of walk off,
as the region in which XPM happens is increased, the converse will happen and we will in

fact have half of the useable timing window.

6.4 Phase wander reduction using a single length of nonlinear
fibre

We have now shown, in section 6.3, that it is possible to take an incoming data channel
and by propagating it along side a local clock (through the same length fibre), we can
dynamically shift the wavelength according to the relative timing displacements of the two
channels. We now need to see what happens if we choose an appropriate level of
dispersion compensation to try and re-time the data channel suffering from the applied
phase wander. Using the same computer simulation as before, the FWHM of the clock
pulse was increased to 50ps (an increase of 40ps from the previous section) while the

dispersion and dispersion slope of the nonlinear fibre were kept at 0.
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6 individual bits, each separated by 4ps. The temporal displacement was measured after

the various lengths of DCF and a graph of the results produced, Figure 6.10.
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Figure 6.10: As the level of dispersion is increased, the phase wander at the output

decreases and a linear relationship is found

A linear relationship is produced with the minimum phase wander of 0.74ps. If the level of
dispersion had been increased further we would have seen that there would have been a
clear minimum before the phase wander at the output would start to increase. The initial
input to the system is shown in Figure 6.11 where the six input data pulses, which were
separated in time by 4ps giving a total input phase wander of 20ps, are all shown together

on one graph.
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Figure 6.11: There is 20ps of phase wander on the input to the system

The initial input to the system (taken directly after the optical delay unit) contains no
amplitude jitter. These six bits are used to represent 20ps of phase wander. For the system
to work, at the output there should be no temporal displacement between the six pulses at

all and the phase wander will have been reduced. The output of the system is shown in

Figure 6.12.

Although the input phase wander has been significantly reduced (virtually no phase
wander is present at the output), it has been at the expense of amplitude jitter. As our
initial clock pulse had a Gaussian profile, rather than the nominally square chirped clock
pulse used in previous chapters, the phase wander (or in fact timing jitter), will be directly
translated into amplitude jitter. Of course this problem could be removed by generating a
square clock pulse through SPM in highly nonlinear fibre as before, but there would be

little point. We could also reduce the amount of phase wander reduction that we can
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compensate for compared to the FWHM of the clock. Thus, if we either need to say that

we can compensate for less phase wander, or we need to increase the FWHM of the clock.
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Figure 6.12: The phase wander has been reduced from 20ps down to 0.75ps but at the

expense of amplitude jitter

6.5 3R regenerator based on a 2-stage device

It was shown in the previous section that phase wander can be reduced using a single
length of nonlinear fibre and a high powered clock pulse. As this is the case, we can make
the hypothesis that with a second stage to the device, we should be able to achieve full 3R
regeneration. For exactly the same reasons as before, a second stage to the device is
required in order to convert the now phase wander suppressed data, back into its original
wavelength (or a new wavelength is so desired). By suppressing the phase wander, we
have actually converted the data into an entirely new wavelength or set of wavelengths

which would cause severe problems if propagation along more fibre were to ensue.
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The most obvious way to transform the phase wander suppression schematic into a 3R
regenerator is to simply add an almost identical section at the output (the form of section 2
1s 1dentical but the wavelength of the second clock source and also the delay of AT, will be

different). This is illustrated in Figure 6.13.

Stage 2

S Clock 2 Nonlinear
N fibre DCF,

OSA2

Stage | Nonlinear
fibre

WDM
Data

Sampling
scope

Optical filter
WDM

OSA 1 N

Clock 1

Figure 6.13: 3R regenerator utilising a 2-stage device. The second stage controls the final

wavelength produced

By applying phase wander, in the same manner as before, to the input of stage 1 we can
test the 3R capability of the system. Initially only a small amount of phase wander is
applied, 2ps. With this low level of phase wander we find that the temporal output of stage
1 contains virtually no amplitude jitter. This is then propagated through stage 2 of the
device. Initial results (in the time domain) suggest that the 3R regeneration has worked.
There is little amplitude jitter and the phase wander has been completely removed.
However, closer inspection of the optical spectrum shows that we no longer have a single

