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Thesis Summary.

This thesis examines experimentally options for optical fibre transmission over
oceanic distances. Its format follows the chronological evolution of ultra-long haul optical
systems, commencing with opto-clectronic regenerators as repeaters, progressing to optically
amplified NRZ systems and finally solitonic propagation. In each case recirculating loop
techniques are deployed to simplify the transmission experiments.

Advances in high speed electronics has allowed regenerators operating at 10 Gbit/s to
become a practical reality. By augmenting such devices with optical amplifiers it 1s possible
to greatly enhance the repeater spacing. Work detailed in this thesis has culminated in the
propagation of 10 Gbit/s data over 400,000 km with a repeater spacing of 160 km. System
reliability and robustness are enhanced by the use of a directly modulated DFB laser
transmitter and total insensitivity of the system to the signal state of polarisation.

Optically amplified ultra-long haul NRZ systems have taken on particular importance
with the impending deployment of TAT 12/13 and TPC 5. The performance of these systems
is demonstrated to be primarily limited by analogue impairments such as the accumulation of
amplifier noise, polarisation cffects and optical non-linearitics. These degradations may be
reduced by the use of appropriate dispersion maps and by scrambling the transmitted state of
signal polarisation. A novel high speed optically passive polarisation scrambler is detailed for
the first time. At bit rates in excess of 10 Gbit/s it is shown that these systems are severely
limited and do not offer the advantages that might be expected over regenerated links.

Propagation using solitons as the data bits appears particularly attractive since the
dispersive and non-linear effects of the fibre allow distortion free transmission. However, the
generation of pure solitons is difficult but must be achieved if the uncontrolled transmission
distance is to be maximised. This thesis presents a new technique for the stabilisation of an
erbium fibre ring laser that has allowed propagation of 2.5 Gbit/s solitons to the theoretical
limit of ~18,000 km. At higher bit rates temporal jitter becomes a significant impairment and
to allow an increase in the aggregate line rate multiplexing in both time and polarisation
domains has been proposed. These techniques are shown to be of only limited benefit in
practical systems and ultimately some form of soliton transmission control is required. The
thesis demonstrates synchronous retiming by amplitude modulation that has allowed 20 Gbit/s
data to propagate 125,000 km error free with an amplifier spacing approaching the soliton
period. Ultimately the speed of operation of such systems is limited by the electronics used
and, thus, a new form of soliton control is demonstrated using all optical techniques to achieve

synchronous phase modulation.
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Chapter 1

1. Introduction

Ultra-long haul transmission systems interconnecting  different countries and
continents are the prerequisite for global information technology. Where the capacity
demands are high enough it becomes commercially viable to utilise optical fibre based systems
as opposed to those based on satellites. To date there are several such links spanning the
~6,400 km of the Atlantic and landing in the UK. In this thesis various techniques and
technologies are investigated for application to future high capacity transoceanic optical fibre
transmission systems. As such the work embodies the concepts of both linear and non-lincar
optics, communications theory and high speed electronics. The main thrust is to evaluate the
options experimentally, with numerical analysis and modelling used to confirm the results

obtained.

1.1 Historical background

Historically, transoceanic communication via cable commenced in 1866 with the
installation of an electrical telegraphy circuit capable of transmitting three words per minute.
In 1956 the first transatlantic telephony cable was installed between the UK and the United
States with a capacity of 36 circuits. The demand for voice and telegraph channels has
increased with an almost constant growth rate of about 25% a year for both transatlantic and
transpacific routes since that time. With the enhanced capacity the cost of each channel
reduced and further stimulated demand. Initially, the capacity requirements were met by
increasing the diameter, and hence bandwidth, of the coaxial cables used. Ultimately, there 1s
a limit placed on the practically realisable dimensions of the cable due to both economic and
mechanical considerations. Additionally, as the bandwidth of these systems increases there is
a corresponding decrease in repeater spacing adversely affecting system cost and reliability.

In the 1970°s development of optical fibre systems commenced in laboratories world
wide. The technology that ensued resulted in the first deep water repeated optical fibre system

to be installed in 1985 in the Canary Islands and the first transoceanic optical systems in

10



1988. The capacities of these systems were much greater than those possible with coaxial
cable resulting in more economic use of the line plant. Figure 1.1 details the evolution with

time of the ‘real’ cost of a three minute call to the USA from the UK.

£1,000.00

£100.00 +

Cost

£10.00 +

£1.00 + t + 1 t t t {
1920 1930 1940 1950 1960 1970 1980 1990 2000

Year

Figure 1.1. Evolution of cost of a 3 minute call to the USA from the UK with time.

These early optical systems utilised opto-electronic regencrators at regular intervals
along the fibre in order to reform the distorted and attenuated pulses, ¢.g. TransAtlantic
Telegraphy 8 (TAT 8). This process involved converting the optical signal to an electronic
one via a photodiode before reshaping the pulses prior to retransmission at a higher intensity
into the following section of the link. The next generation of transoceanic communications
systems, TAT-12/13 to be installed in 1995, is to use optical amplifiers to compensate for the

fibre attenuation resulting in an entirely optical transmission path.

1.2 Current options for transoceanic optical communications system

One of the advantages of regenerative systems is that they cnable the pulses
transmitted from each section of the system to be identical, since, noise and distortions do not
accumulate. However, increasing the aggregate capacity of these systems by electronic
multiplexing requires expensive and cumbersome parallel processing techniques at every
repeater. Thus, in general, the bit rate of the system is fixed once installed precluding future
upgradability. Ultimately it is the regenerator electronics that limits the utilisation of the
massive bandwidth available from the transmission medium.

The alternative approach of optical amplification is in general bit rate independent,

allowing amplified systems to be upgraded in principle by replacing the terminal equipment
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only. Increases in the aggregate capacity of the system may be achieved by multiplexing in
time, wavelength and polarisation in addition to the utilisation of higher speed transmitter and
receiver electronics. As such these systems have been considered as the transparent optical
pipe. However, due to the ‘analogue’ nature of the link the reshaping and retiming functions
of regenerators are lost and transmission impairments and amplifier noise accumulate with
distance even though conventional digital terminal equipment is employed. Consequently, the
bit rate achievable by these systems over oceanic distances is limited.

Pulses of a particular shape, optical solitons, provide an opportunity to balance the
effects of fibre dispersion and non-linearity and thus allow a pulse to propagate without
change in spectral or temporal profile. Additionally, they are inherently digital in nature,
unlike optically amplified NRZ systems. In principle they are the ‘Holy Grail® of transmission
systems since they allow distortionless propagation over arbitrarily long distances in a
dispersive medium. However, temporal jitter in solitonic systems can become a severe

limitation and at high bit rates action must be taken to control its accumulation.

1.3 Overview and aims of thesis

The aim of this thesis is to ascertain the viability of various options for transoceanic
optical fibre communications systems. In cach case extensive experimental investigations are
complimented with theoretical analysis where deemed necessary. 1550 nm wavelength
operation and the use of erbium doped fibre amplificrs (EDFAs) as the optical gain medium is
assumed throughout.

Chapter 2 presents the background material required to understand the remainder of
the thesis. Firstly, the lincar characteristics of optical fibres are discussed from a transmission
systems perspective. The relevant non-lincar characteristics are also detailed as are applicable
to ultra-long haul propagation. The components and performance of such systems are then
discussed before a review of the current world status of experimental ultra-long haul
transmission is presented.

Chapter 3 takes a fresh look at the ‘old and established’ technology of opto-electronic
regenerators. To date all installed ultra-long haul optical systems utilise regenerators at
periods down the transmission line. The most recent transatlantic link, CANTAT-3, operates
at a line rate of 2.488 Gbit/s with a spacing between repeaters of ~120 km. However, the
advent of the erbium fibre amplifier has directed communications research laboratories around
the world to concentrate on optically amplified transmission systems at the expense of opto-

electronically regenerated ones. In this thesis, by utilising new developments in high speed
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clectronics and by augmenting them with optical amplifiers to enhance the power budget,
10 Gbit/s data has been transmitted over global distances with a repeater spacing of 160 km,
far in excess of any other published results. In terms of system reliability, robustness and
performance such ‘hybrid’ links appear to offer the preferred topology for operation at line
rates up to 10 Gbit/s.

Erbium doped fibre amplified NRZ systems are currently of particular importance
due to the impending installation of systems like TAT 12/13. Initially, these systems were
envisaged as an ideal implementation of the transparent optical pipe, allowing upgrades in
capacity as required by replacing the terminal equipment only. However, in chapter 4 it is
shown that the ‘analogue’ nature of these systems allows imperfections to accumulate. In
particular, the deleterious effects of fibre dispersion, non-linearity, amplifier noise and
polarisation fluctuations place an upper limit on the achicvable bit-rate. To offset some of
these limitations it is shown that novel dispersion management schemes and polarisation
scrambling at the transmitter can greatly improve system performance to an acceptable level.
This work has permitted 5 Gbit/s data to propagate over 17,600 km, in excess of any results
reported to date.

