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This thesis presents results of transmission experiments using optical solitons in a
dispersion managed optical fibre recirculating loop. The basic concepts of pulse prop-
agation in optical fibre are introduced hefore optical solitons and their use in optically
amplified fibre systems are discussed. The role of dispersion management in such systems
is then considered.The design, operation and limitations of the recirculating loop and
soliton sources which were used and the experimental techniques are described before the
experimental work is presented.

The experimental work covers a number of areas all of which used dispersion man-
agement of the transmission line. A novel ultra-long distance propagation scheme which
achieved low timing jitter by suppression of the amplifier noise and by working close to
the zero dispersion wavelength has been discovered. The use of fibre Bragg gratings as
wavelength filters to suppress noise and reduce timing jitter has been investigated. The
performance of the fibre grating compared favourably with that of a bulk device and was
in good agreement with theoretical predictions.

The upgrade of existing standard fibre systems to higher bit rates is currently an
important issue. The possibility of using solitons with dispersion compensation to allow an
increase in data rate of existing standard fibre systems to 10Gbit/s over 5000km has been
demonstrated. The applicability of this technique to longer distances, higher bit rates or
longer amplifier spans is also investigated by optimisation of the dispersion management
scheme. The use of fibre Bragg gratings as the dispersion compensating elements in
such standard fibre transmission experiments has been examined and the main problem
that these devices currently have, high polarisation mode dispersion, is discussed. The
likely future direction of optical communications and what part solitons and dispersion
management will play in this development is discussed in the thesis conclusions
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Chapter 1

Introduction to optical fibre

communications

The rapidly increasing global demand for telecommunications products has induced a
great deal of research into high speed, long distance optical communication systems. Un-
til recently the only services which were required were traditional telephony and facsimile
services but with the development and introduction of new services such as Internet access
and quality audio and video transmission, increases in system capacities are required. In
order to transmit a telephone conversation of reasonable quality a data rate of 64kbit/s
is required (i.e. 64 000 “bits” of information must be transmitted per second) [1]. A
telecommunications link with a capacity of 1Gbit/s is therefore capable of transmitting
approximately 15,000 telephone calls simultaneously. If sound is to be transmitted with
a quality comparable with that of a compact disc the required bit rate is increased ten-
fold, whilst colour video requires a data rate of ~44Mbit/s which would allow only 22
simultaneous broadcasts on a 1Gbit/s system. Tt is therefore clear how these new broad-
band services can pnt a severe strain on existing systems which were not designed for
such bandwidih intensive use. There has also been a great deal of research into high
speed sources, detectors and other components as well as new ways of increasing the data
rate which can be achieved in optical systems. The global nature of modern telecommu-
nications requires that these new high bit rate optical systems are capable of spanning
trans-oceanic distances.

Since the first proposal of glass (ibre as a passible transmission medinm far aplical
telecammunication [2] and the subsequent development of law lass glass fibres [3] it has
hecome clear that the potential capacity of glass fibre based apfical systems is (ar highe

than traditional coaxial cable electrical systems. In addition ta the enarmaons poleriial



bandwidth, fibre has an low loss and unlike coaxial cable the attenuation of the signal
being propagated does not increase as the data rate is increased [4] pp5. Fibre can now
be routinely manufactured with a loss as low as 0.18dB/km at a wavelength of 1.55pm
which is close to the fundamental limit set by Rayleigh scattering. This low loss allows
propagation of optical signals over large distances (~400km) [5] before amplification is
required and also allows nonlinear phenomena to be observed at moderate power levels
due to the long interaction lengths which can be achieved [6].

Using all optical systems has allowed the bit rate of trans-oceanic systems to reach
5Ghit/s [7] and this data rate is likely to keep increasing with the demand for new broad-
band services either through direct increase to the data rate or by using multiple wave-

length channels.

1.1 Optical fibre

The most common type of fibre which is used in aptical communicalions systems, step
index fibre (SIF) is shown schematically in Figure 1.1. The central “core” area of the
fibre is a length of transparent silica glass with a cylindrical geometry. This core ia
surrounded by a cladding made of a similar material but with a lower refractive index to
allow waveguiding. Other types of fibre include graded index fibre where there is a gradual
change in the refractive index from the core to the cladding, and multiple cladding fibre

where more than one cladding layer is used.

Cladding

S

Coating

Core

[igure 1.1: Schematic representation of a step index fibre

In step index fibre the number of propagation modes which can he supported in a fibre
is determined by the refractive indices of the core and the cladding, the diameter of the
core and the wavelength of the light. Twa uselul parameters in the characterisalion af

optical fibre arve the relative core-cladding refvactive index difference A and the V numbher
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defined by

ny — N9 ,
A=T1T2 .
o (1.1)
2 ‘
V= —Wa(nf —n?)z (1.2)

A

where a is the core radius, n; and ny are the refractive indices of the core and cladding
respectively

This thesis concentrates on systems which use single mode fibre (i.e. fibre for which a
single propagation mode is supported) which has V' < 2.405 [6] pp32. The main practical
difference between multi-mode and single mode fibre is the core diameter although the
number of modes which are supported also depends on the wavelength of the light. In this
thesis when fibre is referred to as being single mode it is understood that the wavelength
of the signal is ~1.55pum, this wavelength was used for reasons which will be explained
below. For standard telecommunications fibre A is ~ 3x1073, the {ibre fibre core diameter
is ~8um and the cladding diameter is ~125um.

Before proceeding further it is necessary to consider some of the hasic characteristics

of optical fibre

1.1.1 Fibre loss

One of the most important fibre characteristics is the loss which a signal propagating
along the fibre experiences. The loss of a fibre, « is defined by
I P,

o = —?17:7)— (1.3)

where P, is the power at the fibre output, P is the input power and L is the fibre length.
The fibre loss is commonly expressed in dB/km using the relation
10, P

g = ~“/0JP (1.4)

where L is in km.

There are several mechanisms which contribute to the lass of a fibre. The main intrinsic
loss is due to Rayleigh scattering which is proportional to A™" and therefore dominales
at short wavelengths but there are further intrinsic losses due to ahsarption in the glass
(material absarption) and electron absorption. The fails af these ahsorption peaks cai

lead to additional losses abave 1.6um and helow 1um vespectively, The main extrinsie



loss is due to absorption by OH™ impurities in the fibre. The fundamental absorption
peak of these ions is at 2.7um but there are also strong overtones at 1400nm 950nm
and 725nm all of which are important in relation to optical communications. Figure 1.2
shows the loss of silica glass versus wavelength with the three above effects annaotated.
This loss profile determines the possible regions of operation of optical systems. The
earliest systems operated in the ~ 850nm region where the loss is ~ 10dB/km due to
the availability of sources and detectors at this wavelength. There are further minima at
1.3pm and 1.5m and it is at the latter of these regions which modern systems use due to

the lower loss ~ 0.2dB and availability of suitable optical amplifiers at this wavelength.

Attenuation
(dBAm) ImpLrity
Absorption
. ”\
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1 N Scattering I material
electron \_ e absorption
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Figure 1.2: Typical loss characteristics of silicone glass - after [1] pp67.

1.1.2 Chromatic dispersion

As a result of the frequency dependent response of the hound electrons when an electro-
magnetic wave is prapagated through the glass fibre different wavelengths of light travel

at different speeds. This effect is known as chramatic dispersion and since no soupee s
|
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truly monochromatic, it can lead to appreciable spreading of an optical pulse after long
propagation distances in optical fibre as shall be seen in Section 2.3. This can seriously
affect the performance of high speed optical communications systems where closely spaced
light pulses are used to represent data “ones” and any spreading of the pulses can lead
to corruption of the data signal. A measure of the difference in propagation speeds of
different wavelengths is given by the group delay dispersion parameter Dy which is the
second derivative of the refractive index with respect to time and is measured in ps/(nm
km). In addition to the intrinsic dispersion of the fibre material (which can be altered by
the inclusion of dopants) there is also a contribution which depends on the structure of
the fibre known as the waveguide dispersion. This waveguide dispersion can deliberately
be altered to adjust the dispersion characteristics of a fibre by changing the relractive
indices and dimensions of the core and cladding.

The vast majority of fibre which has been installed in optical systems is what is
known as standard telecommunications fibre which has a low dispersion in the second
optical window at 1.3m which was the wavelength at which early electrically regenerated
aptical systems operated. The main contribution to the dispersion of standard fibre comes
from the dispersion of the fibre material and the dispersion profile af a typical single

mode standard fibre is shown in Figure 1.3. The dispersion zero wavelength, Ag is at ~

15.0 1

A

/ :

10.0

5.0 /

0.0 4
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-10.0
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Wavelength (pm)

Figure 1.3: Dispersion parameter Ds of standard fibre versis wavelength.

[.310m and the dispersion hecomes positive al higher wavelengihs and negative for lower

1fi



wavelengths. This sign change of the dispersion gives rise to two distinct regimes, the
normal dispersion regime where Ds is negative and the anomalous dispersion regime where
Ds is positive. In the anomalous dispersion regime short wavelengths travel faster than
long wavelengths and so light propagated through a fibre with anomalous dispersion will
emerge with the blue end of the spectrum leading the red end. In the normal disper rsion
regime the opposite is true. Reference to Figure 1.3 shows that in the low loss region
at ~1.5um standard fibre has a high positive dispersion of ~ 17ps/(nm km). This
malkes the fibre unsuitable for use in optical systems operating at this wavelength as the
high dispersion can cause significant pulse broadening of 1.5pm. Dispersion shifted fibres
(DSFs), which rely on the waveguide dispersion to shift A into the 1.5um region, have
therefore been developed for use at this wavelength.  While DSI® can be used in new
systems which are being deployed there is a desire to use e xisting installed fibre systems
at higher data rates than they currently use because this offers an economical way ol
inereasing capacity. In order to achieve this i is necessary Lo reduce the average dispersion
of the system which can be done by including a length of dispersion compensating fibre
subject area which is currently receiving a great deal of interest and will he studied in

Chapter 7.

1.1.3 Fibre nonlinearity

Although the nonlinear coefficient (the factor which determines to what extent nonlin-
ear effects can be observed in a dielectric medium) is relatively low for silica glass, the
long propagation distances which can be achieved in optical fibre means that nonlinear
effects can be observed at relatively low power levels. They can therefore be important
i1 telecommunications systems and the main nonlinear process which is of interest here
< nonlinear refraction. Nonlinear refraction leads to a dependence of the net refractive
index of the fibre on the intensities of the wave or waves propagating along the fibre. b
s a near instantaneous effect and gives rise to several effects including sell phase modu-

lation, which can lead to the generation of stable optical pulses knawn as solitons, and
cross phase modulation which causes an interact ion between two waves propagating along

the same fibre.



1.1.4 Fibre Birefringence

In a fibre which has a perfect cylindrical geometry there is no polarisation dependence.
However it is not possible to manufacture fibre which is perfect and small random varia-
tions in the fibre structure or composition can lead to different propagation velocities for
different polarisation states. This is known as birefringence and is generally undesirable
because it leads to dispersion between different polarisation states and causes a linearly
polarised input signal to quickly reach some arbitrary polarisation state alter propagating
due to mixing of the polarisation modes of the fibre. Polarisation maintaining libre, which
has a strong but constant birefringence and allows a signal Lo propagate without variation
of the polarisation state, can be manufactured by deliberately changing the structure of
ihe fibre core to make it elliptical or by introducing stressing elements into the fibre. A
possible application of this fibre is to allow the capacity of systems to be doubled by using

different polarisation states to carry different data channels [8].

1.2  All optical systems

Currently, optical systems use the linear, binary non - return - to - zero (NRZ) scheimne
[1] pp189 to encode the required data pattern on the source. In the NRZ scheme the data
pattern consists of a series of time slots, the length of which is determined by the data
rate of the system — in a 1Gbit/s system each time slot is Ins wide. A “one” in the data
pattern is represented by a square pulse of a fixed intensity which entirely fills a time slot
and a data “zero” is represented by an empty time slot. The intensity of the pulses is
kept sufficiently low that nonlinear effects are not significant over the transmission path.
As the name suggests the signal intensity does not return to zero in-between consecutive
ones in the data stream, thus the 1Gbit/s (bit interval = Ins) data stream representing
the binary code 11100101 would be as as shown schematically in Ifigure 1.4 (a).

An alternative data format is the return-to-zero (RZ) scheme which uses an individual
pulse positioned at the centre of the timing slot to represent a data one and an emply
time slot to represent a zero. The temporal width of an RZ pilse is less than that of
the time slot and so the optical intensity returns to zero hetween adjacent daba ones. A
representation of the RZ data pattern 11100101 is shown in [Migure 1.4 (h).

In order for an error free data patlern to he recarded at the end of an aplical systen i
is essential that the optical data pattern is not degraded alang the length of the syslem.

A photo-diade is used to detect the optical dala siream al the end of a system and he
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[figure 1.4: Schematic representation of the pattern 1110( 101 for (a) NRZ encoding and (b) RZ encoding

energy in each time slot is measured. A threshold energy is set above which a data one is
recorded and below which a zero is recorded. There are therefore a number of ways thal
errors can be detected at the end of the system: the temporal position of an RZ data
pulse can change so that the pulse energy is recorded in an adjacent time slots the nojse
level can increase leading to a one being recorded instead of a zero; the energy of a pulae
energy can be attenuated below the threshold value or the pulse energy can be translered
from the original wavelength. It is inevitable that there will always be some errors and so
a level has to be set for how many errors can be accepted. This level is generally taken as
being less than one error in every 10% data bits (i.e. less than one error per 1000 million
bits).

Although the NRZ pulse format is currently used universally R7Z pulses appear to
perform better at high (> 10Gbit/s) bit rates [9]-[12] and have the advantages of being
compatible with optical time division multiplexed systems where low base rate pulses
are interleaved to increase the system data rate [13, 14, 15] and are required for optical
switching [16]7[19]. New techniques such as dispersion management and bit-synchronons
amplitude and /or phase modulation [20, 21] may allow increases to NRZ data rates hut it
is likely that RZ pulses will be used in the near future. One major problem with RZ pulses
is that they require a larger spectral bandwidth than NRZ pulses due fo the narrower
temporal width which makes them more susceptible to dispersive hroadening,

First generation optical fibre based systems rely on electronic re-generator stages 1o

amplify the data signal and maintain the signal integrity — the optical filive i simply used
as the transmission medium between the regenerators. The length of the nphfﬁl filhre

spans is typically 30-50km, the exact length depending an degradations ta the data signal
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due to the loss of the fibre and on other effects such as dispersion and nonlinearity. Af
the electrical re-generator the optical signal is converted into an electronic signal by a
semiconductor detector and re-timed, re-shaped and amplified electronically to recover
the original data pattern. The signal is then converted back into an optical signal and
propagated through the next fibre span. This continues along the system until the desti-
nation is reached. It is therefore only necessary to control the perturbations to the data
stream over a ~50km length scale with electronically regenerated systems.

The need to convert between the optical to electrical domains and the electronic pro-
cessing required in an electrically regenerated system leads to a limitation in the speed of
the system. There was therefore a great deal of interest in developing all optical systems
and with the discovery and development of the erbium doped f(ibre amplifier (IXDFA)
22, 23] all optical systems became a reality. The major advantages of all optic al systems
are that they are fast (the data passes through the entire system at the speed of light )
and the amplifiers are not data rate dependent as is the case with electronic repeaters.
The upgrade of an all optical system to higher data rates can therefore be achieved hy
replacing only the source and the detector provided the filire is snitable for the new dala
rate. The all optical system does not however re-time or re-shape the data pulses al any
point along the system and so the perturbations to the pulses must not be significant
over the entire system length (10 000km for a trans oceanic system) as opposed to over
a single amplifier span (typically 40km). The effects of fibre dispersion and nonlinearity
therefore have a more significant effect on the performance of the system.

For this reason there has been a great deal of interest in the use of optical solitons as
the data pulses in RZ all optical systems. Optical solitons are nonlinear pulses which can
propagate along ideal lossless fibre with no alteration to their pulse width or spectrum
due to a balance between the otherwise problematic effects of dispersion and nonlinearity
in the fibre. 1In real fibre which has a loss, soliton-like pulses can still propagate but
the signal power must be amplified along the system length. This thesis concentrates on
the use of soliton and saliton-like pulses in high bit rate long distance experiments and

investigates their potential for use in future all optical systems.

1.3 Thesis overview

Tt is first of all necessary to briefly review the theary af pulse prapagation in aptical i [ipe

and study the main effects which can limit the performance of soliton Lelecommumicalion

o
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systems. This is done in Chapter 2 which also introduces the concept of dispersion
management, a technique whereby different types of optical fibre are combined to give
the desired average system dispersion.

Chapter 3 describes the operation and design of the recirculating loop which was
used to conduct the soliton propagation experiments. The experimental measurement
techniques which were used are also explained. The characteristics, principles of operation,
advantages and limitations of the various soliton pulse sources which were used in these
experiments are described in Chapter 4.

The actual experimental work is covered in Chapters 5-8. Chapter 5 describes a
novel pulse propagation scheme which allowed pulse propagation over ultra long distances
(greater than 1 million kilometres) without any active control. Chapter 6 investigates the
practicality of using fibre Bragg gratings to provide spectral filtering in soliton systems.
These devices can be written in the core of optical fibres and can be used for a number of
additional telecommunications applications. Chapter 7 looks at many aspects of soliton
propagation in non dispersion shifted, standard optical fibre using dispersion compensat-
ing fibre to reduce the average dispersion and Chapter 8 presents preliminary results of a
similar standard fibre system which used a fibre Bragg grating to provide the dispersion
compensation. Finally, the findings of the thesis will be summarised in Chapter 9 and the

future of soliton based systems will be considered.

]
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Chapter 2

Solitons: Principles and system

considerations

2.1 Introduction

To study the propagation of pulses in an optical fibre system, a mathematical model is
required. This section outlines the derivation, from Maxwell’s equations, of the nonlinear
Schrédinger equation (NLSE) which describes pulse propagation in a dispersive medium
and will be used to investigate two important effects, group velocity dispersion (GVD) and
self phase modulation (SPM) which will be introduced and investigated separately hefore
their combined effect, which can lead to the formation of optical solitons, is studied. Other
effects which can have a bearing on soliton system performance are also discussed and
dispersion managed systems which use more than one type of fibre will be introduced.
Although the NLSE will be derived from Maxwell’s equations, a rigourous derivation
will not be presented as this is not relevant to an experimental thesis. Such a complete

derivation can be found in suitable texthooks [6, 24].

2.2 Derivation of the nonlinear Schrodinger equation
In deriving the NLSE, the basic wave equation

1 9°E 9Py, 0Py,

G
2 Mg TR

(2.1)

is used. E(r,t) is the electric field, ¢ is the speed of light, o is permeability of free space

and Py, Pyny are the linear and nonlinear parts of the induced polarisation P(r,t) =



Py(r,t) + Pyr(r,t). The linear and nonlinear induced polarisation fields are related to
E(r,t) through the dielectric tensors y1) and x® respectively [6],pp28.

In order to solve Equation 2.1 three approximations are required to simplify the prob-
lem: the nonlinear polarisation Py is taken as only a small perturbation to the linear
polarisation Pp; it is assumed that the polarisation of the optical field does not change
as it propagates along the fibre — thus a scalar approach is valid and finally, it is assumed
that the optical field is quasi-monochromatic, i.e Aw/wy < 1 where Aw is the spectral
width and wq is the central frequency.

E(r,t) can then be written as

E(r,t) = =2[E(r, t)exp(—iwot) + c.c.] (2.2)

DN

where c.c denotes the complex conjugate, & is the polarisation unit vector of the propagat-
ing light and £(r,t) is a slowly varying function of time compared to the optical period.
P; and Puy can be represented in a similar way.

In order to proceed it is necessary to assuming that the nonlinear response is instanta-
neous which means neglecting the dispersion of x®). This is valid for pulses longer than ~
0.1ps since the electronic contribution to ¥®) is at a 1-10fs time scale. For pulses shorter
than 100fs the effect of Raman gain must be included [25] pp46. Taking ¢y, the nonlinear
contribution to the dielectric constant, as a constant (valid in the slowly-varying-envelope

approximation), the Fourier transform of E(r,1), defined by

Blr,w—w) = /_: E(r, t)erp(li(w — wo)t]dt. (2.3)

satisfies the equation

where ko = 27/ ) is the propagation constant and ¢(w) is the dielectric constant. ¢(w) is
related to the dielectric tensor and can be used to define the refractive index 7, with the
nonlinear contribution to ¢(w) leading to an intensity dependence of the refractive index.
n is generally defined as

ii(w) = n(w) + na| E|? (2.5)

with n(w) being the linear refractive index and n, being the coefficient of nonlinearity,
given by
3
= 9 2.6
ny = :
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In order to solve Equation 2.4, the method of separation of variables is used. A solution

of the form

E(r,w - wo) = F(m,y)zl(Z w — w()) <7B0 ) (27)

is assumed, where F(z,y) gives the transverse fibre mode distribution, /;\(Z,w —wp) is a
slowly varying function of Z and [y is the propagation constant. For single mode fibre
F(z,y) is a Bessel function within the fibre core and decays exponentially outside the core.
As this function has a complicated form and is difficult to use it is often approximated
by a Gaussian. In the first approximation perturbation theory F(z,y) is not changed by
nonlinear variations in the refractive index and so it is ignored below. Substitution of

Equation 2.7 in Equation 2.4 then gives

0A . .
57 = i[B(w) + AB — BolA (2.8)
where A is evaluated from the modal distribution F(z,y) and An [6] pp38. The inverse
Fourier transform of Equation 2.8 then gives the propagation equation for the slowly
varying amplitude A(z,1). In taking the inverse Fourier transform it is useful to expand

B(w) in a Taylor series about the central frequency wo to give

Ble) = o+ (w0 = ) + (o0 — o)+ oo —w00) s+ (2.9)

where
anﬁ
B, = . 2.10
/71 iiawn 3 ( )
w=wq
In this expansion o represents the propagation constant, 3 is the inverse group velocity,

B, is the group velocity dispersion and ff3 is third order dispersion. In general, the cubic
and higher order terms in this expansion can be neglected if the quasi-monochromatic
assumption that the spectral width Aw < wg holds, which is true for pulse widths greater
than ~ 0.1ps. It may however be necessary to include the effect of third order dispersion
when considering propagation close to Ag, the zero-dispersion wavelength where Gy = 0.

Making this substitution for #(w), taking the inverse Fourier transform and evaluating
AfB to give explicit terms for fibre loss () and nonlinearity (n2) gives the propagation
equation [6] pp40

f A JdA D*A

o o
51 T3 Jz 52 T —2~A = iv|A]PA (2.11)
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where the nonlinear coefficient v is defined as

o N9Wo 1 -1
V= a (Wkm =] (2.12)

A.sy is the effective core area of the fibre determined from the the modal distribution
F(z,y). Ay therefore depends on fibre parameters such as the core radius and the
difference in the refractive index between the core and cladding as well as the wavelength
of the propagating light. In the 1.5um region which is of interest here, the value of Ay
is generally taken to be 50-80 pm?. Precise values of A.sy are difficult to obtain as the
exact modal distribution in the fibre is difficult to determine and there will also be some
fluctuation in the value along the length of a given fibre due to small random changes in
the fibre structure. In this thesis a value of 70um? is used for SIF and 50pm?* is used
for DST unless otherwise stated. There is also some uncertainty in the actual value of n;
which varies depending on the exact composition of the fibre core. Measurements of n
have found the value to vary between 2.2 and 3.4 x 10729m?W ! and in this thesis the
value is taken to be 2.5 x 10-20m2W 1. Using this value with the above values of A.yy
gives v ~ 1.5W " em ™! for SIF and y ~ 2W~'km™" for DSF.

In order to further simplify Equation 2.11 it is helpful to use a frame ol reference

moving with the pulse at the group velocity vy, by making the transform

P

T=t—==1t-p2Z. (2.13)
Yy
Equation 2.11 then becomes
0A 0 1, 9*A )

This propagation equation, known as the generalised nonlinear Schrodinger equation
(GNLSE), is the starting point for further study. The three terms on the right hand
side of this equation determine the effects of loss, group velocity dispersion and nonlin-
carity respectively. In the case where the loss of the fibre is neglected (o = 0) it is known
as the nonlinear Schrodinger equation (NLSE).

Depending on the initial pulse width and power either dispersive or nonlinear effects
can dominate and it is useful to define two length scales, the dispersion length, Lp and
the nonlinear length, Ly which can be used to categorise the pulse evolution into four

distinct regimes depending on the relative lengths of Lp, Lyg and L, the fibre length.



Lp and Ly are defined as

T2 1
Ln = —— L —_
D ‘/Hz] NL ")’PO

where 7y is the half width of the pulse, Py is the peak pulse power and v is the nonlinear

(2.15)

coefficient. 7y is related to the more commonly used full pulse width at the half intensity
points (Tjuwnm) and the exact relation between these two measurements of pulse width
depends on the pulse shape. Unless otherwise stated the pulse widths quoted in the
following will be the FWHM value.

The four propagation regimes are then as follows

i) L < Lp, L < Lyy, : neither dispersive nor nonlinear effects play a significant part
in the pulse evolution.

ii) L < Lyr, L > Lp : the pulse evolution is dominated by GVD with the nonlinearity
playing only a minor part.

i) L < Lp, L > Lyg : the evolution is governed by the nonlinearity with dispersion
being negligible.

iv) L > Lp, L > Ly : both dispersion and nonlinearity have a significant effect on
the pulse propagation.

In the analysis that follows “ much less than” is taken as meaning roughly a factor of
10 and the emphasis will be on the implications for long distance (= 1000km) high bit
rate (> 1Gbit/s) systems. In such systems the FWHM pulse widths are typically 10s of
ps and so the assumptions that the optical signal is quasi-monochromatic and that the
nonlinear response of the medium is instantaneous, which were made in the derivation
of the GNLSE, are valid. In relation to high speed telecommunications systems only the
final three scenarios are of interest, the first is of little interest as it requires long pulses
(7¢ ~ 100ps) with low dispersion and low peak powers (FPy ~ 0.05mW) for propagation
over 500km. The three cases (ii) - (iv) will be considered in turn to investigate the effects

of GVD and SPM alone before their combined effect 1s studied.

2.3 Group Velocity Dispersion

The first propagating regime which is considered is case (ii) where GVD dominates. This
requires that L < Ly, L > Lp or equivalently,
Lp ~yPyré

= <1 2.16
e~ 1Al (2.16)
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Taking typical values of v and | 3] for SIF at a wavelength of 1.55um of 1.5W-tkm™! and
-20ps? /km respectively means that for a 1000km system Fo must be < 70p W, indicating
that in a high speed telecommunications system this regime is only important af low pulse
pPOWers.

To study the effect of GVD alone, 7 is set to zero in Equation 2.14. The effect of loss
is included but as it has no effect on the dispersive behaviour it is removed by introducing

the normalised amplitude U(Z, T) defined by
A(Z,T) = VPoexp(—aZ/2)U(Z,T). (2.17)

U(Z, T) then satisfies the partial differential equation

U _ 92U
97 " /3 *or? (2

This equation can be solved using the Fourier method. If U(Z,w) is the Fourier
transform of U(Z, T) defined by

Uz, T) = —/ U(Z,w)exp(—iwT )dw (2.19)

then it satisfies the ordinary differential equation

oU 1 -
o _ A 2 <
zaé = Q,JZw U. (2.20)

This equation is easily solvable and has the solution

U(Z,w) =U(0,w)exp <%ﬂ2w2Z) (2.21)
where U(O,w), the Fourier transform of the pulse at Z = 0 is given by

0(0,0) = /OO U0, T)eap(iwT)dT. (2.22)

— 00

Equation 2.21 shows that there is no change to the pulse spectrum as it propagates
along the fibre but each of the spectral components of the pulse receives a phase change
proportional to the distance travelled along the fibre and proportional to the square of
the frequency of the spectral component. These phase changes can lead to an alteration

of the pulse shape as the pulse propagates. The phase change is also proportional to f;
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indicating that the behaviour is different in the anomalous and normal dispersion regions
as the sign of (3, is different in these two regions.

The general solution of Equation 2.18 is found by substituting Equn 2.21 in Equn 2.19
to give

Uz,T)= ;:/ U(0,w)exp l%ﬁngZ —iwT'| dw. (2.23)

In order to study the effect of GVD on a pulse as it propagates along a fibre It 18
useful to consider as an example the case of a Gaussian input pulse. A Gaussian is used
as it malkes the integrations involved simpler than they would be with a more complicated
pulse shape. The Gaussian input pulse is given by

. T .
U0, T)=exp (_2—75) . (2.24)

0

For a Gaussian pulse 7 is related to the FWHM pulse width by Trwmm = 2VIn27y =~
1.6657. Using this input pulse and carrying out the substitutions and integrations re-

quired in Equations 2.22 and 2.23 gives [6] pp56

2\ 72
UZT) = —2° ) eoplo—t 295
(2.7) <Tg—7jﬁgz> ”p( Q(Tg—wgzﬂ (2.25)

By taking the real and complex parts of this equation it is found that on propagation the

Gaussian pulse maintains a Gaussian profile but the pulse width increases becoming

(2.26)

This equation shows that for a given fibre length, the shorter the pulse the more rapid
the dispersive broadening as the rate of broadening 1s inversely proportional to Lp.
Further insight into the dependence of dispersive pulse broadening on pulse width
can be obtained by recalling that the different frequency components of a pulse travel
at different speeds on propagation through a fibre (red travelling faster than blue in the
normal dispersion regime where 3, > 0 and vice-versa in the anomalous dispersion regime
where 3, < 0). Thus after propagation along a fibre in the anomalous dispersion regime,
the blue components of the pulse will arrive ahead of the red components. In relation to
pulse width, a shorter pulse requires more spectral components to maintain the pulse shape
and hence there will be a greater difference in arrival time of the spectral components

compared to a longer pulse leading to an increase in the rate of temporal broadening.
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Similarly, when different pulse shapes are considered, pulses with steeper leading and
trailing edges experience a greater rate of dispersive broadening due to their broader
spectra. Spectral broadening also highlights the physical significance of the dispersion
length Lp — at Z = Lp the Gaussian pulse width has increased by a factor of V2.

In addition to the effect of spectral broadening the pulse also acquires an instantaneous
frequency shift on propagation. This can be seen by separating Equation 2.25 into an

amplitude and a phase term to give

U(Z,T) = |U(Z,T)|exp(i¢(Z,T)) (2.27)

where the phase term ¢(Z,T') is given by [6] pp56

¢(2,T) =

— +tan”!
T+ (Z)Lp)e &

2.28
i (2.28)

sgn(Ba)(2/Lp) I° (2)
The time dependence of ¢(Z,T') indicates that at any point along the fibre there is an

instantaneous frequency difference across the pulse give by

06 son(A)(Z/Ln) T
b = — o =2 Ziin) T (2.29)

At Z = 0 which corresponds to the fibre input ¢(Z,1') is zero and the input pulse is
recovered. The linear frequency change or linear frequency chirp across the pulse, dw,
depends on the sign of f,. In the anomalous dispersion regime (where f; < 0) dw is
positive when 7' < 0 at the leading edge of the pulse and decreases across the temporal
profile of the pulse. The reverse is true in the normal dispersion regime where G, > 0 but
Equation 2.26 shows that for an unchirped input pulse the amount of spectral broadening
is independent of the sign of B, and for a given value of Lp the pulse broadens by the
same amount in the normal and anomalous dispersion regimes.

Thus far the discussion has been restricted to unchirped Gaussian input pulses. When
a sech®(t) input pulse is used (which is of particular interest as this is the temporal
profile of the optical soliton) the qualitative features of the dispersive broadening are very
similar to those of Gaussian pulses but when a steeper edged pulse shape such as a super
Gaussian is used, oscillations can develop in the trailing edges of the pulse. This more
complex dispersive broadening is due to the wider spectrum of such pulses [6] pp62. When
a chirped input pulse is used the effect of dispersive broadening depends on the sign of

B, and the input chirp. If these two are of the same sign then the rate of broadening
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increases but more interestingly if they are of the opposite signs, the initial chirp of the
pulses is reduced as the pulse is propagated along the fibre and there is a corresponding
reduction in the pulse width. This pulse compression continues until the initial chirp 1s
completely cancelled by the dispersion induced chirp to give a transform limited pulse.
As the propagation distance is increased further the pulse begins to broaden, with the
broadening being similar qualitatively to that of an unchirped input pulse. This dispersive
pulse compression has a practical use in that down chirped pulses emitted by a gain
switched, distributed feedback semiconductor laser can be compressed by propagation
through a length of normal dispersion fibre [26]. This application will be discussed in
Section 4.5.

By referring back to Equation 2.26 it is seen that when 3, is equal to zero i.e. at Ao,
there is no dispersive broadening. However, in deriving this equation, cubic and higher
order terms in the Taylor series of Equation 2.9 were neglected. When operating close to
\o it is necessary to include third order dispersion, s, which leads to an additional term
in Equation 2.18 . The influence of this term is to lead to an asymmetric and oscillatory
temporal pulse profile [6] pp. 64.

Although the group velocity parameter (3, has been used throughout this section, a
second parameter, the group delay dispersion D is more commonly quoted as it has the
more useful units of ps/(nm km). The difference between f; and Dy is that the latter is
proportional to the second derivative of the refractive index with respect to wavelength

as opposed to frequency. The two are thus related by

—27c .
D, = _A_i._ﬁ, (2.30)

As an experimental example of GVD, 2.5GHz pulses from the fibre laser described in
Section 4.4 which was operated at 1550nm, were propagated through various lengths of
standard fibre. The pulse width of the laser pulses was measured using the autocorrelation
technique described in Section 3.3.1. From the autocorrelation width the actual pulse
width could be inferred by assuming a particular pulse shape. Figure 2.1 (a) shows the
autocorrelation trace of the input pulses which has been scaled to show the actual pulse
width assuming a sech?(t) pulse shape. The sech?(t) curve fit shown as a solid line 1n
this graph indicates that this assumption was not unreasonable. The FWHM pulse width

of the pulses was then 18ps. For sech?(t) pulses the relationship between 7o and Tfyhm 18
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6] pp60

Thuwnm = 200(1 + V2)10 ~ 17637 (2.31)

giving 70 = 10.2ps. Using this value and taking D, ~16.5ps/nm /km gives a dispersion
length Lp ~ 5km. The fact that Dy > 0 indicates that third order effects could be
neglected. In order for GVD effects to be dominant the propagation distance must be
greater or comparable with the dispersion length of 5km and Equation 2.16 shows that for
this case the peak power Py must be much less than ~130mW (this calculation assumed
~ = 1.5W~'km™"). These conditions were met by having a minimum propagation distance

of 6km and a peak power of ~2mW. Figure 2.1 (b) - (d) show the pulse widths, again
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Figure 2.1: Experimentally measured Pulse widths (circles) and sech?(1) fits (solid lines) for (a) input
pulses and pulses after propagation through (b) 6km, (c) 13km and (d) 19km of standard fibre.

found by taking autocorrelations, of the pulses after propagating through 6, 13 and 19km
of standard fibre respectively. These results show that as predicted by theory the effect
of GVD is to broaden the pulses. After propagating 6km the pulse width had increased
to ~23ps and with further increases to the propagation distance the pulses continued to

broaden, the pulse widths being ~33ps and ~45ps after propagation distances of 13 and
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19km respectively. A sech?(t) fit to the experimental data is also shown for each case,
indicating that there was little change to the temporal profile of the pulses (the mismatch
between the wings of the measured pulse width and the fit for (d) is due to the pulse width
exceeding the measurement window of the autocorrelator). Measurement of the spectra of
the input and propagated pulses showed that there was no variation in the spectral width,
it remained constant at 0.17nm throughout. This spectral width gave a time bandwidth
product, AvAT, of 0.36 for the input pulses showing that they were slightly chirped
(transform limited sech?(t) pulses have AvA7 =0.32). The rate of dispersive broadening
in this experiment was roughly 1.5 times higher than that predicted by Equation 2.26,
the difference being due to the experimental input pulses being chirped sech®(t) pulses as
opposed to unchirped Gaussian pulses which this equation assumes. The peak power 1n
this experiment was too low to observe any nonlinear effect which would have caused a
reduction in the pulse broadening and a slight increase in the spectral bandwidth of the

pulses.