output frequency (Figure 6.14).
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Figure 6.14: At the output of stage 2 of the 3R regenerator multiple wavelengths have

been generated instead of the desired single wavelength

These results clearly show a problem. although stage 2 hasn’t had any detrimental effect
on the output, it hasn’t done what it was intended to do and create a single frequency at the
output. This not only means that there is no point in having a second stage (which simply
adds extra level of un-required complexness) but it also means that this system cannot be

used as a 3R regenerator.

Unfortunately it is now apparent that a 2-stage device used as an all-optical 3R regenerator
using a single lengths of nonlinear fibre will never work. There are actually two reason
why this is the case. Firstly, any slight amplitude jitter that is present after stage 1 will be
translated back into phase wander and timing jitter in stage 2, thus rendering stage 2
useless. Because the clock sources in this particular set-up have a Gaussian profile, after
XPM there will always be amplitude jitter. We have seen that increasing the FWHM of

the Gaussian clock source will reduce the produced amplitude jitter but as the clock
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increases, adjacent pulses will start to overlap in time and errors will potentially occur at
the output of the system. Thus, if any significant amount of phase wander were to be
reduced, this system would prove impractical. Secondly, after stage 1 each bit, or code
word, will have a different wavelength. This will be a problem when we try and convert
all of the different wavelengths back to a single wavelength using XPM in stage 2 as the
level of wavelength conversion that occurs is dependant on not only the relative peak
powers of the two channels, the relative timing displacement of the two channels but also
on the wavelength difference. Thus, using this method it will never be possible to use a
second stage to convert the data back to the original wavelength. This problem can easily
be illustrated by generating four different discrete channels and applying XPM to each of

them. The optical spectrums of the four channels are shown in Figure 6.15.
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Figure 6.15: The four different frequencies represent the output of stage 1 after phase

wander reduction
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Each channel is then propagated through a single stage system (the four channels represent
what the output of stage 1 might be like. There is no timing irregularities on any of the
data, but four discrete wavelengths have been generated). The same amount of XPM is

then applied to each channel and the timing delay, AT, is kept constant throughout. With

the exception of the wavelength, each channel is identical.
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Figure 6.16: After propagation through stage 2 we still have four discrete frequencies that

have all been frequency shifted by the same amount

Looking at the output of this single stage device, Figure 6.16, we actually find that
although AT, was kept constant throughout, the initial wavelength of the data to be
converted has had an effect on the wavelength that is produced. Each individual frequency
was converted by exactly the same amount and so the outputs have all just been shifted a

little. This demonstrates that using this scheme as a second stage in order to produce a

constant, single wavelength will never work.
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6.6 Discussion

It has been demonstrated during the previous chapter that it is in fact not necessary that an
optical AND gate be employed in order to apply wavelength conversion to data. The basic
principle that applying dynamic wavelength conversion followed by dispersion
compensating to data can reduce both timing jitter and phase wander has once more been
shown. Indeed at first glance this adapted scheme shows some distinct advantages over
previously discussed schemes, but overall it may prove difficult to implement. For
example, by not having to generate a chirped clock source we instantly have a much
shorter propagation length for the device. This would clearly help when trying to
overcome the problems of temporal drift. Also, as the device 1s once again passive (not
electrical components such as SOA’s) we potentially have a device which would be
capable of operating at a very high repetition rate. However, there will always be one
fundamental flaw with this scheme that has not yet been considered during this chapter
and that is external variables. Extrinsic fluctuations, such as ambient temperature change,
will be a severe problem. Instability will occur as the propagation length of the nonlinear
fibre changes. Although temperature changes have been a problem in previous chapters,
the problem has been because of the long length of fibre used for the chirp generation and
not necessarily because of the 1km of nonlinear fibre used in say the NOLM. Because all
of the results in this chapter have been generated entirely by computer simulation, this
problem has not been addressed but I would hypothesise that it would be a severe
limitation if the device were to be fabricated inside a laboratory. As has been previously
stated, housing the entire device inside a temperature controlled chamber would help