Chapter 5 looks at propagation with optical solitons as the data bits. It is shown that
very high quality solitons must be generated at the transmitter if the ultimate in performance is
to be realised with a simple transmission path architecture. A new technique for the
stabilisation of mode locked erbium fibre ring lasers is presented that has allowed 2.5 Gbit/s
data to propagate to the theoretical limit of 18,000 km. This result implies, for the first time,
that soliton transmission with significant system margin is possible over global distances
without recourse to complex control schemes. Further, it is shown that multiplexing in time
and polarisation provides only limited improvement in transmission capacity for practically
realisable systems, contrary to that suggested elsewhere. At higher bit rates temporal jitter
results in the need for some form of transmission control to be utilised. A synchronous
retiming technique is used to allow 20 Gbit/s data to propagate over 125,000 km, the furthest
transmission distance achieved at this line rate. Additionally, a new form of transmission
control is demonstrated that utilises all optical techniques for the first time. This method
shows considerable promise, since, the speed of operation is limited by the response of the
fibre non-lincarity. Consequently, it should enable very high data rates to propagate over
oceanic distances.

To conclude chapter 6 attempts to highlight the advantages and disadvantages of each

of the techniques discussed. Future options are considered with the aim of providing an
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insight into some of the viable alternatives for the next generation of transoceanic

communications system.
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Chapter 2.

2. Optical fibres and long haul transmission systems

2.1 Optical fibre characteristics

Optical fibres for communications are very thin strands of glass, the core of which
has slightly higher refractive index than the cladding. A light signal incident on one end of the
fibre is confined to the core and can be transmitted with minimal loss and distortion to the
other end due to the principle of total internal reflection.  This chapter details the

characteristics of optical fibres from a perspective of long haul communications.

2.1.1 Linear optical fibre effects

2.1.1.1 Fibre loss

Power is lost from optical signals on propagation down a transmission fibre.
Excessive loss results in the information being irretrievable at the receiver unless intermediate
signal boosting is encountered. Taking P, as the power transmitted into the fibre, the power at

any given point, z, along the fibre is given by':

P, =Pe @.1)

where « is the attenuation constant. Several mechanisms contribute to fibre loss?, for
instance Rayleigh scattering, OH absorption and infra-red lattice absorption. Consequently
fibre attenuation varies with wavelength with a minimum of ~0.20 dB/km in the 1550 nm
window and 0.4 dB/km at 1300 nm. For systems of transoceanic length it is desirable to

utilise the minimum loss wavelength to reduce the number of intermediate repeaters required.
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2.1.1.2 Chromatic dispersion

In general the response of a dielectric to the interaction of electromagnetic radiation
with the bound electrons of the medium depends upon the frequency of the wave. This
phenomena is referred to as chromatic dispersion and manifests itself through the frequency
dependence of the refractive index, n(o). Mathematically it is accounted for by expanding the

mode propagation constant, B=2nn/A, in a Taylor series about the centre frequency’, @,

d, 1 d*
ﬁ(w)=n(w)3=ﬂ’lm=m +~£}- (@-w,)+— ’f (@-0,)+. (22)
c 0 dw _ 21 do

Fibre dispersion plays a vital role in the propagation of short optical pulses® since
different spectral components travel at speeds given by ¢/n(w). The pulse envelope moves
with group velocity, v, = do/dp, and is broadened due to second order dispersion, d*p/de’.
The wavelength at which the second order dispersion is zero is referred to as the zero
dispersion wavelength, Ao, and third order dispersion, d3B/dm3, then dominates.

The material dispersion referred to above relates to that of bulk silica. When silica is
used to form a fibre, dielectric waveguiding occurs’. The effective mode index is slightly
lower than the material index n{w) and this reduction is wavelength dependent. The main
effect of waveguide dispersion is to shift A, slightly from that of bulk silica.

Most of the installed fibre in inland telecommunications networks is step index fibre,
SIF, which has a A¢ in the 1300 nm window. Dispersion shifted fibre, DSF, utilises
waveguide dispersion to move the dispersion zero to the lower loss 1550 nm window and is
the preferred choice for future long haul systems. Over distances short enough for fibre non-
linearities to be insignificant, it is possible to compensate for dispersion by applying an

equalising element with dispersion of equal magnitude but opposite sign®.

2.1.2 Optical fibre non-linearities

In the previous section the linear fibre characteristics that must be accounted for when
designing an optical transmission system were highlighted. These limitations may be
overcome by the use of periodic signal boosting to offset attenuation and by operating the
system on the fibre dispersion zero to minimise pulse distortion due to chromatic dispersion.
However, optical fibres also exhibit a slight non-lincarity that can cause severe pulse

distortion on systems of oceanic length, even when operated on the dispersion zero. In general

16




non-linear effects introduce system impairments and attempts are made to avoid them.
However, under certain circumstances they can be used to achieve pulse narrowing that can
enhance system performance7 and even allow distortion free transmission over arbitrarily long
distances by balancing the effects of non-linearity and dispersion through optical solitons®.
Consequently, non-linearity in optical fibre transmission has received increasing attention in
laboratories world wide over the last decade or so.

At low power levels the fundamental phenomenological equation that describes the

response of a dielectric medium to an optical field is”:
P(0) = £,2(@)E @3)

relating the induced polarisation, P, to the electric field, E, through the susceptibility,
%, with €, the permittivity of a vacuum. At optical frequencies the polarisation is established
by the displacement of electrons relative to the atomic nuclei, so that cach atom becomes a
dipole oscillating at the frequency of the optical wave. For ficlds small compared to that
which binds an electron to an atom the displacement of electrons is also small and the induced
oscillations are essentially harmonic resulting in a constant x. At higher power levels the
applied field causes anharmonic motion of the bound electrons and the relationship between

the polarisation vector and the applied ficld is non-linear'’:

P= 60[ 2VE + yPEE + x(”EEz«:Jr...] (2.4)

This is described by higher order terms in the electric susceptibility. The sccond order
term, X(z), is a third rank tensor with 27 clements. However, for media which possess an
inversion symmetry such as silica, these elements are zero. The third order term, ™, is a
fourth rank tensor with 81 elements. In silica glasses this term is responsible for such effects
as four wave mixing, self phase modulation and cross phase modulation. The refractive index

of the fibre can be described by its non-lincar dependence on the optical intensity, I:

n(w,l)=n,+n,1 (2.5)
where ny(o) is the linear index of refraction. The second order non-lincarity 1s related

to the Kerr co-efficient, n, by”:
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ny =

assuming that the electric field is linearly polarised so that only one component, 230,

of the tensor contributes to the refractive index. For an isotropic material such as glass,

symmetry requires that'%:

3 3 3
Z%x)n = 152)22 = 1(33)33 2.7

2.1.2.1 Self phase modulation
Since the refractive index of glass is a function of optical intensity, a high intensity
wave propagating in the fibre induces a phase change relative to that of a low intensity wave.

This is called the non-linear phase change, b

2717’1212%0~ 2m2
PnL = =
A /?Aeﬁ

Pze_[f (28)

where Aris the effective area of the mode propagating in the fibre' and is typically
50-80 pm2 for SIF/DSF, P the optical power and z.y the effective length of fibre in which the
non-lincar phase shift occurs. Since fibre attenuates the signal on propagation the effective

non-linearity is reduced. Thus an effective length is defined, zn:

. [1 —e"‘L] (2.9)

Z = e—
effl a

where, L is the physical length of the fibre. For typical communications fibre with
o = 0.2 dB/km zg — 22 km. The non-linearity described by equation 2.8 can be expressed
equivalently by considering the dependence of the propagation constant on the refractive

index:

o, = 212D (2.10)
C
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When the intensity, I(t), is modulated the propagation constant varies with time. The
instantaneous optical frequency is proportional to the time derivative of the propagation
constant. New frequency components are generated dug to the intensity variation of the pulse.
This effect is known as self phase modulation (SPM) and broadens the optical spectrum. In
conjunction with group velocity dispersion SPM can cause both pulse narrowing and severe

pulse distortion, see chapter 4.

2.1.2.2 Cross phase modulation

Two co-propagating signals in an optical fibre both experience non-linear phase shifts
due to SPM. Additionally, each will encounter phase shifts due to the non-linear refractive
index changes caused by intensity modulation on the other signal. This phenomena is known
as cross phase modulation, XPM.

Consider the interaction, through the non-linear index n,, between two waves of field
amplitudes A, and A;. In the slowly varying envelope approximation15 the interaction between

the waves can be described by the following pair of normalised coupled equations'®:

oA oA

l(~—-—l + 5 -——I—j = lAlizAl + 2IA2’2A1 (2 11 ~a)
{ A A w

l(————‘z +ﬂ2 -—-——‘zj = ———-—? 1/12{2/42 +2‘All2A2 (21 lb)

where, B, and B, represent the specific group delay for the appropriate waves. The
first term on the right hand side of equations 2.11a and 2.11b describes SPM, while the
second term describes XPM. It can be seen that a given wave is twice as effective at
modulating the phase of another wave, XPM, as it is at modulating its own phase, SPM.