2.4 Self Phase Modulation

The next propagating regime which is considered 1s case (iii) where L < Lp but L > Ly,
and the pulse evolution is dominated by nonlinear effects with the GV being negligible.

This condition can be re-stated as

Lp _ vFerd
Lyt |32

> 1 (2.32)

and for this to hold for a high bit rate system with a pulse width 7= 50ps requires a
peak pulse power of 50mW in standard fibre and the SPM dominates for a few 10s of km.
If 75 is reduced to 10ps the required peak power increases to ~ 1W and the length scale
reduces to only a few hundred meters. In dispersion shifted fibre which is taken to have a
dispersion of 1ps/(nm km) the peak power required is reduced to ~60mW for 7y =10ps.

In order to investigate the effect of SPM mathematically, the normalisation of Equa-

tion 2.17 must be applied to Equation 2.14 with /3, set to zero to give

Q@

Ui |
= ' cap(—aZ)|UPU, (2.33)
Lyt

d

N

where o determines the fibre loss, which plays an important part in the pulse propagation.
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This equation can be solved to give the solution

U(Z,T)=U(0,T)exp (iénr(Z,T)), (2.34)

where U(0, T) is the input pulse amplitude and ¢y is the nonlinear phase shift given by

. 2 Ze
¢NL@1T)=|UuLTM27ii (2.35)
LN
with
1 .
Zerp=—[1 —exp(—aZ)] (2.36)
«

being an effective length scale which is smaller than 7 and takes into account the effect
of the fibre loss (when fibre loss is disregarded @ = 0 and Z;y = 7).

Equations 2.34 and 2.35 show that SPM induces a phase shift on the pulse which is
proportional to the intensity |U(0, T)\2 and that this phase shift increases with propaga-
tion distance.

Similarly to Equation 2.29 the chirp induced by SPM is given by

CO¢nr _ OWU(0,T)|* Zey,

Sw = — .
“ T OT  Lny.

(2.37)

This shows that the chirp increases in magnitude as propagation distance increases, with
new frequencies being self-generated as the pulse propagates along the fibre. These SPM-
generated frequencies lead to the pulse having a broader frequency spectrum after propa-
gation that at the fibre input, with the rate of the spectral broadening being determined
by the rate of change of the intensity, due to the 22 term. This means that different

} g Y§ a1

input pulse shapes suffer different degrees of spectral broadening.

From Equation 2.35 it is seen that the maximum phase shift ¢4, occurs at the centre

q I

of the pulse (T = 0) as this is the point where the intensity is greatest. In addition, since

U is normalised such that |U/(0,0)] = 1, it is given by
(r/)mm: - Zejj/[/NL - A/])OZejf~ (238)

This shows the physical significance of Lyp: it is the effective propagation distance at
which the phase shift is unity.
As an experimental example of SPM, 24ps (FWHM) fibre laser pulses were passed

through a 25km length of dispersion shifted fibre (DSF). The operating wavelength (which
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like all optical spectrum measurements quoted in this thesis, was measured using an
optical spectrum analyser with a 0.Inm resolution) was 1551nm and the dispersion was
~ 0.1ps/(nm km) giving a dispersion length, Lp ~ 1500km showing that by using DSF
the condition L < Lp was met. The actual value of Lyy, was not well known because of
uncertainty in A.ss and ny but taking, as an estimate y = 2 Wtkm=! gives Ly, ~ 25km
for a peak power Py = 0.02W which was the minimum power used in this experiment.
This shows that the condition that L—Lf\?[— > 1 held and so nonlinear effects were expected
to be dominant. Due to the long length of fibre which was used the effect of loss could
not be neglected. As the signal propagated along the fibre the exponential decay in the
pulse power would have led to a decrease in the SPM eflect. In calculating the nonlinear
phase shift it was therefore necessary to use the effective length scale which takes account
of this loss. The fibre had an approximate loss of 0.2dB/km giving a value of a=0.046
and so the effective length given by Equation 2.36 was ~ 15kn.

Equations 2.37 and 2.38 show that for a fixed fibre length, ¢ma, and dw(1") depend
on the peak power Py and so the spectral evolution of the pulses could be observed by
increasing the peak power of the launched pulses. Figure 2.2 shows the spectra of the input

pulses and the pulses after propagation through the fibre for various peak powers. As (b)
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Figure 2.2: Optical spectra of (a) the input pulses and pulses after propagation through 25km of DSF
for peal\ pulse powers of (b) 0.02W (c) 0.05W (d) 0.08W (e) 0.1W and (f) 0.15W

shows there was little change in the spectrum of the pulses at low input power but as the
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power was increased there was first a broadening of the spectrum and at the highest input
powers (e) and () show the oscillatory nature of the spectrum which is typical of SPM.
The asymmetry which was seen in these spectra was probably due to slight asymmetry in
the input pulses. The number of peaks expected in the SPM broadened optical spectrum

can be found approximately from the expression

Qbma.x ~ (A/I’ — 1/2)7T (239)

where M is the number of peaks in the spectrum and ¢y, 18 the nonlinear phase shift.
In the above experiment two peaks were seen in the optical spectrum and so ¢z should
be ~ % ~ 4.7. From Equation 2.38 the value of ¢par was calculated to be ~5.4 taking a
fibre loss of 0.2dB/km and a value of v = OW ~tkm™'. These two values for ¢,,q, are in
reasonable agreement considering the approximations made.

The oscillations in the pulse spectrum can be understood by considering the chirp

across the pulse as shown in Figure 2.3 (b) for the sech?(t), Gaussian and super Gaussian

(of third order) pulse profiles shown in Figure 2.3 (a). The chirps, which were calculated
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Figure 2.3: (a) Pulse shapes and (b) chirps for sech?, Gaussian and super Gaussian (of third order)
pulses.

at Z.;; = Lnp, show that there are two points in the temporal profile of the pulse which
have the same instantaneous frequency. These two points represent two waves which have
the same frequency but different phases, which can interfere constructively of destructively
depending on their relative phase difference. It is the interference between these two waves

which leads to the oscillations in the optical spectrum of the pulses.
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Figure 2.3 also shows how the chirp varies for different pulse shapes. There is little
difference between the sech(t) and Gaussian amplitude profiles over the central region
of the pulses leading to a similar chirp over this region with the chirp being linear and
positive (the frequency increases with T) over this region. Away from the pulse peak there
is a greater variation between these two pulse shapes which is reflected in their slightly
different chirps. The Gaussian pulse has a slightly higher chirp due to the steeper wings
and as the pulse shape is changed to give a super Gaussian shape which, as is shown n
Figure 2.3 (a) is much squarer, with steeper leading and trailing edges, the chirp increases
greatly in magnitude. There is also a qualitative change with the chirp only occuring in
the wings of the pulse as there is little intensity change over the central region. Although
SPM still leads to spectral broadening for these pulses the majority of the energy remains
within the central peak and there is therefore an advantage in using flat square NRZ type
pulses to reduce the effect of SPM. A further feature of the chirp is that there is a change
of sign with the chirp being negative (corresponding to a red shift) at the leading edge
of the pulse where T' < 0 and becomes positive (blue shift) at the trailing edge. If the
input pulse is chirped there are also changes to the effect of SPM. For a Gaussian pulse a
positive chirp adds to the SPM induced chirp over the central region of the pulse leading
to an increase in the number of peaks seen in the optical spectrum of the pulse whilst the

opposite is true when the input pulse has a negative chirp [6] pp84.

2.5 The soliton solution

The final regime which is considered corresponds to case (iv) where L > Lp, L > Lnyg
and both GVD and SPM have a significant effect on the propagation. In this case, the
behaviour depends on the sign of the fa: in the normal dispersion regime, where 33 > 0,
there is a stable c.w. solution but when the dispersion is anomalous (f; < 0) any small
perturbation to the c.w. or quasi c.w. power Jevel leads to the spontaneous formation
of an ultrashort pulse train through a phenomenon known as modulation instability [6]
ppl05. Modulation instability can be a problem in NRZ systems where a long serles of
data “ones” gives a quasi c.w. power level. For this reason NRZ systems operate in the
normal dispersion regime. When a pulsed source is used there is again a difference in the
evolution depending on whether the dispersion 1s normal or anomalous. The case which
is of interest here is that of anomalous dispersion where the combined effect of GVD and

SPM can lead to the formation of optical solitons.

36




The lossless case, where o is set to zero in Equation 2.14, is considered first of all. The

equation governing the evolution is then the nonlinear Schrodinger equation

84 0*A

— 2
9z~ ﬁz ar? 'V (240)
This equation can be normalised using
A Z T
u=N , z2 = , T =, 2.41
\/FO LD 7o ( )
where N is defined as
D2
N2 = Lo 3T (2.42)
Lyy |5
to give
Ou 10 5
R —_—— — ()
i5 +9)2+lul u="0 (2.43)

where sgn(f;) has been set to -1 corresponding to the anomalous dispersion regime. When
the normal dispersion is being considered the second term (which dictates the dispersive
behaviour) is negative.

Although the NLSE cannot be solved directly, it can be exactly solved using the inverse
scattering method which was devised by Gardener el al. [27] and was used to solve the
NLSE by Zakharov and Shabat [28]. The inverse scattering method will not be discussed
here but is similar to the inverse Fourier transform method used to solve linear partial
differential equations [6] ppll1l. Using this method gives a series of solutions the most

simple of which corresponds to the fundamental or N=1 soliton and is given by

u(z,7) = 2(sech(2(T)exp(2i(*z), (2.44)

where the eigenvalue ¢ determines the soliton amplitude. Normalising such that 2¢ =1

gives the canonical form of the fundamental soliton

u(z,7) = sech(t)exp(iz/2). (2.45)

This equation shows that if a hyperbolic secant pulse with a peak power and pulse

width chosen such that N=1 or equivalently such that
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is launched into an ideal lossless optical fibre, it will propagate undistorted indefinitely
with no change to the pulse shape or width. The pulse does however acquire a phase
which increases linearly with propagation but this phase has no temporal dependence
and so the pulse does not become chirped as it propagates. There is therefore no change
to the pulse spectrum. Obviously, pulses which can propagate along optical fibre without
any distortion are of enormous interest in optical communications.

Equation 2.46 shows that the peak pulse power and the pulse width of the fundamental
soliton are related, with the peak power being inversely proportional to the square of the
pulse width, and so narrower pulses have higher peak powers. For standard fibre at
1.55um, with v = 1.5W " km™" and |B| = 20ps*/km the peak pulse power is ~ 4mW for
a 100ps FWHM pulse width and increases to ~ 400mW for a 10ps soliton. If DSE is used,
which has values of Dy ~1ps/(nm km) and v ~ 2W~'km™", the peak power required for
a 10ps soliton is reduced to ~ 20mW.

There are further solutions to the NLSE and of particular interest are the higher order

solitons which have the initial form

u(0,7) = Nsech(r), (2.47)

where N is an integer which denotes the soliton order. These higher order soliton require
a peak power N? times that of a fundamental soliton for the same pulse width. Unlike
fundamental solitons, the higher order soliton undergoes a complicated evolution, with
the pulse splitting as it propagates but the evolution is periodic and the soliton returns to
the original form at z = mm/2 where m is an integer [6] pp115. Thus the soliton period

is defined in physical units (using the normalisation of Iiquation 2.41) as

2
T w7 )
o= —Lp=——2. 2.48
o= 5k0 =515 (2.48)

For a 10ps (FWHM) pulse the soliton period is ~2.5km in standard fibre and ~25km in
DSF.

In order to gain further insight into the evolution of higher order solitons and the
lack of evolution of fundamental solitons it is useful to consider the chirps induced on the
pulse by SPM and GVD. The sign of the GVD induced chirp depends on the sign of the
By whilst that of the SPM induced chirp is invariant. In the normal dispersion regime,
the two chirps have the same sign and combine leading to unstable pulses, whilst in the

anomalous dispersion regime the chirps have the opposite signs and if the pulse width
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and pulse peak power are chosen such that N =1, the two chirps cancel exactly leading to
the formation of an optical soliton. In the case of the higher order solitons the two chirps
cancel in such a way that the original pulse shape is recovered after an integral number
of soliton periods.

As an experimental example 25ps pulses from a fibre ring laser were propagated along
a 25km length of standard fibre and the input power of the pulses was varied. The
spectral width of the pulses was 0.12nm giving a time bandwidth product of 0.37 showing
that these were close to transform limited sech?() pulses. The peak power required to
generate a fundamental soliton of this pulse width was estimated to be ~60mW using
Equation 2.46 and assuming f, = -20ps/(nm km) and y = 1AW " em ™. This calculation
neglected the effect of loss but the 25km length of fibre used had a loss of ~5dB. As will
be seen in Section 2.5.1 the fibre loss leads to a higher power being required to launch a
stable pulse and in this experiment a peak power of ~ 90mW was estimated for stable
pulses.

Autocorrelations were taken of the pulses at the fibre output for various input powers
and the pulse width was calculated from the autocorrelation width. Figure 2.4 shows
these autocorrelations scaled to give the actual pulse widths and sech?(t) fits to the
experimental results for (a) the input pulses and the output pulses for peak powers of
(b) 100mW, (¢) 80mW, (d) 30mW, (e) 5mW, () 0.4mW. The experimental results show
that when the peak power was 100mW (Iigure 2.4 (b)) there was no significant pulse
broadening after propagation through the 25km of fibre. The pulse width of the output
pulses was 26ps compared to 25ps for the mmput pulses. There was little change to the
pulse spectrum either, the spectral width remaining at ~ 0.12nm. However when the
peak power of the input pulses was reduced pulse broadening was observed (see Figure
2.4 (¢) - (1)) because the SPM effect was not strong enough to counteract the dispersion
and the pulse spread in the time domain but there was no spectral broadening. The
amount of spectral broadening increased as the input power was decreased. At an input
power of 80mW the temporal width of the output pulses had increased to only 32ps but
with a further reduction of the power to 30mW the pulse width increased to 41ps. At a
peak powers of 5mW and 0.4mW a large degree of pulse broadening occurred which is
hardly surprising as for these peak powers the propagation distance L <« Lnp,L > Lp
and so the propagation was dominated by GVD with nonlinearity being insignificant
(see Section 2.3). There was reasonable agreement, when the effect of loss was taken

into account, between the experimental peak power for a stable pulses (~ 100mW) and
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Figure 2.4: Pulse widths obtained from autocorrelation and sech?(t) fits for (a) the input pulses and
pulses after propagation through 25km of SIF for peak pulse powers of (b) 100mW (c) 80mW (d) 30mW
(e) 5mW and (f) 0.4mW

the calculated value of 90mW. The small discrepancy between these two values can be
attributed to the approximate values ol v,z and « used in the calculation.

Another remarkable property of solitons is that they are resilient to small perturba-
tions. If the soliton width or spectrum is slightly changed the soliton will try to adjust
‘tself so as to remain soliton-like. This does however often result in a change in the tem-
poral position of the pulse in its own frame of reference. As shall be seen in Section 2.7.1
this has a serious implication for soliton based communication systems. It is also possible
to excite a soliton even if the pulse launched into the fibre is not of the exact shape, power
or chirp required for a soliton. The pulse will eventually evolve into a soliton after prop-
agation with the excess energy being shed as dispersive radiation[29]-[32]. In a soliton
communication system this shedding of radiation has to be avoided as much as possible
since the dispersive radiation would add to the background noise degrading the signal to
noise ratio. 1t is therefore necessary to use the correct pulse shape and power in soliton
systems.

This simple analysis has shown that optical solitons have many of the attributes of
the ideal pulses for optical communications systems: they are stable against perturbation;

have a stable pulse width and spectrum on propagation and owe their existence to an
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interplay between the otherwise troublesome effects of GVD and SPM. There are also
disadvantages of using solitons which will be discussed below but first the implications of

a serious omission of the above analysis must be considered.

2.5.1 The effect of loss - The average soliton

In the previous analysis the fibre was assumed to be ideal and lossless. However loss
cannot be disregarded in practice and it has a major effect on soliton propagation since
any decrease in the pulse power leads to a decrease in nonlinear effects and the balance
between GVD and SPM is destroyed. As was seen in the previous experiment this can lead
to pulse broadening as the pulse propagates because GVD begins to dominate the pulse
evolution. A second implication of fibre loss is that the signal power in a communications
system must be boosted in order to compensate for the loss in the fibre. In contemporary
systems this amplification is usually done all optically by “lumped” erbium doped fibre
amplifiers (EDFAs) although some work has also been done using distributed EDFAs
(33, 34, 35]. Here only lumped amplifiers are considered. The exponential decay of the
soliton power led to the proposal of the average (or guiding centre) soliton as the stable
pulse in a periodically amplified system [36, 37].

When considering an amplified all optical system each EDI'A can be taken as being a
discrete amplifier as the amplifier length is much less than the span between amplifiers.
The loss between each amplifier is however, distributed along the whole of the span with
the signal power decreasing exponentially between the amplifiers before being restored to
the initial power by the amplifier. The starting point for the mathematical analysis is the

GNLSE re-written as

Ju 1 0% .
L;L/L + 5;,)7_{2 + |ulfu = —ilu (2.49)
using the normalisation of 2.41 and where
= %LD (2.50)

is the normalised loss.
In order to compensate for the loss of the preceding fibre span, the fields up and ug

before and after the m!* amplifier must be related by

us(mz,) = GV uy(mz,) (2.51)
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where z, = L,/Lp is the amplifier span, L, normalised to the dispersion length Lp and
G = ¢?'%e is the power amplification required to compensate for the loss in the preceding

fibre span. Using the transformation u(z,7) = A(2)R(z,7) in Equation 2.49 gives

OR 10°R 2 9 o ne
where
A(z) = A(0)e e (2.53)

gives an exponentially decreasing nonlinear coefficient in the NLSE (c.f. Equation 2.40).
If the amplifier span is short compared to the soliton period then the variations in A(z)
between amplifiers are rapid on the scale of the dispersion distance and A(z) can be
approximated by an average value [37]. Taking the average of A(z) over one amplifier

span and normalising, i.e. setting

gives
20z, GlinG

[ —e 2w G-I

A2(0) = A2 =

Ag is then the peak amplitude of the so-called average or quiding cenlre soliton given by
R(z,7) which is the soliton solution of the averaged NLSE, Equation 2.52 [36, 37, 38].
The peak power of the average soliton is then given by

|62

2
Y70

Py = A} (2.56)
which is a factor AZ higher than the peak power for a fundamental lossless soliton. By
analogy with the equation for the peak power of higher order solitons, A§ is often written as
N2 but for an average soliton N is not necessarily an integer as s the case for lossless higher
order solitons. As an example consider a 40km span of fibre with a loss of 0.2dB/km. «
‘s then 0.046km~" and so G = exp(0.046 x 40) = 6.3. This gives A ~ 1.8 and so the
power of the average soliton is, in this case, 1.8 times that of the fundamental soliton.
Average solitons can propagate along real systems, which have distributed loss and
periodic amplification, with little distortion provided that the amplification period is much
shorter than the soliton period, the input amplitude is set correctly and the amplifiers

compensate exactly for the total loss of the preceding span (this total loss comprising the
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fibre loss and losses due to other components).
In physical terms, average solitons can be understood by referring to Figure 2.5, which
shows the intensities of an average soliton propagating in a fibre with a loss of 0.2dB/km

(solid line) and a fundamental soliton propagating in a lossless fibre (dashed line). The
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Figure 2.5: Variation of the soliton energy with propagation distance over 4 amplifier spans. Due to
loss in the fibre the energy decreases exponentially before being restored at each amplifier. The average
energy is equal to 1 which is the energy of a fundamental soliton in a lossless fibre.

amplifier spacing is set to 25km giving a total loss of 5dB per amplifier span and propa-
gation distance is normalised to the amplifier span. In the lossless case 1" is set to zero n
Equations 2.55 and 2.49 giving an initial intensity of 1 which is unchanged on propaga-
tion i.e. the fundamental (N=1) lossless soliton result is recovered. However when loss 1s
included, there is an exponential decay of the average soliton intensity as the pulse prop-
agates along the fibre before the intensity s restored to the initial value by amplification.
Equation 2.53 shows that the higher the fibre loss is, the faster is this rate of decay while
Equation 2.55 shows that the higher the fibre loss or the amplifier span then the higher
the average soliton input amplitude must be.

Considering the first amplifier span shown in Iigure 2.5, the initial average soliton
intensity is in excess of the N=1 lossless soliton intensity and in the initial part of the
propagation the SPM chirp dominates over the GVD chirp. However as the average
soliton intensity falls so does the SPM until a point is reached where the intensity is equal
to that of the lossless soliton and SPM and GVD are matched. With a further increase
in the propagation distance the GVD chirp is greater than the SPM chirp. In order to
launch a stable average soliton the excess SPM chirp from the initial, high intensity part

of the propagation must be balanced by that from the excess GVD chirp from the final
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part of the propagation. This is equivalent to matching the areas above and below the
A?(z) =1 line in Figure 2.5.

Although loss is the most significant perturbation, there are other periodic effects,
such as manufacturing defects, which can affect the soliton propagation. Similarly to the
average soliton, the period of such perturbations must be smaller than the soliton period

if they are to be neglected.

2.6 Birefringence and Cross Phase Modulation

A second important assumption which has been made thus far is that the optical fibre is
homogeneous and so has no polarisation dependence. However, in reality the fibre fabrica-
tion process introduces imperfections to the cylindrical geometry of the fibre which causes
a local birefringence. This birefringence leads to two orthogonal polarisation modes of
the fibre which will have slightly different refractive indices. The random nature of the
birefringence causes mixing of the two polarisation modes so that linearly polarised light
which is launched into the fibre will develop an arbitrary polarisation on propagation.
This can be a problem because a difference between the refractive indices of the two po-
larisation modes will lead to different different group velocities, thus causing a polarisation
dependent dispersion known as polarisation mode dispersion (PMD) which can lead to
the splitting of a randomly polarised nput pulse into two orthogonally polarised parts
[39]. Although modern fibre manufacturing processes allow fibre to be made with low
PMD values, older systems may suffer from high enough PMD to cause serious problems
when upgrading NRZ systems to higher data rates [40, 41, 42]. It can also be a problem in
polarisation division multiplexed experiments which try to double the capacity by using
orthogonal polarisation states to carry different data channels [8, 43].

In addition to the dispersive effect of PMD, data can also be corrupted through a
nonlinear effect known as cross-phase modulation (XPM). XPM is an interaction between
two or more waves which co-propagate along a fibre and originates from the fact that
the effective refractive index of a wave propagating in a fibre depends not only on its
own intensity (which leads to SPM) but also on the intensities of other co-propagating
waves. XPM is therefore especially important in WDM systems where there can be several
channels, all assigned to a different wavelength, propagating in a single fibre but there
can also be an effect in single channel systems as two waves with the same frequency but

different polarisation states also interact.
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The case of XPM between two different signal frequencies will be considered first. To
determine the effect of the XPM in the case of two waves with different frequencies, the
input field of Equation 2.2 is replaced by

E(r,t) = —2[Biexp(—iwt) + Ereap(—iwst)] + c.c. (2.57)

b |

where w; and w, are the central frequencies of the two pulses. Following a similar deriva-

tion to that for a single wave leads to a change in refractive index given by

An; ~ny(| B + 2| Es—i[?) (2.58)

where j=1,2 for the two pulses and it is assumed that n; ~n (6] ppl75.

This equation shows that the refractive index of the optical wave depends on both
the intensity of the wave itselfl and on the intensity of the co-propagating wave. This
refractive index change leads to a nonlinear phase shift as the signal propagates along the
fibre, given by
w;z w;zN;,

9/){7‘\”; = 2- A’ﬂj = . [lEjlz + 2!]33_?!2} . (259)

c

The first term is responsible for SPM (c.f. Equation 2.35) whilst the second represents the
phase change of one wave due to the other and is responsible for XPM. It is immediately
obvious that for waves of the same intensity the XPM term is twice that of the SPM term.

For two waves which have the same frequency but different polarisations the XPM

process can be studied by using an elliptically polarised input wave given by

fo—

E(r,t) = =(2F, + 9L, )exp(—iwol) + c.c. (2.60)

o

where E, and B, are the complex amplitudes of the two orthogonal polarisation states
and wp is the central frequency. The effect on one of the polarisation states due to the
presence of the other is again a change in the refractive index [6] pp178 and the nonlinear

birefringence is given by

L2
An, = ng (|1’3T|2+§|l§y|2> (2.61)
An, = m (|Ey|2+§15,,,.|2). (2.62)

This is qualitatively the same as the XPM effect between two waves of different frequencies

but quantitatively the effect is weaker due to the 1/3 term.
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The effect of this nonlinear birefringence is to change the state of polarisation of the
input elliptically polarised light. A consequence of this polarisation variation is a nonlinear
polarisation rotation (NPR) which causes a larger self-induced change in the polarisation
of the high intensity pulse peak than in the low intensity wings of the pulse [44]. NPR can
lead to pulse shaping through a saturable absorption mechanism if a polarising element
is used to discriminate between polarisation states. This effect has been used to passively
mode lock lasers [45] and is discussed in Chapter 5 in relation to a pulse propagation
experiment.

As XPM only affects co-propagating signals it has a limited effect on pulse propagation
due to the group velocity mismatch between waves of different central frequencies and of
different polarisation states — as the two pulses propagate along the fibre at different
speeds they will walk-off, with one pulse passing through the other which restricts the
interaction length.

The previous soliton evolution equations assumed that the launched pulses were lin-
early polarised into an isotropic fibre. In reality, even weak birefringence can lead to
polarisation instability which can affect the propagation [6] pp190 but for the ~1 Ops soli-
tons used in high bit rate experiments, there is little effect because the soliton power is
below the threshold power for polarisation instability. In strongly birelringent fibre but
where the birefringence is below ~ 0.3D,, the lower intensity polarisation component of
an elliptically polarised input pulse is “trapped” by the higher intensity com ponent and
so the pulse splitting expected for a linear pulse is avoided but at the expense of a timing
jitter [6] pp192, [46]. This resilience of solitons to the effect of PMD may be of use when
upgrading existing fibre links which are more likely to be hampered by high PMD than
newly installed systems. At higher birefringences (> 0.30,), the nonlinear effects can no

longer balance the dispersion and pulse splitting occurs as for linear pulses.

2.7 Soliton system design considerations

In designing a soliton transmission system there are several effects which must be taken
into consideration. The design of the system depends not only on the system length but
also on the data rate and amplifier span which are required and as shall be seen below,
there must be compromises made in the system design brought about by the requirements
of low timing jitter on arrival at the detector, high signal to noise ratio and an acceptable

average power. Of particular interest in the context of this thesis is the case of Jong-haul
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systems of trans-oceanic distances (~10 000km) with Gbit/s data rates and such systems

are emphasised here but without loss of generality to all systems.

2.7.1 Gordon-Haus Jitter

One of the most serious problems which must be overcome if long-haul soliton transmission
systems are to become viable is a consequence of the amplification of the signal along the
transmission line. Amplifiers must be included in order to compensate for the loss of the
optical fibre and any other components which are included in the system. In all optical
systems EDEFAs are used to provide this amplification but like all amplifiers they introduce
some noise into the system as well as amplifying the signal. In a linear system this noise
is undesirable as it degrades the signal to noise ration (SNR) but in a nonlinear soliton
system the effect is more drastic and the ability of the soliton to re-adjust to accommodate
small changes leads to a random timing jitter, known as Gordon-Haus jitter, as the solitons
propagate [47].

Noise which originates from the spontaneous emission of the EDFA, known as ampli-
fied spontaneous emission noise (ASE), leads to a small change in the soliton parameters
as a soliton passes through an EDFA. The most serious perturbation is that to the soli-
ton frequency. The soliton will absorb the random noise spectrum of the EDIFFA whilst
maintaining a soliton nature, leading to a random frequency shift at each amplification
stage. Whilst the interaction between the soliton and the noise is small, the combined
effect of many amplifiers can lead to a significant frequency shift by the end of the system.
Through the effect of GVD, which causes different frequencies to travel at different speeds
along the fibre, this random frequency shift is translated into a random timing shift of the
soliton from the centre of the allotted timing slot in the data stream. It is this random
time shift which is known as Gordon-Haus jitter.

After a single amplifier span of length L,, the change of the group delay caused by
a frequency change of Aw is given by Al, = f;L,Aw. By considering an ensemble of
pulses, taking the variance of the group delay (to take account of the random nature of
the frequency shift) and assuming that the time delay due to each amplifier is independent
of the time delays introduced by all the other amplifiers, the total variance is given by

(48]

P 21y Nep|fa|he(G — 1)L°
(&) =

2.6
97N A [ Lu A2 (2.63)

where N, is the spontancous emission noise factor of the amplifier, h is Planck’s con-
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stant, c 1s the speed of light, G is the amplifier gain, Ag is the average soliton amplitude
enhancement factor defined by Equation 2.55 and L = NL, is the system length. The
r.an.s. jitter after N amplifiers is then taken as the root of (¢%) showing that Gordon-Haus
jitter has a larger effect on long-haul systems than short haul, due to the L? term which
puts a limit on the maximum distance which can be achieved in a soliton system.

In order to determine this limit an acceptance window must firstly be defined for the
detector at the end of the system — if the soliton arrives outside this time window then
an error will be recorder at the detector. In order to achieve an acceptable bit-error ratio

(BER) of 107 or less then requires

(t3) < (é—“})Q (2.64)

where 21, 1s the temporal width of the time window and Gaussian statistics are assumed
(49, 48].
Substituting from Equation 2.63 and using physical parameters, the maximum prop-

agation distance can then be determined using

13— ograembyAer Lals

e 1372 , . 2.65
max ]\[SP'I?,QDQIZ(G o l) ( 0 ))

Although this equation does not have an explicit term dependent on the data rate of
a system, both the pulse width 7,4, and the width of the timing window of the detector
t,, are dependent to the data rate, R. Introducing Kp = R7pm, which is the inverse of
the mark to space ratio (the ratio of the space between the centre of adjacent timing slots
in the data stream to the data pulse width) and ., = [2t,,, which determines the [raction
of the bit period to which the detector time window is set, and writing G explicitly as
G = explal,) where a is the effective loss coefficient, which takes into account fibre loss

and any additional losses, the maximum possible system length is then given by

0.5158 Kk Acyy LA v
R NgpngDoyh(exp(al,) —1)

Loz = (2.66)
This equation shows that the maximum system length is inversely proportional to the
data rate. The dependence on the amplifier span is more complicated as L, appears on
both the numerator (explicitly and also in A?) and the denominator. The dispersion D,
can be reduced to increase Ly, by changing the operating wavelength, using dispersion

shifted fibre or dispersion management (see Section 2.8). However reducing the dispersion
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also reduces the peak power of the solitons according to Equation 2.46, which reduces
the signal to noise ratio of the system. When working at low dispersion higher order

dispersive effects also become important. Figure 2.6 shows the effect on L., R, which is
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Figure 2.6: Variation of the product Lq.R as L, is changed for: (a) SIF systems with 0.2dB/km loss
and 1:10 mark to space ratio (solid line), 0.3dB/km loss and 1:10 mark to space ratio (dotted lone) and
0.2dB/km loss and 1:5 mark to space ratio (dashed line); (b) DSF systems with dispersions of 2ps/(nm
km) (dotted line), Ips/(nm km) (solid line) and 0.25ps/(nm km) (dashed line

the product of the bit rate (in Gbit/s) and the maximum propagation distance (in km),
as the amplifier span is varied, for SIIY systems and DCI" systems. In IYigure 2.6 (a) three
standard fibre systems are shown with A.;; = 70um?, Kk, = 1/3 (detector time window
= 1/3 bit interval), Ngp = 1.5, ny = 1.5 x 107m*W =" and Dy = 17 ps/(nm km). The
solid line is for a system with a mark to space ratio ol 1:10 (kp = 0.1) and with a loss of
0.2dB/km (a = 0.046). The dotted line is for the same system but with the loss increased
to 0.3dB/km (a = 0.07) and as expected the Gordon-Haus limit is reduced by including
more loss. The dashed line is for a system with 0.2dB/km but with a mark to space ratio
of 1:5 (kp = 0.2) which shows that by increasing the pulse width the Gordon-Haus limit
can be increased. Figure 2.6 (b) shows curves for three different dispersion shifted fibre
systems with A.;; = 50pm?*, k,, = 1/3, Ngp = 1.5 and ny = 2.5 x 107**m*W =", In this
diagram the dotted line is for Dy = 2 ps/(nm km), the solid line is for D, =1 ps/(nm km)
and the dashed line is for Dy = 0.25 ps/(nm km). The mark to space ratio was kept fixed
at 1:10 (kg = 0.1) and a was 0.046, corresponding to a loss of 0.2dB/km, throughout.
These calculations show clearly that if the dispersion is decreased the Gordon-Haus limit
increases dramatically. Considering a 10Gbit/s system with a 1:10 mark to space ratio,

a loss of 0.2dB/km and an amplifier span of 40km shows that with standard fibre which
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has Dy ~ 16.5ps/(nm km),the Gordon-Haus limit is 1000km (solid line in Figure 2.6 (a)).
If dispersion shifted fibre with Dy = 1 ps/(nm km) is used the limit more than doubles
to 2300km and with a further reduction in the dispersion to 0.25 ps/(nm km) (which can
be achieved using dispersion management as discussed in Section 2.8) a system length of
3600km is possible. In order to allow propagation over the trans pacific distance of 10
000km the dispersion must be kept low and the data rate must be reduced helow 5Gbit /s
to allow a realistic amplifier span of > 30km to be used.