alleviate this problem but may prove impractical.
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It has also been shown that using this arrangement, it will not be possible to convert the
phase wander reduced output back into a single wavelength. This does mean that this
system cannot be converted into a 3R regenerator or used in a transmission link. However,
there is no reason why this arrangement could not work perfectly well as an optical clock
recovery unit which is placed before a photodiode at the end of a transmission link where

the wavelength of the output is incidental.

It should also be noted that although the timing irregularity that has been considered
throughout this chapter is phase wander, it is obvious that the exact same setup would also
compensate for timing jitter. The problem of timing jitter was not considered here simply

because it is difficult to apply timing jitter within the simulation tool.
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Chapter 7- Conclusions

7.1 Conclusion

This thesis has combined both optical numerical simulations with actual laboratory results.
Both the numerical simulations (the results for which were obtained using the computer
modelling tool VPI) and experimental results were all obtained by the author. There is a
distinct advantage in having one person performing both tasks and that is simply one of
understanding. The use of simulations in research (all-optical processing in this particular
case) is incredibly valuable. Firstly we are able to simulate non-practical models which
can be used to demonstrate say a principle of operation (we can think of non-practical
models as ones which would be impossible to re-create in a laboratory environment. For
example, in a computer model it 1s possible to say have no noise in a system or a
parameter that is simply unfeasible). Secondly, we are able to easily create massive or
complex systems whose only draw back is simulation time. It 1s for these reasons that
numerical simulations prove an invaluable tool. However, at the same time, one can never
underestimate the need for practical laboratory results and so an experimental section has

been included in this thesis.

The main purpose of this thesis was to investigate the potential usefulness and
practicability of all-optical processing for current and future optical communications
networks. The author was able to postulate a possible solution to this issue by utilising
various optical loop mirror configurations to produce a device that could compensate for
both timing jitter and phase wander simultaneously. This was achieved by taking the

incoming data channel (which contained the timing problems that needed to be
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compensated for) and optically sampling a locally generated chirped optical clock source.
The sampling function was achieved by using a nonlinear optical loop mirror (NOLM)
and the chirped clock source was generated by propagating a short, high peak powered
clock source through a length of nonlinear fibre. An appropriate length of fibre was then
used to apply dispersion compensation. The timing compensation scheme works by
dynamic wavelength conversion. Depending on the relative timing displacement of the
data with respect to the clock (we use the clock to define what we will call the “ideal”
timing position), the data is converted to a new corresponding wavelength (this conversion
is continuous in nature, not discrete). By applying dispersion compensation, the timing

displacement is then removed and hence, timing jitter and phase wander is suppressed.

The above outlined “principle of operation” was conceived and then tested using computer
simulation (the simulation tool used exclusively throughout this thesis was VPI). Early
simulations showed that the chirped clock pulse could be tailored, in temporal profile and
chirp, by manipulation of certain parameters (such as core effective area, fibre length and
peak power used), this is an essential element of the system. It was also shown how
changing the temporal profile of the chirped clock affected how the final system
performed. By increasing the duration of the clock, the tolerance to timing jitter and phase
wander can be increased. However, if the chirp of the clock source i1s changed, the level of
dispersion compensation required to remove the timing irregularity must also be changed
accordingly. It was then shown that by using an optical filtering technique, an analogous
system could be constructed and tested. This showed that the basic principle could work
and led to the construction of a full model in VPI. The full model incorporated a nonlinear
optical loop mirror (NOLM) and the required dispersion compensation. However, before

the full model could be used, testing of the said NOLM and following dispersion
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compensation was undertaken (without the use of wavelength conversion). The NOLM
behaved as one might expect, on this evidence it was deemed that VPI would be able to
calculate the required results. Finally the full model, dynamic wavelength conversion
using a NOLM, was tested which showed that the “principle of operation” worked and
that by using this method, phase wander could be compensated for (at no point in this
thesis are the effects of timing jitter simulated). A second stage was then added to the
device and the possibility of 3R regeneration was investigated. For both the phase wander
compensation and 3R regeneration, BER simulations were carried out showing that the

devices could operate, whilst correcting for the applied phase wander, error free.