XPM has many applications in all optical signal processing””x” and since it relies
on interaction through Kerr non-lincarity it is capable of very high speed operation. For
example a high power ‘pump’ signal pulse can be used to induce a phase profile Ad(t) on to a
lower power ‘probe’ signal pulse by temporally overlapping them in a length of fibre. If the
arrival time of the probe signal varies slightly, i.c. it is jittered, the size and magnitude of the
imposed phase shift also varies according to the intensity distribution of the pump. By

arranging for the probe signal to subsequently propagate through fibre of the appropriate

dispersion it is possible to use the induced phase shifts to correct to some extent for the
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original timing jitter. This has important repercussions in the control of ultra-long haul soliton
transmission systems, see section 5.3.4.

To ascertain the phase shift induced on to the probe signal by the pump it is necessary
to integrate equ.s 2.11. If it is assumed that the high power pump signal is A, and the low

power probe signal A; it can be shown that the phase shift induced on A, by A, is™:

20, &

0)10

P, (t-Af)dz 2.12)

1

¢=

with L the length of the fibre in which the interaction takes place and AP = ;- the
difference in group delays between the two waves. It can be seen that the imposed phase
profile depends critically on the group delay difference. If the two signals are exactly velocity
matched, AP = 0, then the magnitude of the interaction is maximised. This can be achieved by
ensuring that the signals are of the same wavelength or by arranging for them to have the same
magnitude dispersion in the fibre but opposite sign, i.e. +/- D. Generally the two pulses will
have different group velocities and propagate at different speeds. The pulses are then said to
‘walk off" from onc another. Figure 2.1 illustrates the effect of walk off on the induced phase
profile for two 6 ps FWHM sech” pulses propagating through 4 km of fibre. The values of
walk off between the two signals are 0, 20 & 40 ps. It can be scen that the exact phase profile
can be tailored by the use of appropriate values of pulse width, to control the rise time, and

walk off to control the width.
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Figure 2.1. Induced phase profile due to XPM for varying degrees of walk off.
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2.1.2.3 Four wave mixing

A parametric effect related to both SPM and XPM is four wave mixing, FWM, which

again results from the third order non-linear polarisation:

P:gox“)zEEE (2.13)

If only one excitation signal field is involved e.g. E=Eqe''+ E, e the tensor product
produces oscillating terms at frequencies ® and 3o and this process is known as third
harmonic generationu. When two signal fields are present22 at frequencies ®; and o, the third
order term also generates new frequencies at 2m,-0, and 20,-0,. Thus, the non-linearity
forms sidebands at frequencies dependent on the frequency separation of the incident waves.
Three excitation fields result in nine new frequency components being formed” which have
frequencies o;+;-0k (i,j,k=1,2,3). In partially degencrate FWM where o, = o, energy from a
strong pump signal, ®1, 18 transferred to a weak signal @; and the process is called parametric
gain24. Both harmonic generation and parametric gain have many applications in all optical
signal processing.

In order to obtain appreciable FWM in communications fibre it is necessary to phase
match the interacting signals®®. When the signals are perfectly phase matched the relative
phase of the optical carriers remains constant throughout the transmission, implying that they
have the same velocity. As the phase matching criterion breaks down the efficiency of the
FWM reduces. In long haul wavelength division multiplexed, WDM, systems FWM can
result in channel cross-talk due to new signals being generated close to channel frequencies
impairing system perfonnanccz(’. This detrimental effect can be avoided by the use of optical
solitons where the fibre non-linearity is balanced by dispersion to effect stable distortion free

transmission.

2.1.2.4 Equation of propagation in monomode optical fibre

It can be shown that for pulse widths greater than 100 fs, where the optical spectrum
is sufficiently narrow to neglect higher order dispersion terms, that the propagation of

radiation in monomode optical fibre is governed by the equation””:
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1d*Bd*A 2
+— ———y|A]" A 2.14

. : . . 4 d
where A is the slowly varying envelope, z is the axis of propagation, T=t-—d—'q zand vy
)

is the non-linearity coefficient:

y =220 (2.15)

For the special case of zero fibre loss (a=0) equation 2.14 reduces to the non-linear

Schrodinger equation”:

d4 1d*°p d’A )
Rkl A Y | | 2.16
"&  2do? dr @ (2.16)

1
2 T

The solutions to this apparently simple equation display extraordinary and interesting

d*p
0)2

properties. The propagation behaviour depends critically on whether is positive or

negative, i.e. for silica fibres, whether the wavelength is greater or less than Ao

2.1.2.5 Modulation instability

The simplest solution of equation 2.16 for wavelengths greater than A, is that of cw
radiation. However, this solution is inherently unstable to perturbations in amplitude or
phase. A small variation will grow exponentially with distance and this effect is known as

modulation instability™.

2.1.2.6 Optical solitons

The other solutions to equation 2.16 for wavelengths greater than Ao, arc optical
solitons®. These pulses propagate either without change of shape, in which case they are
fundamental solitons, or have envelopes that vary periodically with distance, higher order
solitons. The period over which the higher order soliton shape repeats is known as the soliton
period. Solitons field amplitudes take the form of hyperbolic secants and the fundamental

soliton is given by:
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u(z,t) = A sech[i]e A (2.17)
T

which holds provided that:
) 1 d
= —g (2.18)
yA" dt
where 1 is the sech width of the soliton, and
5 1 2
2 =20 ——=— (2.19)
ap A
dr’
the peak optical power, Py =A’, of the soliton is given by:
3
L d’p DAy
Py=-—73—77% 5 (2.20)
yr©odt (27{1) cn,
where, D is the dispersion parameter:
D= _[Zﬁ]d_zg_ 2.21)
2 ldw? .

These solutions can be derived from the inverse scattering method®' showing that fibre
can support optical solitons which balance the cffects of non-linearity and dispersion to
provide distortionless transmission in a dispersive medium. In principle this result implies that
very high bit rate transmission over occanic distances with many wavelengths is possible
without signal degradation. As such optical solitons appear to offer the ultimate solution to
ultra-long haul transmission and consequently the technique has received much attention
recently world wide. Chapter four is devoted to this topic.

Figure 2.2 details the temporal evolution over one soliton period of N = 1,2 & 3
solitons. The length scale over which higher order solitons repeat is the soliton period, o,

given by:

2
iz T C
zy =2l = (—) - (2.22)
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Figure 2.2. Temporal evolution of N = 1,2 &3 solitons over one soliton period



2.1.2.7 Stimulated Brillouin scattering

In addition to the non-linearity resulting from the interaction of photons with the
electronic response of the medium, non-linearity can exist due to the interaction of photons
and phonons. In particular, acoustic waves can induce vibrations in the glass lattice that make
up the fibre core resulting in refractive index variations. Photons will be scattered from these
inhomogeneities and the process is called Brillouin scattering’””.  Additionally, since the
refractive index is dependent on the incident light intensity, lattice vibrations and therefore
acoustic waves can be induced by an intense optical signal through electrostriction.
Consequently, light from the forward propagating beam, called the pump beam, can provide
gain for a backward propagating signal, called the Stokes wave, that is down shifted in
frequency by 11 GHz and has a bandwidth of 100 MHz. This process is known as stimulated
Brillouin scattering (SBS)33.

To quantify SBS a threshold value can be determined and this criterion is arbitrarily
defined as the input optical pump power, Py, at which the backward Stokes power Puckes 18

equal to Py, at the fibre input. It can be shown that**:

214,

gbzeﬁ

(2.23)

thr =

where, g is the peak value of the Brillouin gain and is equal to ~5x10™"" m/W for 1.55
pum communications fibre. In deriving equation 2.23 it has been assumed that there 1s no
pump depletion and that the polarisation of the pump and Stokes wave is maintained along the
fibre. For typical fibres with an effective length of 22 km and A=50 um’ , Py, ~1 mW and

thus can be a serious non-linear degradation to optical communications systems.

2.1.2.8 Stimulated Raman scattering

The molecular vibrational modes of the fibre allow a small fraction, ~10°, of the
incident radiation to be scattered and downshifted in frequency, typically by 13 THz and with
a bandwidth of up to 40 THz. This results in power at the pump wavelength being converted
into new wavelengths and this is known as spontancous Raman scattering®. For very intense
pump waves the downshifted Stokes wave can grow rapidly such that most of the pump
energy is converted. This phenomena is known as stimulated Raman scattering™ (SRS) and
can be used for amplification purposes by seeding the process with a low power signal within

the SRS spectrum”.
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The Raman threshold is defined in a manner similar to that of SBS, i.e. as the input
pump power at which the Stokes power becomes equal to the pump power at the fibre input.

From this it may be determined that the critical pump power, P is given by**:

164,

P =
ngeﬁ"

cr

(2.24)

assuming no pump depletion and that the polarisation of the pump and Stokes wave 1S
maintained along the fibre. For typical communications fibre with an effective length of 22
km, Aw=50 pm? and g,=1x10"* m/W the threshold value is ~600 mW, much higher than that
for SBS.