Since the Gordon-Haus effect puts such a serious constraint on system design several
Jitter reduction methods, known collectively as soliton control, have been proposed and
demonstrated. One scheme involves the inclusion of optical bandpass filters in the trans-
mission line [50, 51] or using an amplifier with frequency dependent gain [52, 53] to control
the soliton frequency although the latter is more applicable to the sub-picosecond regime-
where a soliton self frequency shift can occur through the Raman effect [54, 55]. When
filters are included in the transmission line the mean square jitter given by Equation 2.63
is reduced by the factor f(467), where § is the excess gain required to compensate for

the additional loss of the filter and where

f(z) = = [22 — 3 + dexp(—z) — cap(—22)]. (2.67)

923

This shows that for x>>1 f(2) ~ 3272 and hence at large propagation distances (1%) is
proportional to L as opposed to L? in the unfiltered case. This leads to an increase of the
Gordon-Haus limit when filters are used and system length or data rate can be increased.

Physically, the bandwidth of the individual filters is large compared to the soliton
bandwidth (typically 5-10 times) and the soliton is largely unaffected by the filtering since
the filtered spectral wings can be recovered between filters due to the nonlinear nature
of the pulse. The linear bandwidth of the cascaded filters is however, much narrower
than the soliton bandwidth and the noise is largely filtered out. As there is less noise
incorporated into the soliton spectrum the resultant frequency shift reaches a steady level
and the timing jitter increases only linearly thereafter. Using this technique propagation
over 15 000km has been demonstrated at 5Gbit/s [56] in a recirculating loop experiment
with a 25km amplifier spacing. The soliton guiding filter used in this experiment was a
bulk air gap Fabry-Perot device and was included every 80km round trip of the three span
loop. This is far in excess of the 10 000km Gordon-Haus limit for the unfiltered case and

shows that a transoceanic 5Gbit/s soliton system is feasible.



One problem which is introduced by the inclusion of filters is that the loss of the system
1s increased through both the insertion loss of the filter and the loss due to the filtering
effect. These losses must be compensated for by increasing the the amplifier gain. This
additional gain increases the Gordon-Haus jitter (see Equation 2.63 and Figure 2.6 (a))
and effectively limits the strength of filter which can be used - the stronger the filter the
more it will attenuate the pulses and the higher the amplifier gain must be to compensate.

The Gordon-Haus limit can be further increased using the “sliding-guiding” scheme
where there is a gradual change (typically 5-20GHz/Mm) in the central frequency of the
filters along the transmission line [57]-[61]. Solitons have the ability to regenerate their
spectral components and they can propagate largely unperturbed by changing their cen-
tral frequency as the filter central frequency changes. The linear amplifier ASE cannot
follow the frequency change and as a result the soliton and the noise separate in the fre-
quency domain. Using this technique transmission at 10s of Gbit/s rates over transoceanic
distances have been achieved in several experiments [62]-[66]. As a modification to this
technique the signal frequency can be changed while keeping the filter frequency fixed
(67, 68].

Although there is a marked increase in system performance, the inclusion of filters in
a real long haul system is an additional complication and as systems are designed to have
a lifetime of at least 25 years, all elements in the system have to meet this requirement.
The inclusion of bulk filters, which requires the signal to be coupled out of the fibre before
being passed through the filter and re-coupled into fibre, is therefore a risk which must
be carefully evaluated by the system designers. Rigid device tolerance specifications may
also dissuade systems designers from including bulk filters, particularly in the harsh envi-
ronment of submarine systems. IFibre Bragg grating filters offer an alternative method of
performing the soliton guiding [69] and their use is investigated in Chapter 6. Implement-
ing a sliding-guiding scheme poses further problems; a set of filters, each with a specific
central frequency and bandwidth, would have to be made and put into the system in a
particular order. Although it may be possible to take advantage of statistical fluctuations
in the filter production process by specifying a particular central wavelength and pass-
band characteristics to a filter manufacturer and ordering a large number of filters. The
filters produced would have a spread in central wavelengths depending on how well the
production process could be controlled and the filters could be characterised and put into
the order required for the system. This method may give the required set of filters but it

is rather haphazard and wasteful as a large number of filters would undoubtedly have to



be rejected leading to additional expense.

Other methods which have been used to increase the Gordon-Haus limit include: the
use of phase sensitive or nonlinear amplifiers to amplify the signal preferentially[70]-[76];
using a saturable absorber to distinguish between the signal and noise [77]-[80] and using
an in-line amplitude modulator operating in synchronisation with the bit rate [81]—[84]
to re-time the solitons so that they remain in their timing slots. Using the latter method
soliton propagation has been achieved at 10Gbit/s over an eflectively limitless distance
[81] but it requires active control and so is undesirable for use in a real system where
entirely passive effects are desirable. The inclusion of a single phase modulator at the
mid-point of a 5Gbit/s, 9000km propagation simulation has also shown a reduction in
Gordon-Haus jitter comparable to that achieved by spectrally filtering at each amplifier
[85].

Recent years have seen a great deal of interest in the use of dispersion management
[86]-[98], where more than one type of fibre is used in the transmission line, to control
solitons. This has an associated reduction in the Gordon-Haus limit and this is discussed

in Section 2.8.

2.7.2 Electrostriction

Electrostriction provides another source of timing jitter in soliton systems [99, 100, 101].
As the solitons propagate along the fibre they excite acoustic shock waves which travel
transverse to the fibre axis resulting in a sell~frequency shift of the soliton [99] and also
an interaction with the following solitons [101] as the acoustic wave is partially reflected
from the outer cladding with a round trip time of ~ 20ns for fibre with an outer diam-
eter of 125um. While the self frequency shift causes a uniform shift for all the pulses
the interaction between pulses in a data stream causes a random timing jitter which is
proportional to the square of the propagation distance but can be reduced to linear by the
use of filters [102]. The strength of the acoustic interaction is proportional to the square
of the dispersion and hence this effect can be reduced by using a low dispersion but can

be significant in standard fibre systems where the average dispersion is high [103].

2.7.3 Soliton-soliton interactions

In addition to the interaction due to electrostriction there is another interaction force

which exists between solitons[104, 105]. This interaction is nonlinear in origin and the



qualitative effect depends on the relative phases and amplitudes of the interacting solitons
while the strength of the interaction depends on the temporal separation of the solitons.
The result on the design of a soliton system is that this interaction restricts the maximum
possible system length or alternatively restricts the mark to space ratio and hence the data
rate which can be used in a system of a given length. The initial chirp of the solitons[106],
higher order dispersion[107], and higher order nonlinear effects [105, 108] can also affect
the soliton interactions but for simplicity these effects are neglected here.
A soliton pair launched into a transmission fibre can be described by the equation
Tr/2

 Tr/2 T2\ . |
u(0,7) = sech(r — 7/ )+ rsech (7'(7 + R/ )) e (2.68)

To T0

where Tr = 1/R 1s the initial separation (R is the data rate), r is the relative amplitude
and 0 is the relative phase of the two input pulses. The soliton interaction can then be
studied by using this as the input pulse in Equation 2.40 and solving numerically but
the inverse scattering method and perturbation theory give insight into the nature of the
interaction [6] pp132.

In the case of in-phase solitons (8 = 0) which have equal amplitude (r = 1) and have
an initial separation which is large compared to the pulse width (1'n > 27), the soliton

interaction is attractive and the solitons undergo a periodic collapse and separation with

] ) Tr/2 I .
Z, = Z()r-:.r])< #/ ) = Zmz:z;p( > . (2.69)
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a period

In the lossless case the first collapse occurs at the midpoint of this period and so in
order to avold problems associated with the soliton collapse, the system length must be
less than Z,/2. Alternatively, the mark to space ratio can be set so that the collapse
length is greater than the system length. As an example consider the collapse length for
a 10GHz systems with mark to space ratios of 1:10 (which is achieved by using a pulse
width of 10ps) and 1:5 (which is achieved by using a pulse width of 20ps). For dispersion
shifted fibre with a dispersion of 1ps/(nm km) and using a mark to space ratio of 1:10,
the collapse length is ~140 000km, which is much longer than any global system but is
reduced to ~7000km (which is less than the length of a trans-oceanic system) for a mark
to space ratio of 1:5. In standard fibre the collapse lengths are reduced to ~ 8800km and
~ 400km due to the higher dispersion of the fibre. This strong dependence of the collapse
length on the mark to space ratio, which is a manifestation of the exponential dependence

of Z, on the initial soliton separation, indicates that the soliton interaction is strongly



dependent on the overlap of the fields of the solitons and leads to the soliton collapse and
subsequent separation being a rapid process, with the onset of the collapse occuring over
a short distance, as the numerical simulation in Figure 2.7 shows. This simulation was
done for a lossless 10Gbit/s system with 20ps pulses (mark to space ratio =1:5) and a
dispersion of 1ps/(nm km). As stated above the collapse took place at ~7000km. In this
simulation a 10% change in the position of the soliton (in the time domain) took 60% of
the collapse length. If the mark to space ratio was increased to 1:10 a 10% change in the

position of the solitons tails ~ 80 % of the collapse length.

o0&

Figure 2.7: Numerical simulation of a soliton interaction for 20ps pulses at 10Gbit/s in lossless fibre

with a dispersion of 1ps/(nm km). The solitons are in phase and of equal amplitudes leading to collapse
after 7000km

For a given mark to space ratio the collapse length is proportional to the soliton period.
Referring to Equation 2.48 shows that this means that the collapse length is proportional
to the square of the pulse width and inversely proportional to the dispersion. Thus, as
was the case for the Gordon-Haus effect, low dispersion of the system is desirable. The
fact that the collapse length is proportional to the soliton period which is itself inversely
proportional to the soliton peak power is an consequence of the soliton-soliton interaction
being nonlinear in origin.

When the pulses are initially out of phase (# # 0) the interaction becomes repulsive



even for small values of ¢ and the solitons separate [6] pp132. This can also be disastrous
for a soliton system as the pulses can move from their timing slots into those of their
neighbours. Whilst it is true that in a real system there may be some cancellation of the
interaction forces as there will be a data stream and not simply a pair of pulses as in the
above investigation, there will not however be a complete cancellation since there will be
empty bit slots in the data stream representing zeros leading to uneven forces on some of
the solitons. When 6 = 7/2 there is no interaction between the solitons but this point is
unstable and so cannot be used in real systems.

So far only solitons of the same amplitude have been considered. In the case where
adjacent solitons have the sarne phase but unequal amplitudes the problem of soliton in-
teractions is greatly reduced [109, 110, 111] as the intensity difference leads to a difference
in the phase evolution rates for the two pulses and so the attractive and repulsive forces
are largely cancelled and although there is still a periodic interaction it does not lead to
a. collapse of the solitons. This is clearly a simple method of avoiding problems associ-
ated with soliton interactions and is not restricted to the ideal lossless case studied above
[106] and it has been used In soliton propagation experiments at 20Gbit/s over 11500km
[110] (collapse length with equal amplitudes ~16 000km) and over 500km at 80Gbit/s
[111](collapse length ~ 770km).

In the case of WDM systems where solitons in different channels have different fre-
quencies the process 1s more complicated as the different channels will travel along the
fibre at different speeds due to GVD. This leads to a periodic interaction as the pulses of
different channels pass through each other. After such a collision, pulses from different
channels emerge intact but there is a modification to the relative temporal positions of the
pulses due to a temporary change in the refractive index[49, 112]. As only single channel
propagation is considered here, interactions between solitons of different frequencies will

not be studied.

2.7.4 Signal to noise ratio requirements

For error free operation of an optical system, a high signal to noise ratio (SNR) must
be maintained along the system length and at the receiver. The SNR is a measure of

the mean-square current due to the signal divided by the mean-square current due to the
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noise detected at the receiver, i.e.

<y, >

<1

‘notse

SNR = (2.70)

where 74, and i, are the detector currents due to the signal and noise. There are
several sources of noise which can contribute to the degradation of the SNR in an optically
amplified system, including Shot noise and thermal noise of the detector but the most
dominant noise source is due to beating of the signal and ASE frequencies {113]. The

value of the SNR due to this effect is given by

(eSo/(hv))? B So
(26/(1’11’/))2;90]\[@]70 N -4]\](1' ,'70

SNR = (2.71)

where Sy is the signal power out of the amplifiers, i is Planck’s constant, 1 is the signal
frequency, e is the electronic charge, N, is the number of amplifiers and Fy is the ASE

noise power of the amplifier within a bandwidth, B. Fj is given by

Fo= (G = 1)phvB (2.72)
where g is the inversion factor of the amplifiers (1 = 1 for a perfect amplifier) and G is
the amplifier gain. Substituting this into Equation 2.71 gives

i So
SNR = = 2.73
AN (G = Vphv B (2.73)

This shows that the SNR increases as G decreases i.e. a small amplifier spacing is better
despite the fact that decreasing the amplifier span means increasing N,, the number of
amnplifiers — the exponential variation of amplifier gain with propagation distance over-
shadows the increase in N,. An obvious dependence of the SNR is that it is proportional
to the signal power Sy, however in a soliton system, the power cannot simply be increased
as 1t can when using linear pulse formats because the peak pulse power is determined
by the soliton width through Equation 2.46 (the SNR can however be increased by using
narrower pulses). The soliton power is also proportional to the fibre dispersion and so the
SNR requirement puts a limit on how low a fibre dispersion can be used. In practice a
SNR of 23dB gives a BER less than 107 within a bandwidth, B, equal to half the data

rate of the system.



2.7.5 Average power limit

Whereas the SNR requires a high power level, there are reasons for keeping the signal
power low. Firstly, low signal power means low output power from the laser pulse sources.
Semiconductor lasers are now used universally in telecommunications systems and at
high output powers these devices become more unreliable and device lifetime is reduced.
This is one reason that there has been prejudice against soliton systems — it is assumed
that because solitons are nonlinear pulses, they must have a much higher power than
linear NRZ pulses. To investigate whether this is the case it is first necessary to derive
an expression for the average power for a soliton pulse stream. This can be done by
integrating the power over a single bit period, T, and multiplying by the data rate R (=
1/Tr). Hence

"Tr/2

P =R /

A /v='f'R/2
7 /2 :I ~ 2./307'()]?,, (27/1)
—4LR

Pysech®(t/my)dt = { 20To Rtanh—
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since tanh + j—foﬁ ~ 1 for l—foﬁ > | as 1s the case in soliton systems. When data is imposed
on the pulse stream this average power is divided by 2 assuming the data stream contains
half ones and half zeros on average. Substituting from Equations 2.42 and 2.30 then gives
the average power of a soliton system to be

])u.u(soi) =

N2XN2Dy R
2reyTy
This shows that for a fixed mark to space ratio, the average power scales as the
dispersion and is proportional to the square of the data rate - not linear as it seems at
first glance since for a fixed mark to space ratio the pulse width is inversely proportional
to the data rate. A bonus of the high (typically > 1:6) mark to space ratio of a soliton
system is that despite the high peak power, the average power is reduced. In NRZ systems,
the mark to space ratio is essentially 1:1 and so the average power is simply half the peak
power for a data stream containing half ones and hall zeros.

The minimum acceptable average power for an NRZ system is determined by the
required SNR and can be evaluated from Equation 2.73. For a data stream with half ones
and half zeros the minimum average power is given by

R L .
Pounrzy = 2(SNR)phvB(G — ].)L—, (2.76)
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where L is the system length given by L = N, L,. Thus, the minimum average power for
an NRZ system is proportional to the system length and is also proportional to the data
rate (through the dependence on B) assuming that the energy per unit time is constant.
Unlike the case for the solitons, the average power is independent of the fibre dispersion.
[t should be pointed out that this minimum acceptable average power constraint must
also be met by soliton systems in addition to the soliton average power constraint derived
above.

The average power constraints of the two data formats can now be compared. For
both the soliton and the NRZ cases, the average power is dependent on the amplifier
spacing (for the soliton case this dependence is through the N? term which is given by
Equation 2.42) while for the NRZ case there is an explicit term in L, and also a dependence
of the gain G on L,) and so the average powers can be compared graphically for a range

of amplifier spans.
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Figure 2.8: Average power constraints for soliton and NRZ systems with varying amplifier spans. The
system length was 10 000km and the data rates were (a) 2.5Gbit/s, (b) 5Gbit/s, (¢) 10Gbit/s and (d)
20Gbit/s. The solid line is the soliton power constraint and the dashed line is the SNR power constraint.

Figure 2.8 gives such a comparison for a 10 000km fibre length which corresponds

to a trans-oceanic system. The four graphs correspond to data rates of (a) 2.5Gbit/s
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(b) 5Gbit/s, (c) 10Gbit/s, (d) 20Gbit/s, where the curves have been calculated using
Equations 2.75 and 2.76, with the solid line being the average soliton power constraint
and the dashed line being the SNR constraint. In the soliton case the mark to space
ratio was set to 1:10, the dispersion was 1ps/(nm km) and v was taken to be 2W ~tkm™!.
For the NRZ case i was 1.5, B was half the data rate and the SNR ratio was 23dB. In
both cases the loss was 0.2dB/km. These graphs show that at low data rates and short
amplifier spans there was very little difference between the average powers of soliton
and NRZ systems. However as the data rate was increased the difference between the
two also increased and for a data rate of 10Gbit/s with a 40km amplifier span the soliton
average power was ~2mW which was ~5 times higher than that for the NRZ system. The
significance of the intersection of the two curves is that at longer amplifier spans than this
value the average power of the soliton system was too low to give the required SNR and
so soliton systems were not feasible. Thus at 10Gbit/s soliton systems cannot operate
with an amplifier span greater than 110km and at 2.5Gbit/s the maximum amplifier span
1s reduced to ~50km.

Another constraint which must be taken into consideration is that the average power
must be kept below the maximum safe power which is currently set at 50mW in the U.K.
Whilst this is still far below the average soliton power required for 10Gbit/s in DSI it
1s an important consideration when upgrading standard fibre systems which have high

dispersion and so require high power for solitons.

2.7.6 Soliton system design

In designing a possible soliton system the main considerations are the required system
length and the operating data rate. System parameters such as pulse width, dispersion and
armplifier span must then be chosen such that error free operation of the system is possible
with a built in safety margin to take account of system aging. This is a difficult process
since many of the physical effects have different requirements and a balance must be
found between them. Ior example, Gordon-Haus jitter and the average soliton constraint
require a large pulse width whilst the SNR and soliton-soliton interaction requirements
need a short pulse width.

In addition to the physical effects there is one further very important constraint —
system cost. As telecommunications systems are commercial ventures, the cost of devel-
opment and deployment of the system must be carefully controlled. One implication of

this is that the number of amplifier stages (which are expensive) must be kept low and



so a long amplifier span is desirable. In order to find a compromise between all the re-
quirements it is useful to construct a system design diagram which plots the pulse width
requirement for each of the various eflects versus amplifier span with the dispersion held

fixed [114]. Possible windows of operation can then be determined.

2.8 Dispersion management

So far, the theory and some of the problems of soliton propagation in optical fibre have
been considered and the details of the fibre itself have been assumed, with typical values
for parameters such as effective core area, nonlinearity coefficient and dispersion being
used in calculations. Whilst this approach causes no problem in rough calculations it
does have limitations, in particular it assumes that the fibre is the same throughout the
system. Increasingly this is not the case and there is currently a great deal of work
being done with dispersion managed systems [12],[86]-[98],[115, 116, 117] which use a
combination of different types of fibres to give the required average dispersion. This
technique has uses in NRZ systems [86, 118, 119, 120] but is becoming increasingly popular
in RZ systems as a means of compensating for the high dispersion of standard fibre
[121, 122, 123]. Before considering this important application of dispersion management,

stepwise dispersion profiling will be considered.

2.8.1 Dispersion profiling

As discussed in Section 2.5.1, the balance between SPM and GV D required for the stability
of optical solitons is upset due to the effect of loss. The average soliton model takes
account of this fact by ensuring that over one amplifier span SPM and GVD balance
each other with SPM dominating in the initial high power section of the fibre and GVD
dominating in the latter low power section of the fibre. An alternative method of keeping
the soliton balanced is to reduce the dispersion of the fibre exponentially along the length
of the system such that the decrease in the SPM due to the exponential power loss is
matched by a decrease in GVD [76, 124, 125]. Although there has been some experimental
evidence that such systems may be feasible, the careful design and manufacture of the
fibres required limits the practicality of this scheme. By approximating the exponential
decay of the fibre dispersion by a step wise decrease in the fibre the mismatch between
SPM and GVD can be reduced leading to propagation regimes which are forbidden to

uniform dispersion systems becoming accessible [126]. Using a dispersion profile with n
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steps of fibre leads to an n-fold decrease in the perturbations to the solitons and data

rates and/or propagation length can be increased accordingly.

2.8.2 Dispersion compensation

One of the main problems encountered in long haul soliton systems is Gordon-Haus timing
jitter which is a consequence of the dispersion of the fibre and Equation 2.63 shows
that the jitter is proportional to the dispersion. It has been shown that by including a
dispersion compensating element, which has the opposite sign of dispersion to that of the
transmission fibre, at the end of the transmission fibre the jitter can be reduced since
the average dispersion is reduced [127]. Since this discovery, dispersion management on
a shorter length scale has led to further improvements in soliton propagation[121, 122,
123],[128]-[134] and it has been discovered that by periodically alternating the sign of
the dispersion along the transmission line it is possible to propagate stable pulses but
the nature of the pulse propagation is significantly different from soliton propagation[95,
98, 129], with the pulse dynamics being closely related to stretched pulse mode-locking
in fibre laser cavities[135]. By using dispersion management it is possible to achieve
stable soliton-like pulse propagation over systems which have a high local dispersion (and
even over systems which are of predominantly normal dispersion{131]) as long as the
average dispersion is low and anomalous. The immediate implication of this is that
by the periodic inclusion of normally dispersive elements to compensate for the high
anomalous dispersion of standard fibre, it may be possible to upgrade existing standard
fibre links to 10s of Gbit/s data rates[122, 123, 134]. This use of dispersion compensation
is studied extensively in Chapter 7 and the use of fibre Bragg grating filters for dispersion
compensation is discussed in Chapter 8.

Studies of the dynamics of pulse propagation in dispersion managed systems, using
numerical simulations have produced some startling results. It has been shown that for a
simple dispersion map consisting of two fibres of equal length and with negligible loss, the
stable pulse shape changes from the sech?(t) profile of the fundamental soliton towards a
Gaussian profile as the strength of the map (i.e. the difference between the dispersions of
the two fibres)is increased [98, 92]. There is also an increase of the energy of the stable
pulses compared to that of the average solitons of a uniform dispersion system with the
same average dispersion [98]. The energy of the stable pulses of the dispersion managed

system being [' times greater than the uniform dispersion average solitons with I given
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The value of o has been found empirically to be ~ 0.7 with the effect of loss neglected.
It is not yet certain how loss affects this energy enhancement but there is some evidence
that F'is reduced when loss is included [117].

In the stable state the pulses returns to the same profile, peak power and width after
each span of the dispersion map but there still remains a complex pulse evolution within
the map [95]. Figure 2.9 (b), (¢), and (d) show numerical simulations of the spectrum,
pulse width and time-bandwidth product fluctuations within the dispersion map shown

in Figure 2.9 (a). The dispersion map consisted of two 100km long lossless fibres shown
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Figure 2.9: Evolution of (b) the spectral width, (¢) the temporal width and (d) the time-bandwidth
product of the stable pulses of the dispersion map shown in (a). In (a) the solid line indicates the local
dispersion and the dashed line is the average dispersion of the system.

as solid line in Figure 2.9 (a). One of the fibres was anomalous with a dispersion of
2.46ps/(nm km) and the other was normal with a dispersion of -2.3ps/(nm km) giving
an average anomalous dispersion of 4+0.08ps/(nm km). The spectral variations shown in
Figure 2.9 (b) are due to the fibre nonlinearity acting on the chirped pulse. The variations

of the pulse width are shown in Figure 2.9 (¢). At the input of the anomalous fibre the
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pulses were chirped but were compressed due to the effect of dispersion as they propagated
along the fibre. At the mid-point of the fibre the pulse width was at the minimum value
and the pulses were unchirped. With further propagation, the pulse width increased and
the pulses become chirped again but with the sign of the chirp reversed. On propagation
through the normal fibre the pulses were re-compressed (since the sign of the dispersion
was reversed) with the pulses becoming transform limited again at the mid-point of the
fibre. After this point the pulses again increased in width and became chirped. Although
the pulses width was at a minimum at the mid-point of the two fibres the values of these
two minima were different with the minimum in the anomalous fibre being lower than that
in the normal fibre. In addition, the pulse shapes at these two transform limited positions
were different as indicated by the two minimum values of the time bandwidth product
AvAT shown in Figure 2.9 (d). These time-bandwidth product variations were dominated
by the pulse width variations since the spectral variation was only a small effect (the
spectral width only changed by ~1% whereas the pulse width varied by ~30%). At the
centre of the anomalous fibre the time-bandwidth product of the transform limited pulses
was ~0.44 showing that the pulses were Ganssian in profile. When loss is included, the
complex pulse evolution within the dispersion map still remains but there is less variation
from the sech?(1) pulse profile and the position at which the pulses become transform
limited is no longer at the midpoint of the fibres [117]. There is also a reduction of the
power enhancement factor of the stable pulses.

The results of these numerical simulations indicate that, if a transform limited pulse
is launched at the start of the standard fibre it must undergo a complex evolution before
reaching the stable pulse shape and width which is unchirped at the appropriate points
in the fibres. Thus, the optimum launch position into the dispersion map for a transform
limited source is not at the start of the standard fibre but at the point where the stable
pulses are transform limited. When a chirped source is used the optimum launch position
is altered to match both the magnitude and the sign of the chirp of the source. The effect
of varying the launch position of the source is investigated in Section 7.4. An alternative
way of optimising the match between the source and the dispersion map is to pre-chirp
the pulses to give the required sign and magnitude before launching into the dispersion
map [136].

In a real system the lengths of the anomalous and normal dispersion fibres are unlikely
to be the same and will also likely have different losses. A further issue which must be

considered in an amplified system is the positioning of the dispersion compensating fibre
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in relation to the amplifier [94]. Consider the power of the pulses: at the amplifier output
the power is at the highest value and nonlinearity will dominate GVD. As the pulses
propagate along the transmission fibre the power is reduced due to the attenuation of the
fibre and as in the average soliton model there will come a point where GVD dominates
[36]. For a standard fibre system the compensating fibre will have normal dispersion and
so will not be soliton supporting. The characteristics of the pulse evolution will therefore
depend on what point this normal fibre is included relative to the amplifier. The effect of
altering the position of the dispersion compensating fibre is studied in Section 7.5.

In relation to soliton propagation systems, there are other advantages of using dis-
persion management. In addition to an alteration in the pulse profile the energy of the
stable pulses is higher than the average soliton power [98]. This has two effects: the
signal to noise ratio is improved since the signal power is higher and the Gordon-Haus
jitter is reduced since the noise injected at each amplifier presents a smaller perturbation
to the pulse [96, 97]. The fact that the stable pulse shape changes from sech?(t) towards
Gaussian n profile means that soliton-soliton interactions are reduced as the overlap of
adjacent solitons 1s reduced due to the steepening of the wings of the pulses. In WDM
systems dispersion management can help to reduce the efficiency of the four wave mixing
process [137] and decrease the collision induced frequency shift between different chan-
nels [138]. These advantages and the simplicity of implementing dispersion compensated

standard fibre soliton systems has lead to a rapid growth in interest in such systems.

2.9 Summary

The derivation of the NLSI, which governs pulse propagation in optical fibre has been
outlined and the effects of GVD and SPM have been investigated separately before study-
ing how their combined effect leads to optical solitons being supported in the anomalous
dispersion regime of an ideal lossless fibre. The average soliton model, which takes into
account the loss of real fibre, has also been outlined. The major problems which are
encountered in soliton systems and the constraints that they put on system design have
been introduced and methods of system improvement have been discussed. Dispersion
management, which is being used increasingly in both NRZ and RZ systems has also been
introduced. The basic ideas which have been put forward in this chapter will be expanded

on as required throughout this thesis.
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Chapter 3

The recirculating loop and

experimental techniques

3.1 Introduction

The propagation experiments which are described in the following chapters were per-
formed using a recirculating loop. A recirculating loop is a simplified transmission system
which consists of one or a few amplifiers and a corresponding number of fibre spans. Recir-
culating loops can be used to perform long distance (1000s of km) propagation experiments
by propagating a signal many times around the loop until the required propagation dis-
tance has been achieved and results can be taken. Reconfiguration of a loop is extremely
easy compared to a full in-line system due to the reduction in the number ol components
and fibre spans used and this flexibility is a major advantage when several experiments are
to be done which require comparison of fibres or components. The other major advantage
of using a recirculating loop 1s that the cost is a very small fraction of that for a full
system. Recirculating loops were first used in electronically repeated systems [139] and
were first used in all optical experiments using Raman amplification to compensate for
the fibre loss [140]. With the development of the EDIFA [22, 23] loop experiments became
common [81],[141]}~[145] because EDI'As were not widely available and recirculating loops
offered a way of testing system performance without requiring a large number of EDFAs.
Today, recirculating loops are used extensively and a loop is the obvious choice when new
ideas and configurations are to be tried for the first time as loop experiments can give a
good indication of system performance [43, 64, 109, 110, 121, 131, 133, 134],[146]-[158].
The recirculating loop can however, only give an indication of what would happen

in a real system; the maximum error free distances (usually defined as the maximum



distance which a data signal can be propagated with fewer than one error per 10? bits)
for a loop and an n-line experiment may differ significantly. The reason for this is that
in a recirculating loop experiment, there is little variation in parameters such as amplifier
span, component characteristics, average dispersion and loss per span. The problem is
particularly pronounced when a single span loop is used where there is only one fibre
span, amplifier and set of components. Whilst these factors could be expected to give a
falsely high propagation distance there are other effects associated with the use of a loop
which have a detrimental effect and may lead to loop experiments giving a pessimistic
impression of system performance. When a loop is used the loss per amplifier span is in
general higher than for an in-line experiment as components such as isolators and filters
have to be included more frequently - the maximum spacing of components is determined
by the number of spans of the loop and so a single span loop fares particularly badly as
all of the components to be used must be contained within a single amplifier span. An
addition loss is encountered as a portion of the signal must be coupled out of the loop to
allow measurements to be taken. All these losses must be compensated for by the optical
amplifiers and as described in Section 2.7.1, increasing amplifier gain leads to system
degradation as more noise is introduced into the system. To give a good indication of
system performance state of the art recivculating loops now contain up to twenty fibre
spans [158] but even in the simplest form a recirculating loop is an indispensable tool in
the initial stage of long haul system development. If necessary a larger loop or full length
system can be constructed to fully test a configuration once there is suflicient confidence
in the preliminary results. This chapter will discuss the operation and design of the single
span recirculating loop used for the experiments undertaken for this thesis. The loop

operation and other experimental techniques used will also be described.

3.2 Design considerations and principle of operation

A single span recirculating loop which consists of only one amplifier; one fibre span and
one set of components has obvious economic advantages but it does bring restrictions as
all the optical components must be included every amplifier span. Thus, experiments such
as investigating the effect of filtering or dispersion compensating every X amplifier can
not be done with a single span loop. As the following chapters will show there is still an
enormous variety of experiments which can be done and the results are a good indication

of real system performance.
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Figure 3.1: Schematic diagram of the recirculating loop. ISO: isolator, EDFA: Erbium Doped Fibre
Amplifier, PC Polarisation Controller

A schematic diagram of a typical single span recirculating loop is shown in Figure 3.1.
Before it can be propagated in the loop, the signal from the source must he gated into
the loop using a switch and a fibre coupler. To compensate for the losses of these devices
it is usually necessary to amplify the source to give the required power level in the loop.
The purpose of the switch is to allow a burst of signal to pass into the loop as required.
The length of this signal burst must be exactly equal to the round trip time, or fill time,
of the loop. For a loop length of 40km the fill time is ~ 195us which corresponds to 1.9
million bits at 10Gbit/s which is roughly 1/1100"" of a 2*'-1 pseudo-random-bit-sequence
(PRBS) data pattern. 1f the loop is not completely filled the ASIS noise level from the
amplifier can build up in the unfilled section but if the switch is left open for too long
and the loop is overfilled, pulses which have already propagated once round the loop
will arrive back at the coupler whilst signal is still being coupled into the loop. This
can obviously lead to degradation of the signal as the two sets of pulses will interfere.
The switch must also have a relatively fast switching time, as pulses which are incident
on the switch during the transitions will be partially transmitted. A high extinction
ratio is required so that when the switch is opened to stop signal passing into the loop,
there is no leak-through - any leakage into the loop would appear as additional noise in
the system, which is obviously undesirable. In addition to these specific requirements,
low insertion loss and low polarisation dependence are also desirable. An acousto-optic
modulator (AOM) is the most commonly used switching device as it encompasses many of

the device requirements and in particular has a very high extinction ratio (60-70dB). An
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AOM works by splitting the input beam into a straight through and a deflected beam by
passing 1t through a standing wave pattern which is set up inside the device using acoustic
waves. This standing wave pattern acts as a grating leading to the diffraction of the input
beam. By switching the power to the device so that the diffraction only occurs at the
required time the input to the loop can be switched by ensuring that only the diffracted
beam is coupled into the loop input coupler (the straight through signal is always present
and must not be coupled into the loop). As the diffraction process is not 100% efficient
there is always loss when using an AOM. In addition to the loss in the device it is also
necessary to couple the signal out of fibre before passing it through the AOM and then
back into fibre which increases the insertion loss. The device which was used here had
a total insertion loss of ~ 6dB, which was compensated for by pre-amplification of the
source. The switching speed was ~200ns, which is ~0.1% of the typical fill time of the
loop, and the polarisation dependence below 0.1dB. An isolator positioned between the
mmput switch and the input coupler gave an extra ~ 0.5dB loss but avoided any problems
associated with back reflections into the AOM.

The choice of loop coupler is also important, particularly so in the case of a single span
loop because a portion of the signal is coupled out of the loop through this coupler after
each round trip of the loop. Using a 50:50 coupler therefore leads to an additional 3dB
loss per round trip. If too large a fraction of the signal is coupled out of the loop after each
round trip the system performance will be compromised as a higher amplifier gain will
be required whereas if too small a [raction is coupled out, the loop output signal requires
high gain amplification before measurements can be done. There is also the problem that
the same coupler must be used for both coupling into and out of the loop. This means
that if the coupling ratio is chosen so that only a small {raction of the circulating signal is
coupled out of the loop each round trip, then only a small fraction of the input signal is
coupled into loop. Therefore a compromise must be reached and for different experiments
different coupling ratios may be required.

Once the signal is coupled into the loop it is first of all amplified. This is the obvious
position for the amplifier as the signal power coupled into the loop is generally low. The
design of the amplifier is crucial to the loop performance and once again this is particularly
important in a single span loop where there is only one amplifier and any imperfections
will be magnified by the many recirculations involved in propagation experiments. The
gain of the amplifier must be sufficient so as to exactly compensate for all the losses in the

loop ~ the round trip gain of the loop must be unity so that the signal power and hence
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pulse power remains the same after each amplification. In a soliton system the soliton
power is fixed and any increase/decrease in the pulse energy will lead to pulse narrowing/
broadening. The pulse power can be stabilised by operating the amplifier in saturation so
that any decrease/increase in the input power leads to a corresponding increase/decrease
in amplifier gain and recovery of the required output power. A general requirement of
all loop components is that there should be minimal polarisation dependence. In relation
to the EDFA, this is important because the same amplifier will be used several times
and any polarisation dependence of the EDIFFA will be accentuated by multiple passes.
EDFAs can have polarisation dependent gain (PDG) with there effectively being two
erbium populations prefering orthogonal polarisation states [159]-[162] and also exhibit
polarisation hole burning [163, 164]. If the signal is polarised to coincide with one of the
erbium populations, that population will become more saturated and the gain will be
depleted. This leaves the orthogonal population undepleted and it will amplify the ASE
which is polarised orthogonal to the signal leading to a more rapid build up of the noise.
Although the PDG of EDFAs is low (typically 0.1dB) it can become significant in long
distance propagation after many round trips of the loop [159]. As with all amplifiers, a
low noise figure is also desirable so that the ASE noise level can be kept to a minimum.