Once it had been shown that the device could be simulated, these principles were applied
in a laboratory environment. The chirp generation and NOLM characteristics were tested
and the results showed good agreement with the simulation results (note, the simulations
were not designed to accurately re-create the numbers that would be achieved in the
laboratory, they were designed to show applicable trends). The full single stage was then
constructed and the “principle of operation” shown to work, applied timing jitter and
phase wander were successfully reduced. BER measurements were also taken showing
that the device could compensate for timing jitter and phase wander whilst remaining error
free. The effects of the timing issues on bit error rate measurements were also
investigated. Finally it was shown that a second stage could be added to the device,
creating a 3R regenerator, and the wavelength produced controlled by simple

manipulation of an optical delay line.
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7.2 Future Work

Certainly one possible feasible extension to this thesis would be to continue with more
experimental laboratory work. There have been several simulations that have been
included in this thesis that don’t necessarily have a similar corresponding experimental
result. In terms of this thesis, this is not necessarily a problem as it is much easier to run
simulations than to construct complex experiments (which is one of the reasons for doing
the simulations in the first place). This explains the slight imbalance in quantity of

presented results.

The results collated and presented throughout this thesis, either obtained by simulation or
by experimental] investigation, relied on synchronous functionality in order to perform
their operations successfully. An extension to either the timing jitter/phase wander
reduction system or the 3R regenerator would be to devise a method for creating
asynchronous operation. The limitation of synchronous operation is that it relies on
nominally knowing when the data, for either of the two discussed devices, will arrive at a
certain point in time and then “locking” the system to that point. Clearly the advantage of
both the proposed systems is that because they compensate for a certain level of timing
offset (be that either timing jitter or phase wander) then there is a tolerance to how exact
we need to be when locking on to the data (one of the reasons for using the device in the
first place) but we still do need to know when the data will roughly arrive. By modifying
the systems so that they could operate truly asynchronously, there would be no need to
know at all when the data was to be transmitted. This would add an extra degree of
functionality and to some extent “future proofing” as it would mean that the devices could
be simply installed in a network and left to operate on its own (providing of course that the

bit rate and transmission wavelength of the original data remained constant). A further
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addition would be to introduce more than one channel to the system (at the moment one

single channel operation is feasible and so any extra channels requiring timing jitter or
phase wander reduction would require additional devices). This would potentially reduce
costs and installation space which would surely increase the desirability of the system

further.

Within the experimental chapters contained in this thesis, a proprietary waveguide device
was tested which showed that when using such a device, timing jitter and phase wander
could be compensated for. As discussed, this holds the advantage over the fibre based
designs (NOLM) in that it is small and compact. However, the tested system still required
further external large subsystems (such as the 2.2km of nonlinear fibre required to produce
the locally generated chirped clock source, various lengths of SMF which were required
for the dispersion compensation, not to mention the EDFA’s and filters used). In theory in
the future these could be miniaturized and included on the waveguide itself. This would

lead to one waveguide and ultimately a small package for the entire device.

Finally the chirped clock pulse generation should be briefly mentioned. To date the
simplest way of generating the required temporal profile and linear chirp of the clock is
through propagation through lengths of highly nonlinear fibre. However, because of the
high nonlinearity that is required, relatively long lengths of fibre are needed (or incredibly
high peak power). With the advancements in photonic crystal fibre comes the potential for
incredibly high nonlinearity over a very short length of fibre. This would be 1deal as it
would alleviate many of the temporal drift problems that were encountered due to
extrinsic effects. A further development would lead to the use of another element to

produce the desired clock pulse. This may mean that it would be easier to tailor the
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characteristics of the generated pulse more accurately as we are currently limited by the

clock pulse not being perfectly square in the time domain.