2.2 Long haul optical systems

2.2.1 Transmission formats

Most optical communications systems utilise a digital transmission format such that
turning the signal on represents a logical ‘one’ and turning it off represents a logical ‘zero’.
This process is known as intensity modulation, IM. Installed optical line systems usc non
return to zero, NRZ, data format in which the coded pulse occupies the entire bit period, i.e. 1f
the next bit has the same value no transition occurs at the end of the time slot. In general two
methods of modulation are employed to gencrate NRZ data, either direct or external. By
applying the modulation directly to the bias of the laser, its output may be turned on and off.
However, in so doing semiconductor dynamics distort the signal resulting in an enhanced
optical spectrum”. This deleterious effect may be precluded by operating the laser c.w. and
applying the modulation externally. Electro-optic and clectro-absorption modulators can
produce very close to transform limited NRZ outputs. The alternative data format 1s return to
zero, RZ, in which the signal always rcturns to the zero level by the end of the time slot. It is
characterised by the duty cycle, the ratio of the pulse width to the bit period. Usually RZ

sources are externally modulated.

2.2.2 Transmission system performance

System performance is characterised by the bit error ratio (BER), detailing the mean

ratio of errors to the total number of bits. Errors occur as 2 result of impairments from the
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transmitter, receiver or the transmission system itself. Contributory factors are noise, jitter,
inter-symbol interference and patterning. The standard definition for receiver sensitivity is the
optical input power for which a BER of 1x107 is obtained. It is usual to mcasure this
parameter both back to back, i.e. without the transmission link, and also with the system
inserted between the transmitter and receiver. Any discrepancy between the two power
measurements is called a penalty and results from minor transmission impairments. If it is not
possible to obtain a BER of 1x10° by increasing the received optical power the system is said
to exhibit an error floor at the best obtainable BER. In this case major transmission
impairments have resulted and system performance is not acceptable.

A powerful diagnostic when examining a system output is the “eye diagram’, which is
an overlay of all possible states of a sequence. Physically, the eye diagram is derived by
triggering an oscilloscope from the system clock. Transmission impairments manifest

themselves as changes in the shape of the ‘eye’ from the ideal casc.

2.2.3 Receivers and regenerators

The conversion of intensity modulated optical data into an electrical signal can be
simply achieved via direct detection. A pin photodiode or avalanche photodiode, APD,
envelope detects the incoming optical signal power and emits a photo-current proportional to
it This electrical signal is then amplified to a level sufficient for electronic processing
circuitry. The combination of the diode and the low noise amplifier is known as the front end.
The bandwidth of the receiver is usually optimised for the modulation format and bit rate
used. It should be kept to a minimum to reduce the noise bandwidth but should not induce
inter-symbol interference. For NRZ data the optimal filter is onc of raised cosine response
with a 3 dB bandwidth of 58% of the bit rate®.

The bandlimited data is split into two paths to allow timing extraction, or clock
recovery, and the decision process to take place. Timing extraction is necessary for two
reasons: in general data does not have a system clock signal transmitted with it, and secondly,
the phase of the incoming data varies as the transmission fibre expands and contracts due to
variations in temperature, this is particularly important for transoceanic systems. The
decision process involves determining whether each bit is a ‘on¢” or a ‘zero’. In general this
decision needs to be taken in the middle of the time slot and therefore requires the clock
recovery. The combination of the front end, timing extraction and decision process is called

the receiver. To form a complete regenerator the output of the receiver is fed to a transmitter,
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usually a directly modulated laser, that launches the signal into the next section of the link.

Figure 2.3 details schematically the composition of a front end, receiver and regenerator.

Timing
extraction

{Receiver

A

i Regenerator

Figure 2.3. Schematic of an opto-electronic regenerator

Receivers are characterised by their sensitivity, the optical power required to provide
a BER of 1x10? at the output. In a well designed receiver sensitivity is determined by the

ratio of the signal to the noise generated in the front end. This may be determined by*":

v

SNR =

i
4kT,B

(2.25)

Y]

where, P is the mean signal power, k is Boltzmann’s constant, T, is the noise
temperature of the front end which is related to noise figure, NF, by: T,=290(NF-1), B is the
electrical bandwidth and R the output impedance of the detector. Due to their inherent gain
process the sensitivity of APD reccivers is usually around 10 dB better than that of pin
receivers.

The receiver sensitivity and maximum transmitter launch power set an upper limit to
the length of the system. The difference between the receiver sensitivity and launched power
is called the power budget and the loss of the link must be less than this to enable “error free’

operation. Usually a ‘margin’ is allowed to cater for component ageing, etc.
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2.2.4 Optical amplifiers

Optical amplification may be achieved from the transmission fibre itself by utilising
the Brillouin® or Raman effects”, from semiconductor devices™* or from fibre doped with
rare earth elements®. The preferred choice for application in the 1550 nm window of
transmission fibre is the erbium doped fibre amplifier (EDFA). EDFA’s offer high gain, low
noise, high output power and excellent compatibility with the transmission fibre. In general a
semiconductor pump laser at 1480 nm or 980 nm is used to excite the erbium ions in the rare
earth doped fibre into a metastable state. An optical signal in the 1550 nm range can effect
stimulated emission and become amplified. The major disadvantage with this process is that
gain is accompanied by noise. When a signal propagates over a very long system with many
amplifiers the noise may accumulate to the point where errors arc incurred at the recetver.

As soon as noise is introduced into a system there is a finite probability that a
transmission error may occur. If it is assumed that the noise takes the form of Gaussian
statistics it is necessary to establish a mean signal to noise ratio of 15.6 dB to obtain a BER

of 1x10?. The mean electrical signal to noise ratio is defined as:

il
SNR = 10log, —5= (2.26)

Bo

and is exactly twice the optical SNR. In equation 2.26; B is the electrical bandwidth
of the receiver and o’ is the noise variance. The noise variance will in general result from
three main sources; shot noise associated with the detection of the signal, receiver thermal
noise and beat noise resulting from the interference between the optical signals. In systems
that utilisc optical amplifiers it is usual to ensure that the noise originating from the amplifier
cascade dominates other noise sources. The amplifiers give rise to gain and broadband
spontaneous noise. This results in four distinct contributions to the noise variance at the
receiver. Signal shot noise: the mean signal power produces a constant signal and associated
shot noise. Spontaneous-shot noise: the mean spontancous noise power produces a constant
spontaneous noise current with associated shot noise. Signal-spontancous beat noise: the
signal interferes with spontancous noise producing intensity variations with a broad bandwidth
which are directly converted into current variations. Spontaneous-spontancous beat noise:
spontaneous noise interferes with spontaneous noise at a different wavelength, resulting in
intensity variations of a broad bandwidth.

An optical amplifier of gain G produces noisc”’, Psp:
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P, = z(l’f)(G ~n,of (2.27)

Where n,, is the population inversion parameter and is related to the amplifiers noise
figure: NF = 10 logio(2ns,), and 5f is the bandwidth over which the noise is measured. In an N

amplifier system the accumulated noise will be approximately:
P, =2N(%(G - nydf (2.28)

assuming that the gain of the system equals the loss and that the spontaneous noise
spectrum is white. In most systems the two beat noise terms dominate over the others. Ina
well designed system the signal-spontaneous beat noise term is dominant. This may be
achicved by using a narrow band optical filter in front of the receiver to limit the bandwidth
over which spontaneous-spontaneous beat noise can contribute. In this case the SNR can be

approximated by*:

Equation 2.29 calculates the average SNR assuming that the signal spontaneous beat
noise is distributed equally over the ‘ones’ and ‘zeros’, such that the optimum decision
threshold is in the centre of the eye diagram. Clearly, in practice this will not be the case since
when the signal is a ‘zero’ this noise term vanishes and spontaneous-spontaneous noise or
receiver thermal noise become dominant. Thus, the noise variance for ‘ones’ and ‘zeros’ is

different and the optimum decision point is moved closer to the ‘zeros’.

2.2.5 Dispersion induced inter-symbol interference

An optical signal conveying information has a bandwidth associated with it. The
higher the bit rate the wider the spectral width of the signal.  On propagation through
dispersive fibre the different spectral components arrive at the receiver at different times,
resulting in pulse spreading or inter-symbol interference. This impairment can lead to system
errors and needs to be limited to an acceptable level. The problem is enhanced in systems

using a ‘chirped’ transmitter such as a directly modulated laser, i.c. where the spectral width
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of the signal is greater than the information bandwidth. The pulse broadening, A7, , may be

determined by™:

where AM is the spectral width of the transmitted signal. If it is assumed that the

pulse shapes are Gaussian, then the received pulse width, Try, can be evaluated:

The = T + AT} 2.31)

where, Ty is the transmitted pulse width, for NRZ signals tr,=1/B where B is the bit
rate. If the broadening on propagation for NRZ data is not to exceed 10% of the bit period,

i.e. Trumao<l.1 T1x a limit is placed on the bit rate transmission distance product:

0458
DAZ

LB < (2.32)

Implying that a transform limited 10 Gbit/s signal operating at 1550 nm on step index
fibre with a dispersion of 16 ps/nm/km, 1s limited by dispersion to a transmission distance of
36.4 km. When designing regencrative systems it is only necessary to ensure that the
dispersion limit is not exceeded between each repeater. However, for amplified systems this
limit must not be exceeded over the entire length of the link and this is of major significance

for transoceanic systems.