In a typical configuration with a 40km amplifier span, the round trip loss of the loop
would be ~14 dB and the amplifier output power would be ~ 0 dBm corresponding to an
mput power of ~-14dBm. Using the amplifier with the characteristics shown in Ifigure 3.2
these requirements could be met by operating ~ 4dB into saturation. This amplifier was
backward pumped with a 980nm laser diode and had a noise figure of 4.1d13.

As discussed in Section 2.7.1, including a filter in the transmission line can reduce the
rate of Gordon-Haus jitter build up in a soliton system but including a filter introduces
an additional loss which is dependent on the strength of the filter and so a compromise
between filter strength and jitter reduction must be reached. In practice, a filter with a
3dB bandwidth of 3nm and an insertion loss of ~2dB was used. The bandwidth of this
filter was much greater than the ~ 0.1nm typical bandwidth of the solitons and so there
was little soliton guiding. The main purpose of the filter was to suppress the ASE level
outside the soliton bandwidth.

Including a polarisation controller (PC) allowed the polarisation state of the signal
to be altered before launching into the transmission fibre. This gave a greater degree
of controllability in loop experiments compared to a full length in-line system which is

necessary because the same components and amplifier were being used repeatedly. A real
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Iigure 3.2: Characteristics of the loop EDFA af 1538nm and 1551nm: (a) Small signal gain for an
input power of -40dBm and (b) gain saturation at a pump power of 16mw.

system could not use these PCs and due to variations in the polarisation characteristics
of the amplifiers, would probably not be needed. This is another [actor which can lead
to discrepancies in the propagation distance achievable in loop experiments and in-line
experiments. The PC does however impose an additional loss of ~0.5 dB. When an
experiment was being performed the polarisation state of the signal would be altered as
required using the PC before beginning and then left unaltered throughout the duration
of the experiment in order to give consistent results.

The actual transmission fibre in the loop varied greatly from experiment to experi-
ment with total fibre length typically being 30-40km. In any given soliton propagation
experiment, the average power which must be launched into the fibre is determined by
the average soliton power (given by Equation 2.56), the dispersion map [95, 98], the data
pattern being used and the data rate. In order to fine tune the power launched into the
transmission fibre, the EDFA gain and output power could be altered by adjusting the

current of the pump diode. The inclusion of an optical isolator after the propagation fibre



stops any counter-propagating noise/signal from degrading the signal.

The loop was completed with a fibre coupler as described above. The portion of the
signal which remains in the loop is re-amplified and continues to circulate in the loop until
the required number of circulations (corresponding to the desired propagation distance)
is reached. Thus, after the first circulation, there is a continuous output from the loop
coupler. This output can be further split to give a continuous monitor as well as the main
loop output.

Once the required propagation distance has been achieved the signal circulating in the
loop must be removed before the loop can be re-started. A common way of doing this
1s to include a second AOM in the loop, which can be switched to either pass or block
the circulating signal. A second technique, which was employed in all the experiments in
this thesis, is to stop pumping the loop amplifier after the propagation distance has been
reached. This attenuates the circulating signal and within a few round trips the amplifier
can be re-pumped in preparation for the injection of the next signal burst. The length
of time for which the loop EDFA must be unpumped and re-pumped are inter-dependent
to some degree and were determined experimentally by trial and error. The reason for
using this second technique was primarily that a second AOM was not available but it has
other advantages: including an AOM increases the round trip loss ol the loop and when
an AOM is used the signal undergoes a small frequency shilt (typically ~80MHz) each
time it passes through the device[165]. This frequency shift is small compared to that of
the sliding guiding scheme (see 2.7.1) but will still have an effect on the propagation.

In general, measurements were only taken when the required propagation distance had
been achieved. This meant that switching was required to select a measurement window
covering only the section of the continuous loop output which had propagated for the
required distance i.e. the final circulation of the loop. The timing ol this switching was
controlled by one of two electronic delay generators which were used to control the entire
loop cycle. The measurement window could be easily adjusted both in duration, to allow
time for clock recovery to be performed (see Section 3.3.2), and position so that data at
the beginning and end of the recirculation could be rejected.

The timing of the propagation and measurement cycle can be understood with ref-
erence to Iigure 3.3. The loop cycle was begun by “opening” the AOM input switch
to allow signal to pass into the loop. When the loop was filled the AOM was “closed”.
The signal then propagated for the required distance. When this distance was reached

the measurement switch was opened and a burst measurement could be performed. The
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circulating signal was then attenuated by stopping the pumping of the loop EDFA. When
the signal level was sufficiently attenuated the amplifier was re-pumped, and after waiting
for the amplifier gain characteristics to recover, the cycle could be repeated by re-opening
the AOM input switch to allow another burst of signal to be admitted into the loop. The
loop fill time, propagation time and measurement window were controlled by one delay
generator with the second, which was triggered by the first, controlling the loop amplifier.
These delay generators allowed precision control of the loop fill time, propagation time,

measurement window position and length, amplifier kill time and re-pump time.
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Iigure 3.3: Representation of the loop cycle. The three figures show the states of the input and
measurement switches and the state of the EDFA pump diode throughout the loop cycle. The unit of
time is the round trip time of the loop.

3.3 Experimental measurement techniques

One of the main drawbacks of the recirculating loop is that the measurement time window
is usually much shorter than the propagation time and so the time to perform experiments
is considerably longer than for an in-line experiment. As mentioned previously, there is
also the need to switch the loop output signal so that the burst measurement is made at the

correct time. This section describes how burst measurements were performed, highlights
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the limitations of these techniques and also describes how the system performance could

be monitored.

3.3.1 Continuous monitoring

As described in Section 3.2, there was a continuous output from the loop when experiments
were being performed. By splitting this signal with fibre couplers it was possible to
obtain continuous monitor outputs which could be used to give an indication of the
loop performance. Using a slow photo-diode and an oscilloscope, the average power
and ASE noise level could be monitored as shown in Figure 3.4. The loop input signal
burst appears at an artificially high voltage due to the positioning of the loop input
coupler. There followed a relaxation oscillation as the power in the loop stabilises. These
oscillations could be suppressed to some degree by adjusting the loop EDFA gain and the
loop timings. As shown on this trace the ASE noise level (the lower line) build up could
also be checked by reducing the fill time of the loop so that it was a few us (typically 2)
less than the round trip time. This meant that a section of the circulating signal was left
free of data and so the only power detected in this section was due to the background
noise. Within the ~ 2us gap, the ASE level remains constant as the ~10ms lifetime of the
excited erbium state is relatively long and the ASE level is only changed on a millisecond
time scale. Thus, the noise accumulation with propagation distance could be checked and
minimised by alteration of the PC, amplifier gain and loop delays before an experiment
was started. When a sef of results was actually being taken the loop had to be completely
filled and so the noise level could not be monitored. A second monitor output was often
used so that the power of the fundamental component of the electrical spectrum of the
propagating signal could be measured using an electrical spectrum analyser. This gave
an indication of pulse width variations and timing jitter accumulation.

Before an experiment was begun, the source had to be checked to ensure that the
quality of the pulses in the data stream was acceptable and that the back-to-back perfor-
mance (i.e. the system performance with the data passed straight through to the receiver
without any recirculation in the loop) of the system was optimised. A fixed propagation
distance was then set and the EDFA gain, the loop delays, the filter and the polarisa-
tion controller were adjusted whilst checking the continuous monitors to ensure that the
loop was performing as required. An experiment could then be commenced with the

propagation distance being adjusted as required.
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Figure 3.4: Oscilloscope trace showing the average power level (upper line) and the noise level (lower
line) over one loop cycle.

Pulse width measurement

[t was frequently necessary to have a measure of the pulse width being used so that pa-
rameters such as pulse power, soliton period and mark to space ratio could be determined.
Generally the pulses which were being used were on the order of 10ps which is at the limit
of the resolution achievable bydirect measurement of the pulse width using a fast photo-
diode and sampling oscilloscope. An alternative method of pulse width measurement was
therefore required and the common technique of using the second harmonic signal induced
in a nonlinear crystal to determine the autocorrelation width of the input pulse profile was
used. Irom the width of the autocorrelation function the pulse width could be deduced
by assuming the form of pulse shape.
Second harmonic generation is a nonlinear process and the intensity of the second
harmonic signal is
00
Lou(1) o / 1,(1)%d1 (3.1)
o =GO
where 1,(%) is the input intensity and /5,(1) is the second harmonic intensity. In order to
determine the pulse width the input pulse stream is first split into two parts. A relative
time delay, T', is then introduced between the two signals before they are re-aligned and
passed through the nonlinear crystal. Assuming the signal is split equally, Equation 3.1

becomes

Lu(l) o {§1w(z)+5/w(z—fz')} di (3.2)
S O +2/% L (D)L — T)d (3.3)

The first term can be removed from this equation if a non-collinear arrangement is



Pulse Shape | k | AvAtL
Gaussian 1.41 | 0.441
Sech? 1.55 | 0.315

Table 3.1: Autocorrelation conversion factors and time bandwidth products for two common pulse
shapes

used and in this case the autocorrelation function, G/(7'), is given by the normalised second
harmonic intensity 1.e.

G(T) = /m L1t = T)dt (3.4)

— o0

In practice a plot of G(T') versus the delay 7' can be obtained by measuring the
intensity of the second harmonic signal as the delay between the two pulse trains is
changed. The FWHM of G(7') can then be found and from this value the pulse width
can be found by dividing by an appropriate conversion factor k. The conversion factor
and the time bandwidth product, AvAt, of a transform limited pulse depend on the pulse
shape. Values for Gaussian and sech? pulse shapes are given in Table 3.1

Where pulse width measurements are quoted in the following chapters it is this method
which has been used. After taking an autocorrelation a curve fit was performed to the
experimental data to determine the pulse shape and hence the relevant conversion factor

which had to be used to calculate the actual pulse width.

3.3.2 Burst measurement techniques

A disadvantage of using a recirculating loop is that burst measurements must be taken.
Unlike an in-line experiment, where there is a continuous output which can be measured,
measurements can only be made for a small fraction of the recirculating loop cycle ~ the
majority of the loop cycle is taken up with the propagation and only the final recirculation
can be measured. In addition to increasing the time scale of experiments there is also the
problem that the loop output must be switched so that only the relevant part of the loop
output 1s sampled. The switching method used in practice depended on the measurements
which were being taken. For some a switched optical signal was sufficient but for others
the electrical trigger had to be switched to initiate the measurement at the required time.
Unfortunately, autocorrelations could not be taken as this required a continuous signal.

To give an indication of system performance the most frequently quoted parameter is

~J
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the bit-error ratio (BER). The BER is defined as the number of errors detected divided
by the total number of bits received in the measurement period [166]. For a system to be
defined as “error free” a BER of 1079 or better is required. To measure BER, dedicated
test equipment is required, consisting of a data pattern generator and an error detector.
Unfortunately, a bit error test set (BERTS) was not available throughout the duration of
the experimental work for this thesis and so other measures of system performance were
required. This section describes these measurements and indicates their limitations. The

validity of these measurements has been checked by using a BERTS when possible.

Timing Jitter measurement

Taking timing jitter measurements gives an indication of the variation of arrival times of
pulses in a pulse/data streamn relative to a fixed triggering point, and as such can give an
indication of system performance. A serious limitation of this technique is that amplitude
jitter, which can seriously affect system performance, has only a very minor effect on the
timing jitter measurement. A further disadvantage of the technique is that the length of
time required to acquire the data can be prohibitively long. This problem was exaggerated
at low data rates and at long propagation distances.

Jitter measurements were performed using a high speed sampling oscilloscope and

IFigure 3.5 shows a typical jitter measurement. A voltage window of variable width was
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Figure 3.5: A typical jitter measurement. Data points within a pre-set voltage window were used to
construct a time histogram from which the r.m.s. jitter could be calculated.

s n)

first positioned as required. The number of samples required was then set and the mea-
surement could begin. The oscilloscope records all points which fall within the pre-set

voltage window and measurement continues until the required number of samples have
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been obtained. A time histogram is then constructed from the measured data with the
height of the histogram at any position in time being directly proportional to the number
of samples which occured at that time position. The mean and standard deviation of the
histogram can then be determined assuming Gaussian statistics. The r.m.s timing jitter
is then given by the standard deviation of the histogram.

The example shown in Figure 3.5 is typical of the experimental results. A 2.5mV
voltage window was positioned roughly half way between the zero level (the baseline)
and the one level (the pulse peak) of the signal pulses. The number of samples was
1000 which gave a good compromise between speed of acquisition and resolution of the
histogram. FEither the leading or trailing edge of the pulse could be used to give the
jitter measurement but once either the trailing or leading edge was chosen this was used
consistently throughout the duration of an experiment. In the example, which shows a
jitter measurement of a 2.5GHz fibre laser, the r.m.s. jitter was 1.6ps. The maximum jitter
which could be measured accurately using this method was 10ps since for jitter values
above this the leading and trailing edges of the pulse began to merge with one another
causing ambiguities in the statistics. This effectively limited the maximum transmission
distance which could be measured using this method.

When taking jitter measurements it was not necessary to switch the trigger to the
scope and an optical switch, such as a lithium niobate modulator, operated by the loop
electronic timing controllers could be used to switch the loop output as required. Con-
tinuous triggering leads to an overemphasis of the baseline since there is no optical signal
to the sampling scope except during the measurement burst, but because the sampling
scope only records points falling within the pre-set voltage window this would not affect
the measurements.

Jitter measurements were only used where the propagating signal was a continuous
pulse stream as opposed to a data stream. When a data stream was used Q value mea-
surements could be made which are quicker and give a more useful indication of system

performance.

Q measurement

The Q value of a system is defined by [165, 167, 168]

Q=121 (3.5)
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where 1t; o represent the mean values of the ones and zeros in the data stream and o, 0
represents their standard deviations.
The Q value gives a measurement of system performance which is related to the bit

error ratio (BER) by [169]

1 exp(—Q?/2)
2 Q

but can only be measured when a data stream is being used as the propagating signal

BER = (3.6)

because it requires measurement of the ones and zeros in the data stream, when a pulse
stream is being used all data slots are occupied by ones. A BER of 107 is generally
accepted as representing “error free” system performance and the equivalent Q value is 6.

Whereas a voltage window was set to allow timing jitters to be measured, a time
window had to be defined before a () measurement could be made. Any sampled points
within this time window were then used to build up a histogram as shown in Figure 3.6.
From this histogram the mean and standard deviations of the one and zero levels could be
determined using the statistics facilities of the sampling oscilloscope allowing the Q to be
calculated using Equation 3.5. In measuring po; and g it was necessary to set a decision
level with all sampled points above this decision level being taken as representing ones
and points below the decision level representing zeros. This decision level was generally
taken as being hall way between g and gy but in cases such as that depicted in Figure 3.6
where there was no overlap of the two histograms, the positioning of the decision level
made little difference to the Q value but when the Q values were lower and there was more
overlap of the two histograms the positioning of the decision level became more crucial
and 1t was important that the decision level was consistent throughout the measurements.
This lead to a greater error in the measurement of low Q values ( ~ 4) than high Q’s and
significantly, for a ) value of 6 (which corresponds to the minimum acceptable value),
varying the decision level position led to a variation in Q of less than 0.1.

The eye diagram in Figure 3.6 shows that in a soliton system the one level is defined as
the peak pulse height and the zero level corresponds to the baseline. I'rom the definition
of Q it i1s immediately obvious that any increase in the ASE noise level, timing jitter
or amplitude jitter will degrade the system () by increasing oq ;. Variations in the pulse
height can also affect the Q as p; will be altered. This has implications for soliton systems
as the pulse power (and hence p;) depends on the pulse width and so broader pulses will
have lower Js given the same noise conditions. This implies that broader pulses will also

give lower BER measurements through Equation 3.6. The reason for the BER being lower

78



I ¢ Measurement
T window
o Ly 4t T -;',;': "
oS N g
-l B o 3
80 - o o -3
mV/div BT R[] O R
l« ::::.:.\1:‘::::, :::.‘._ g > =
sy » A L
f_: 3 "“!\.. ; . : . I :,.
3 g L 3 o
............ : . 3 e . . -~
121 3 g g
: ?
«—20ps/div—

Figure 3.6: A typical Q value measurement. Mean and standard deviations of the one and zero levels
are found and used in the calculation of the Q.

1s that in taking a BER measurement a decision level must be set such that the energy
detected in a given time interval must be above the decision level for a data one to be
detected. As a pulse broadens the pulse energy is spread over a greater time interval and
the integrated energy detected in the bit interval may fall below the decision level giving
an error.

When Q measurements were to be taken, it was necessary to switch the trigger to
the sampling scope as opposed to switching the optical signal. Il a continuous trigger is
used the baseline is overemphasised as described above, leading to inaccuracy in the true
values of og and .

The main problem found experimentally with taking Q values was that even a small
change in the position of the time window on the sampling oscilloscope could lead to
a change in Q value. This could give inconsistencies in results as the time position
of the pulses on the sampling scope could vary due to variations in trigger phase as
propagation distance was changed and so it was necessary to reposition the time window
when this occured. The optimum window position was generally with the window centred
on the peak of the pulse but this position was often difficult to determine so before
measurements were take the position of the time window was optimised by taking repeated
measurements of the Q value with the position changed. ldeally the measurement window
would be a delta function positioned at the peak of the pulse and an infinite number of
samples would be taken but as for jitter measurements the width of the window and

then number of samples recorded for the histograms had to be compromised to give a
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reasonable measurement time.

Clock Recovery

When measurements were being taken on the sampling scope an electrical trigger signal
was required. Two methods were used - the first, using a fast photo-diode to give a
direct conversion of the optical signal, was used only for a low bit rate experiment with a
continuous pulse stream and the second, using a clock recovery circuit, was used for the
remaining experiments.

Using a clock recovery circuit, an electrical signal which is in synchronisation (and
stays in synchronisation) with the optical signal can be obtained. The clock recovery
set-up is shown schematically in Figure 3.7.
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Figure 3.7: Clock Recovery Set-up. VCO: voltage controlled oscillator, PLL: phase locked loop
& | £ ) | ]

The optical pulse train was first converted into an electrical signal using a photo-diode
before being electrically amplified and mixed with the signal from a voltage controlled
oscillator (VCO) to generate an error signal which was fed into a control circuit. This
feedback circuit adjusted the VCO frequency so as to minimise the frequency difference
between the VCO output and the signal frequency from the photo-diode. Thus, by split-
ting the VCO output a continuous electrical trigger signal in synchronisation with the
optical signal was obtained. This electrical signal would remain in synchronisation with
the optical signal even if the optical frequency altered as long as the change in optical
frequency was not greater than the locking range of the PLL. This locking range was
typically ~ 20MHz which allowed the clock recovery circuit to remain locked to the op-
tical frequency for a period of hours. The performance of the clock recovery circuit had

a bearing on the quality of the system performance and before beginning an experiment
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the system performance was optimised by measuring the back-to-back Q of the system

i.e. the Q value with the propagation distance being effectively zero.

3.4 Dispersion measurements

In soliton propagation experiments it is necessary to know the dispersion of the propa-
gation fibre accurately as this has a major effect on the system performance as discussed
in Section 2.7. Commercially available fibre is normally supplied with fibre parameters
such as Ag and the average dispersion specified but it is prudent to measure these values
as a double check before beginning time consuming experiments. This is particularly true
when dispersion managed systems are being used which include more than one type of

fibre. Two methods of dispersion measurement were used as described below.

3.4.1 Measurement of fibre in the recirculating loop

The first method which was used to measure dispersion had the advantage that the dis-
persion of the entire loop could be measured and not just that of the transmission fibre.

Figure 3.8 shows the set-up used which was essentially just the recirculating loop with no
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Figure 3.8: Schematic representation of the set-up used to measure the dispersion of the fibre in the
recirculating loop.

input. The pump power of the amplifier in the loop was increased to the point where the
loop would lase CW. The cavity mode spacing of this ring laser could then be measured
using an electrical spectrum analyser (ESA) and the wavelength of operation could be
measured using an optical spectrum analyser (OSA). The cavity length could be found

using the equation L = c¢/ndér where L is the cavity length, n is the refractive index
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and ov is the cavity mode spacing. The dispersion could be measured by changing the
wavelength of the filter in the loop to alter the lasing wavelength. As the frequency of the
laser was altered the round trip time was also altered due to the effect of dispersion and
this time delay was seen as a change in the frequency of the harmonics in the electrical
spectrum, with the time and frequency changes being related by At = —mAv/v? where
m is the mode number of the harmonic being observed, Ar is the frequency change and
v is the frequency. The average dispersion Dy is then found by dividing this time delay
by the product of the wavelength change and the loop length. The dispersion of the
fibre could be found for a range of wavelengths by taking a series of measurements at
different wavelengths. This method assumes that the loop length remains fixed through-
out the experiment and so for accurate results cavity expansion and contraction due to
environmental effects must be minimised. This could be accomplished by placing the
transmission fibre inside insulating containers to avoid thermal effects and by performing
the measurements as quickly as possible. A further limitation of this technique was that
it required a tunable filter to be included in the loop which was not always practical, for
example when a fibre Bragg grating was being used in the loop which had a fixed pass-
band (see Chapters 6 and 8). When using this technique the measurement could only be
performed over the tuning range of the filter and over the erbium fluorescence spectrum,
which meant that in practice the wavelength range from 1530-1560nm could be covered.
This wavelength range was however suitable for all of the experiments undertaken for
this thesis, where the operating wavelength was in the 1.5um window. An advantage
of this technique was that it offered a simple means of measuring the dispersion of the
system with the transmission fibre in situ and a quick sweep of the lasing wavelength
could give a rough idea of Ag and the average dispersion. The dispersion could not gen-
erally be measured more accurately than £0.1ps/(nm km), the main restriction being
that the experiment had to be performed with a large wavelength step size to reduce the

measurement time.

3.4.2 Dispersion measurement using optical delay

A second experimental set-up, which was used when increased accuracy was required or

when a tunable filter could not be used in the loop, is shown schematically in Figure 3.9.

This was an adaptation of a set-up used to measure the dispersion and spectra of fibre

Bragg gratings and so it was particularly useful for measuring combinations of fibres and
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Figure 3.9: Schematic diagram of the experimental sct-up used to determine the dispersion through
measurement of the optical delay. Solid lines represent optical paths and dashed lines are electrical
connections.

gratings where the bandwidth of the measurement was limited by the grating bandwidth
but could be used equally well with lengths of fibre alone where the bandwidth was
unconstrained. The source used was a tunable wavelength laser whose output signal was
amphtude modulated by a 1GHz fixed frequency modulator. The optical signal from
the laser was transmitted through the transmission fibre and converted into an electrical
signal using a photo-diode. The phase of this electrical signal was then compared with
the reference phase from the 1GHz modulator using a vector voltmeter. By measuring the
change in this phase as the wavelength of the tunable source was changed, the time delay
due to the dispersion could be calculated using At = §¢/2mv where §¢ is the phase change
and v is the frequency (1GHz in this case). The dispersion could then be calculated by
dividing the time delay by the product of the wavelength change and fibre length. An
advantage of this technique was that the measurement process was computer controlled
which made the set-up quick and easy to use. The speed of measurement was again
mmportant as fibre length changes due to environmental factors would lead to a phase
change between the measured and reference electrical signals; indistinguishable from that
caused by the dispersion leading to inaccuracies in the dispersion measurement. The
wavelength range over which measurements could be performed using this technique were
only limited by the tuning range of the source and again this range was sufficiently large
to covered the entire 1.55um window. Using a computer controlled tunable source gave a
greater resolution with this technique. The wavelength step size typically being ~0.1nm

compared to ~1nm with the previous method which allowed measurements to be made

83



over a smaller wavelength range with this technique. The main factor which determined
the wavelength step size which was used was the wavelength range of the measurement
or more precisely the time to perform the measurement- a measurement over 10nm with
a 0.1nm step size required 100 data points each of which took ~ 2sec to acquire. The
stability against polarisation/length fluctuations of the set up therefore had to be assured
for over 3 minutes to allow such an accurate measurement to be made.

The one major disadvantage of this technique was that in order to perform a dispersion
measurement, the transmission fibre had to be removed from the loop and the dispersion
of the entire loop could not be measured. The improved accuracy of this technique (the
dispersion could be measured to ~ + 0.01ps/(nm km)) made this worthwhile though time
consuming. The two measurement techniques were often used in conjunction with this
technique being used to give an accurate measure of the transmission fibre dispersion and
the previous technique used as verification of the system dispersion once the transmission
fibre was in position. Alternatively the dispersion could be measured roughly using the
previous technique and the fibre length adjusted to give a good approximation to the

required dispersion before fine tuning the fibre using this technique.

3.5 Summary

This chapter has introduced the operating principles of the recirculating loop and has
highlighted the design considerations and the requirements of the various devices required
to operate a recirculating loop. The limitations and problems associated with loop exper-
iments in general and of using a single span loop in particular have been discussed. The

methods used to monitor the loop’s performance and to take propagation results have

also been outlined. These techniques will be discussed in more detail where required.
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Chapter 4

Soliton sources

4.1 Introduction

In the following chapters, which discuss various propagation experiments the pulse source
1s generally taken as being a “black box” which generates pulses as required. The purpose
of this chapter is to describe in greater detail the characteristics of the various sources
used. The basic operating principles are described and the advantages and disadvantages
of each source are discussed.

In a commercial long haul propagation system it is obviously imperative that the pulse
source is of the highest possible standard in terms of long term stability. Any decrease to
the output power of the source as it ages will have a direct effect on the system performance
and although it is easier to replace the source in a system than it is to replace an errant
fibre section or an amplifier, the source should still be capable of operating continuously
for 10s of years. Accelerated aging can predict how the performance of a source will
degrade as time goes by and this information can be used when determining the system
tolerance to effects such as decrease in average power. In a research environment these
long lifetimes are not necessary but flexibility in terms of wavelength of operation and
pulse width are desirable. 1t is also important that there is no change in the output power,
pulse width, operating wavelength or repetition rate during the course of an experiment
and so short term stability of the source is important. In order to allow repetition of
experiments for verification of previous results and to allow different experiments to be
performed with the same input pulses the source should not degrade over a period of
weeks to months.

There are several additional factors which must be taken into consideration when

assessing the performance of a source. The timing jitter of the source, the pulse width,



the wavelength tunability, the repetition rate and the chirp will have a bearing on the
suitability of a source for a given experiment. The source requirements can also vary from
one experiment to another. When working at high data rates (10’s of Gbit/s) the source
jitter becomes an important factor. At 10Gbit/s the maximum r.m.s. jitter which can be
tolerated (given by Equation 2.64) is only ~5.5ps and a source jitter of 1ps can lead to a
reduction in system length of ~13%. The output power of the source is also important.
In soliton transmission experiments the peak power of the pulses which must be launched
mto the transmission is critical. The output power of the source must therefore be high
enough to give this peak pulse power alter the pulses have passed through all the optical
components (which will all introduce losses) between the source and the transmission
fibre. If the source power is too low then an amplifier must be used which will introduce
additional noise to the source degrading the signal before transmission has even begun.
As an example of the typical source power which is required consider a 10Gbit/s system
using 10ps pulses and having a dispersion of 1ps/(nm km). For such a system the average
soliton peak power would typically be 40mW which corresponds to an average power of
~4.5mW. Taking a loss of 6dB between the source and the transmission fibre implies that
an average source power of 18mW would be required if no amplifier is used.

The data rate of experiments continues to increase with data rates of experiments
now reaching 200Gbit/s [170] and so it is also necessary to increase the repetition rate
of the source. It is however possible to increase the system data rate by optical time
division multiplexing (OTDM) of the source. If soliton systems are to be used at such
high data rates the pulse widths must be on the order of 1ps to ensure that soliton-soliton
interactions do not limit the system length. The highest data rate which was used in the
experiments performed for this thesis was 10Gbit/s and therefore pulse widths as high
as ~20ps could be used. In order to be used as a rescarch tool some flexibility in the
source is a great asset — it 1s often desirable to perform the same experiment with different
pulse widths, wavelengths or data rates and if a single source can be used without the
need to carry out extensive reconfiguration then a great deal of time and trouble can
be saved. This flexibility can be achieved by using a broadband source such as a fibre
laser but the price which must be paid is that stability is compromised. As will be seen
from the following sections, fibre lasers are far more difficult to operate than solid state
devices such as a gain switched distributed feedback diode laser (DFB) from which a
pulse stream can easily be obtained and maintained for extended periods of times. What

advantages the gain switched DI'B has in stability must be weighed up against the lack
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of wavelength tunability that it gives and the fact that although it is capable of giving
pulses with a few ps widths at 10s of Gbit/s data rates the pulses suffer from a severe
chirp. Generally speaking a source which give transform limited pulses is preferable in a
research environment. If chirped pulses are needed for a particular experiment then the
chirp can be imposed on the source pulses as required.

The above discussion has shown that there are many things which must be considered
when determining the ideal source parameters for a particular experiment. However even
once the ideal source parameters have been determined the question of availability must
be considered. The source for a required application may not be commercially available
or may be too expensive to be considered and in such cases either compromise must be
made m the choice of source or a source must be developed to suit. The four sources
which were used in the experiments presented here all had their own specific advantages

and limitation which will be discussed for each laser in turn.

4.2 FCL colour centre laser

In initial experiments a colour centre laser (shown schematically in I'igure 4.1) was used
as the pulse source. The laser gain medium was an [-colour centre NaCL:OH crystal. In
Laser Output

Nd:YAG

-1 - Filter

N _ Brewster window

i ,

’

\B\/ H Grating

Frequency doubled
Nd:YAG

Crystal

Crystal chamber Tuning arm
Figure 4.1: Schematic diagram of the F-centre laser. Co-linear Nd:YAG and frequency doubled Nd:YAG
lasers were used to pump the laser crystal, which was kept at liquid nitrogen temperature in the crystal

chamber. A grating in the tuning arm controlled the lasing wavelength. The laser output beam was
filtered to remove the residual pump.

order for the colour centres to remain stable, the crystal had to be kept at low temperature
and so the crystal chamber was liquid nitrogen cooled. The laser had an extended, folded
cavity and was pumped by co-linear Nd:YAG and frequency doubled Nd:YAG laser beams.

A pulsed output was obtained by mode-locking the Nd:YAG laser and altering the FCL
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Figure 4.2: Measurements of (a) Pulse width (a sech?(t) fit is also shown) and (b) optical spectrum
for the FCL laser. The pulse width was 10ps and the spectral width was 0.26nm.

laser cavity length to achieve synchronous mode-locking. To remove the residual pump
beam {rom the laser output a filter was required after the laser output Brewster window.

Colour centre lasers have the advantages of being tunable, the tuning range depending
on the type of colour centre crystal used. They also give a high output power near sech?(1)
soliton output but they are notoriously temperamental - in order to achieve lasing the
cavity mirrors, crystal orientation and pump beam orientations had to be carefully aligned
and all optics cleaned, a process which could take several days. Once lasing was achieved
it was still necessary to [urther fine tune the optics throughout the day as driflting of
the mirror mounts due to thermal effects led to laser output power fluctuations. The
output power also depended on the quality of the crystal being used but was typically
greater then 100mW which was far in excess ol that required for the soliton propagation
experiments.

Figure 4.2 (a) shows an auto-correlation of the output pulses and a sech?(1) fit to the
data. The pulse width was ~10.2ps and the pulses were a good approximation to sech?(t)
in temporal profile. The optical spectrum of the FCL output with the laser tuned to
1537.5nm is shown in Figure 4.2 (b). The spectral width was 0.26nm giving a time
bandwidth product dvdt of 0.34 showing that the output pulses were close to transform
limited sech? pulses. When mode-locked, the FCL operated at a repetition rate of 76MHz,

the repetition rate being defined by that of the mode-locked Nd:YAG pump.

88



4.3 Figure of eight erbium fibre laser

The major problem which was encountered when using the FCL laser was the short term
mstability of the output power. The 76MHz repetition rate was also well below that
required for propagation experiments and so a new laser was constructed. This laser was
to operate at 1GHz and had greater stability than the FCL. A figure-of-eight configuration
consisting of a main laser cavity and a nonlinear optical loop mirror (NOLM) as shown

in Figure 4.3 was used.
o
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Figure 4.3: Schematic diagram of the figure of eight fibre laser. The laser consisted of two rings, the
main laser cavity and a NOLM, connected by a 50:50 fibre coupler. The main cavity contained ~15m of
Er®*+ doped fibre, a polarisation controller(PC) and a bandpass filter (BPI?). The NOLM consisted of
a PC and 100m of standard fibre (SIF). DFB control pulses were coupled in and out of the NOLM by
WDMs. The control electronics for the DI'B are shown within the dotted box.

The gain medium was a 15m length of [£7*% fibre which was pumped with a 980nm
laser diode. The laser output was coupled from the main laser cavity into the NOLM
using a 50:50 coupler to split the signal. Each of the two signals propagated in opposite

directions round the NOLM and returned back at the coupler in coincidence. If these two
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signals were in-phase, they were reflected by the NOLM but if they were out of phase they
were transmitted [171]. This property of the NOLM allowed the laser to be mode-locked:
by injecting a 1GHz gain switched DFB signal (see Section 4.5) at 1538nm into and out of
the NOLM through a WDMs, the relative phases of the two counter propagating signals
could be altered through the effect of XPM (see Section 2.6). The power of the DI'B could
then be adjusted to give full transmission of the fibre laser signal giving a synchronously
mode-locked output. The DFB switching power required was ~40mW. The DI'B itself
was not used as a soliton source as the pulse width was 60ps which was longer than desired
and also had a relatively high source jitter of ~8ps. A similar device which was used as
a pulse source at 10GHz is described in Section 4.5.

Polarisation controllers were required in both the NOLM and the main cavity to
optimise the mode-locking and isolators were required before and after the erbium doped
fibre to increase stability. A tunable filter was included so that the laser wavelength could
be controlled. This filter was positioned before the amplifier to give extra isolation from
the 1538nm DI'B signal. Although the laser could successfully be mode-locked by driving
the DFB with a synthesiser at a fixed frequency, environmental factors caused long term
instability — as room temperature changed the laser cavity and NOLM lengths changed
and mode-locking drifted. It was therefore necessary to use active control to increase the
laser stability. This was done using the electronics shown in Figure 4.3.