There is clearly a bright future ahead of optical processing. With the advancements in
laser technology and the increased demand for ever faster and faster networks, a clear
alternative to “conventional” electronic switching (which is considered to be relatively
slow) needs to be found. All-optical processing is certainly a firm contender to fill this gap
and it is for this reason that it is vital that the technology and research be allowed to

continue.
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Chapter 8 - Appendices

8.1 Appendix A: Publications

® "All-optical signal processing circuits” (invited paper), A.J. Poustie, R. Manning,
R. Webb, J. Harrison, Proc IEEE/LEOS Summer Topical Meetings 2002 - Fast

Optical Signal Processing in Optical Transmission, p.3 (2002)

° “All-optical retiming and jitter suppression using dynamic wavelength conversion
and dispersion compensation” J. A. Harrison, A.J. Poustie, K. J. Blow, Proc

Photonics and Switching 2003

° “All-optical bit-level retiming and jitter suppression”, J. A. Harrison, K. J. Blow,

A.J. Poustie, Optics Communications, Vol 240, pp221-226, 1" October 2004




8.2 Appendix B: Definitions and Symbols

e(w)

ko

ASE
BW

BER

dB

dBm

Regenerate, re-shape, re-time
Attenuation coefficient
Dispersion of the group velocity
Relative core cladding index difference
Dielectric constant

Nonlinear coefficient
Wavenumber

Critical angle

Permeability of free space
Nonlinear phase shift

Time

Normalised frequency

Group velocity

Wavelength

Peak amplitude

Amplified spontaneous emission
Bandwidth

Bit-error-rate

Speed of light

Chirp parameter

Decibels

Power calculated in dB with respect to ImW
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DCF
DFB
EAM
EDFA
FBG
FWHM
Gbit/s
GHz
GNLSE

GS-DFB

Lp
Lesr

Lnp

mw

NOLM
OSA

OTDM

Dispersion compensation fibre
Distributed feedback laser
Electro-absorption modulator
Erbium doped fibre amplifier
Fibre Bragg grating

Full width half maximum

Giga bit per second

Giga hertz

Generalised nonlinear Schrédinger equation
Gain switched distributed feedback laser
Length

Dispersion length

Effective length

Nonlinear length

Walk-off length

milliwatt

Refractive index

Nonlinear index coefficient
Group index

Nonlinear Schrédinger equation
Nonreturn-to-zero

Nonlinear optical loop mirror
Optical spectrum analyser

Optical time division multiplexing

Input power
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Pou
PRBS
ps

RF
RMS
RZ
SMF
SOA
SPM
Tbit/s
VPI
WDM

XPM

Output power

Pseudo random bit sequence
Pico seconds

Radio Frequency

Root mean square
Return-to-zero

Single mode fibre
Semiconductor optical amplifier
Self phase modulation

Tera bit per second

Virtual photonics interface
Wavelength division multiplexing

Cross phase modulation
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8.3 Appendix C: Nonlinear fibre parameters

Below is a list of the parameters for the two lengths of nonlinear fibre used in the

simulations of this thesis.

Parameter Sumitomo 1 Sumitomo 2
Length (m) 1000.00 1200.00
Reference frequency (Hz) 193.41el12 193.41e12
Attenuation (dB/m) 0.57e-3 0.57e-3
Dispersion (s/m”) -1.57e-6 -0.60e-6
Dispersion slope (s/m’) 0.03e3 0.03e3
Nonlinear index (m2NV ) 5.60e-20 5.60e-20
Core area (m2) 11.34e-12 11.34e-12
Taul (s) 12.20e-15 12.20e-15
Tau2 (s) 32.00e-15 32.00e-15
Raman coefficient 0.00 0.00

Table 1.1: Parameters used for the generation of nonlinear fibre
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