2.2.6 Recirculating loops

In designing ultra-long haul optical systems it is relatively casy to calculate the effects
of noise accumulation, dispersion and some non-linear effects in isolation. However, in reality
optically amplified systems encounter interplay between these impairments that greatly
complicates matters. Numerical models may be used to investigate most of these effects,
however ultimately the performance of such systems must be determined experimentally. To
this end laboratory demonstrators spanning both transatlantic™® and transpaciﬁc51 distances
have been constructed. Although linear cascaded systems of this type are very informative in
terms of experimental detail, they require significant capital and manpower investment.

Effecting subsequent changes in system components and parameters is again costly and time
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consuming. In order to ascertain penalties due to chromatic dispersion, amplifier noise figure
and fibre non-linearity, it is possible to use loop configurations in which a small subsegment
of a large amplifier chain has its output fed back to its input to enable simulation of very long
systems’>. Such arrangements can consist of relatively few repeaters and fibre spans and thus
preclude the prohibitive aspects of ergonomics and economics of a linear cascaded system.
They can accurately reflect the performance of a cascaded system and facilitate simple
alterations to components and parameters, in particular ‘worst case’ scenarios are easily
established. Additionally, the ultimate limits of system operation can be determined since
propagation over longer distances is achieved by allowing the signal to circulate for a longer
time. One drawback of using recirculating loops is that it is difficult to determine the effects

of component tolerances that would be encountered in a long system.

2.3, Current world status of experimental ultra-long haul transmission systems.

In order to place the work detailed in this thesis in context, this section attempts to
outline the current world status of experimental ultra-long haul transmission. Table 2.1
indicates the most significant results available from the open literature (to the authors
knowledge).

Much of the early work on ultra-long haul optically amplificd systems concentrated

on NRZ transmission format. This was compounded by purchasers of systems such as
TAT12/13 and TPC-5 opting for this technology. Work detailed in chapter 4 is currently
state of the art with 5 Gbit/s data transmitted over 17,600 km. Also detailed in chapter 4 are
the subtle deleterious polarisation effects that the system suppliers ar¢ now concentrating on
reducing on prototype cascaded systems.

Some of the most outstanding results of the past few months have been those
described in chapter 3 on 3R regencrators. Using a directly modulated DFB laser and fibre
amplifiers in each repeater, 10 Gbit/s data has been transmitted over 400,000 km with a

repeater spacing of 160 km. To date no other type of system offers such large repeater

spacing or robustness.

The increasing interest in soliton systems has also resulted in some very impressive
results. Without transmission control 2.5 Gbit/s data has been transmitted over 17,600 km,
see chapter 5, and 20 Gbit/s over 11,500 km by Suzuki et al, though with significantly
stronger guiding. The use of transmission control has allowed both the bit rate and
propagation distance to be extended significantly. Work undertaken by Mollenauer et al using

the passive technique of sliding guiding filters has shown significant promise for transoceanic
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systems operating up 1o 20 Gbit/s. Beyond this the best results have been obtained with

synchronous retiming. Chapter 5 details the transmis

sion of 20 Gbit/s data over 125,000 km,

the best at this line rate to date, and follows on from the pioneering work of Nakazawa, 10

Gbit/s over 1 Mkm. Additionally, a novel all optical approach to soliton transmission control

is demonstrated in chapter 5 that may allow control at ultra-high bit rates.

NRZ: Optically amplified.

Author Lab | Capacity | Span Reference Comments/description:
Widdowson et al | BTL 5 Gbit/s 17,600 Thesis 90 km loop with dispersion
km management.
Taga et al KDD 10 Gbit/s 19,000 km| OFC,93 PDI Straight line using 274 amplifiers
Taga et al KDD | 2x5 Gbits [4,550km| OFC’93 PD4  |Straight line IM-DD 2 channel WDM
NRZ: Regenerated.
Widdowson et al| BTL 5 Gbit/s | 500,000 | Thesis & EL 30, 3R regenerated system with 205 km
km 2056 (1994)  |span and directly modulated laser
Widdowson et al | BTL | 10 Gbit/s 400,000 Thesis 3R regenerated system with 160 km
km span and directly modulated laser
Soliton: Without transmission control.
Widdowson et al | BTL | 2.5 Gbit/s 17,600 Thesis No soliton control phase locked
km  |EL 30, 661 (1994)|erbium ring laser source.
Suzuki et al KDD 5 Gbit/s 13,000 |EL 291643(1993) Electro-absorption modulator source,
km significantly more guiding than above.
Suzuki et al KDD | 20 Gbits | 11,500 EL 30, Alternating amplitude, as above.
km 1083(1994)
Soliton: With transmission control.
Mollenauer et al | AT&T | 15 Gbit/s 25,000km|OL 19, 704 (1994) Sliding guiding filters for control +
10 Gbit/s {35,000km polarisation division multiplexing
Mollenauer et al | AT&T |2x10 Gbit/s [13,000km| OFC’93 PD8 As above
Nakazawa et al NTT 10 Gbit/s | 1 Mkm OFC’93 PD7  |500 km loop, retiming (amplitude)
Widdowson et al| BTL 20 Gbit/s | 125,000 | Thesis & EL 30, |100 km loop, Active retiming,
km 1866 (1994)  |(amplitude)
Widdowson et al | BTL | 2.5 Gbit/s 20,000 Thesis & Soliton control (phase) using all-
km EL 30, 990 (1994) optical process in fibre

Table 2.1. Current world status of experimental ultra-long haul transmission.
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Chapter 3

3. Opto-electronic regenerators

3.1 Introduction

Imperfections in a transmission medium can distort a signal on propagation. If a
communications link is long enough information may be degraded to the point whereby it 1s
lost irretrievably. To enable a system of transoceanic length to operate without errors, the
signal must be ‘regenerated’ in some way at periods along the transmission path.
Conventionally this has been achieved by using opto-electronic devices. The pulse
degradation suffered in an optical system is primarily duc to fibre loss and dispersion. Loss
may be overcome by amplification and dispersion by reshaping ¢.g. a limiting amplifier. On
propagation through many such ‘regenerators’ noise from the amplification process and
equalisation errors from the reshaping stage accumulate, placing an upper limit on the
transmission distance. To preclude the growth in distortion it is possible to regenerate the
pulses back to their original state at each repeater and increase the length of the link. This
necessitates a decision being made in the middle of cach bit period as to whether a bit is a
logic 0” or ‘1°, a process that requires retiming. Repeaters that utilise this technique are
known as 3R regenerators from Reshaping, Retiming and Regeneration.

In designing a regenerative system it is necessary to position repeaters at sites along
the link prior to the onset of errors. Excessive loss will attenuate the pulses to a level whereby
noise generated in the front end of the receiver results in errors occurring in the decision
process. A dispersion penalty causes inter-symbol interference (ISI) which can also lead to
errors. In addition to the impairments of SNR and ISI, regenerative systems suffer from the
accumulation of timing jitter. A clock signal at the linc rate must be extracted from the
incoming data at each repeater, a process that is always accompanied by the addition of phase
noise. Jitter accumulates along the link and can result in errors due to the decision being made
at the wrong time.

Jitter emanates from noise and the data pattern. The noise dependence is random in

nature and accumulates with ‘N, where N is the number of rcgencratorsﬁ. It can be
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decreased both by increasing the optical power incident on the receiver, to improve SNR, and
also by reducing the bandwidth of the timing recovery circuit. The pattern dependent jitter 1s
systematic since it is correlated with that produced by the other regenerators in the link, it
accumulates with VN.

Without recourse to elaborate multiplexing techniques the use of regenerators restricts
the system to a fixed bit rate, wavelength and modulation format and, thus, ultimately it is the
regenerator that limits the utilisation of the massive potential of the transmission medium. To
date commercially ‘qualified’ opto-electronic regenerators are available up to bit rates of
2 5 Gbit/s. The components that make up the regenerators exist for 10 Gbit/s op(:ration54 and
most functions have been realised in the laboratory at 40 Gbit/s and above, for instance
~100 GHz pin55'56, 40 GHz timing extraction’’, 40 GHz sources’, 40 GHz electronic
ampliﬁers60 and 40 Gbit/s multiplexers and decision circuits®. Thus, the construction of 5 &
10 Gbit/s regenerators is now feasible.

To enhance system reliability the number of repeaters in a link should be kept to a
minimum and this implics a large spacing between regenerators. Thus, the power budget 1s to
be maximised by launching as much power as possible and by utilising a sensitive detector.
Modern high speed DFB lasers will typically give a mean output power of ~0 dBm and a state
of the art receiver at 5 Gbit/s will have a sensitivity of around -30 dBim, allowing a repeater
spacing of ~120 km with margin at 1550 nm. By utilising optical amplifiers to boost the
transmitted signal and also improve receiver sensitivity this figure can be increased
significantly with obvious commercial implications. However, when launching powers n
excess of 10 dBm care must be taken to avoid the detrimental effects of non-linear
phenomena, in particular inelastic scattering processes and self phase modulation. In this
chapter the design of opto-electronic regenerators at both 5 and 10 Gbit/s will be discussed.
The use of optical EDFA’s to increase the repeater spacing will be demonstrated and their

performance tested in a recirculating loop.