The DFB frequency was controlled using a voltage controlled oscillator (VCO). A
VCO is a device which gives an output RI® frequency which can be altered by changing
the applied input voltage. The DIB frequency could therefore be altered to compensate
for any drift of the laser cavity by adjusting the voltage to the VCO as required. When
environmental effects caused the laser cavity length to change, the corresponding laser
frequency change was detected by a photo-diode. The photo-diode output was then mixed
with part of the VCO output to give an error signal which was a measure of the mismatch
between these two frequencies. This error signal was then used as the input to a phase
locked loop (PLL). The effect of the PLL was to adjust the VCO output so as to minimise
the error signal i.e. it changed the voltage to the VCO such that the RIY output frequency
was kept equal to the laser frequency. Thus, the laser could be kept mode-locked for a
period of hours and the stability was largely determined by the locking range of the PLL
(~20MHz) and environmental conditions around the laser.

The laser was operated at ~1GHz and gave an output power of ~5mW. As Figure 4.4

(a) shows, the pulse width was 10ps and was a good approximation to sech?(t) in profile.
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Since this was a soliton laser, the pulse width could be varied by altering the pump power
as this varied the peak power of the soliton laser pulses. The pulse widths shown in

Figure 4.4 correspond to the minimum pulse width.
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Iigure 4.4: Measurements of (a) Pulse width (a sech?(t) fit is also shown) and (b) optical spectrum
for the figure of eight laser. Pulse width was 10ps and the spectral width was 0.27nm.

Figure 4.4 (b) shows the optical spectrum of the laser, the spectral width was 0.27nm
giving a time bandwidth product of 0.33 which indicates that as expected for this type
of laser, the pulses were close to transform limited. The stability of this laser was much
better than that of the ['CL laser but it still required some degree of adjustment belore a
mode-locked output could be achieved with low jitter. When the laser was optimised the

N
i

source jitter was typically 2ps which was a lactor ol 4 lower than the jitter of the DI'B
switching pulses. The repetition rate was hable to drift throughout the day but as long
as a clock recovered trigger was used this did not have a great effect on experiments. The

bit rate was also increased from 76MHz to a more uselul value of 1GHz.

4.4 Fibre ring laser

Although the figure-of-eight laser was a far more reliable laser than the I'CL, a further
increase in stability and data rate was required. To achieve these aims a fibre ring laser
which operated at 2.5GHz was developed. This laser was simpler than the figure-of-eight
laser and had a smaller cavity which helped to increase the stability.

The laser is shown schematically in Figure 4.5. The gain medium was ~15m of Er®*
doped fibre which was reverse pumped by a 980nm diode laser diode. The pump light was
coupled into the cavity through a WDM. After pumping the fibre the residual pump was

coupled out of the cavity using a second WDM. Isolators were included before and after the
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Figure 4.5: Schematic diagram of the fibre ring laser. The gain medium was ~15m of 21+ doped
fibre. This fibre was reverse pumped by a 980nm pump diode. The cavity length was actively controlled
using a piezo electric element (PZT) and control electronics. The laser was actively mode-locked using
an amplitude modulator (AM) and could be wavelength tuned using a band-pass filter (BPI).
Er®* fibre to increase the laser stability. A piezo-electric tube (PZT) was used to adjust
the cavity length — a ~10m length of dispersion shifted fibre (DSI') was wrapped around
the PZT (DSI® was used as it has lower bend loss than standard fibre) and the diameter
of the PZT could be altered to stretch the fibre by applying a voltage. Thus, the cavity
length could be adjusted to counteract any thermal expansion or contraction by altering
the voltage applied to the PZT as required. Cavity length changes led to corresponding
changes in the laser output frequency and so by monitoring the laser output lrequency
using a photo-diode and minimising the difference between this frequency and the desired
set-point frequency using an electronic feedback circuit to control the PZT voltage, the
laser output frequency could be kept constant for a period of hours.

The laser was actively mode-locked at 2.5GHz using a lithium niobate amplitude
modulator driven by a frequency synthesiser. A polarisation controller was required to
optimise the mode-locked output and the wavelength could be altered using a tunable 3nm

bandpass filter. When mode-locked, the output power of the laser was typically ~1mW.
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The pulse width depended on the pump power and how well the laser mode-locking was
optimised by altering the drive frequency and DC bias to the amplitude modulator and by
altering the polarisation controller. The minimum pulse width was ~15ps and a typical
value was 20ps. The output spectrum of the pulses was relatively invariant indicating
that the chirp of the output pulses varied with pulse width. Typical laser outputs are

shown in Figure 4.6. The auto-correlation shows a pulse width of 15ps and is again a
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Figure 4.6: Measurements of (a) Pulse width (a sech?(t) fit is also shown) and (b) optical spectrum
for the fibre ring laser laser. Pulse width was 15ps and the spectral width was 0.18nm.

good approximation to the sech?(t) fit. The spectral width was 0.18nm giving a time-
bandwidth product of 0.33 showing that at this pulse width the pulses were very close to
transform limited.

The operation of this laser was much more stable than the figure-8 laser due to the
simpler configuration but the laser still required careful adjustments to initiate and op-
timise mode-locking and periodic readjustment throughout the day. Although the pulse
width was greater than the figure of eight laser, the repetition rate was increased [rom
1GHz to 2.5GHz. A Mach Zehnder inter-leaver (described below) was also used with this

laser in order to further increase the repetition rate to 10GHz.

4.4.1 Mach-Zehnder Inter-leaver

The technique of time division multiplexing narrow pulses to give a high data rate from a
lower base rate is becoming common as the bit rate of experiments continues to increase.
The design of the Mach-Zehnder inter-leaver which was used here to increase from the
2.5GHZ fibre laser repetition rate to 10GHz is shown schematically in Figure 4.7. The
2.5GHz pulse stream was first split by a 50:50 fibre coupler with one of the signals passing

through a variable fibre stretcher (F'S) which was used to give a variable optical delay. The



2.5Gbit/s
PRBS

10Gbit/s
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5Gbit/s pPC
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Figure 4.7: Schematic diagram of the double Mach-Zehnder inter-leaver. The 2.5Gbit/s PRBS was

split at coupler A. One of the inter-leaver arms included an adjustable fibre stretcher (FS) to give the
required delay, the other arm contained a polarisation controller (PC). Recombining at coupler B gave a
5Gbit/s which was then interleaved to 10Gbit/s. All couplers had a 50:50 splitting ratio.

other half of the signal was passed through a polarisation controller before the two data
streams were re-combined. By adjusting the fibre stretcher to vary the optical delay to
be a odd number of half bit periods, a 5GHz data stream was obtained at coupler B. The
polarisation of the two interleaved data streams could be equalised using the polarisation
controller. The process was then repeated to interleave from 5 to 10GHz. By passing this
10GHz pulse stream through a further polarisation controller followed by a fibre polariser,
and with careful adjustment of the PCs, it was possible to achieve a 10GHz output at the
fibre polariser output with equal amplitudes and polarisation of all the pulses, regardless
of the path taken through the inter-leaver. In order that the inter-leaver could be used
over a range of wavelengths, wavelength flattened couplers were used. IFigure 4.8 shows
the 2.5GHz fibre laser pulse stream and the inter-leaver output at 5GHz and 10GHz. The
inter-leaver output was amplified to give the same intensity of pulses from the 2.5GHz,
5GHz and 10GHz outputs to make comparison easier. On the 2.5GHz and 5GHz outputs
the ripple on the base line is due to ringing of the photo-diode used to convert the optical
signal to an electrical signal. As shown it was possible to obtain a good 10GHz output
with all pulse heights the same and with equal spacing between the interleaved pulses.
Autocorrelations of the interleaved and fibre Jaser pulses showed that there was no change
in the pulse width after interleaving. In this experiment the pulse width remained at 24ps
throughout. Interleaving did however introduce an additional timing jitter due to small
variations in the temporal position of the pulses in the interleaved stream relative to one
another, these temporal shifts being due to small random path length changes in one or
all paths through the inter-leaver. These jitters led to degradation of the () value. From
a tvpical Q of ~18 for the 2.5Gbit/s data stream the 10Gbit/s Q was reduced to ~14.

Typically, a 10Gbit/s data stream was required as the loop output. There were two

94



: A

80mV/div  (b) - I} § - {
+ 1

/ /

~

B
/
/

/

g
'«.__“N
pomraney
Meruan,

¥ 7 ¥ ¥ ¥ ¥ 1 ¥
«—100ps/div—
Iigure 4.8: Sampling scope screen captures showing (a) the fibre laser 2.5GHz pulse stream, (b) the

inter-leaver output at 5GHz and (¢) the inter-leaver output at 10GHz

ways of deriving such a data stream, the data could either be imposed on the pulse stream
at 2.5Gbit/s belore interleaving or at 10Ghit/s alter interleaving. This choice was dictated
by the availability of equipment - a 10Gbit/s pattern generator was not permanently
available and so the inter-leaver had, generally, to be used with a 2.5Gbit/s PRBS input.
Indeed, had a 10Gbit/s pattern generator heen available, there would have been little
need for the inter-leaver, the laser itself would simply have been optimised for use at
10GHz and the data imposed on the laser output. A further practical consideration was
the performance of the lithium niobate modulator used to impose the data pattern on the
bit stream. This device performed considerably better at 2.5Gbit/s than at 10Gbit/s with
the voltage driver available which indicated that operating at 2.5Gbit/s was preferable.
The situation was however complicated by the fact that there was a degradation of the
data stream on interleaving and there was not a great difference in the back to back

system performances when the data was imposed on the pulse stream before and after



interleaving.

So that patterning effects associated with the interleaving did not cause problems or
enhance the results when the data was imposed at 2.5Gbit/s, it was necessary to have
a fairly large optical delay between the two signals before they were re-combined. This
was achieved in practice by using a ~ 10m length of fibre in the fibre stretcher stages
which provided the variable optical delay. This length of fibre allowed a variation in the
optical delay of ~500ps which is 5 bit intervals at 10Gbit/s. After re-combination and
equalisation of the polarisations the 10Gbit/s data stream was not a true but PRBS -
all pulses were derived from the same PRBS and each fourth pulse was in PRBS order
but adjacent pulses came from different sections of the 2.5Gbit/s PRBS. The inter-leaver
output was however a random sequence of ones and zeros.

Apart from the obvious problem of the degradation of the data stream caused by the
inter-leaver there was also a large insertion loss of 7dB. The majority of this loss was in
the portion of the signal rejected at couplers B and D but there was also some loss in the
polarisation controllers, fibre stretchers and in the PC/I'C connectors used. This high

loss meant that an additional amplifier was required before the recirculating loop input.

4.5 Gain switched DFB laser

In commercial telecommunication systems solid state semiconductor lasers are used as
the pulse sources. Unlike {ibre lasers which require active cavity length and polarisation
control, solid state devices require only electrical drive and temperature control making
thern easy to use. In addition they are compact and are extremely reliable with long
lifetimes if properly used. This section describes such a device, a DI'B laser which was
gain switched and used i propagation experiments.

In order to achieve a pulsed output [rom the DI'B, a DC bias and an RI* drive have
to be applied. The DC current was such that the laser was kept just below the lasing
threshold, then when an RE of the required power was applied the laser current was
taken above the threshold current once within each period of the RI* cycle leading to a
pulsed laser output at the applied RI" frequency. The DI'B was generally operated at
10GHz, was simple to control and had an output extremely stable output power. There
was however one major problem, which is inherent with gain switched DI'B lasers - the
output was severely chirped and so the output pulses were not time bandwidth limited

solitons. Figure 4.9 shows an autocorrelation and spectrum of the DFB output when gain
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switched at 10GHz and also for CW operation.
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Figure 4.9: Measurements of (a) Pulse width (a sech?(t) fit is also shown) and (b) optical spectrum
for the DFB laser. The spectrum is shown with the laser gain switched at 10GHz (GS) and for a CW
output. When gain switched, the pulse width was 45ps and the spectrum showed double peaks. The
spectral width was 0.1nm for a CW output

When gain switched, the pulse width was 45ps and as shown, the spectrum had two
peaks at 1554.5nm and 1554.7nm. These two peaks are due to different modes of the
device lasing. The 0.2nm wavelength spacing of the modes corresponds to a cavity length
of ~ 3mm. Changing the DC bias and RF power led to a slight change in the pulse
width but the spectrum still retained the double peaked structure shown. The central
wavelength of the laser could be altered over a ~ Inm range by temperature tuning and
by altering the DC bias.

Taking the spectral width to be 0.37nm gives a time bandwidth product AvAl= 2 and
the pulses were severely chirped. A common technique used to reduce the chirp of DI'B
lasers is to pass the DEFB output pulses through a length of fibre or a grating which has
the opposite sign of chirp and hence can compress the laser pulses. This was tried with
various lengths of DCI® in order to try and optimise the compression of the DI'B pulses
and using a 400m length of fibre with a dispersion of -92ps/(nm km) gave the pulse width
and spectrum shown in IFigure 4.10 The pulses were compressed {rom 45ps to 20ps but a
pedestal remained which is typical of DI'B outputs. There was no change to the spectrum
of the laser pulses as the chirp was undone and the double peaked spectrum remained.
This led to difficulty in measuring the spectral width. Taking the spectral width as being
the width at hall the maximum intensity of the full spectrum of both peaks — 0.36nm
in this case, gave a time bandwidth product, dvét, of 0.89. This is far in excess of the
time bandwidth limited value of 0.32 for sech?(1) pulses and is mainly due to the double

peaked nature of the spectrum of the gain switched DFB. The two peaks in the spectrum
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Figure 4.10: Measurements of (a) Pulse width (a sech®(t) fit is also shown) and (b) optical spectrum
for the DFB laser with optimum DCF pulse compression. Pulse width was 20ps and again, the spectrum
had two peaks.

present a significant problem if this source is to be used for propagation because dispersive
broadening would lead to pulse break-up. The wavelength separation of the two peaks was
0.2nm and even at a low dispersion of 0.1ps/(nm km) the relative delay across the pulse
would be equal to one 10Gbit/s bit interval after 5000km of propagation. This problem
1s magnified if a large dispersion is used. In standard fibre which has a dispersion of
~16.5ps/(nm km) a propagation of only 30km would be required to give a delay of 100ps.
In a dispersion managed system where the local dispersion can be high despite having a
low average dispersion, severe distortion of the pulses could occur. To show this effect the
pulses from the DFB were passed through various [ibre lengths and combinations. The
DFB output was amplified and the power launched into the libre was varied by adjusting
the gain of the pre-amplifier so that the power at the fibre output was the same lor all
fibre lengths. The output power was chosen to be that of an average soliton launched into
a system with an average dispersion of ~0.15ps/(nm km) for reasons which will become
clear. Autocorrelations and optical spectra were taken of the output pulses. There was
no change to the spectrum of the pulses when the transmission fibre was altered but the
autocorrelations varied greatly. IMigure 4.11 shows the autocorrelations scaled to show
the actual pulse widths assuming a sech? pulse shape for - (a) the input pulses, which
were a good approximation to sech? in profile although the pulse had a pedestal. The
pulse width was ~16ps. Iigure 4.11 (b) - (d) show the pulses alter propagation through
12, 25 and 32km of SII' respectively. It 1s clearly seen that after propagation through
12km of SIF there was a large distortion to the pulses. When the propagation distance
was Increased to 25km three peaks were seen in the autocorrelation due to the pulse

beginning to split. After propagation through 32km of SIF the three peaks were well
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Figure 4.11: Pulse widths and shapes taken from autocorrelations of (a) the DFB input pulses and the
pulse outputs after propagating these pulses through (b) 12km of SIF, (¢) 25km of SIF and (d) 32km of
SIF. (e) shows the pulses after propagating through 32km of SIF and 6.8km of DCF. sech? fits are also
shown for cases (a) and (e).

resolved and the pulse had split into two distinct and separate pulses. IMigure 4.11 (e)
shows the autocorrelation of the pulses after propagation through 32km of SII' and 6.8km
of DCI. This combination gave an average dispersion ol 0.15ps/(nm km) and as can be
seen the pulse splitting which occured after propagation through the SIIF was reversed
in the normally dispersive DCI and at the output of this fibre a single pulse was again
seen, albeit with an increased width of ~21ps. The increase in the pulse width was due
to the dispersion compensation not being complete - the average dispersion was not zero.
[t is possible that the interaction of the two pulses led to a shift in their relative temporal
positions, the interaction 1s analogous to the interaction experienced by different channels
in WDM systems where different wavelengths are used to carry different data channels.
The experiment was repeated with the fibre ring laser described in Section 4.4 used as
the source. The output spectrum of this laser (shown in IMigure 4.6) indicated that the
laser operated on a single transverse mode. Again there was no change to the spectrum
of the pulses but the autocorrelation changed significantly as the transmission fibre was
altered. Figure 4.12 (a) shows the autocorrelations of the input pulses. The pulse width

was ~17ps and the spectral width was 0.18nm giving a time bandwidth product of 0.38
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Figure 4.12: Pulse widths and shapes taken from autocorrelations of (a) the fibre laser input pulses,
the pulse outputs after propagating these pulses through (b) 12km of SIF, (c) 25km of SIF and (d) 32km
of SIF. (e} shows the pulses after propagating through 32km of SIF and 6.8km of DCF. sech? fits are
also shown.

which indicates that the pulses were slightly chirped. Figure 4.12 (b) - (d) show the
autocorrelations after propagation through 12, 25 and 32km of standard fibre. These
results show that as the signal propagated there was an increase in the pulse width due
to the dispersion but as expected there was no pulse splitting. I\igure 4.12 (e) shows the
autocorrelation after propagation through 323km of SII" and the same DCI® as was used
for the DFB laser. There was again a re-compression of the pulses in the DCIF and the
pulse width at the output of this fibre was ~20ps.

The pulse splitting which was seen with the DI'B laser was a problem which was likely
to severely reduce the performance which could have been achieved had a single transverse
mode output been possible. Even if a single transverse mode DI'B had been available
there would still have been a problem with the output pulses being chirped but as has
been shown above it is possible to compress chirped DI'B pulses using appropriate fibre.

This section has shown that despite the undoubted advantages of stability, size and
ease of operation, DFB lasers still present problems in that their output pulses are not
ideal for use in soliton propagation experiments. The output power of the device tested

here was also relatively low at ~ 500 W and so large gain amplification would be required
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for the laser output to achieve the required average power for propagation experiments.
A further problem is that the tuning range was narrow and while this is not a problem
in a real system where the wavelength of operation is fixed, increased tune-ability is
advantageous in a research environment as different experiments may require different

source wavelengths.

4.6 Conclusions

There are several factors which must be considered when choosing or developing a source
for high speed soliton transmission experiments. At high data rates the source jitter must
be low and the pulse width must be small. At a 10Gbit/s data rate a mark to space
ratio of 1:5 (which is typically the lowest that can be used before soliton interactions
severely limit the transmission length) requires 20ps pulses. This pulse width can be
casily achieved using a broadband laser gain medium such as erbium but as data rates
continue to increase the pulse width of the source must be reduced without degrading
other source characteristics such as pulse shape, chirp and jitter. In order to achieve
repetition rates above 10GHz the main problem which is encountered is that the high
speed electronics required to give the necessary modulation of the gain medium, are not
readily available. In order to achieve state of the art bit rates of 100Gbit/s or above it
is therefore necessary to have a source working at a lower repetition rate and interleave
the pulses to give the desired rate [13, 170, 172, 173, 174]. Although the base repetition
rate of the source may only be 10 or 20GHz the pulse width must be as required at the
final bit rate. The mark to space ratio of the source must therefore be high without the
source jitter being significant.

In addition to working at the required repetition rate with low jitter and with the
required pulse width the shape and chirp of the pulses is also important — particularly
for use in dispersion managed systems. Unchirped sech® pulses are generally desired — if
chirped pulses are required the chirp can be imposed on these transform limited pulses
by propagating through a suitable fibre or grating. The laser must also be capable of
providing the pulses for extended periods of time (several hours) with no drift in the
characteristics. The output power of the source must also be considered. A pre-amplifier
is generally needed in transmission experiments and if a source has lower power it requires
higher gain amplification which introduces more noise.

Easy operation is not critical as long as the source remains stable for an extended
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period of time - if the quality of the pulses is sufficiently high the extra effort to achieve
this output is worthwhile. As an example the fibre laser and gain switched DFB laser
described above can be compared. The fibre laser had to be interleaved to achieve a
10GHz rate. It also required polarisation and active cavity length control in order to
achieve a stable output but for this effort a near transform limited sech? output which
could be wavelength tuned over the entire erbium fluorescence spectrum was obtained. In
contrast the gain switched DIFB was extremely stable over extended periods of time and
was simple to operate — an RI and DC bias had to be applied along with temperature
control. However the output pulses were severely chirped, the tuning range was small
and the spectrum was double peaked. In order to get close to transform limited pulses
1t was necessary to propagate the pulses through a suitable dispersive element. The
dual wavelength operation caused problems in transmission as pulse splitting could occur
because of the fibre dispersion. This problem can be solved by making the device lase
on a single cavity mode but the problem of source chirp remains. In the experiments
described in Chapter 7 the system performed better using the fibre laser than the DFB
laser and therefore it was the worth the extra effort that was required to keep the laser
stable to achieve the results. It should be stressed that this consideration only applies in
a research scenario. In a real system the source must operate with the minimum amount
of active control and must work over many years. For such applications fibre lasers are
unsuitable.

It is also true that the required source characteristics vary from experiment to exper-
iment and therefore flexibility is also an advantage. 1t also means that there is no single
source which can be universally used and work will continue to be done on developing

new sources for telecommunications applications.




Chapter 5

Soliton-like pulse propagation over
ultra long distances close to the

dispersion zero wavelength

5.1 Introduction

In order to increase the data rate and system lengths which can be achieved in soliton
transmission experiments a low dispersion is required to increase the Gordon-Haus limit
[47]. However the soliton power is proportional to the dispersion and so a limit is put
on how low a dispersion can be used before the signal to noise ratio becomes too low to
allow propagation over 1000s of km. This is one reason why there is interest in dispersion
managed systems, which give an enhancement of the stable pulse power compared to the
equivalent uniform dispersion system [98, 92]. This allows the dispersion of the system
to be reduced further before SNR problems are encountered. As will be discussed in
Chapter 7, there is currently a great deal of interest in using dispersion management to
allow a low average dispersion value to be used [12],[86]-[98],[115, 116, 117] and work
is also being done to compare the performance of RZ, soliton and NRZ systems where
the average dispersion is low [12, 157, 175, 176]. This chapter investigates soliton-like
RZ pulse propagation in a dispersion managed systern where the average dispersion was
at or close to zero. In order for conventional solitons to propagate the dispersion must
be finite and anomalous, at the dispersion zero there will be no first order GVD effects
and SPM can lead to break up of the pulse. At Ay a further nonlinear effect, four-wave
mixing, can become significant as the required phase matching conditions can be met [6].

Four wave mixing leads to the generation of additional frequencies up-shifted and down-
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shifted from the signal frequency leading to transfer of energy from the signal. Stable
propagation of pulses at Ay therefore requires that these processes are counteracted by
some pulse control technique before the perturbations to the pulse become too great.
The experiments described here show how stable pulse propagation was achieved close to
the zero dispersion wavelength over astonishingly long distances (greater than one million
kilometres) without active control. It is not certain what the pulse control mechanism was
but the saturable absorber effect of nonlinear polarisation rotation is a likely candidate

and will be investigated.

5.2 Saturable absorption and nonlinear polarisation
rotation

Saturable absorbers have been used as pulse shapers to generate ultra-short pulses in
passively mode-locked of lasers for some time [177, 178, 179]. The principle of their
operation is that the saturable absorber 1s opaque for low incident optical intensities but
the device becomes bleached at some critical intensity and then becomes transparent. An
important characteristic of a saturable absorber is the recovery time i.e. the time for
which the device remains transparent after being bleached.

In laser cavities ultra-short pulses can be formed il a saturable absorber is included
since the low intensity leading edge of the pulse will be absorbed up to the point where
the device becomes transparent. Pulse shaping can also occur at the trailing edge of
the pulse but this depends on the temporal width of the pulse and the recovery time
of the saturable absorber. In order to generate pulses it the femtosecond regime it is
therefore necessary to use a fast saturable absorber. In relation to transmission systems
saturable absorbers can be used to discriminate between the low intensity noise and the
high intensity signal. For such applications the recovery time ol the saturable absorber
must be shorter than the bit period (100ps at 10Gbit/s) and the switching power required
to bleach the device must be comparable with the signal pulse power. Multiple quantum
well saturable absorbers have been proposed to fulfil this role [78] but these devices suffer
from a slow recovery time and a high switching power [79]. A second solution is to use
nonlinear polarisation rotation in conjunction with a polarisation discriminating element.

As described in Section 2.6 two signals propagating in the same fibre with the same
frequency but different polarisation states can interact with each other through the effect

of cross phase modulation (XPM). Due to deviations from a perfect cylindrical geometry
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optical fibre generally has a birefringence which leads to two orthogonal polarisation states
which have different propagation constants and hence different group velocities. Due to
this difference in the group velocities of the two polarisation axes they are referred to as
the fast and slow axes. A signal which is launched into a fibre at an angle # to the fast

axis of the fibre will have electric field components

E. = Fcost (5.1)
E, = Esint (5.2)

along the fast and slow axes respectively. Through the effect of XPM these two compo-

nents can interact leading to a nonlinear refractive index change given by (see Section 2.6)

5 2

An, = ny <|jr’3,v|2 + §[E,,|2> (5.3)
S 20,

An, = ny (’Ey] + §|El.] ) : (5.4)

This leads to coupling of the two polarisation states which can then be described by the

two coupled Schrodinger equations
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where it is assumed that the fibre i1s linearly birefringent and the effect of nonlinear
mixing between the two polarisation states is neglected [6] ppl79. The coupling of the
two field components /2, and [, causes a nonlinear birelringence which in turn causes the
polarisation state of the input light to change as it propagates along the fibre. This effect
is known as nonlinear polarisation rotation (NPR) since the rate of polarisation rotation
depends on the intensities [2, and [2,. This also means that NPR depends on the angle
that the light is launched into the fibre because for a fixed total field /2, the components
E, and E, vary as the launch angle 0 is changed.

A saturable absorption effect can be achieved if a signal is propagated along a length
of fibre followed by a polarisation discriminating element. The signal power, fibre length
and/or polariser orientation can be altered so that the polarisation state of the high in-
tensity signal is aligned with the polariser. Any noise in the system having lower intensity

than the signal would not have undergone the same degree of polarisation rotation and




so would be absorbed at the polariser. In the case where the polariser was orthogonal to
the input polarisation, the power after the polariser P, is given by [180]

») s o2« 2 ¢

Pout = Pipsin®(20)sin”(—) (5.7)

where P, 1s the power at the polariser input and A¢ is the phase difference between £,

and F, given by
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The power out of the polariser therefore depends on the angle at which the signal is
launched into the fibre and also on the length of fibre which is used, through the Z
dependence of A¢. The dependence of P,,; on P, is more complicated than the simple
linear dependence given in Equation 5.7 due to the dependence of F, and £, (which
are contained in the expression for A¢) on F;,. Figure 5.1 shows P, as the input
power was varied in a numerical simulation for a 26km fibre length with a dispersion of
0.1ps/ (nm km) at the operating wavelength of 1.55pm. The value of n, was taken as
2.52107%"m?W ! and the signal was launched at 6 = 35°. For simplicity the effect of loss
was neglected in this simulation and the polariser was taken to have 100% transmissivity

for one polarisation state and 0% for the orthogonal state. This curve shows that switching
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Figure 5.1: Switching curve for a NPR saturable absorber with the signal launched at 35° to the fibre
axis. The fibre length was 26km.

is achieved at a power of ~ 0.41W but this switching is not complete. The periodicity of

Ad
2

the graph was determined by the sin?(£2) term in Equation 5.7. There was also a strong
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dependence on the launch angle ¢ as this altered both the efficiency of the switching due
to the sin?(20) term and also the periodicity as # alters E, and E, and hence A¢. By
referring to Equation 5.7 it is seen that if the signal is launched along one of the axes of
the fibre (¢ = 0, 90°) then P, = 0. This is because when light is launched along one
of the axes of the fibre there is only one polarisation state and hence no XPM. A more
interesting case is when the light 1s launched at 45° to the axes. At first glance 1t appears

-

from Equation 5.7 that this should give complete switching as the sin®(20) term is equal

to unity but for 8 = 45° |, ] and |E,| are equal and so the output power is equal to zero.
In a real non-polarisation preserving fibre the orientation of the axes varies randomly
along the fibre length and so it is highly unlikely that any of these three cases could be
observed.

In relation to soliton transmission systems this effect can be used to reduce the noise
level, leaving the soliton intact — a [undamental soliton undergoes NPR as a unit [44]
and also has a uniform polarisation across the entire pulse [8] so there would be no pulse
shape distortion at the polariser. In such a system fibre length would be fixed and so the
switching power of the saturable absorber would have to be matched to the soliton power
by altering the polarisation state of the light launched into the fibre

IFor pulses other than fundamental solitons there can also be a pulse shaping/spectral
filtering effect. Aflter a pulse is propagated along a fibre there will generally be a polari-
sation difference across the pulse when it reaches the polariser due to the intensity prolile
of the pulse giving different degrees of NPR. If the polariser is then set so as to allow
the peak of the pulse to be transmitted with minimal attenuation then the leading and
trailing edges of the pulses will suffer a greater loss at the polariser. In addition if the
pulse is chirped on arrival at the polariser then the leading/trailing edge of the pulse will
be red/blue shifted depending on the dispersion of the fibre and so there can also be a

spectral filtering effect at the polariser.

5.3 T76MHz Experiment

The experimental set-up i1s shown schematically in Figure 5.2. The transmission was
performed using the recirculating loop which was described in Chapter 3. The pulse
source used was the colour centre laser described in Section 4.2 operating at 76MHz.
The width of the pulses from this laser was 9.5ps and as shown in Figure 5.3 (a) they

were a good approximation to sech®(t) in profile. The spectral width of the FCL pulses
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IFigure 5.2: FCL pulses were propagated in the recirculating loop which contained an EDTA, a band-
pass filter (BPF), a PC and an isolator (ISO). The transmission fibre was 23.7km of DSI* and 2.7km of
SIF. The loop output was gated by an amplitude modulator to allow jitter measurements to be taken.
was 0.27nm (see Figure 5.6 (a)) giving a time-bandwidth product vdr= 0.32 which is
the transform limited value for sech®(1) pulses indicating that the input pulses were not
chirped. The pulses were gated into the loop using an AOM and a fibre coupler with
a 50:50 splitting ratio. A tunable filter with a 3nm pass-band was included to give
suppression on the ASE level, this filter also had a polarisation dependent loss of ~ 2dB
at the operating wavelength and was the main polarisation discriminating element in the
loop. A polarisation controller (PC) was used to set the polarisation state of the signal
launched into the transmission fibre. The loop output was split using a 70:30 fibre coupler
to give a continuous monitor output before being amplified to give the output signal and
trigger. The continuous monitor output was used to observe changes in the average power
as the signal was propagating in the loop.

The transmission fibre in the loop was 23.7km of DS with Ay ~ 1560nm and 2.7km of
SIF which was used to reduce Ag. The dispersion of this fibre combination was measured
using the technique described in Section 3.4.1 and as the result in Figure 5.4 shows, the
dispersion zero was reduced to ~1536nm by the inclusion of the SII.

[t was discovered that by carefully adjusting the tunable filter in the loop, altering the
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Figure 5.3:  Autocorrelations and sech®(t) fits for (a) the FCL pulses and (b) pulses after propagation
in the loop.

propagating signal power (which was adjusted by altering the pump power of the loop
EDFA) and optimising the orientation o‘f’the polarisation controller it was possible to ob-
tain stable pulse propagation with the ASE noise build up being suppressed for extremely
long propagation distances (over one million kilometres) when the laser wavelength was
tuned to 1537.6nm, which was very close to the zero dispersion wavelength. The noise
level was observed by adjusting the timing electronics of the loop to leave a small sec-
tion of the signal propagating in the loop free of pulses as described in Section 3.3.1. A
photo-diode connected to the loop continuous monitor could then be used to measure the
average power and noise levels as the loop was being run. A typical oscilloscope trace
showing the average power and noise levels is shown in IYigure 5.5 (a). The signal level
(the upper line) was stable after an initial stabilisation and there was no build up in the
the noise level (the lower line) over the entire 8000km propagation distance. IFurthermore,
when the loop timing controls were disabled allowing the signal to propagate in the loop
for an extended period of time, there was no build up of the ASIS level even over a period
of up to half an hour. Comparing this trace with the one shown in I"igure 5.5 (b) (which
was taken during a soliton propagation experiment using the same fibre but with a net
dispersion of Ips/(nm km) and with the filter replaced by a low polarisation dependent
loss FBG) shows that there was a large degree of ASE suppression.

Autocorrelations of the loop output with the ASIS suppressed showed that there was
a slight increase in pulse width from the initial value of 9.5ps shown in Figure 5.3 (a) to a

stable width of 11ps shown in Figure 5.3 (b). The pulses maintained their sech?(t) profile
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[igure 5.4:  Net Dispersion of the combination of 24km of DSF and 3km of SII The dispersion zero
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I'igure 5.5: Photographs of oscilloscope traces showing the average power level and noise level for:
(a) propagation over 8000km at Ay with the ASI level suppressed; (b) a 10 000km soliton propagation
experiment which shows the normal rise in the ASE level.

but acquired a significant chirp as can be seen from the spectrum of the output pulses
shown in Figure 5.6 (b). The spectral width of the stable pulses was 1.3nm which is far
greater than the 0.47nm bandwidth of the transform limited input pulses. There was also
a change in the wavelength of the stable pulses with the peak of the spectrum shifting
to coincide with the peak in the super-fluorescence spectrum of the loop at 1537.8nm
shown in Iigure 5.6 (c). The two peaks in this super-fluorescence spectrum were due to
two modes lasing. As can be seen by referring back to Figure 5.4 the dispersion at this
wavelength was very close to zero but there was also some uncertainty in the actual value
of Ao.

As mentioned previously, it was necessary to very carefully adjust the wavelength,
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Figure 5.6: Spectra of (a) the input pulses (width =0.27nm) (b) the stable propagating pulses (width
I | I propag Bl

= 1.3nm) and (c¢) the super-fluorescence of the loop.

polarisation and power ol the propagating signal in order to achieve a good suppression

of the ASE. The power of the stable pulses was far in excess of the fundamental average

soliton power. Taking a average dispersion value of +0.1ps/(nm km) and assuming a loss

of 0.2dB/km gives the peak power for a fundamental average soliton to be 3mW using

" (the typical value for dispersion shifted

Equation 2.56. This assumes v = 2 W™ km~
fibre which made up the majority of the transmission fibre) and takes the FWHM pulse
width to be 10ps. Taking the energy enhancement of the dispersion map into account
increases the soliton power by a factor I' = 1.7 using IEquation 2.77 with Papsiy = 1.66
and Bys;py = —20. Therefore, the average power required to launch average solitons at
the 76MHz data rate is give by liquation 2.74 to be F,,) = 4.4 pW. In the experiment
the power launched into the transmission fibre could be estimated by measuring the
average power out of the continuous monitor port and taking account of the losses of

the preceding couplers, loop components and transmission fibre. This gave an estimated

value of P,, = 175 3 20puW the uncertainty in this value being due to the exact losses
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mmvolved not being known exactly. This average power corresponds to a peak power of ~
200mW which is roughly equivalent to an N = 8 soliton showing that it was not simply
soliton propagation that was being observed. At such a high peak power nonlinear effects
play an important role but the peak power was below the ~300mW threshold power
for Raman scattering. Numerical simulations of this experiment (see Ref. [180]) predict
that for 10ps pulses a pulse energy of ~1.5pJ is required for stable propagation. This
energy corresponds to a peak power of 130mW which is in reasonable agreement with the
value found experimentally considering that the simulations neglected fibre loss and took
measurements at the unchirped points in the dispersion map.

For a peak power of 17541, a 10ps pulse has a dispersion length Lp = 264km and
a nonlinear length Ly; ~ lkm. SPM will therefore dominate the pulse evolution as
described in Section 2.4 and it is SPM which is responsible for the spectral broadening
seen in Figure 5.6 (b). The spectrum does not have the distinctive oscillatory nature of
a typical SPM spectrum because of the inclusion of the filter but oscillations can be seen
in the wings of the spectrum. The two peaks in the central region of this pulse simply
corresponded to the peaks in the loop super-fluorescence spectrum shown in Figure 5.6
(¢).

Ordinarily a pulse with such a high peak power would not propagate stably without
some pulse shaping technique being used - the detrimental effects of SPM and four wave
mixing would lead to break up of the pulse. In this experiment the process which was
leading to the stability of the pulses and the suppression of the ASIE may have been
the saturable absorption effect of NPR described previously. [n this experiment the
polarisation discriminating element was the band-pass filter which was found to have a
polarisation dependent loss of ~2dB. Therefore after each round trip of the loop the signal
was being spectrally filtered, separated from the noise and filtered by the polarisation
dependent loss of the filter. Due to the position of the loop output coupler (see Figure 5.2)
the optical spectrum of the pulses in IMigure 5.6 (b) shows the pulses at their maximum
spectral width before being filtered.

In addition to suppression of the noise level there was very little increase in the timing
Jitter of the pulses due to the low dispersion. Figure 5.7 (a) and (b) show the results of
Jitter measurements taken at various propagation distances using the technique described
in Section 3.3.2. The data signal to the sampling oscilloscope was switched as required by
a lithium niobate amplitude modulator controlled by the loop electronic delay generators

and the trigger was a continuous electrical signal obtained using a photo-diode to convert
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Figure 5.7: Results of jitter measurements for various propagation distances shown on (a)log and (b)

linear scales. There was very little jitter increase over 60 000km but the jitter did increase with a further
increase to the propagation distance.

the optical output of the loop. As a slight modification to this technique the loop output
signal was sampled over a 5us period (which corresponds to a propagation distance of ~
1000km )after the required propagation distance had been reached, as opposed to a single
loop round trip period. This reduced the overall measurement time but meant that the
measured jitter values were an average over a 1000km propagation distance. However the
jitters were so low and slowly varying that this lead to insignificant errors.

The results are shown on both logarithmic and linear distance scales to emphasise
different features. There was little increase in the jitter even after 60 000km which is
well in excess of the the maximum length required for trans-oceanic systems. As the
distance was further increased there was an increase in the jitter and the r.m.s. value had
reached ~8ps after 1450Mm. From Figure 5.7 (b) it looks as if the jitter increase was
at worst linear with distance increase. In the equivalent soliton system, the maximum

propagation length for a BER of 107%, (found using Equation 2.63) was ~ 390Mm and

5
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the equivalent r.m.s jitter at this propagation distance, found from Equation 2.63, was
720ps. This relatively large jitter could be tolerated because the bit interval was ~ 13ns
for the 76MHz bit rate. The r.m.s. jitter measured experimentally at this propagation
distance was only 4.5ps and after a propagation distance of one million kilometres the
r.m.s. jitter had only increased to 7ps which is still far below the maximum acceptable
value for this system. This shows that in addition to maintaining the signal to noise ratio
the suppression of the ASE build up also led to a reduction in the Gordon-Haus jitter.
The low bit rate also meant that pulse interactions did not cause a problem - the mark

to space ratio i this experiment was greater than 1:1300.

5.3.1 Discussion

While these results show that pulses can be propagated over ultra-long distances without
significant jitter increase there is a second application, that of an all optical memory|[84]
which can store an optical data pattern for an extended period of time. The length of
time that the pulses could be stored in the loop in this experiment was determined by the
rate of jitter build up. From the experimental results shown in Figure 5.7 the jitter build
up after 10° km which is equivalent to ~5 seconds was only 8ps. As calculated above a
Jjitter of 720ps could be tolerated in this system and by extrapolation of a linear fit to
the experimental results in Iigure 5.7 (b) it was estimated that a propagation distance
of 10® km could be achieved before the jitter build up would begin to give errors. This
1s equivalent to over an hour of storage time in the loop and while this is a phenomenal
distance for pulses to propagate unperturbed in an optical system, suppression of the
ASE level has been observed for up to half an hour with this set-up. Jitter measurements
could not be taken after this propagation distance because for jitters above ~10ps the
measurement technique became inaccurate due to the leading and trailing edges of the
pulse becoming indistinguishable on the oscilloscope.

The experiment has been repeated with the relative positions of the two fibre reels
interchanged and suppression of the ASE level and low jitter build up was again seen. This
does not give any clear indication as to the effect of the dispersion map as the strength
and average dispersion of the map remained unchanged. Further work is required in order
to determine what, if any, effect the dispersion map has on the results.

One limitation of the experiment described above is that a pulse stream was used as
opposed to a random data pattern. There is however a good indication that the effect

could be used for a data stream. When the experiment was being performed the ASE
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suppression was optimised by reducing the length of time that the AOM used to gate the
signal into the loop was left “open”. This meant that there was a gap in the pulse stream
allowing the noise level to be observed in this gap as shown in Iigures 5.5 (a) and (b).
This gap was typically 2us which corresponds to 152 bit intervals at the 76MHz bit rate
used. Therefore the data pattern which was being propagated was essentially a long series
of ones followed by 152 zeros. As Figures 5.5 (a) shows there was no increase in the noise
level over 8000km with this “data pattern” being propagated. Furthermore, by disabling
the loop control electronics it was possible to leave the signal propagating in the loop for
an extended period of time. It was then possible to remove some of the pulses from the
pulse stream in a random nature by reducing the pump power to the loop EDI'A. After
removal of pulses there was still no increase in the noise level even after several minutes of
propagation. These observations can however only give an indication that a data pattern
could be propagated/stored using this technique. When the actual experimental jitter
measurements were being taken the loop was entirely filled with pulses and no gap was

left in the pulse stream.

5.4 10GHz Experimental

The other major limitation of the experiment described above was that the data rate
was far lower than would be used in any contemporary system. The experiment was
therefore repeated at 10GHz although it again used only a pulse stream as opposed to a
data pattern. The source used for this experiment was the fibre ring laser described in
Section 4.4. The pulses from this laser were close to sech?(1) in profile and had a temporal
(FWHM) width of 17ps. The spectral width of the laser pulses was 0.2nm giving a time-
bandwidth product of 0.43 which indicates that the laser pulses were slightly chirped.
The laser was mode-locked at 2.5GHz and the Mach-Zehnder inter-leaver described in
Section 4.4.1 was used to achieve the desired 10GHz rate.

Again suppression of the ASE level was achieved by careful adjustment of the loop
filter, PC and EDFA gain. In this experiment the average power which had to be launched
into the transmission fibre for ASE suppression was ~ 700W which is roughly seven times
the power for the fundamental average solitons. This is much less than the factor of 80
power increase which was observed in the 76MHz experiment but the result is again in
agreement with the numerical simulations of Ref. [180]. In these simulations two stable

pulse energies, >2pJ and <0.1pJ were found for a 17ps pulse. These energies correspond




to average powers of 20mW and ImW respectively. In the 10GHz experiment it was
clearly the lower of these two energies which was used whilst the 76MHz experiment used
the higher stable energy. In addition the pulse energy was lower in the 10GHz experiment
as the pulse width was greater. It was not possible to attempt ASE suppression at the
higher of the two stable pulse energies in the 10GHz experiment due to the high average
power required.

Jitter measurements were taken as before but using a clock recovered trigger signal.
The experimental results are shown in Figure 5.8 along with the results of the previous

experiment. By comparison of these two sets of results it 1s immediately obvious that the
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Figure 5.8: Results of jitter measurements at 10GHz (open circles) and T6MHz (solid circles). Linear
fits to both sets of data are also shown.
rate of jitter increase was greater in the 10GHz experiment and also that the starting jitter
was higher. The reason for the initial jitter being higher was not that the source laser had
a significantly higher timing jitter but was due to the inter-leaving process introducing
an additional jitter. This initial jitter put a severe limit on the system performance
since Equation 2.64 allows a jitter of up to only 5.5ps before a BER of 1077 is reached.
The dramatic reduction in the maximum acceptable jitter from 720ps for the previous
experiment is due to the data rate being increased by a factor of ~ 132 and the maximum
jitter being inversely proportion to the data rate. There was therefore little chance of this
system performing well as the initial jitter was 5.3ps.

The rate of increase of the jitter was higher in the 10GHz experiment for two reasons.
The fact that the pulse energy was lower meant that the noise which was injected by the

amplifier would have a greater effect on the pulse leading to greater frequency shifts and
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hence temporal shifts as the pulses propagated. The relatively low peak power of the
pulses also meant that there would be less of a difference in the nonlinear polarisation
rotation rates for the signal and the noise and so the saturable absorption effect would
be reduced. Despite this increase in the rate of jitter build up the r.m.s. value had only
increased by 1.7ps after a propagation distance of 10 000km, which is an indication that
if the initial jitter could be reduced, propagation over trans-oceanic distances could be
achieved at 10Gbit/s using this technique. In the context of a storage ring or optical
memory a propagation time of less than one second is anticipated before errors occured
but it may be possible to increase the storage time/propagation distance if the higher

stable pulse energy can be accessed.

5.5 Conclusions

al

A novel RZ pulse propagation scheme has been described. The likely control mechanism
was the saturable absorption effect of nonlinear polarisation rotation which allowed sup-
pression of the ASE noise level and propagation close to the zero dispersion wavelength.
This noise suppression allowed a 76MHz pulse stream to be propagated over ultra-long
distances without degradation of the SNR. A high SNR was also ensured as the peak
power of the stable pulse was a factor of ~ 80 higher than the soliton power at the
equivalent dispersion. A possible reason for the stable pulse power being higher than
the fundamental soliton was that in addition to the pulse spectrum being altered by the
Fabry-Perot filter in the loop, there may also have been a spectral filtering effect of the
NPR due to the pulses being chirped when they arrived at the polarising element — the
Jow intensity wings would have undergone a lesser degree of polarisation rotation than the
high intensity peak of the pulse and so would have suffered from greater attenuation at
the polariser. However these wings of the chirped pulse would have been made up of the
extreme blue and red ends of the pulses spectrum due to the dispersion of the propagating
fibre and so the polariser would also have been wavelength selective. A higher stable pulse
energy would therefore have been required to allow the pulse to recover from this strong
filtering effect through SPM recreating the lost spectral components.

By working close to the zero dispersion wavelength the Gordon-Haus limit for the
equivalent soliton system was exceptionally high at ~ 390 Mm but it is estimated that
an even greater propagation distance of ~ 10%km could have be achieved before timing

jitter began to cause errors in the experiment. These ultra-long distances correspond to
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long propagation times leading to a further possible application as an optical storage ring
or memory. Stable propagation without increase in the ASE level has been observed for
up half an hour. When the experiment was repeated at 10GHz the system performance
was compromised dramatically, the initial jitter before propagation had begun was close
to the maximum acceptable value but even if this source jitter could be reduced to a
similar level as that of the 76MHz experiment a propagation distance of only 30 000km
is anticipated. This distance is greater than the length of trans-oceanic systems but
corresponds to a propagation time of only ~ 150ms and so this system would have been
little use as an optical memory. It may be possible to increase the propagation time for
a 10GHz data rate by using the higher of the two stable pulse powers which have been
found in numerical simulations but it was not possible to investigate this experimentally
without re-configuration of the loop amplifier.

In both the experiments a pulse stream as opposed to a random data pattern was used
as the signal. There is therefore some doubt as to whether this technique would work with
a data stream. The evidence of these experiments is that a data pattern could be used.
Pulses could be removed from the pulse stream at random and a long series of zeros could
be included in the pulse stream without the ASE suppression being compromised. There
is no reason to expect the jitter to increase more rapidly with a data stream than with
a pulse stream - the low dispersion and high mark to space ratio of these experiments
meant that pulse interactions and acoustic interactions would not have much effect.

There is also some doubt whether this effect could be used in a real system. The
experiments performed here were done using a single span recirculating loop and the
pulse propagation is analogous to mode locking in a fibre laser. While a single span
loop could be used as a storage ring/optical memory, a real transmission system would
have variation of parameters such as fibre span, average dispersion per span and amplifier
gain, all of which would lead to differing degrees of NPR for the different fibre spans. This
would lead to difficulty in alignment of the polarisation discriminating elements along the
system length and small polarisation changes due to environmental effects, which were
responsible for the ultimate failure of the ASE suppression in the experiments, would
cause misalignment of the signal polarisation and the minimum PDL of the polarisation
discriminating element. It is also impractical to include polarisation controllers in a real
system to set the polarisation state in each fibre span as was done in the experiments.
The experiments were however complicated by the fact that the filter was used to provide

both the spectral filtering and the polarisation discrimination. It should be possible to
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use separate devices to provide these functions which would undoubtedly remove some
of the sensitivity of the system to small fluctuations in polarisation and wavelength. It
may also be possible to use a different saturable absorption mechanism such as a multiple
gquantum well device to separate the signal and noise but the saturable absorber must
have a fast recovery time if it is to be used at high data rates and must also work at the
correct power level.

Although the orientation of the PC and the filter had to be very carefully adjusted
in order to get complete suppression of the ASE noise, repetition and verification of the
experimental results was possible. Indeed, a considerable period of time (over a year)
had elapsed between the initial discovery of this effect and the experiment at 76MHz
being conducted and the experiment being repeated at 10GHz. In the time between the
two experiments the recirculating loop had been reconfigured to allow other experiments
to be conducted and several components had been replaced or changed although the
transmission fibre remained the same. This indicates that the effects which were seen in
the experiments were not related to one particular loop set-up and were not due to some
stray effect such as a bad splice between fibres.

More experimental work is required to fully understand this phenomenon but these
experimental results have demonstrated a new technique whereby soliton-like pulses can
be propagated over ultra-long distances with a very low increase in the timing jitter of
the pulses. Although the maximum propagation distance which is required for terrestrial
communication systems is fixed, the data rate of these systems is not and at the very high
bit rates ( > 100GHz) which future optical systems will employ the main limiting factor
will be timing jitter. It may be possible to use this jitter suppression technique, which is
entirely passive, to increase the propagation distance that can be achieved in such high

speed transmission systems.
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Chapter 6

Gordon-Haus jitter reduction using

fibre Bragg gratings

6.1 Introduction

One of the main problems encountered in long-haul soliton transmission systems is Gor-
don - Haus jitter which is a result of noise introduced by each amplifier stage [47]. As
described in Section 2.7.1, ASE noise from EDFAs (which must be included periodically
to compensate for the loss in the system) can be included in the soliton spectrum leading
to a random frequency shift which is translated into a random timing jitter through the
effect of GVD. The r.m.s. timing jitter is proportional to the propagation distance to the
power 3/2 but by including filters in the system the r.m.s jitter increase becomes propor-
.

tional to the propagation distance at large distances [50, 51]. This enables the system

length or data rate to be increased. If the central frequency of the filters is gradually
changed along the transmission line the jitter can be further reduced[57].

To date, the majority of filtered soliton experiments have used bulk IFabry-Perot type
filters to give suppression of the ASE noise and reduction in Gordon-Haus jitter. In this
chapter the use of Fibre Bragg Gratings (FBGs) to perform these functions is investigated
and the performance is compared with bulk Fabry-Perot filter experiments. The main ad-
vantages of FBGs are that they are in-fibre devices with the potential for low insertion loss
and polarisation sensitivity[181]. The insertion loss must be kept low so that the EDFA
gain can be kept to a minimum to reduce the noise in the system and a low polarisation
dependent loss is important because ideally systems should have no polarisation sensitiv-
ity so that fluctuations in the polarisation state of the propagating signal do not impare

the system performance. A further disadvantage of bulk devices is that they require the
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signal to be coupled out of the fibre before it is passed through the filter and re-coupled
into fibre. This makes them more susceptible to failure than in fibre devices and so makes
them unattractive for use in real systems designed to have a lifetime of at least 25 years,
particularly in the harsh environment of submarine systems. Although the simplicity of
FBGs makes them attractive for use in all optical systems their aging characteristics are
yet to be fully understood [182] but there is enough evidence from accelerated aging tests

to allow the use of FBGs in real systems.

6.2 Fibre Bragg gratings

Having excited considerable interest in recent years fibre Bragg gratings have found a
wide range of uses [183, 184] from temperature and strain sensors [185, 186] to optical
communications applications[69, 187, 188, 189]. Obviously it is the uses of these devices
in optical communications that will be of relevance to this thesis.

Fibre Bragg gratings are made by exposing photo-sensitive optical fibre to the fringe
pattern created by the interference of two intense UV beams. There are two methods used
to create the interference fringes. The first is to split a single UV beam into two, allow
these two beams to follow different paths before recombining them to give the required
interference pattern[190, 191]. The second method makes use of a surface relief grating
phase mask. The beam is passed through this phase mask and the fringe pattern arises
from interference between the diffraction orders [192, 193].

In both of these methods the exposure of the photo-refractive fibre core to the si-
nusoidally varying intensity pattern generated by the interference causes a sinusoidally

varying modulation of the core refractive index given by [183]

n(2) = neore + Onfcos(2mz [ N)) (6.1)
where
A
— _Cw) (6.2)
sinl /2

When an optical signal is incident on such a grating the modulation of the refractive
index leads to a coupling of the forward propagating optical energy into a counter propa-
gating mode since the grating appears as a series of partially reflecting boundaries. This
reflection of the signal is maximised when the wavelength of the incident light equals the

Bragg wavelength defined by
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/\B = 2??,effA (63)

where n.;; is the effective refractive index of the fibre. It is this in-fibre implementation
of wavelength selective devices that has led to such great interest in FBGs. Potential
applications for these devices in optical communications include Fabry-Perot type filters
suitable for soliton control [69], demultiplexers for WDM systems [187, 189, 194, 195, 196]
as well as pass-band filters [197]-[200].

In addition, it is possible to create chirped gratings which have a variation in grating
period along the length of the device and so have a variation in reflected wavelength
along their length [183, 191, 201]. Such devices have the potential to provide dispersion
compensation (and dispersion slope compensation) in transmission systems [202]-[206]
and pulse compression [207, 208, 209]. The use of FBGs for dispersion compensation in
soliton systems will be investigated in Chapter 8.

The grating used in the experiments described in this chapter was fabricated using a
slightly modified method to produce a narrow pass-band at the signal wavelength with
the stop band extended to cover the whole of the erbium fluorescence band [210]. Initially
a chirped grating was produced which reflected the required range ol wavelengths. The
pass-band was then created by re-exposing a section ol the grating with an intense UV
beam. When a grating is re-exposed it undergoes a further refractive index change which
effectively removes part of the grating at the re-exposed position creating a pass-band.
The pass-band central wavelength is determined by the position along the chirped grating
where the re-exposure takes place and the bandwidth of the pass band depends on the
bandwidth of the chirped grating used and the characteristics of the UV beam used.
For a fixed grating length the wider the stop band then the wider the pass band will
be given that the same UV beam is used to re-expose both gratings. This is because
a given UV beam width will remove the same physical length of both gratings but the
wider bandwidth chirped grating will reflect a larger wavelength range per unit length
and hence a greater wavelength reflection range would be removed. Obviously the quality,
particularly the beam width, of the UV beam will affect the pass band characteristics.
Using this technique multiple pass band filters suitable for WDM experiments can easily
be created in a single fibre device by repeatedly re-exposing the chirped grating at each
position where a pass band is required. When a grating with a narrow pass-band is
required with a large stop band (as in this experiment), the pass band can be created in

a chirp grating with a relatively narrow stop band to give the required pass band position
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and bandwidth before concatenating this structure with blocking FBG filters to extend

the stop band as required.

6.3 Experimental results

.

A schematic of the experimental set-up is shown in Figure 6.1. The soliton pulse source
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Figure 6.1: Schematic diagram of the re-circulating loop. AOM: Acousto-optic modulator, EDFA:
erbium doped fibre amplifier, BPF: bandpass filter, PC: polarisation controller, SII': Step index fibre,
DSF: dispersion shifted fibre, PLL: phase locked loop, AM: amplitude modulator. Numbers beside fibre
couplers denote the coupling ratios.

used was the actively mode-locked 1GHz fibre figure-8 laser (described in 4.3). The
operating wavelength of this laser was tuned to 1554nm to coincide with the centre of
the pass band of the filter. The pulse width of the laser was 10ps and the spectral width
was 0.37nm giving a time-bandwidth product of 0.46 which shows that the input pulses
were slightly chirped. The pulse stream from the laser was coupled into the single span
recirculating loop as described in Section 3.2. The transmission fibre in the loop was 2.7km

of standard fibre (SIF) with a dispersion of ~ 16.5ps/(nm km) and 23.9km of dispersion
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shifted fibre (DSF) which had a Ay of ~1560nm and a dispersion of -0.22 ps/(nm km)
at the operating wavelength of 1554nm. Although the majority of fibre in the loop had
a negative (normal) dispersion and so was not soliton supporting, the average dispersion
per 26.6km amplifier span, measured using the technique described in Section 3.4.1, was
anomalous with a value of ~ 1.2ps/(nm km) allowing stable propagation of soliton-like

pulses. The result of the dispersion measurement is shown in Figure 6.2. This average
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Figure 6.2: Dispersion measurement result for 24km of DSF and 2.7km of SIF. The dispersion at the
operating wavelength of 1554.3nm was ~ 1.2ps (nm km).

dispersion gave a soliton period Zy ~ 34km and thus the average soliton requirement
that L, < 8Zy was met [36]. The peak power of a 10ps [undamental average soliton at
this dispersion was calculated to be 39mW taking v ~ 2 corresponding to D5I'. For a
1GHz pulse stream the average launch power required was then ~450pW. The effect of
the dispersion map would be to increase the stable pulse power compared to the average
soliton power for the equivalent uniform dispersion system as discussed in 2.8. In this case
the energy enhancement factor calculated from Equation 2.77 was 1.7. The actual average
power launched into the fibre in the experiment was ~700pW. This value was calculated
by measuring the power out of the 30% continuous monitor port and faking account
of the preceding losses in the transmission path. This average power gives an actual
energy enhancement of ~1.6 which is slightly lower than the predicted value but there is
good agreement considering the approximations of the theory. Using Equation 2.76 the
propagation distance which could be achieved before the signal to noise ratio would be
degraded below that acceptable for a 107 BER was estimated to be ~ 2000km. While
this distance would be the limit of the system’s error free performance, the jitter could be

measured beyond this point. The Gordon-Haus limit for the system was calculated to be
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~ 5500km which is far in excess of the SNR limit due to the low bit rate which was used.
In addition to the bandpass filter (BPF) a polarisation controller was included in the
loop to allow adjustments to the polarisation state of the propagating signal. The coupler
used to couple the signal in and out of the loop had a 50:50 splitting ratio which gave an
additional 3dB loss per round trip of the loop. The total loss per round trip of the loop
excluding the insertion loss of the filter was estimated to be 10dB.
Initially, a fibre Bragg grating (FBG) with the characteristics shown in Iigure 6.3 was

used in the loop at position BPF. The pass-band of this device was centred at 1554.3nm
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Figure 6.3: Transmission spectrum of the Fibre Bragg grating filtcr. (a) shows the I'BG spectrum over

the whole of the erbium fluorescence spectrum and (b) shows the spectrum around the 1.8nm pass-band
centred at 1554.3nm. The dashed line is a Gaussian fit.

with a 3dB bandwidth of 1.8nm (see Iig 6.3 (b)). This bandwidth was much greater
than the 0.27nm bandwidth of the soliton pulses and so strong soliton guiding effects due
to this filter were not expected. The stop band of the I'BG extended from 1525nm to
1560nm with an extinction of ~ 10dB at 1530nm. Although this value is fairly low, the
concatenation effect of successive round trips of the loop meant that a large extinction ratio

was not required and using this bandwidth gave a reasonable suppression of ASE outside
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the soliton bandwidth. The additional resonances in the transmission spectrum around
the main transmission peak are associated with a beating effect which is a consequence
of the manufacture process — removing a section of the initial chirped grating effectively
produces two separate gratings. The wavelength overlap of these two gratings leads to
resonant peaks in the transmission (and reflection) spectrum. These resonance peaks were
~ 4dB down on the main peak and were expected to have little effect on the transmission.
The insertion loss of this device was 2dB and although this value is relatively high for a
FBG the device was a prototype and a much lower insertion loss should be possible. The
actual PDL of the device was too low to be measured accurately but was <0.3dB.

The main results which were taken in this experiment were jitter measurements using
the technique described in Section 3.3.2. As Figure 6.1 indicates the sampling oscilloscope
received a continuous clock recovered trigger and the optical signal fo the scope was
switched using a lithium niobate amplitude modulator. This allowed the jitter to be
measured only after the required propagation distance had been reached but limited the
maximum jitter which could be measured accurately to ~ 10ps. For a 1GHz system the
bit interval is Ins and so Equation 2.64 indicates that an r.m.s jitter of ~ 55ps can be
tolerated before a BER of less than 1079 is detected. Thus the maximum measurable
jitter was far less than the maximum jitter which the system could accept. However as
stated above the SNR would have been degraded beyond the minimum acceptable value
by the time a 54ps jitter was reached. The results in I'igure 6.4 give a good indication
of system performance and show that with the I'BG positioned at BPI" in the loop a

propagation distance of 2700km was reached before an r.m.s jitter of 9.5ps was recorded.

The solid line shown in Fig. 6.4 represents the theoretical values of Gordon-Haus jitter

calculated for a filtered system using Iiquations 2.63 and 2.67 i.e.

2mng Ny Bo|he(G — 1) L7
97’0)\2/%]][/&/\8 ’

<'L?\,> = [(Avs, 10, L) (6.4)

where f(Avy, 7, L) is the reduction to the Gordon-Haus jitter due to the filter. As
discussed in Section 2.7.1 this reduction factor is a function of the filter bandwidth (in
frequency space), dvy, the pulse width, 7y and propagation distance, L. This function is,
in general, also dependent on the spacing of the filters but in this experiment a single span
loop was being used and so the filter spacing was determined by the span of the loop.
The theoretical r.m.s. jitter is then given by \/@ In the jitter calculation a fibre loss of

0.25dB/km, an effective cross sectional area of 30um® and a Gaussian filter function were
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Figure 6.4: Jitter measurement results using the fibre Bragg grating filter. Circles represent the
experimental results, the solid line is the theoretical prediction of Gordon-Haus jitter including the effect
of the filter and the dashed line is the unfiltered theoretical case.

assumed. As Figure 6.3 (b) shows this is not an unreasonable approximation to the filter
function for the FBG. Other parameters used in the calculation (pulse width, data rate,
amplifier gain, span and noise figure, filter bandwidth and average dispersion) were as
determined experimentally. The calculation was done with no source jitter but this effect
was included by adding the experimental source jitter value to the theoretical results.
As Figure 6.4 shows the theoretical curve was a good approximation to the experimental
results. In both cases there was a linear increase of jitter with propagation distance and
the gradient of this increase is the same for both experimental and theoretical results.
However the experimental values were generally higher than the theoretical results but
the difference between the two sets could be minimised by increasing the initial jitter in
the theoretical case (which simply moves the curve up the y axis) to 1.8 which is slightly
higher than the experimentally measured value but is within experimental error.

Other sources of difference between the theory and experiment are that the only source
of jitter in the theoretical case was Gordon-Haus jitter and though this was likely to be
the dominant source of jitter there may have been a small contribution from other sources
(the high mark to space ratio and low dispersion ensured that soliton-soliton interactions
and acoustic interactions would have been only small effects over this propagation dis-
tance). It should also be remembered that the theory assumed an average dispersion of

1.2ps/(nm km) which in practice was only known to 4 0.1ps/(nm km). The loss assumed
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in the theory is also only an approximation as was the Gaussian filter function used in
the calculation. By comparing the actual filter shape and the Gaussian fit shown in Iig-
ure 6.3 (b) it is clear that the assumption of a Gaussian filter function is a reasonable
one but the difference in the wings of these two filter shapes (the actual filter has slightly
higher transmission at long wavelengths) could lead to a larger jitter in the experiment
than in theory since the noise suppression would not have been as great for the actual
filter used. It addition, the Gaussian fit is only good over the main pass-band. The
resonance peaks either side of the main transmission peak shown in Iligure 6.3 (a) are a
further feature which was not included in the theory. These are however ~ 4nm away
from the peak of the transmission and were unlikely to play any part in the soliton guiding
but would allow extra noise to be injected into the system which could have degraded the
signal to noise ratio.

As described in Section 2.8 there is some evidence that dispersion management leads
to a reduction in the Gordon-Haus jitter since the stable pulse power is increased [96, 211].
There was no conclusive evidence that this was the case from these experimental results
although the dispersion map used here led to only a modest energy enhancement factor
of 1.6 and so the jitter reduction would have been small.

The effect of the filter in reducing the Gordon-Haus jitter can clearly be scen {rom
Figure 6.4. In addition to the theoretical result for the filtered system (which is represented
by the solid line) the jitter for the equivalent unfiltered system was calculated using
Equation 2.63 and is shown as a dashed line. Numerically, the only difference between
these two curves is that the filtered result contained the additional factor f(z) given by
Equation 2.67 which determined the effect of the filter. As can be seen [rom the results
there was little difference between the filtered, unfiltered and experimental results over
the first ~800km but after this point the results diverged with the jitter increasing linearly
in the filtered system but more rapidly in the unfiltered case. The experimental results
clearly follow the linear increase of the filtered result showing that the I'BG was giving
the expected reduction in Gordon-Haus jitter.

Figure 6.5 shows the spectra of the input and the propagated pulses. The 3dB band-
width of the fibre laser output was 0.37nm. On propagation in the loop the bandwidth
decreased to 0.29nm and the stable width shown was reached within 250km of propaga-
tion. Autocorrelations could not be taken of the loop output as the output was only a
burst of signal and so it is difficult to comment on the pulse shape of the output pulses.

Assuming no change to the temporal pulse width gives a time-bandwidth product of the
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Figure 6.5: Optical Spectra for the input (solid line) and output pulses (dashed line). The input pulse
width was 0.37nm and the stable pulse width was 0.29nm.

output pulses of AvAt ~0.36 but an increase in pulse width to 12ps would have given
AvAt ~ 0.43.

As discussed in Section 2.8 the points in a dispersion managed system where the pulses
are transform limited are actually within the fibres whereas the experimental measure-
ments were taken at the output of the DSF. It is therefore likely that the value of AvAl
estimated here is higher than the transform limited value of the output pulses. It is there-
fore likely that the stable pulses of this dispersion managed system were not far removed
from sech?(t) in profile. 1t has been shown by simulations that the time-bandwidth prod-
uct of the stable pulses in a lossless dispersion managed system increase towards the 0.44
value of Gaussian pulses as the strength of the dispersion map is increased [98] but when
loss is included the increase in AvAl may be reduced [117]. Only a small change from
the ~0.32 value of sech?(1) pulses was estimated in this experiment due to the dispersion
map being fairly weal.

When propagation of the signal was attempted with the FBG removed from the loop,
the signal would propagate no further than 250km before the ASIS noise level rose catas-
trophicaly. This indicates that in addition to giving a reduction in the Gordon-Haus jitter
the FBG was successfully suppressing the accumulation of ASE noise outside the soliton
spectrum despite having an extinction ratio of only 10dB.

In order to compare the performance of the I'BG with a more traditional bulk device

the experiment was repeated with a tunable air-gap Fabry-Perot (I'P) filter used in place
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of the FBG. Figure 6.6 shows the spectrum of this filter over (a) the whole of the erbium
fluorescence spectrum and (b) a close up of the pass-band. The scales of these two
graphs are the same as those of Figures 6.3 (a) and (b) to aid comparison. The most
obvious difference between the two filters is in their bandwidths. The FP filter had a 3dB

bandwidth of 2.7nm compared to the 1.8nm of the FBG. The extinction ratio of the P
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Figure 6.6: Transmission spectrum of the Fabry-Perot filter. (a) shows the spectrum over the whole of

the erbium fluorescence spectrum and (b) shows a close-up of the 2.7nm pass-band. The dashed line is
a Gaussian fit.

filter was ~25dB which was considerably higher than the FBG filter. This device had an
insertion loss of 2.2dB and a PDL of 1.5dB.

Jitter measurements were again taken at various propagation distances and the exper-
imental results of Figure 6.7 show that using this filter there was again a linear increase
of the r.m.s. jitter with propagation distance which was in agreement with the theoretical
calculation of jitter in the equivalent filtered system which is shown by the solid ine. This
calculation was exactly the same as for the FBG but with the filter bandwidth changed
and the amplifier gain increased to take account of the additional 0.2dB insertion loss of

the FP filter. There was again a discrepancy between the theoretical and experimental
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Figure 6.7: Jitter measurement results using the Fabry-Perot filter. Circles are the experimental data
points, the solid line is the theoretical curve including a 2.7nm filter and the dashed curve is the unfiltered
theoretical curve.
jitter values and for this filter the difference was greater than for the FBG. The probable
reason for this is that there was a greater difference between the actual filter function and
the Gaussian fit (which is assumed in the theory) for the I'P filter than the I'BG filter.
Direct comparison of the experimental results for the two filters shows that the rate
of jitter increase was greater for the bulk IFabry-Perot device, a 9.5ps rum.s jitter was
reached after only 1700km in this case compared to 2700km when the I'BG was used.
The dashed line in Figure 6.7 shows the jitter in the unfiltered case using a 2.7nm filter
and comparison of the theoretical results for both filters also shows that using the 2.7nm
bandwidth filter gave less reduction in the jitter than the 1.8nm filter. This is simply due
to the fact that the bandwidths of the two devices were different. The larger bandwidth of
the P filter meant that less of the ASE noise was filtered out on each pass of the amplifier
and hence a larger portion of the noise was incorporated into the soliton, leading to a
larger timing jitter. As there was less difference between the filtered and unfiltered results
for the F'P filter it is more difficult to determine how the experimental jitter values evolve
with propagation distance. More data points are required at longer propagation distances,
where there is more divergence of the two theoretical curves to give a better indication.
These results could not he taken in this experiment as jitter values above ~ 10ps could
not be measured accurately. It does however appear that the increase in the experimental

jitter values was linear as propagation distance was increased.