3.2.1 5 Gbit/s regenerator configuration

The schematic configuration of the purpose built 5 Gbit/s regenerator”” used in the
transmission experiments is illustrated in Figure 3.1. Data was detected by a 10 GHz pin
FET receiver and bandlimited by post amplification to 3 GHz. Retiming was performed by a
5 GHz second order phase lock loop® (PLL) with a natural frequency, oy, 2.5x10° rad/s and a
damping factor, &, of 0.7. To enable the PLL to recover timing information a frequency

doubler extracted a spectral component at the line rate from the incoming data®. The jitter

35




incurred as a result of the clock extraction process was below the resolution of the both the
sampling oscilloscope, <2 ps rms, and the spectrum analyser used n attempting to measure it
(<0.5 ps mms). Regeneration was achieved by a 10 Gbit.s”" D-type flip-flop and subsequent
transmission performed by a directly modulated 1557 nm 10 Gbit.s’ DFB laser. The mean
launch power from the DFB was 0 dBm and the receiver sensitivity was measured at -21 dBm
for a 1x10° BER and a 2’-1 PRBS data pattern. The sensitivity obtained is far from state of
the art due to the use of a non-optimised commercially available receiver, thus, the repeater

spacing could in principle be extended significantly.

To error
detector

3GHz
amplifier
Optical
inp__’ 10 GHl ]\ 90% D Q! 2:1 selector
receiver D-Type
l/ 10 % cik ~ Q D1 10 Ghits Optical
Q DFB out
D2 S Laser
Variable
2f delay
From pulse
patltern
generator
S5GHz From
PLL delay generator

Figure 3.1 5 Gbit/s opto-electronic regenerator schematic configuration.

To reduce the accumulation of systematic pattern dependent jitter the system was
configured such that the regenerator transmitted word and word bar on alternate
recirculations®. Systematic jitter is dependent on the density of the pulses in the pattern and
this is affected by finite pulse widths, amplitude to phase conversion”, etc. If the pattern is
inverted at cach repeater systematic jitter is cancelled since the density of the pulses is also
inverted, thus, pattern dependent jitter is effectively suppressed and jitter should accumulate

with a ‘VN dependence due to random variations.

3.2.2 5 Gbit/s regenerator transmission experiments

The recirculating loop configuration used in the regenerator transmission experiments
is shown in Figure 3.2. The 2:1 selector (Figure 2.1) intermittently injected data from the
pulse pattern generator into the loop under the control of the delay generator. For the

remainder of the measurement cycle the selector allowed the regenerated data from the loop to
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pass to the DFB and, thus, recirculate. An error detector was connected to the output of the D-
type flip-flop and allowed error ratios to be measured at the end of each measurement period.
An optical isolator was spliced to the output of the DFB to minimise reflections that could
cause spectral and amplitude instabilities. The transmission medium consisted of 66 km of
dispersion shifted fibre, DSF, with a dispersion zero, Ao, at 1556 nm and a loss of 16.3 dB.
Thus, there was a system margin of 4.7 dB per span over the sensitivity point and the
measured slope of the BER was 0.7 dB/decade. Thus, 107 repeaters, or 660,000,000 km,
could be traversed before the theoretical sensitivity point was reached due to SNR. The
dispersion at the operating wavelength was - 0.075 ps/nm/km, ensuring that inter-symbol

interference was negligible, i.e. 4.95 ps/nm over the span of 66 km.

Error
detector

Delay

generator

66 km DSF E‘egenerator

Pulse
pattern
generator

Figure 3.2. Basic recirculating loop configuration for 5 Gbit/s regenerator transmission

experiments.

2.2.3 5 Gbit/s regenerator results and discussion

Error free operation (Bit error ratio less than 1x10®) in an uncontrolled environment

was possible to a distance of 250,000 km, Figure 3.3 details the eye diagram at this distance.

Adjusting the polarisation state of the laser output had no measurable effect on the error ratio.
Complete and fundamental polarisation insensitivity 1s a very attractive feature of regenerated
systems.

Errors that occurred beyond 250,000 km were artefacts of the loop configuration and
not ‘real’ system errors, se¢ Appendix 1. The jitter that is apparent at the crossings in Figure
3 3 is attributable to this effect and not a true system impairment. Consequently, conclusive

evidence as to the noise performance and phase margin of the system could not be ascertained
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and also meaningful BER measurements could not be obtained. However, since the
transmission distance achievable is far in excess of any practical system, it is of more
importance to concentrate on increasing the repeater spacing than to address the loop specific

artefacts.

Time (50 ps/Div.)

Figure 3.3. Regenerated S Gbit/s eye diagram after transmission over 250,000 km.

By utilising a state of the art receiver with a sensitivity’’ of -31 dBm the repeater
spacing could be extended by 40 km to 106 km without impinging on system margin. This

figure could be further increased by the use of lower loss DSF, for instance, fibre with a loss

of 0.20 dB/km is now available allowing a repeater spacing of 131.5 km. Additionally,
optical amplifiers could be used to increase both receiver sensitivity and launch power and this

is the topic of the next section.

3.3.1 5 Gbit/s regenerator with optical pre and power amplifiers, experimental

Figure 3.4 details the experimental arrangement used to demonstrate a significant

increase in the repeater spacing without reducing system margin. The addition of an erbium

power amplifier allowed the launched signal power to be increased to 15.5 dBm and an erbium
pre-amplifier with a gain of 20 dB and a noise figure of 5 dB increased the receiver’s
sensitivity to -39 dBm. A 1 nm bandpass filter was used in front of the receiver to reduce
spontaneous-spontaneous beat noise. The 205 km of DSF had a mean A, of 1559 nm and a
loss of 47 dB, allowing 7.5 dB of margin per span and a factor of 3 increase in the repeater

spacing. The mean fibre dispersion at the operating wavelength was +0.15 ps/nm/km.
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Figure 3.4. Recirculating loop arrangement for opto-electronic regenerator experiments

with pre and post amplification.

When launching such high powers into the fibre it is important to ensure that non-
linear inelastic scattering processes do not introduce system impairments. In chapter 2 it was
indicated that stimulated Brillouin scattering can cause serious detrimental effects with powers
greater than around 1 mW. However, in deriving equation 2.23 it has been assumed that the
linewidth of the pump beam is very much narrower than the Brillouin linewidth, Avy. The
exact figure for Avy, varies with fibre design and dopants, but is generally around 100 MHz.
Thus the SBS threshold strongly depends on pump linewidth Av,. Additionally, modulation
will broaden the effective linewidth and increase the threshold power. Equation 3.1 details the

threshold for a pump beam with finite Lorentzian linewidth intensity modulated at bit rate B*.

r 7
Py = 21Aeﬁ{AvLA+ Avs 1 _ G.1)
Ze V. Pt
gozer v 0.5—025—B~(1—e 5 )
L AVb ]

At 5 Gbit/s with a laser of linewidth of 100 MHz and assuming a Brillouin bandwidth
of 100 MHz, the threshold power is increased to 10 mW. The mean launch power of 35 mW
entering the fibre in this experiment is clearly above this threshold. However, in equation 3.1
it has been assumed that modulation has resulted in a transform limited spectrum, if the source

has a frequency chirp the threshold is increased further”.
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Figure 3.5a details the optical spectrum of the directly modulated DFB lascr and
Figure 3.5b the chirp measured on a time resolved 10 GHz scanning etalon™. The wavelength
chirp was characterised as 15 GHz peak to peak resulting in a theoretical SBS threshold of
630 mW, assuming Avy to be 100 MHz. Thus, spectral imperfections from the DFB laser
ensured that stimulated Brillouin scattering effects were negligible and therefore did not cause
system degradations. The threshold for stimulated Raman scattering as detailed in chapter 2
is significantly above powers of practical use and it may be concluded that inelastic scattering

effects should not impair system performance in this case.
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Figure 3.5a. Chir ped spectrum from directly modulated DFB laser. Figure 3.5b. Intensity and chirp plots of DFB laser.
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Figure 3.5. Spectral and temporal characteristics of directly modulated DFB laser.

Whilst the large frequency chirp from the DFB helps to reduce SBS it places
restrictions on the dispersion value of the fibre that the system may operate over. For this
reason it is important for the DFB wavelength to be close to the fibre dispersion zero. In so
doing any pulse broadening effects due to non-linear spectral enhancement, e.g. SPM, will
also be minimised.

Figure 3.6 details the spectrum at the output of the 205 km of fibre measured on an
analyser with a resolution of 0.1 nm. Compared to the spectrum at the fibre input, the

deconvolved 3 dB width has increased by only 1.5 GHz.
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Figure 3.6. Optical spectrum at the output of 205 km of DSF used in the optically

enhanced regenerator transmission experiments.

3.3.2 5 Gbit/s regenerator with optical pre and power amplifiers, results and discussion

Error free operation was possible to a distance of 500,000 km before the onset of the
loop specific artefact introduced errors at the start of cach recirculation precluding the
measurement of meaningful BER’s, see Appendix 1. The system margin was verified by
introducing up to 3 dB of additional attenuation in front of the receiver per span whilst
maintaining error free operation. Again adjusting the polarisation state of the signal at the
output of the laser had no measurable effect on the error ratio. Extrapolating these results to
oceanic distances indicates that considerable margin exists for degradation of each span in the
system and this is important when component ageing effects are considered.