131




The experimental results presented here show that in terms of suppression of the
ASE noise and reduction in the rate of Gordon-Haus jitter accumulation FBGs perform
comparably with bulk FP devices. It should be pointed out that the bandwidth of the
FBG used here was not picked to give optimal reduction in the Gordon-Haus jitter, the
purpose of this experiment was to compare the performance of the 'BG with the I'P
filter. The main limitations of this experiment were that it was restricted to pulse train
measurements, as opposed to using real data, and the data rate was only 1GHz which
is relatively low compared to the data rates of current and future long haul systems.
Therefore the experimental results can only give an indication that FFBGs could be used
in real high bit rate long-haul systems. To give further proof a second experiment was
conducted at a data rate of 10Gbit/s with a pseudo-random data pattern (PRBS) used
as the signal.

In this experiment a 10GHz gain switched DI'B laser was used as the pulse source. The
operation of this laser is described in Chapter 4.5. The pulse width of the signal pulses
was ~ 12ps and the time-bandwidth product was 0.53 indicating that the output pulses
were chirped. The output wavelength of the DI'B laser was temperature tuned so that the
output wavelength coincided with the centre of the filter pass-band. The experimental
set up is shown in Figure 6.8. Using a 10GHz pattern generator and a 10GHz lithium
niobate amplitude modulator a 2! — 1 PRBS was imposed on the DI'B pulse stream.
This 10Gbit /s data stream was then gated by an AOM and coupled into the loop through
a 70:30 coupler. The transmission fibre used in this experiment was 32.1km of standard
fibre with a dispersion of ~ 16.5ps/(nm km) at the operating wavelength and 6.8km of
dispersion compensating fibre with a total dispersion of -520ps/(nm/km). The average
dispersion of this combination of fibres was measured to be 0.15ps/(nm km) using the
technique described in Section 3.4.2.

The fibre was split into sections so that 25.6km of standard fibre and the dispersion
compensating fibre were positioned before the amplifier with the remaining 6.5km of
standard fibre positioned after the amplifier and filter. The advantages of this dispersion
map and the associated advantages with regard to soliton propagation are investigated
in Chapter 7. In this experiment the aim was to compare the fibre Bragg grating with
the bulk device and the details of the propagating system were not crucial. The energy
enhancement predicted by Equation 2.77 for this dispersion map was ~9 which is slightly
higher than the actual value of ~6 which was used experimentally, the average power

power launched into the transmission fibre being ~ 630uW. For this average power limit




Z% {\ e AM i AOM |—

EDFA PC EDFA
DFB
10Gbit/s PRBS Q
6km PC O
SIF q
BPF
[==]
( P~ -
PC
70/30
6.8km 25km
DCF SIF
EDFA
90710 90710 70/30
Sampling ] />°<
Oscilloscope
illoscope | | L]
; 10% Monitor
Switch 10GHz ¢ POMOT 309, Monitor
Clock Recovery

Figure 6.8: Schematic diagram of the recirculating loop set-up used for the 10Gbit/s FBG propagation
experiment. A 10Gbit/s PRBS was propagated in the loop which contained 32km of SII' and 6.8km of
DCF. Q measurements were taken on the sampling oscilloscope.

the maximum transmission distance expected before the SNR became too low to give a
BER better than 1072 was ~2000km. The effect of the soliton-soliton interaction was
again expected to be small due to the high mark to space ratio and low dispersion.
Theoretical values of the Gordon-Haus jitter were calculated for this system and the
results are shown in Figure 6.9 (a). Irom Equation 2.64 the maximum jitter giving a
BER less than 107 in a 10Gbit/s system is ~5.4ps and this value is represented by a
solid line on the graph. From this maximum jitter value the Gordon-Haus limit for the
unfiltered system was calculated to be ~2600km. With a 2.7nm filter this was increased to
~ 2900km and with a 1.8nm filter it was ~ 3500km. These values assume no source jitter
and when the source jitter is included the Gordon-Haus limit is reduced ~ for a source
jitter of 1.5ps the Gordon-Haus limit is reduced to ~2600km when using a 1.8nm filter
and ~2100km in the unfiltered case. These values are similar in magnitude to the SNR
limit and so both these constraints must be kept in mind when analysing the experimental
results.

As before the signal was propagated round the loop until the required distance was



reached. However both the experimental results taken and the method of gating the
loop output were different in this experiment. Instead of using a continuous trigger and
switching the signal the opposite was done, a microwave switch was used to switch the
continuous 10GHz clock recovered trigger and a continuous loop output was connected to
the sampling oscilloscope. Since data was being used, as opposed to the previous pulse
stream, Q measurements could be taken using the method described mn Section 3.3.2.
Again the experiment was repeated with firstly the 'BG and then the I'P filter put in
the loop at position BPF. Figure 6.9 (b) shows the Q value versus propagation distance

results for both filters. It should be kept in mind that these results do not give a direct
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Figure 6.9: Q value versus propagation distance results for both the FBG filter (open circles) and TP
filter(filled circles).

measurement of the Gordon-Haus timing jitter, other effects such as amplitude noise and
ASE noise build up also affect the final QQ value. Comparing the results for both filters
shows that both sets were very similar. For both cases the maximum propagation distance
achieved hefore the Q fell below 6 which corresponds to a BER of 107 was ~ 1500km.

At this propagation distance there is little difference between the theoretical jitter values
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using both filter bandwidths and so it is not surprising that similar “error free” distances
were achieved in both experiments. The 1500km distance achieved was shorter than the
~2000km SNR limit but this limit neglects the effect of Gordon-Haus jitter — when these
two effects are combined it is reasonable to assume that there will be a reduction in the
maximum propagation distance which can be achieved.

When the propagation distance was increased beyond the error free distance there was
a slight divergence of the two sets of results with the I'P filter appearing to give marginally
improved Q values after ~3000km. This is contrary to what would be expected if Gordon-
Haus jitter were the only effect degrading the system performance since the jitter reduction
of the FBG would be less than that of the I'P filter. However the  would also have been
reduced by SNR degradation and it is possible that the SNR would have been higher for
the FP filter as it had a higher extinction ratio than the I'BG. In any case the @ values
were so low by this propagation distance that experimental error could account for the
difference between the two sets of results. As the timing jitter alone was not measured in
this experiment it is not possible to make any comment on whether or not the enhanced

power of the stable pulses led to a reduction in the Gordon-Haus jitter.

6.4 Conclusions

The experimental results in this chapter show that it is possible to use fibre Bragg gratings
as bandpass filters in high bit rate soliton communications to give a reduction in the rate
of increase of Gordon-Haus jitter and suppression of the build up in ASE noise [rom
successive amplifications along the transmission line. Although there was no advantage
in terms of jitter reduction to be gained from using I'BGs (both devices tested here gave
close agreement with the theoretical results) there were other advantages. I'BGs are
inherently polarisation insensitive — the device used in these experiments had a PDL of
<0.3 dB compared to 1.5dB for the bulk device. The PDL for the bulk filter was relatively
high, a typical value for such a device is ~0.7dB but this value is still higher than that
of the FBG. FBGs are also more attractive as they are compact in-fibre devices — device
size is typically only a few centimetres and the in-fibre nature means that I'BGs can be
spliced directly into a system, there is no need to couple out and back into fibre as is the
case with bulk devices. This should lead to a lower insertion loss for FBGs and this was
the case. Of the two devices used in these experiments the insertion loss of the FBG was

2dB which was 0.2 dB lower than that of the bulk device. 1t should be pointed out that
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the FBG used here was only a prototype and it should be possible to further reduce the
insertion loss by more careful design and manufacture.

In the 1GHz experiment the rate of increase of the Gordon-Haus jitter was lower for
the FBG than for the FP filter. The reason for this was simply that the bandwidths
of the two devices were different, the experimental results for both filters were in good
agreement with the theoretical predictions for filters of the relative strengths. Ior a real
system more consideration would have to be given to filter bandwidth and the average
dispersion of the system in order to optimise the performance. This is also true for the
10Gbit/s experiment. The propagation distance over which the signal Q value was above
the required value of 6, which corresponds to a BER of 1077, was only 1500km. This is
far short of trans-oceanic distances but is not much less than the SNR and Gordon-Haus
limits for the system. The object of these experiments was not to achieve propagation
over long distances — the intention was to compare the performance of FBGs with bulk
FP filters at a data rate which is realistic in terms of the next generation of fibre links.

A further factor which must be taken into account when considering future systems
is than wavelength division multiplexing may be used to increase the system capacity. H
different wavelengths are to be used for different data channels then it is necessary to have
a separate filter with the required pass-band for each channel. Due to the flexibility of
the post-fabrication exposure technique which was used to make the grating used in these
experiments, it is simple to fabricate a single I'BG with multiple pass-bands positioned as
required. As pass-bands can be positioned arbitrarily there is no problem making gratings
for WDM schemes, even if unequal channel spacings are used to reduce the detrimental
effect of four wave mixing. FBGs are also compatible with sliding guiding schemes where

the central frequency of the filters is gradually changed along the length of the systen.
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Chapter 7

Soliton propagation over standard

fibre using dispersion compensation

7.1 Introduction

Optical pulse propagation in standard fibre is a subject which has received a great deal of
attention in recent years [9, 10, 11, 14, 15, 21, 121, 122, 123, 128],[212]-[223]. The main
reason for this is that standard fibre makes up the majority of the >90 million kilometres
of optical fibre which is installed worldwide and there is a desire to increase the capacity of
these pre-installed fibre systems by increasing the data rate. Most of the existing links are
currently operating at data rates far below the 5Gbit/s of the recently installed TAT12/13
trans-Atlantic cable[7]. The vast difference in the data rates ol systems currently being
deployed and older systems is that the older systems rely on electrical “3R” repeater stages
to re-time, re-shape and re-generate the data signal with the optical fibre being used only
as a transmission medium, whereas new systems are unrepeated systems which use optical
amplifiers. In addition to being expensive and complicated electronic circuits 3R repeaters
limit the data rates achievable as they require the optical signal to be converted into an
electrical signal before it can be processed and re-converted into an optical signal.

The desire to increase the bit rate of transmission links led to research into methods of
optical amplification, the idea being that if amplification could be achieved all optically
without having to change from an optical to an electrical signal and back again, it would
be possible to increase data rates dramatically. One method of optical amplification 1s
to use the Raman gain of the optical fibre itself to boost the signal level [224]. This
technique has achieved some success [103, 140],[225]-[228] but suffers from the need for

a high pump power. It wasn’t until the discovery and development of the erbium doped

137




fibre amplifier (EDFA) [22, 23] that all optical systems became a reality. In addition to
being potentially faster than repeated systems, all optical systems are bit rate transparent
and so have a great advantage when it comes to upgrading the system to a higher data
rate: for a repeated system it is necessary to replace each of the electronic repeaters, as
they can only operate at one fixed data rate whereas in an all optical system it is only
necessary to upgrade the transmitter and receiver, the amplifiers will work at the new
data rate. There is however a major drawback of the all optical system in that there is
no re-timing or re-shaping of the data pulses between transmitter and receiver.

Unfortunately, the upgrade of existing standard fibre links from sub Gbit/s to 10Gbit/s
is not simply a case of replacing the electronic repeaters with IEDI"As; dispersion poses
a major problem. Standard fibre is designed to have low dispersion in the 2nd telecom-
munications window as this is the operational wavelength of the original optical com-
munications systems. EDIFAs however operate in the 3rd telecommunications window at
1.5um where the loss of optical fibre is minimal (early optical systems avoided 1.5pum as
reliable, cost effective semiconductor devices for sources and detectors were not available
at this wavelength at the time of implementation). This means that all optical standard
fibre soliton systems have to overcome the prohibitively high dispersion of standard fibre
al 1.5um if they are to be viable - as mentioned in Section 2.7.1 Gordon-Haus jitter
limits the length of 10Gbit/s SIF systems to ~1000km but in standard fibre the soliton
period is only ~2.5km for 10ps pulses which are required for a 1:10 mark to space ratio.
This restricts the system length to only a few hundred kilometres [128] as the amplifier
span is higher than the soliton period and so the average soliton constraint is not met
(36, 37). Various methods of overcoming the dispersion limit have been suggested and
tried: optical phase conjugation [229]-[237] is very eflective but difficult to implement;
pulse pre-chirping [212, 238, 239, 240] involves imposing a chirp, of the opposite sign to
that which is acquired on propagation, on the pulses at the beginning of the transmission
line. This pre-chirp is then undone as the signal propagates along the standard fibre. The
propagation distance which can be achieved with this method is [ar short of real systems
lengths as is the case with duobinary encoding of the signal [241]-[245].

This chapter considers the use of a technique which is showing a great deal of promise
for increasing the propagation distance of high bit rate soliton data in standard fibre
- dispersion compensation [89]-[94],[121, 128, 134, 246]. Using this technique a system
suitable for upgrading existing standard fibre links to 10Gbit/s will be investigated experi-

mentally. The extension from upgrading existing systems to developing new trans-oceanic
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systems will also be considered. By using soliton-like pulses compatibility with all op-
tical processing techniques [16, 18, 19] is ensured and the pulses can be used in optical
time division multiplexed (OTDM) systems where pulses at a relatively low base data
rate are interleaved to achieve a higher line rate [13]-[16],[150, 170, 172]. Both of these

technologies require RZ pulse formats.

7.1.1 Dispersion compensated standard fibre systems — upgrade
of existing links

Dispersion compensation is a technique which has been used extensively for NRZ systems
to reduce the effect of dispersive pulse broadening and to reduce interactions between
different channels in WDM systems [86, 118, 120]. The principle is that by including
fibres/elements with opposing signs of dispersion in the transmission line the accum ulated
dispersion can be reduced. For a standard fibre soliton systems this means including
a normal dispersive element to compensate for the high anomalous dispersion of the
standard fibre. This section will concentrate on using fibre as the compensating elements
but fibre Bragg gratings can also be used [247]-[250] as will be discussed in Chapter 8).

Early work showed that by including a single dispersion compensating element at the
receiver timing jitter could be reduced [127], but if the dispersion compensation is carried
out periodically along the transmission line system performance can be improved further
and indeed such dispersion managed systems have advantages over uniform dispersion
systems as described in Section 2.8.

Numerical simulations have shown that in a periodically dispersion compensated stan-
dard fibre system it is possible to propagate 10Gbit/s soliton data over 2000km [128] which
is far in excess of the 200km uncompensated limit. Such a data rate and system length
are typical of those required to upgrade existing Buropean standard fibre systems. Here

experimental results which go beyond this distance are presented and discussed.

7.2 Experiment

7.2.1 Experimental set-up

The experiment described in this section was designed to show that it is possible to
propagate 10Gbit/s solitons over a few thousand km of standard fibre using periodic

dispersion compensation. The experimental parameters were closely matched to those of
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Figure 7.1: Schematic diagram of the standard fibre propagation experiment. An interleaved 10Gb/s
PRBS was used as the signal and Q values were taken after propagation.

the previous numerical simulation described in Ref. [128]. The object was to show that
existing standard fibre links could be upgraded to 10Gbit/s using a soliton system and
replacing each of the electronic 3R repeaters with dispersion compensating fibre and an
EDFA. The experimental set up is shown in Figure 7.1. The pulse source was a 2.5GHz
actively mode locked erbium fibre ring laser (see Section 4.4 for details) and the 10Gbit/s
data rate was achieved by interleaving as described in Section 4.4.1. In this experiment the
operating wavelength was 1557nm, the pulse width was ~20ps and the time-bandwidth
product was ~0.35 showing that the laser output pulses were a good approximation to
transform limited and sech?(1) in profile.

The transmission system was the recirculating loop shown and as this was only a single
span loop our experiment was limited to considering dispersion com pensation and filtering
every amplifier span. A schematic diagram of the transmission line is shown in Figure
7.2. After amplification, polarisation adjustment and filtering the signal passed through
31.6km of standard fibre (SIF), with a dispersion of 16.75ps/(nm km) at the operating
wavelength, then through 6.8km of dispersion shifted fibre (DSF), with a total dispersion
of -522ps/nm and loss of 4.2dB. A portion of the signal was coupled out of the loop after

the DCF each round trip with this loop output giving the main output signal and two
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Figure 7.2: Schematic representation of the transmission line. Polarisation adjustment and filtering
were done after each amplification. After propagation through 31.6km of standard fibre the average
dispersion per amplifier span was reduced using 6.8km of standard fibre. This was repeated along the
line until the required propagation distance was reached.

monitor outputs. The total round trip loss taking account of the fibre, the output coupler
and all components was ~ 15dB.

The average dispersion for the combined fibres was measured using the technique
described in Section 3.4.2 and showed that at the operating wavelength the average dis-
persion was ~0.15ps/nm /km. This dispersion gave an soliton period of ~1100 km (taking
the pulse width to be 20ps) which is far in excess of the 38.4km amplifier span indicating
that the average soliton requirement that L, < 8Zy was fulfilled. The low dispersion also
meant that soliton soliton interactions would not be significant despite the mark to space
ratio being relatively high at 1:5. Using Equation 2.69 gives a collapse length of 45000km
which is far greater than even trans oceanic systems. The Gordon-Haus effect was more
likely to put a restriction on the maximum possible transmission. Using Iiquation 2.63
and taking typical values for A.;; and ny gives the Gordon-Haus limit to be ~ 6000km.
This value does however assume a uniform average dispersion and takes no account of
the effect of dispersion management which is known to extend the Gordon-Haus limit
(96, 211]. For a data stream consisting of hall ones and hall zeros on average the power
required to launch average solitons into the transmission fibre was ~ 2.6mW which is in
excess of the 1.AmW which was required to give a SNR corresponding to a BIER of 10-°

after 10 000km.

7.2.2 Experimental results

Using the method described in Section 3.3.2, Q) measurements were taken at various
propagation distances, with the sampling oscilloscope trigger being a switched 10GHz
clock recovered signal. The two loop output monitors were used to measure the average
power and the power in the 10GHz component.

As the results in Figure 7.3 show the Q value decreased rapidly from the back-to back
value of 11 reaching 7.2 after only 1100km. The () then recovered and oscillated with a

well defined period of ~1400km. There was however an underlying decrease and a maxi-
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Figure 7.3: Q value versus propagation distance. The line indicates the minimum acceptable value of
6 which corresponds to error {ree transmission.

mum distance of 5275km was reached before the @ had fallen to the minimum acceptable
value of 6. These oscillations in Q value were accompanied by oscillations in the pulse

width. Measurements of the pulse width using autocorrelation could not be taken but

eye diagrams from the sampling scope gave an indication of the pulse width fluctuations.
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Figure 7.4: Eye diagrams of (a) the input pulses and after propagation distances of (b) 200km, (c)
400km, (d) 1750km, (e} 2500km and (f) 3500km. After an initial broadening of the pulse width the pulse

width underwent a periodic compression and expansion.

initial width shown in Fig 7.4 (a) the pulses broadened rapidly with a corresponding de-
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Figure 7.5: Power of the 10GHz electrical spectrum component of the propagating signal.

crease in Q value. By 1750km the original pulse width had been recovered (I'igure 7.4
(d)) and the Q value had also improved to 9.2. This periodic broadening and compres-
sion of the pulse width continued in synchronisation with the @ value oscillations as the
propagation distance increased. The power of the 10GHz electrical spectrum component
of the propagating signal (shown in Fig. 7.5) also exhibited these oscillations with peaks
in the spectrum corresponding to high Qs/narrow pulses and troughs corresponding to
low Qs/broad pulses.

This long scale evolution of pulse width and Q, which should not be confused with the
breathing of pulse width within the dispersion map, can be understood by considering the
effect of dispersion management as described in Section 2.8. In this experiment a strong
dispersion map was used where there were large fluctuations in the local dispersion and it
is to be expected that the stable pulses varied significantly from the 20ps sech?(t) soliton
input pulses. The degradation in the Q value over the first ~1000km was therefore due
to the near sech?(t) input pulses changing shape and width to those most suitable for
transmission in the strong dispersion map. The following oscillations in Q value were
caused by a further complex evolution as the pulses settled to those with their time-
bandwidth limited points at the required positions in the dispersion map.

These oscillations have also been reported in numerical simulations of dispersion comn-
pensated systems[92, 156] and a simulation was conducted for this experimental set-up.
In this simulation the loss of the SIF was taken to be 0.22dB/km and the DCE loss was
0.62dB/km giving a total loss of 4.2dB. The loss of the DCI was taken as being uni-

formly distributed but in reality the actual loss of the fibre would have been lower than
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Figure 7.6: Numerical simulations of the standard fibre propagation experiment showing (a) Q values
and (b) pulse widths versus propagation distance.

this value and there would have been a high slice loss due to mismatch of the core arcas
of the DCF and the SIF pigtails. The dispersion of the fibres and the average dispersion
were as measured experimentally. Figure 7.6 (a) and (b) show the ) values and pulse
widths versus propagation distance for this simulation. As for the experimental results,
the simulation showed an initial degradation in the Q value and a subsequent oscillation.
Oscillations in the pulse width were also seen with broad pulses corresponding to low Qs
and vice versa. The periodicity of the oscillations and the exact values of Q3 differed for
the numerical simulation and the experiment ( the starting ) value was far higher in the
simulations than could be achieved experimentally) but there is still a good qualitative
agreement between the two sets of results.

An additional feature of dispersion managed systems is that there is an enhancement
in the power of the stable pulses compared to those of the equivalent uniform dispersion
system (see section 2.8). Using equation 2.77 to calculate the power enhancement for
this experimental set up gives a theoretical value of I' = ~9 for the lossless case. Iox-
perimentally, the optimum average power was found to be ~2.3mW which is ~ 10 times
greater than the average power of the equivalent uniform dispersion system, which was
calculated using Equations 2.46 and 2.74 for a data stream which has half ones and half
zeros on average. Thus there is good agreement between the theoretical and experimental
enhancement factors, even though the loss per amplifier span was 15dB in the experiment.
This contradicts the findings of Ref. [117] which predicts a reduction of the enhancement
factor when loss is included.

This enhanced power of the stable pulses in dispersion managed soliton systems has a

major impact on system design as it allows lower dispersions to be used, which increases
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the Gordon-Haus limit, without decreasing the SNR. As discussed in Section 2.5 the power
of the solitons is proportional to the dispersion of the fibre so at low dispersion the signal
power and hence the SNR is low. For propagation over 5500km (which was the distance
achieved in this experiment) the average power required to give an acceptable SNR in this
experiment was found (using Equation 2.73) to be ~0.8mW. Whilst this value was below
the 2.3mW used experimentally it is greater than the average power of the equivalent
uniform dispersion soliton which, as discussed above, was ~0.23mW. This indicates that

in this experiment a lower average dispersion was used than could have been tolerated in

an equivalent uniform dispersion system.

7.3 Discussion

This experiment has shown that it is possible to propagate 10Gbit/s soliton data over
5000km in a dispersion compensated standard fibre system. This distance is short of
trans-oceanic distances but shows that such a system could be used to upgrade existing
land based standard fibre links by replacing the electronic repeaters with an optical EDFA
and the length of dispersion compensating fibre required to reduce the preceding amplifier
span to the required average value. The inclusion of this additional fibre increases the
loss per amplifier span and so increases the amplifier gain, which has the disadvantage of
introducing more noise into the system. Despite this a standard fibre propagation distance
of ~4700km was achieved with an amplifier span (standard fibre length) of 31.6km. A
further point to note is that this experiment used a single span recirculating loop and
so suffered from an additional loss of ~4dB per amplifier span, compared to an in-line
system due to the loss of the fibre coupler, isolator, polarisation controller and filter each
round trip of the loop. This additional 4dB could be taken up in an in-line system by
increasing the amplifier span. Adding a further 15km of standard fibre and an appropriate
additional length of DCI" to the amplifier span would increase the loss by ~4dB3 per
amplifier span and so an estimated amplifier span of almost 50km could be tolerated in
a real system and further increases to amplifier span could be made at the cost of overall
system length. Further advantages of using a dispersion managed soliton system are that
there is an increase of the stable pulse power. In the experiment the soliton power was
increased by a factor of 10 which increased the signal to noise ratio and would have had
an associated reduction in G-H jitter. When upgrading existing links the effect of PMD

may be considerable due to both the increase in data rate and the relatively high PMD
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of the older standard fibre. By using soliton-like pulses the effects of PMD should be
reduced [46] and also the system would be compatible with proposed all optical switching
technologies[16]-[19]. It should also be possible to extend this system to a multi-channel
WDM system and in relation to such systems dispersion management has the advantage of
reducing the effects of collision induced jitter [138] and four wave mixing between different

channels [137].

7.4 Reduction of pulse perturbations by optimisation

of the dispersion map

The preceding section has shown that on a distance scale of 1000s of kilometres there
was an evolution of the pulse width as the input pulses stabilised to those most suitable
for propagation in the strong dispersion map. There was also an evolution of pulse
width within the dispersion map and although this evolution could not be observed in
the experiment because the pulses were only coupled out of the loop at the end of each
recirculation, numerical simulations could be used to indicate what was happening within
the fibres. Figure 7.7 (b), (¢) and (d) show the evolution of the spectral width, pulse
width and time-bandwidth product within the lossless dispersion map shown in (a). As
discussed in Section 2.8 the unchirped and pulse width minima positions are at the mid
point of the two fibres in the lossless case and the effect of loss is to move the unchirped
position from the mid-point of the fibre [117]. It is therefore intuitive that the optimum
launch position for a transform-limited source is not at the start of the fibre but at one
of the transform limited points of the fibre. Launching at this position should lead to
a reduction in the energy shed by the pulses and hence a minimum of corruption of the
data. There will still be some evolution of the pulses though, as the pulse shape and
width may not be ideal but by launching at the required point in the dispersion map
stable propagation should be achieved sooner. When using a chirped source it would be
necessary to alter the launch position so as to match the sign and chirp of the source.
Alternatively, the pulses from a transform limited source could be pre-chirped so that
on the input to the transmission fibre the pulse chirp matched that of the stable pulses
1136, 251].

This purpose of this experiment was to examine how the dispersion map could be
optimised to give stable pulse propagation in a dispersion compensated standard fibre

svstem and to investigate what effect the alteration of the dispersion map had on the
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Figure 7.7: Evolution of (b) the spectral width, (c¢) the temporal width and (d) the time-bandwidth
product of the stable pulses of the lossless dispersion map shown in (a).

transmission distance achievable. Both the launch position into the dispersion map and
the position of the dispersion compensating fibre in the dispersion map were varied. Two
sources with different chirps are also used and the effect of varying the input pulse power
was investigated. The maximum transmission distances of the various set-ups will be
compared and although unavoidable variations in the quality of the pulse from the source
and in the back-to-back Q values make direct comparisons difficult, the stability of the

propagation using the various dispersion maps can be compared.

7.4.1 Experiment

The basic loop set up of Figure 7.1 was changed as shown in Figure 7.8. The 10Ghit/s
PRBS input data stream was derived as before and the loop output diagnostics were
unchanged but after being coupled into the loop the pulses were propagated through
an initial length of standard fibre (Fibre A) before being amplified. The DCI" then
followed the amplifier/PC/filter combination and the remainder of the standard fibre was
positioned at B immediately before the output coupler.

To alter the relative launch position of the pulses within the dispersion map, the

lengths of fibres A and B were varied but the total length of fibre in the loop was kept
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Figure 7.8: Schematic diagram showing the amended experimental set-up. The 10Gbit/s PRBS was
coupled into the loop and passed through Fibre A before reaching the amplifier

fixed. Initial standard fibre lengths of 6km, 13km, 19km and 25km were used to give the
transmission paths shown schematically in Figure 7.9. It is immediately obvious from
this figure that for each set-up the dispersion map between amplifiers was identical and
hence the amplifier span, the average dispersion per span and the loss per span were the
same. It was therefore expected that the stable power and power enhancement factor
would be roughly equal for each of the dispersion maps. The loop output coupler was
however at a different position within the dispersion map for each set-up which meant
that the additional ~1.5dB loss associated with the loop output coupler was encountered
at a different relative position in the soliton power cycle. This was expected to have only
a small effect on the average soliton dynamics but from a practical point of view it meant
that the loop output power and loop monitor output powers were different for each set-up,
even when the pulse power was the same.

Results were taken at different average power values for each set-up but for clarity the
effect of varying the input power will be considered in Section 7.6. The results presented
in this section were all taken with the an average power of ~2mW launched into the
transmission fibre after each amplification. This corresponded to approximately the same
average power and enhancement factor as was used in the previous experiment.

For each experimental set-up ) values and the 10GHz component of the electrical
spectrum were measured against propagation distance. The 10GHz component of the
electrical spectrum gives an indication of pulse intensity and timing jitter. To give an
additional indication of pulse width variations the peak pulse heights were taken from the

sampling oscilloscope. The peak pulse height taken as the position of the mean “one”
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Figure 7.9: Schematic representation of the transmission lines. The fibre between amplifiers was the
same but the initial length (and final length) of standard fibre was varied between set-ups.
level in the Q measurement eye diagram, was inversely related to the pulse width, with
broader pulses having lower peak pulse heights. Thus, the pulse height could be used as
an indicator of pulse width but it must be stressed that it only gives an indicalion ol pulse
width and does not give a direct measurement of pulse width

The experimental results for each dispersion map are shown in Figures 7.10, 7.11
and 7.12 which show Q values, pulse height and power of the 10GHz electrical spectrum
component respectively. ixamining the results sequentially shows that for set-up (a) there
was a rapid degradation of the Q and instability of the pulse width. There were however
no oscillations in Q value as had been seen in the experiment in the previous section.
When the initial standard fibre length was increased to 13km (set-up (b)) the pulse width
became more stable, the electrical spectrum trace in particular showing no oscillations
apart from the initial transient behaviour due to the circulating power stabilising. Again
there was a steady decrease of the ) value but the rate of decrease was lower. With
a further increase of the initial standard fibre length to 19km a slight ripple in the Q
value was seen and there was a decrease in the stability of the pulse width. When the
initial fibre length was increased to 25km clear oscillations in both the () value and pulse

width were seen. Comparing Figures 7.10,7.11,7.12 for set-up (d) shows that as before
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Figure 7.11: Pulse height versus propagation distance for the above experiment.
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and (iii) 1900km; (b) an initial SIF length of 13km at (i) Okm (input pulses), (ii) 1000km and (iii) 3900km.
the oscillations in Q value follow those in pulse width with broader pulses corresponding
to lower Qs.

These results show that in terms of pulse stability there is clearly an optimum launch
position. For the source used here the pulse width variations were minimised for an initial
standard fibre length of ~13km. A further indication of the pulse width stability is given
i igure 7.13.

Figure 7.13 (a) shows eye diagrams of (i) the input pulses and output pulses alter
(i) 1000km and (iii) 1900km propagation in the loop for an initial standard fibre length
of 6km (map (a)). There was little change in the pulse width within the first 1000km
but after 1900km the pulses had broadened dramatically. Ior an initial standard fibre
length of 13km (map (c)) there was little change to the input pulse width over 3800km
of propagation. Figure 7.13 (b) shows eye diagrams for this map for (i) the input pulses,
(i1) the output at 1000km and (iii) the output at 3800km.

Comparison of the maximum possible propagation distance for the four set-ups shows
that set-up (b) which gave the most stable pulse evolution also gave the greatest trans-
mission distance of 4000km before the Q value fell below 6. However for set-up (d) the
Q recovered after falling below 6 at ~3500km and a maximum distance of ~5300km was
achieved before the Q fell below 6 without recovery. This shows that the oscillations in
pulse width were not having an adverse effect on the integrity of the data pulses which
indicates that the pulses were not shedding a significant amount of dispersive radiation

as they evolved ~ any dispersive radiation would have lead to a more rapid degradation of




the @ value. Whilst i1t is true that the oscillations in the Q value could have been masked
out by using a saturated electrical amplifier and an appropriate filter at the receiver this
would not have altered the fact that the pulse width was varying along the system length.
In terms of upgrades to existing land based standard fibre systems, all four of the disper-
sion maps gave “error free” performance over 2000km at 10Gbit/s despite the rather poor
back-to-back Q values of ~8. However the propagation distances achieved were short of
trans-oceanic distances.

The experiment described above used a fibre ring laser as the source. As discussed
in Chapter 4 such sources are used extensively for research purposes but in real systems
semiconductor diode lasers are generally used due to their reliability, long life, ease of
operation and small size. To give an indication of how such a device would perform with
a dispersion compensated system the experiment was repeated using the 10GHz DI'B
laser described in Section 4.5 as the source in place of the fibre laser and inter-leaver.
The time-bandwidth product of this laser was ~0.6 indicating that the output pulses
were chirped and it was therefore expected that a different initial length of fibre would
be required to give stable propagation.

The experimental results shown in Figures 7.14, 7.15 and 7.16 show that none of
the four set-ups used gave particularly stable propagation and certainly the electrical
spectrum trace could not be flattened to the same extent as could be achieved when the
fibre laser source was used. Set-up (d) with a 25km initial fibre length was particularly
unstable and the signal degraded rapidly.

Of the four set-ups (a) gave the greatest propagation distance of ~2800km which was
considerably lower than the maximum distance which was achieved using the fibre laser
source. In general, the system performed better when the fibre laser was used and the
poor performance of the DFB was undoubtedly due to the dual wavelength operation of

the DFB causing pulse splitting in the strong dispersion map.

7.5 Effect of re-positioning the DCF

The previous section showed how the launch position into the dispersion map could be
optimised by varying the initial length of standard fibre. By referring back to Figure 7.7,
which shows that there is one point in each of the fibres where the pulses are transform
limited, it may also be possible to optimise the launch position by having an initial

section of dispersion compensating fibre of the correct length and there is an indication
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Figure 7.15: Pulse height versus propagation distance results for the above experiment.
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Figure 7.16: 10GHz electrical spectra for the above experiment.
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Figure 7.17: Schematic representation of the transmission lines with the DCI" position was varied to
give different dispersion maps.

from numerical simulations that this is the case [252]. Unfortunately, this could not be
tested experimentally as the required lengths of dispersion cormpensating fibre were not
available and splitting the 6.8km length was not possible. However the relative position
of the entire 6.8km of DCF could be altered and as numerical simulations have shown the
positioning of the dispersion compensating fibre within the map relative to the amplifier is
important [94]. Here the effect of varying the DCI" position is investigated experimentally
and by numerical simulations.

Initially, three cases were considered as shown schematically in Figure 7.17. The source
laser was the fibre ring laser and cach of the three set-ups used the same fibres (6km and
95km of SIF and 6.8km of DCF) with only their relative positions altered. The first set-
up was exactly the same as map (d) in the previous experiment with an initial standard
fibre length of 25km. In set-up (b) the DCI was positioned in between the 6km and a
95km standard fibre lengths and in set-up (c) the initial length of fibre was both 25km of
standard fibre and the DCI

Experimental results are shown in Figures 7.18 and 7.19. Tor set-up (a) both @ value
and pulse width showed oscillations as discussed in the previous section. With the DCF
positioned between the two fibre lengths as shown in Figure 7.17 (b) the signal would not
propagate over 1000km. The likely reason for this is that the standard fibre was split with
the amplifier positioned between the two sections causing a significant departure from the
average soliton model and leading to instability,

The only difference between set-ups (a) and (c) was that in (a) the DCF was positioned
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Figure 7.19: 10GHz Electrical spectrum for three different DCF positions.

after the amplifier whereas in (c) it was positioned before. The results show that this had
a considerable effect on the stability of the system. With the DCE positioned before the
amplifier there were no oscillations in either the Q) value or pulse width. In addition there
was no rapid degradation of the Q value within the first 1000km which is an indication
that for this set-up the launch position and source were well matched and there was a
minimal amount of pulse shaping required to achieve a stable pulse shape and width. A
further reason for the instability of set-up (a) compared do set-up (c) is that for (a) the
DCF was positioned after the amplifier where the pulse power (and hence nonlinearity)
was highest. This could have an adverse effect on the pulse propagation since the DCE
had normal dispersion and so was not soliton supporting. In case (c) the reverse was true
and the SIF was positioned at the high power point where nonlinearity dominates and
the DCF was positioned where she GVD was the dominating feature. However there Is an
indication from the results of Section 7.4 that the most important effect is the matching of
the launch position with the source as it was possible to achieve stable propagation even
with the dispersion compensating fibre positioned after the amplifier as long as the correct
initial length of standard fibre is chosen. Despite rhe differences in the puise evolutions
were achieved. The error free distance

for these two sef ups similar ervor free distances
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[Migure 7.20: Numerical simulation results for set-ups (a) and (c) showing (i) Q values and (i1) pulse
widths versus propagation distance.

with the DCF positioned before the amplifier was slightly higher at ~6000km but in this
experiment the input Q) was slightly higher.

Numerical simulations of Q value and pulse width versus propagation distance were
performed for set-ups (a) and (c¢) using the same fibre paramenters as for the simulation
in Section 7.2.2. The results of these simulations are shown in Iigure 7.20.

There is a good qualitative agreement between the experimental results and the nu-
merical simulations. The actual Q values are higher in the simulations but the starting
Q) value was far higher than could be achieved in the experiment. With the DCI" posi-
tioned after the amplifier there was oscillation of the pulse width and instability in the
Q value. With the DCI® repositioned before the amplifier the pulse width oscillations
were suppressed (though not completely removed) and the Q decrease in Q value was
more stable. There was a good agreement between the Q values for the two numerical
simulations beyond a propagation distance of 4000km.

As a further investigation the initial standard fibre length was varied with the DCF
position maintained directly before the amplifier. The same fibres were used as before
but with the maps shown schematically in Figure 7.21.

The experimental results are shown in Figures 7.22, 7.23 and 7.24 with the fibre laser
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Figure 7.21: Schematic representation of the four experimental set-ups with the DCI* positioned before
the amplifier and the initial length of standard fibre was varied.

used as the pulse source. These results show that with the DCF positioned before the
amplifier the optimum initial length of standard fibre was 25km (c.f. 13km with the
DCF positioned after the amplifier). With this set-up the pulse width was stable alter an
initial adjustment of the pulses and the Q value showed no oscillations. The maximum
propagation distance achieved was ~6000km and was roughly equal for set-ups (b),(c) and
(d), which again shows that the oscillations in pulse width were not having a significant
effect on system performance. For all four set-ups the maximum transmission w hich could
be achieved was improved by positioning the DCE before the amplifier and the greatest
distance which could be achieved with the DCI® positioned before the amplifier was ~
1000km greater than with the DCI after the amplifier.

Again the experiment was repeated using the 10GHz DFB laser as a source. The
experimental results of Figures 7.25, 7.26 and 7.27 show that as expected the initial
length of fibre which gave stable propagation was different for this source due to the
different chirps of the two sources. For the DI'B a 13km initial standard length gave the
best stability. Once more, the system was not as stable when the DI'B laser was used as
the source due to the pulse splitting. The maximum propagation distance of ~3400km
was less than when the fibre laser source was used but is an improvement on that achieved

with the DCF positioned after the amplifier.
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Figure 7.22: Q value versus propagation distance with DCT positioned before the amplifier
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Figure 7.23: Pulse height versus propagation distance with DCTF positioned before the amplifier.
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Figure 7.24: 10GHz Electrical Spectra with DCF positioned before the amplifier.
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Figure 7.25: Q values using DFB source with DCI' positioned before the amplifier.
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Figure 7.26: Pulse height versus propagation distance using DFB source with DCI positioned belore
the amplifier.
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7.6 Effect of varying the pulse power

By altering the gain of the loop amplifier as detailed in Section 3.2, the average power and
hence energy of the pulses launched into the transmission fibre could be altered. This was
done as a matter of course for each experimental set-up in order to determine the optimum
power (i.e. the power at which the pulse evolution was most stable) and it was found that
for different set-ups there was not a significant difference in the average power required
for optimum transmission, the power required being more dependent on the strength of
the dispersion map and the average dispersion of the system. Small variations in the
pulse power (~ 1dBm or less) did not have a great deal of effect on the transmission with
the pulses being resilient to small perturbations in their energy. This section looks at
the effect on transmission when the pulse power deviated significantly from the optimum
value.

Using the set-up shown in Figure 7.21 (b) (which had an initial length of fibre consisting
of 13km of SIF and the 6.8km of DCF preceding the amplifier) and using the DI'B laser
gave the best illustration of the effect of varying the pulse power and so the results of
this experiment will be used as an example. Iigures 7.98, 7.29 and 7.30 show results of
the experiment with the average powers of (a) 4.1mW, (b) 3.3mW, (c¢) 2.0mW and (d)
1.4mW launched into the transmission fibre.

At high pulse power the pulse width was unstable and oscillations were seen in the Q
value. These oscillations decreased in amplitude as the propagation distance increased.
As the average power was reduced the oscillations reduced and at ~2mW the pulse width
was stable and no oscillations of Q) value were seen. With a further decrease in the pulse
power there was a rapid increase in the pulse width accompanied by a decrease in Q. Ior
the other dispersion maps used, which showed oscillations even when the input power was
~2mW, a reduction in power did not give suppression of the oscillations but led to a rapid
increase in pulse width. The reason why no suppression of the oscillations was seen was
that these oscillations were due to a mismatch of the dispersion map and the launched
pulses as opposed to power mismatch. The changes in pulse evolution as the pulse energy
is changed is qualitatively analogous to that of solitons in uniform dispersion fibre. When
the pulse energy was too high the pulses were unstable with the pulse width varying
periodically. The instability in pulse width reduced as the pulse energy was reduced
but after reaching a stable operating regime a further reduction in pulse energy led to

broadening of the pulses without recovery. Ior an average power of 2mW a maximum
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propagation distance of ~ 3200km was achieved before the Q fell below 6. A similar
distance was achieved when the average power was increased to 4.1mW but in this case

the Q value recovered and a maximum distance of 5100km was achieved.

7.7 Conclusions

In all of the experiments which have been conducted to try and determine the optimum
launch position and pulse energy, oscillations in the pulse width have been observed when
the dispersion map and the source are not well matched. These oscillations do not however
appear to have a negative effect on the transmission of the data, indeed in many cases the
propagation distance is increased when the oscillations in pulse width are present as the
corresponding Q value oscillations allow the system to recover after initially falling below
the minimum acceptable value of 6. Further work, both experimentally and numerically,
is required in order to understand fully why these oscillations do not degrade the system
performance and to ascertain what is causing the degradation of the Q value in the stable
operating regime. It should be possible to damp out the oscillations in Q value by using
an appropriate saturated RF amplifier and filter at the receiver

The maximum transmission distance which has been achieved with this single span
recirculating loop is ~7600km. This value is short of the 10 000km required for a trans-
Pacific system due mainly to the low back-to-back @ values and indeed “error free”
transmission over this distance has been achieved with a similar dispersion map using a
multi-span loop and an improved source [134]. Improvements in system performance may
also be made by optimisation of the average dispersion of the system. The propagation
distance achieved is however in excess of the maximum which has been reported in NRZ
experiments [216, 253].

This chapter has shown experimentally that it is possible to upgrade existing standard
fibre links to a 10Gbit/s data rate by simply replacing the electronic repeaters with a
suitable length of dispersion compensating fibre and an erbium doped fibre amplifier.
There are benefits of a more careful consideration of the dispersion map required and the
stability of the pulse widths and the ) value of the propagating data depends on the
position within the dispersion map that the pulses are launched and for different sources
with different chirps this optimum launch position will vary. Matching the dispersion
map to the source chirp is important in short-haul systems as mismatch can lead to

a rapid degradation of the Q over ~1000km without recovery. The positioning of the
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dispersion compensating fibre relative to the amplifier is also important — if a system is to
be upgraded as detailed above, there is a clear advantage in positioning the DCE before
the amplifier. By using solitons the upgraded system would be compatible with WDM
and all optical processing techniques and should be resilient to PMD effects in the older
pre-installed fibres. Due to the strong dispersion map of such a system a large power
enhancement factor can be expected. In these experiments the stable pulse power was
increased by a factor of 10 compared to the equivalent uniform dispersion system. This
can allow a low dispersion to be used without encountering SNR problems leading to an
increase in the Gordon-Haus limit. Although it is not clear from these experiments which
process is causing the eventual failure of the system it seems likely that Gordon-Haus jitter
was dominant — the Gordon-Haus limit for the equivalent uniform dispersion system is
~ 6000km. There is evidence that the Gordon-Haus limit is increased for dispersion
managed systems [96, 211] and this finding is backed up with these experimental results.
Transmission has been achieved over ~7600km which is in excess of the ~ 6000km limit
for the equivalent uniform dispersion system. WDM systems also benefit {rom using
dispersion management as there is a reduction in the collision induced timing jitter [138]
and in the efficiency of the four wave mixing process[137].

As is to be expected with a nonlinear propagating scheme the pulse power was critical
to the operation of the system, too much power led to oscillations in the pulse width
and Q and too little power led to rapid degradation of the signal. Whilst the system
performance was not degraded (and may even be improved) by having excess power, too
little power led to rapid degradation in system performance. The system was however
resilient to small changes in the average power. For the various dispersion maps used’
there was little variation in the optimum power, the power enhancement factor being
more dependent on the average dispersion and strength of the dispersion map than how
the fibres were arranged in the dispersion map. It is therefore expected that the stable
pulse width was similar for the various setups but unfortunately this could not be verified

by autocorrelation.
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Chapter 8

Dispersion compensation using fibre

Bragg gratings

8.1 Introduction

As an alternative to using fibre in dispersion compensated systems, chirped fibre Bragg
gratings (FBGs) can be used as the dispersion compensating elements [203, 208, 248, 249,
250],[254]-[257]. Fibre Bragg gratings are currently the subject of much interest and their
use as dispersion compensating elements has been the focus of several recent experiments
(188, 203, 204, 250, 257]. These experiments have not yet shown propagation over the
same distances as has been achieved using DCI® but this is an new technique and as the
grating fabrication technology improves it is inevitable that the propagation distances
achieved will increase and may even supersede DCI? results. The reason for the interest
in FBGs is that they have the advantages of being short compared to the equivalent
length of dispersion compensating fibre and potentially have lower loss than DCIE [181].
The small size is an advantage if existing standard fibre systems are to be upgraded to
higher data rates by periodically including dispersion compensating elements - it 1s more
practical to include a FBG at an amplifier stage than to include several km of DCF. FBGs
unlike fibre are linear devices and this may lead to different propagation characteristics
for example, it was seen in Section 7.5 that the position of the compensating fibre relative
to the amplifier affected the pulse propagation. This may not be the case with FBGs.
Here the applicability of FBGs as dispersion compensating elements in 10Gbit /s soliton
trans-oceanic systems is investigated. In principle the dispersion compensating scheme is
simple but the main practical problem is that the gratings must have a relatively large

physical size, typically being 10s of cm long in order to give the required delay over the
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signal spectral bandwidth to compensate for the chromatic dispersion of several kilometres
of SIF. This makes the gratings difficult to fabricate using existing technologies although
the length of fibre gratings is steadily increasing, with the longest currently being over
1m in length [258].

A chirped grating, which reflects different wavelengths from different points along the
length of the device, can give dispersion compensation for a length of standard fibre if the
sign of the chirp is such that the blue end of the spectrum (which travels faster in standard
fibre) is reflected from the far end of the grating whilst the red end of the spectrum is
reflected by the near end. This creates a relative delay between the blue and red ends
of the pulse spectrum and if the magnitude of the grating chirp is correct the temporal
spreading of the pulse due to propagation in the fibre can be reversed. To compensate for
a length of normal dispersion fibre the sign of the chirp of the grating must be reversed
which can simply be done by turning the device around. In addition to having the required
sign and magnitude of chirp the FBG must have a low insertion loss which means that a
high reflectivity is required over the pass-band.

In order to give dispersion compensation for several km of standard fibre the required
delay is large and hence the physical size of the required grating is large. In general, the
length of a dispersion compensating grating is given by

Le = —AMDg) (8.1)

2n

where L¢ is the grating length, c is the speed of light, n is the refractive index of the
fibre, A\ is the grating bandwidth and Dg is the required dispersion of the grating. This
equation shows that if a larger grating bandwidth or dispersion is required the grating
length increases proportionally. In the case of a grating required to compensate for a 40km
standard fibre span, the grating must have a total dispersion Dg = 660ps/nm assuming a
dispersion of 16.5ps/(nm km) for standard fibre. The relative delay for a bandwidth AA
— 1nm is therefore 660ps. The physical size of the grating is then hall the distance that
light travels in fibre in 660ps (the factor of 1/2 being due to the reflected light making
a double pass of the grating) giving a length of ~7cm taking n = 1.45 {or optical fibre.
While this length is very small compared to the ~ 7Tkm of DCI® which would be required
to give the same dispersion, it is large on the scale of the wavelength of light and this
makes fabrication difficult. Such gratings are typically fabricated using a phase mask of

the required size and with the required characteristics. Phase masks are expensive and
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Figure 8.1: Reflection spectrum of the FFBG. The peak of the spectrum was at 1554nm and the
bandwidth was 0.47nm.

have the disadvantage of being inflexible — their characteristics are fixed at the time of
fabrication and so only a limited range of gratings can be made with any phase mask.
The grating characteristics can be varied slightly by stretching, heating or cooling the

fibre before making the grating in order to alter the periodicity of the final device.

8.2 Propagation experiment

In determining the characteristics of the device which was to be used in the experiment
restrictions were imposed by the fact that the longest phase mask available was ~5cm in
length, fixing the length of grating which could be made. I'rom Iiquation 8.1 it is seen
that the grating bandwidth and fibre span are inversely proportional for a given grating
length and for a 5cm grating with a Inm passband the standard fibre length which can
be compensated for is ~ 30km. In the experiment a longer fibre span was desired and so
the bandwidth had to be reduced accordingly. The grating which was fabricated had the
reflection spectrum shown in Figure 8.1. The peak of the reflection band was at 1554nm
and the bandwidth of the grating was 0.47nm. The dispersion of the grating was measured
using the technique described in Section 3.4.2 and the delay curve obtained is shown n
Figure 8.2 (a) along with a linear fit to the data. From the fitted curve, the relative
delay over the grating bandwidth was -435ps (the -ve indicating that the dispersion was
normal) giving a total dispersion of -925ps/nm which shows that the grating could give

total compensation for ~56km of standard fibre, assuming a dispersion of +16.5ps/(nm
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Figure 8.2: Relative delay versus wavelength for (a) the FBG and (b) the FBG and 57km of SII".

km) for the standard fibre.

The experimental set-up used is shown schematically in IMigure 8.3. The 10Gbit/s
source used was the interleaved fibre laser described in Section 4.4.1 and with the wave-
length tuned to 1554nm to coincide with the peak of the grating reflection band. A 3-port
fibre circulator was used to couple the loop signal into the grating and then couple the re-
flected signal from the grating back into the loop. I'ibre circulators are multi-fibre devices
which use the Faraday rotation principle [259] to allow signals to be coupled through the
ports of the device sequentially. Consider for example the path of the signal propagating
through the loop. After passing through the transmission fibre the signal was coupled
into the circulator (which in this case was a 3 port device) through port 1 and emerged
on port 2 with a high isolation to port 3. This allowed the signal to be compressed by
reflection in the FBG. After this reflection the signal was again coupled into the circulator
with port 2 now being the input port. The light was coupled from this port onto port
3 where the signal emerged from the device. There was a high isolation between port
2 and port 1 to avoid back reflection into the loop. IFrom this example it is easy to see
that the ideal device characteristics are that there is lossless coupling between adjacent
ports and infinite isolation between the input port and all other ports. High isolation

hetween the final output port (port 3 in this case) and the other ports is also required
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Figure 8.3: Schematic representation of the FBG dispersion compensation experiment. The propagating
signal was coupled into the grating using a circulator. The reflected signal from the grating was then
coupled back into the loop through the circulator

Ports | Forward Loss (dB) | Isolation (dB)
1-2 0.7 50

2-3 1 51

1-3 68 60

Table 8.1: Characteristics of the 3 port circulator

so that any stray light which enters the circulator through this port is highly altenuated.
The characteristics of the circulator which was used here were measured and are shown
in Table 8.1. The losses indicated include splice and connector losses and show that the
total insertion loss of the circulator was ~ 1.7dB. Since a circulator must always be used
in such experiments it is important that the total insertion loss of the grating and the
circulator is as low as possible. As these characteristics show the circulator gave high
isolation in the reverse direction.

The transmission fibre used was 57km length of SIIF to give a net anomalous dispersion
in the loop. The dispersion of the fibre, circulator and grating was measured using the
technique described in Section 3.4.2 and the delay curve obtained is shown in Figure 8.2
(b). As shown the dispersion was anomalous and the delay was ~ 6ps giving an average
dispersion of 0.22ps/(nm km). The graph also shows that the grating did not compensate
for the dispersion slope of the fibre.

The combined insertion loss of the circulator and grating was 3.6d13 which was ~0.6dB

less than the loss of the DCF module used in the experiments in Chapter 7. Of this 3.6dB,
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Figure 8.4: Electrical spectrum analyser trace for propagation with a I'BG used to give dispersion
compensation for 57km of SIIF.
~ 1.7dB was due to the circulator as described in Table 8.1. In addition the loop round
trip loss was reduced as the FBG was the only filter used in the loop saving another 2dB.
This reduction in the round trip loss allowed a longer amplifier span to be used in this
experiment, the amplifier span was increased to 57km from 38km when the dispersion

compensated fibre was used with only a 1.2 dB increase in the loss per amplifier span.

8.2.1 Experimental results

The operation of the recirculating loop was exactly the same as in the DCI" experiment
described in Section 7.2. The two monitor outputs were used to check the average power
level and the power in the 10GHz component of the electrical spectrum of the propagating
signal, as the experiment was being performed. The average power was reasonably stable
with time but the electrical spectrum was very unstable changing instantancously in a
random fashion. Figure 8.4 shows a typical electrical spectrum an alyser trace with a rapid
decrease in the power and an unstable power level. Q) values were measured and from a
back-to-back value of 9, the Q had fallen to 3 within the first 5 recirculations of the loop.
There was no recovery of the Q value when propagation distance was increased.

The performance of the system was considerably poorer than was anticipated and in
order to further study what was causing the pulse degradation the Jloop was split to allow
an in-line experiment to be conducted using the set-up shown schematically in Figure 8.5.
This allowed measurements to be taken after only a single pass of the grating.

The spectra of the input pulses and the grating output pulses were measured and

are shown in Figure 8.6. There was no great difference between these two spectra but
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Figure 8.5: Schematic diagram of the in-line FBG dispersion compensation experiment. Measurements
Could be taken after a single pass of the circulator and grating. Including a PC allowed the input
polarisation to be altered.
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Figure 8.6: Spectra of the input (solid line) pulses and the pulses after a single pass of the I'BG (dashed
line).

the output pulses had a slightly broader spectral width of 0.24nm (compared to 0.21nm
for the input pulses) which is approximately half the bandwidth of the grating. As the
polarisation of the input signal was altered using the polarisation controller, no change
was seen in the spectrum of the output pulses. Comparing the output data stream with
the input as monitored on the sampling oscilloscope showed that there was a large increase
in both the timing and amplitude jitter, as shown in Figure 8.7. The jitter was greater
than expected for such a short propagation distance, so to investigate further the input
signal was changed from a PRBS data stream to a continuous pulse stream. Observing the
output pulse stream on the sampling oscilloscope, a large variation was seen with pulses
dropping out randomly even when measured over only a few seconds. The four sampling
scope outputs shown in Figure 8.8 give a good indication of this variation. These four
traces were all taken within one minute of each other.

The fact that all pulses were not affected simultaneously indicated thaf the problem
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Figure 8.7: Sampling oscilloscope eye diagrams for (a) the input data stream and (b) output data
stream after a single pass of the FBG.

was related to the signal polarisation — the pulse stream had been interleaved from 2.5GHz
to 10GHz with adjacent pulses having travelled different paths through the inter-leaver.
[t was therefore expected that any small variation in polarisation of one set of pulses
would not be matched by the others. This theory was backed-up by the lact that every
fourth pulse in traces (b) - (d) of Iigure 8.8 were similar.

In order to simplify the experiment the inter-leaver was removed and laser output
pulse stream at 2.5GHz was used as the input. Comparison of the input and grating
output pulses (see Figure 8.9 (a) and (b) respectively) showed that again there was a
significant increase in the jitter and also that there was broadening of the pulses which
is indicated by the reduction of the oscillations in the oscilloscope trace for the output
pulses. These oscillations were caused by ringing in the photo-diode used to detect the
optical signal and is more prominent the shorter the pulse width. The stability of the
pulses had increased compared to the 10GHz experiment but when the polarisation of
the input pulses was altered using the polarisation controller; there was a variation of the
pulse position on the sampling scope screen. IFigure 8.10 (a) and (b) show the grating
output pulses for two different input polarisations and (¢) shows a superposition of the

output pulses as the input polarisation was varied. This variation in pulse position was

attributed to high polarisation mode dispersion (PMD) in the system — one polarisation
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Figure 8.8: Sampling oscilloscope traces of (a) input interleaved 10GHz pulses and (b) - (d) grating
outputs at three different times. The traces were all taken within one minute of each other.

state was being retarded relative to the other and the value of the PMD can be estimated
at ~ 10ps from the sampling oscilloscope traces in IFigure 8.10 (¢). The noise and missing
pulses seen in the previous experiment (see Figure 8.8) were due to mterference between
pulses which had taken different paths through the inter-leaver. The random nature of the
output being due to small random changes in polarisation being translated into random
variations in temporal position due to the PMD.

When the DFB laser was used as a 10GHz pulse source the same effects were seen.
There was still some broadening of the pulses alter being passed through the grating, but a
good output without much noise accurnulation could be achieved with careful adjustment
of the DFB input pulses. The stability of the grating output pulses was better than when
the fibre ring laser was used but this was simply due to the increased stability of the
DIFB laser — any small change in the temperature or DC bias of the DI'B (which changed
the polarisation of the DI'B output) caused a large change in the grating output pulses
despite the change to the input pulses being un-noticeable.

In order to ascertain where the problem lay, the grating was removed and the circulator
alone was tested, with the signal being reflected from the cleaved end of port 2. No
polarisation dependent effects were seen and so the grating alone was then tested using
the set-up shown in Figure 8.11. The source signal was amplified then split using a 50:50
coupler which had been checked and showed no polarisation dependent effects. One half
of the signal was coupled into the unused port of the coupler which had an uncleaved end
and a micro-bend to avoid back-reflections. The other half of the signal was reflected from

the grating. This reflected signal returned to the coupler and was split with half the signal
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Figure 8.9: Sampling oscilloscope traces of (a) the 2.5GHz input pulses and (b) the 'BG output pulses.
being coupled into the input arm, where it was absorbed by an isolator. The other half
of the signal emerged from the output port allowing measurements to be taken. Using
the DFB laser as the source, variations in the temporal position ol the output pulses were
again seen as the input polarisation was varied, indicating that the problem was due to
the grating.

In order to accurately determine the PMD value of the grating the set-up shown
schematically in Figure 8.12 was used. The measurement technique was similar to that
used to measure the dispersion of the transmission fibres which was described in Section
3.4.2. The optical signal from a tunable laser tuned to the central wavelength of the
grating was coupled into the grating through a fibre coupler and a PC. This light was
then reflected by the grating with half the signal being detected by a photo-diode. By
modulating the tunable laser output using a 1GHz modulator the phase difference between
the photo-diode signal and a reference from the 1GHz modulator could be measured
using a vector voltmeter. The change in the phase difference was then measured as
the polarisation state of the signal was altered using a polarisation controller and from
e PMD could be calculated using the equation Al = 6¢/27r where d¢ is the
- change and v is the frequency (1GHz in this case). The PMD was found to be

which is in good agreement with the value previously estimated from the sampling
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Figure 8.11: Schematic diagram of the experimental set-up used to test the 'BG.

oscilloscope traces. This PMD value is very high and was undoubtedly the cause of the
poor performance of the system. The problem of the high PMD was accentuated by
using the same grating each amplifier span since a single span recirculating loop was
used. In a larger loop or a straight line experiment which would use a greater number of
compensating gratings there would be some variation in the polarisation mode dispersions
of the gratings and the system performance should be improved. Indeed it has been shown
that in an in-line experiment propagation over 1000km was possible despite the dispersion
compensating gratings having ~8ps PMD [181] but the PMD value of FBGs must be

reduced if propagation over trans-oceanic distances are to be achieved

8.3 Conclusions

The inconclusive experimental results of this chapter have highlighted what is undoubtedly

a major problem with using fibre Bragg gratings as dispersion compensating elements in
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Figure 8.12: Schematic diagram of the PMD measurement set-up.

standard fibre systems — PMD. The grating used here had a high PMD which made
it unsuitable for use in the recirculating loop propagation experiment. After an initial
propagation experiment which was more unsuccessful than expected the grating was tested
in an in-line configuration and the high PMD problem was discovered. At ~ 14ps the
dispersion between polarisation states was approximately equal to that of 1km of standard
fibre over a Inm bandwidth. Any small fluctuation in signal polarisation, which could be
due to drift of the source, environmental effects or nonlinear effects, would therefore cause
a large change in the dispersion of the grating and so alter the dispersion compensation
and average dispersion ol the system. This obviously had a disastrous effect on the
system performance and propagation over even 500km was impossible. This problem will
undoubtedly be overcome with improvements to the fabrication technique and gratings
will remain attractive for use in dispersion compensating schemes due to their potentially
low insertion loss. The insertion loss of this grating was only ~ 2dB but a circulator with
an insertion loss of ~1.7dB was also required. However these two devices still had a 2.3dB
lower loss than the ~6dB of a 10km length of DCI* which would be required to give the
same dispersion compensation. The size of fibre Bragg gratings are also an advantage. The
device used here was only 5cm long and yet could give dispersion compensation for almost
60km of SIF. If systems are to be upgraded by replacing existing electronic amplifiers
by optical amplifiers and dispersion compensating elements it is obviously preferable to
include a FBG which is a few centimetres long rather than several km of dispersion
compensating fibre. For these reasons it is likely that research into the use of FBGs for
use in dispersion compensated systems will continue to receive a great deal of attention

and interest.



Chapter 9

Thesis conclusions

This thesis has investigated several aspects of soliton transmission in a dispersion managed
recirculating loop with the emphasis on high bit rate long distance systems. The principles
of operation of the recirculating loop and the design considerations have been discussed
as have the advantages and disadvantages of the soliton laser sources which were used.
The first experimental investigation described a novel transmission scheme which al-
lowed propagation of soliton-like pulses over ultra-long distances (> 1 million kilometres)
with low timing jitter. The jitter was kept low by three factors: the operating wavelength
was close to the dispersion zero wavelength and so Gordon-Haus jitter was low; the peak
pulse power was far in excess of the average soliton power and the ASIE noise level was
suppressed. There are several unresolved questions concerning this experiment. Firstly,
the reason for the noise suppression is not fully understood. A possible mechanism - a
saturable absorption effect through nonlinear polarisation rotation with periodic polari-
sation discrimination has been proposed and discussed. Secondly, it is not clear why the
stable pulse power was so far in excess of the soliton power although the high powers
found do agree with those found from simulations of a nonlinear polarisation rotation-
saturable absorber system. Thirdly it is not clear what effect of the dispersion map had.
Changing the relative positions of the fibres in the dispersion map made no difference but
further work is required to determine how the strength of the dispersion map affects the
transmission. This new soliton conirol technique, which was entirely passive, may have a
practical use in very high bit rate systems where the timing jitter poses a great problem.
A further area which is rapidly developing is the use of fibre Bragg gratings in optical
systems. These devices have a range of uses and it has been shown here that they can
he used in soliton systems to give both suppression of the ASE noise level outside the

soliton bandwidth and jitter reduction. The performance of the FBG used here compared
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favourably with that of a bulk device and the jitter reduction that it offered was in good
agreement with the theoretical prediction for a Gaussian filter shape. The advantages
of using FBGs are that they are compact in-fibre devices which potentially have lower
insertion loss and polarisation sensitivity than bulk devices. The experiments conducted
here used a device with a single passband but it is expected that a multiple wavelength
device suitable for WDM applications would perform equally well. A further point of note
is that the dispersion map used in this experiment consisted predominantly of normal
dispersion fibre but through the use of dispersion management the average dispersion
was anomalous. The use of a mostly normal dispersion map didn’t cause any significant
degradation of the transmitted signal.

The desire to upgrade existing systems to higher data rates to meet increasing band-
width demands has led to interest in high bit rate standard fibre experiments. The initial
investigation of soliton transmission in a dispersion compensated standard fibre system
which was conducted showed that by replacing electrical regenerators with a length of
DCF and an EDFA existing standard fibre systems could be upgraded to 10Gbit/s on a
~5000km length scale. This experiment did however show that the pulse width was not
stable over this transmission distance and there was a transient oscillation in the pulse
width and hence system Q. The reason for this oscillation was thal the near transform
limited launched pulses were stabilising in the strong dispersion map. A lossless numeri-
cal simulation showed that the stable pulses were transform limited in the centres of the
fibre and therefore this would be the optimum launch position for a transform limited
source. Ixperimentally, optimisation of the launch position led to a suppression of the
pulse width oscillations but without any associated increase in the maximum propagation
distance. It therefore seems likely that even when the pulse width was unstable, the pulses
remained intact and there was no shedding of radiation as this would have led to a more
rapid degradation in the Q. The effect of varying the position of the DCI® relative to the
fibre was also investigated and the performance was improved with the fibre preceding the
amplifier. The maximum transmission distance which was achieved over standard fibre
was 7600km.

Instead of using several kilometres of DCI, chirped fibre Bragg gratings have been
proposed for use in standard fibre systems. Such a device was tested and performed very
poorly in the recirculating loop. The main reason for this was that the FBG suffered from
a high (~14ps) polarisation mode dispersion and the use of a single span recirculating

loop highlighted the problem. Nonetheless FFBGs are promising devices for this use as
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they have lower loss than the equivalent length of standard fibre. The grating used
compensated for 57km of SIF and had a total insertion loss (including the circulator) of
3.6dB. This compares to a loss of 4.2dB for the DCF used in the previous experiment
which compensated for only 32km of SIF. FBGs are also far more convenient than DCI
~ the length of the grating and fibre pigtails was only a few meters compared to the 7km
length of the DCF. These reasons should be sufficient to ensure that research continues
into this application of FBGs.

As a result of using dispersion managements all of the experiments gave an enhance-
ment of the stable pulse energy compared to the equivalent uniform dispersion system.
This had the advantage of allowing the average dispersion to be kept low without degrad-
ing the signal to noise ratio and gave an associated reduction in the Gordon-laus jitter.
Using dispersion management also allowed the stable propagation of pulses through fi-
bres with high dispersion as long as the average dispersion was low (lower than the local
dispersion) and anomalous. It also allowed propagation through a dispersion map which

had predominantly normal dispersion.

9.1 The future of optical communications

There is no doubt that the data rates of optical systems are going to increase for the
foreseeable future through the use of both OTDM to increase the single channel data
rate and WDM to increase the number of channels used. Using these techniques single
channel bit rates of 400Gbit/s have been reported [260], 32 5Gbit/s channels have been
propagated over trans-oceanic distances [20] and experimental demonstrations of terabit/s
transmission have recently been reported using a combination of these techniques [170,
261, 262]. When these data rates are compared with the single channel 5Gbit/s rate of
the recently installed trans Atlantic TAT12/13 systems it is easy to see that it is still
possible to increase system data rates substantially. It is probable that both OTDM and
WDM systems will be deployed in the future depending on the system requirements. The
advantage of WDM systems are that they allow single channels to be added and dropped
[189] leaving the other channels unaltered. Such systems are suitable where several system
nodes are to be connected, communication between each pair of nodes can be assigned
a particular wavelength. WDM systems do however require several sets of components
- a sixteen channel system requires sixteen sources, sixteen filters and sixteen receivers

which would add complication to a long haul point to point system and it is therefore
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likely that such systems will use OTDM as far as possible before WDM is used. In
dispersion compensated systems there 1s an additional problem for WDM in that only a
single channel can be optimally compensated, the others will suffer some penalty which
can only be partially reduced by post transmission dispersion compensation. The final
problem is that the WDM channels will not all be amplified equally at each EDFA due
to the gain profile of the amplifier. To reduce this effect gain flattened EDFAs have been
developed [263] and the unequal gain can be compensated for by pre-emphasis or gain
equalisation [264] leading to impressive results.

At these high bit rates RZ systems perform better than NRZ systems [12, 265] and it
is therefore only a matter of time before RZ systems become a reality. New pulse formats
are however being investigated one of these, the dispersion managed soliton which has
been discussed in this thesis is achieving some success experimentally and amplitude or
phase modulated NRZ experiments [120, 266] are in the early stage of development. This
may allow NRZ system performance to be improved at higher bit rates to compete with
R7Z pulses. These new operating regimes shows some convergence of the traditional NRZ
and RZ formats to an intermediate format and the distinction between RZ and NRZ may
not bhe so clear cut in future systems.

As far as soliton systems are concerned, field trials have shown that solitons can be
used in existing systems [267, 268] at 20Gbit/s and from recent experimental evidence
it seems likely that if solitons are to be used that they will be used with dispersion
management. As has been seen the stable pulses in dispersion managed systems are far
removed from lossless fundamental solitons but they are periodically stable and owe their
existence to a balance between nonlinearity and dispersion. These soliton-like pulses do
not therefore suffer from the cumulative effect of nonlinearity along the transmigsion line
as is the case for NRZ and RZ pulses. This is a good argument for the use of dispersion
managed solitons as nonlinearity is a serious problem at high bit rates. A lurther area
where dispersion managed solitons can be used is in the upgrade ol existing standard
fibre systems. The actual PMD values of the older installed fibres may be the deciding
factor in these systems. Solitons are more resilient to PMD than NRZ/RZ pulses and it
is expected that dispersion managed solitons will also show this resilience.

Work will therefore continue into the use of nonlinear soliton-like pulses for telecom-
munications and dispersion management will continue to be investigated as this is a
promising and interesting technique which has brought the implementation of the first

soliton based optical telecommunications system a step closer.
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