Over the transatlantic distance of 6,400 km only 31 repeater housings would be
required, considerably less than that of any previous regenerative system that operate at much
lower bit rates, for example TAT-9 has ~100 km repeater spacing (~64 repeater housings)
and a bit rate of 591.2 Mbit/s. Further increases in repeater spacing could again be achicved
with an optimised receiver and lower loss DSF. Also the margin of 7.5 dB may be reduced to
around 4 dB giving a repeater spacing of ~260 km requiring only 25 regencrators to span the

Atlantic ocean.

3.4 10 Gbit/s regenerator with optical pre and power amplifiers

To cater for the expected growth in demand for capacity it is necessary to increase the

system line rate. The 5 Gbit/s regenerator was upgraded to 10 Gbit/s operation by increasing
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the bandwidth of the receiver to 6 GHz, changing the PLL VCO for a 10 GHz device and by
using a 15 GHz 1557 nm directly modulated DFB laser. Functionally the regenerator and the
loop operation was identical to that detailed in the previous sections.

The electrical sensitivity of the recciver was measured as -17 dBm as would be
expected from the 3 dB increase in noise bandwidth over the 5 Gbit/s configuration. With the
same erbium pre amplifier as used in the previous section, sensitivity was improved to
30 dBm. To cater for the increased spectrum from the transmitter, both information
bandwidth and chirp, the 1 nm filter in front of the receiver was replaced by a 6 nm
component.  Consequently, significantly more spontancous-spontancous beat noise was
detected and thus impaired sensitivity. As a result of the reduced system power budget the
repeater spacing was decreased to 160 km but margin maintained at 7.5 dB.

Error free operation was possible to a distance of 400,000 km before the onset of
greatly increased phase noise on the recovered clock due to the loop specific artefact. Again
meaningful BER measurements could not be made as a result of this effect, see Appendix 1.
The number of regenerators and, therefore, retiming units traversed was ~2,500 almost
identical to that of the 5 Gbit/s experiment at 2,440, as expected, sec Appendix 1. Increases
in repeater spacing could be achieved with an optimised receiver and lower loss fibre.
Assuming a receiver sensitivity of - 36 dBm and fibre loss of 0.20 dB/km a distance of 237.5
km could be realised between regenerators with 4 dB of margin per span requiring only 27

repeaters across the Atlantic.

3.5 Conclusions

Error free operation of both 5 & 10 Gbit/s regenerators has been demonstrated over
500,000 and 400,000 km respectively.  Further transmission was limited only by an
experimental artefact and not ‘real’ system errors. Erbium doped fibrc pre and power
amplifiers allowed the repeater spacing to be increased to 205 km for the 5 Gbit/s experiment
and 160 km for the 10 Gbit/s case, requiring only 31 and 40 regenerators respectively to span
the Atlantic and 44/56 for the Pacific. The use of a directly modulated DFB laser resulted in
significant wavelength chirp from the regenerator that increased the Brillouin threshold, and
the use of DSF ensured that pulse distortion was maintained at a minimum. These results
indicate that over oceanic distances considerable margin for degradation exists per span,
ensuring a system of robust nature.

Future work could include the replacement of the erbium amplifiers with

semiconductor devices of similar specification.  This could greatly reduce the power
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consumption and therefore enhance reliability whilst simultaneously reducing the size of the
repeater housing. Ultimately it may be feasible to fabricate an optically amplified regenerator
on a single substrate. By reducing the power feed, size and number of repeaters it may be
possible to install more fibres in the cable for the same cost (whole life). This would then
allow more capacity and calls to question the need for amplified systems.

Recently published results” indicate that 20 Gbit/s operation is possible with similar
repeater spacing to that detailed here, however, to date only single pass experiments have been
undertaken and without significant margin. Additionally, evaluation of the power dissipation
of a practical regenerator could be undertaken as a step towards assessing the feasibility of

system implementation.
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Chapter 4

4. Ultra-long haul optically amplified NRZ systems

4.1 Introduction

Point to point optically amplified NRZ communications links spanning transoceanic
and transcontinental distances with capacities of many Gbit/s are currently in the final design
stages, for example, TAT 12/13 and TPC 5. To enable future system upgradability and
increase reliability it is desirable to utilise the concept of the transparent optical pipe, in which
the components of the link are limited to optical amplifiers and the transmission fibre itself.
Since, the bandwidth of both EDFA’s and communications fibre is immense it may be thought
that systems comprising of only these components would be almost endlessly upgradable in
capacity. Additionally, their apparent transparency immediately lends itself to multiplexing

techniques, unlike regenerative systems. However, such links require very careful design

since stringent requirements are placed on component parameters and tolerances. To ascertain

the viability of the transparent optical pipe concept it is necessary to fully comprehend the

accumulated effects of fibre dispersion, non-linearity and amplifier components and
characteristics.

If the fibre is considered to be purely linear, good system performance is achieved by
ensuring that the signal power is maintained significantly above the noise accumulated along
the link, and that the total dispersion is not sufficient to induce a penalty from I1SI"%,
Generally, the low loss 1550 nm operating window of dispersion shifted fibre will be used to
simultaneously minimise the required gain, and hence ASE generated, and ISI.  However,
amplifier components introduce polarisation cffects that can further deteriorate system
performance. Isolators, wavelength division multiplexers and couplers all exhibit a small
degree of PDL (~0.1 dB / amplifier) resulting in a SNR at their output that is dependent on the
input signal SOP. The erbium fibre, through polarisation dependent gain, provides greater
gain to noise components orthogonal to the signal than the signal itself”?. Over a link of many
amplifiers these effects accumulate and can significantly deteriorate the system performance

through a greatly impaired SNR’. Additionally, polarisation mode dispersion from both the
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transmission fibre and amplifier components can result in pulse distortion and ISI”. These
polarisation effects will vary with time as the signal SOP evolves over the Poincare sphere,
resulting in system fades and a time dependent BER”.

Moreover, the transmission medium in systems of this length can no longer be
regarded as purely linear. The weak dependence of the refractive index on the intensity of the
signal leads to FWM, and the related phenomena of SPM and XPM. Each of these effects
may introduce significant spectral broadening that can cause catastrophic pulse distortion
when allied with fibre dispersion”. Consequently, the interplay of non-linearity and dispersion
greatly complicates system design. Non-linearity is a function of optical power, section length
and the number of amplifiers in the link”®. This imposes an upper limit on the system power
level and, therefore, output SNR. For a given path average power the effective non-linearity
increases with section length, and optimum performance is obtained with short amplifier
spacing, however, from an economics and reliability view point this is undesirable.

In this chapter the effects of fibre and amplifier parameters will be investigated on
long haul NRZ system performance. The accumulation of amplifier noise will be determined
analytically and the non-lincar impairments modelled qualitatively and by numerical
modelling, in both cases the results are complemented with extensive experimental results

obtained from recirculating loops.

4.2 Linear effects

In order to ascertain a meaningful appreciation of the accumulated effects of ASE
and polarisation issues, it is necessary to ensurc that the system under question is not
dominated by non-linear impairments. Analytically and numerically this is achieved by
modelling the system in the linear regime only and greatly simplifics matters. Experimentally,
it necessitates a sound understanding of non-linear transmission systems so that their
detrimental effects can be minimised. In the discussion that follows it will be assumed that the
experimental results are limited by purely linear issues. The techniques for achieving this will

be discussed in section 4.3.

4.2.1 Amplifier noise and PDL, theoretical analysis

If non-linear effects are ignored, pulse distortion is minimised by operating a system
on the overall dispersion zero. The performance of the system is then governed by the SNR

and equation 2.29 can be used to determine the SNR at any point along a system, and the BER
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calculated. However, in deriving this equation it has been assumed that the loss and gain in
cach section are the same for both polarisation states. In practice each amplifier component
exhibits some degree of PDL, and consequently, the signal output power varies to a small
extent with input polarisation state. In a noiseless system the effect would be a variation in
output power with time as the polarisation of the signal evolved. When noise is considered the
deleterious effect is compounded, since, there is always a noise component in the low loss
polarisation state. It is highly unlikely that the signal will propagate through the low loss state
of every component, thus, some of the noise becomes preferentially amplified, reducing
SNR”.

Worst case performance is obtained when the signal receives the lowest gain from
every amplifier, whereas the best performance occurs when the signal receives the highest
gain. In general the signal gain will lie between these two values.

In attempting to model this effect it is convenient to assume that the signal experiences
the highest loss in each PDL element and, hence, the lowest amplifier gain. In so doing the
worst possible performance of the system will be considered. The amplifier PDL will have the
effect of increasing the noise in the high gain state, while decreasing noise polarised in the low
gain state. The spontaneous noise in the following amplifiers will therefore receive a gain
approaching the maximum value while the signal receives the minimum. There are three
components to consider: the signal, the noise in the high loss state and the noise in the low loss

state. Assuming that the amplifiers are operating with fixed total output power control:

Signal power at the i* amplifier Si = Lgig P “4.1)
Noise in low gain state at the i amplifier Ns = Lgil?.«n a+k 4.2)
Noise in high gain state at the ™ amplifier Npi = L'gi}?m o+ k 4.3)
Noise power generated by amplifier in one polarisation state k= nsp(gi - 1)5fh6 /A (4.4)
Saturation N =ns+np+ Si 4.5)
Where,

L loss in high loss state

L’ loss in low loss state

g gain of amplifier

n,, amplifier population inversion parameter
§f bandwidth over which the noise is measured

N amplifier saturated output power
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The difference between L and L’ represents the PDL in each amplifier. As the signal
power decreases the gain of the amplifier increases to ensure that the output power remains
constant. Given the initial conditions; Sy = input signal power, nso = 0 and npy = 0 it is
possible to use the above equations in an iterative process to calculate the evolution of signal
and noise powers. Figure 4.1 illustrates the reduction in signal power over 200 amplifiers for
the parameters used in the experiment described in section 4.2.2. i.e. go= 15 dB, N =6 dBm,
ng, = 2.23, optical bandwidth 8f = 6 nm and A = 1555 nm. The PDL values used range from 0
to 0.25 dB per amplifier.
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Figure 4.1. Theoretical signal power vs. section number as a function of PDL.

With zero PDL the result is the same as that predicted by cquation 2.29. However, as
the PDL increases the signal power drops at the expense of increased noise in the orthogonal
polarisation state. Figure 4.2 details the evolution of the signal and noise powers for a
PDL = 0.15 dB per section.

After ~90 sections the noisec power is greater than the signal power, and after ~120
sections the noise in the low loss state is within 1 dB of the saturated output power of the
amplifier. Perhaps of more importance is the detected BER obtained from such a system. To
calculate the BER it is necessary to determine the spontancous-spontaneous beat noise
variance from both polarisation states and also the signal-spontancous beat noise variance®.
The detected SNR is then the signal variance/total noise variance*electrical bandwidth.
Figure 4.3 shows the calculated BER against distance for 2.5 Gbit/s operation (electrical
bandwidth 1.7 GHz) and a range of PDL values.
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Figure 4.2 Evolution of signal and noise powers for a PDL of 0.15 dB per span.

For a system in which the signal experiences a mean PDL of 0.25 dB per section a
1x107 error ratio is achieved after only ~75 amplifiers. Whereas, for a system with zero PDL
the same performance is possible to in excess of 300 spans. Clearly, system performance is
strongly dependent on the mean value of PDL, and places very stringent requirements on the
components used in the transmission path. It is also worth noting that by aligning the signal to
the lowest loss polarisation state the noise in the high loss state suffers greater attenuation.
Thus, the total noise build up is less than that from a system with zero PDL. Consequently,
performance is improved and for the case of PDL = 0.3 dB per section a BER of 1x10? is
obtained after ~500 amplifiers.
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Figure 4.3. BER vs. section number as a function of PDL
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From figure 4.2 it can be seen that noise in the low loss polarisation state, orthogonal
to the signal, dominates after transmission. On detection the major noise source is the
spontaneous-spontaneous beat noise from this polarisation state. By utilising a polariser at
the receiver it is possible to remove this noise component from the detection process and
improve the SNR. Figure 4.4 shows the improvement achieved by using this technique for the
case of PDL = 0.125 dB per section. The transmission distance for which a BER of 1x107 is

incurred is increased in excess of 50%.
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Figure 4.4. Improvement in BER by removing orthogonal noise in a system where the

signal lies in the high loss polarisation state.

4.2.2 Amplifier noise and PDL, experimental measurements and comparison with theory

To experimentally determine the effect of ASE and PDL on system performance a
single amplifier recirculating loop was constructed and is detailed in figure 4.5. The loop
consisted of a contra-directionally pumped EDFA with a saturated output power of 6 dBm,
noise figure of 6.5 dB and a gain of 15 dB. An optical isolator with low PMD and PDL
ensured unidirectional operation and a 6 nm bandpass filter centred at 1555.5 nm selected the
wavelength of operation. The transmission medium consisted of 40 km of fibre with a path
average dispersion zero at the operating wavelength. A 3 dB fused fibre coupler allowed data
input and output, and a polarisation controller enabled the mean PDL incurred by the signal to

be adjusted.
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Figure 4.5. Recirculating loop configuration for 2.5 Gbit/s NRZ results.

Data at 2.5 Gbit/s was injected into the loop from a transmutter consisting of a cw
DFB laser and a LiNbO; intensity modulator. An acousto-optic switch gated data into the
loop for a period equal to the round trip transit time and a polarisation controller enabled the
launched data to be aligned with the recirculating signal. The mean value of signal PDL was
adjustable via the two polarisation controllers up to a maximum of 0.3 dB per recirculation.

Figure 4.6a shows the evolution of signal power measured on a H.P. hightwave
analyser for four values of PDL. The analyser was set to 0 Hz span and a centre frequency of
19.685 MHz, this being the lowest frequency component in the 27-1 PRBS data pattern (2.5
GHz/127). Additionally, higher frequency components were monitored to ensure that fibre
effects were not affecting the results, e.g. PMD.

To enable comparison with the experiment figure 4.6b details the evolution of signal
power predicted using the theory described in the previous section. It can be seen that the two
plots are in excellent agreement, the only minor discrepancy is when the signal is aligned to
the low loss state of the loop, (-0.3 dB). In this instance it is highly probable that due to the
sustained level of the signal over a very long distance fibre non-linear effects are extracting
some power in the experiment. However, it was possible to obtain a BER of 1x107 to

20,000 km and this is in exact agreement with that calculated and illustrated in figure 4.3.
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Figure 4.6. Experimental and theoretical signal power evolution with distance and PDL

For a PDL of 0.01 dB per span this error ratio was achievable to a distance of
15,000 km and for 0.125 dB per span to 4,500 km. Both results are in excellent agreement
with theory (figure 4.3). By aligning a polariser to the signal at the receiver it was possible to
improve system performance to better than 1x10° BER at 6,000 km for a PDL of 0.125 dB.
Again this agrees with that calculated and detailed in figure 4.4. The error ratios measured at

6,000 km are illustrated in figure 4.7.
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Figure 4.7. System performance at 6,000 km with and without a polariser compensator.

Without a polariser the spontancous-spontancous beat noise orthogonal to the signal
dominates and results in an error floor at ~1x10”°. When this component is removed with a
polariser a 3 dB penalty is incurred over the back to back sensitivity at 1x10° BER. For a
PDL of 0.01 dB the penalty is only 0.25 dB since the signal has not suffered as much
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attenuation. Whilst the use of a polariser has allowed greatly improved error ratios, it is far
from an ideal solution. On a practical system an active polarisation controller would be
required prior to the polariser to track the signal SOP.  Moreover, noise from only one
polarisation state is blocked, thus, the SNR of the co-polarised radiation is not improved.
Since, the signal power has diminished due to excess attenuation system performance is

reduced by the effects of PDL.

4.2.3 Polarisation dependent gain and hole burning

In addition to the issues concerning PDL, long haul EDFA systems suffer from the
deleterious effects of polarisation dependent gain®’, PDG, and polarisation hole-burning®’,
PHB, in the erbium fibre. Both effects arc a result of anisotropy of the erbium ion
susceptibility. The erbium ions in the glass host are characterised by a randomly orientated
ellipsoid, the shape of which is determined by the strength and alignment of the local field.
The excited ions with a major axis of the ellipsoid collincar with that of an incident linearly
polarised signal arc preferentially stimulated to emit photons. Consequently, in a gain
saturated amplifier the gain is slightly lower in the plane of the signal relative to that
orthogonal to it and polarisation hole-burning, PHB, occurs. PDG is a related effect that
causes higher gain to signals aligned with the linearly polarised pump. As such it behaves like
PDL, since co-polarised signals receive preferential gain and improve system performance,
whereas, orthogonal signals suffer a reduced gain, resulting in worse SNR. Thus, the mcan
value for both PDL and PDG over a long link is zero, and it is the variance that is of interest.
The effect of PDG may be eradicated by scrambling the pump polarisation to ensure that there
is no preferred gain state. PHB, however, is a more serious system impairment since the
polarisation state orthogonal to the signal always receives preferential gain. Consequently, it
has a non zero mean and always reduces system performance. In order to nullify this effect it
is necessary to arrange for equal signal powers to be established in both polarisation states of
the erbium fibre. Generally, this is achicved by rotating the signal state of polarisation at a
rate greater than the erbium lifetime®’.

The effect of PDG and PHB on system performance can be modelled in a similar way
to that described for PDL in section 4.2.1:

Signal power at the " amplifier Si = Lgr‘SJ - (4.6)
Noise in low gain state at the " amplifier  Nsi = Lgins; -t nsp(gs - 1)5th /A @.7
Noise in high gain state at the * amplifier  Npi = L QgiNpi - 1 + n;p(agi - 1)5//’10 /A (4.8)
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Saturation N=ns+na+5 (4.9)

Where o represents the degree of polarisation sensitivity of the gain of the amplifier.
Figure 4.8 provides a plot of the effect of PDG and PHB on signal power as a
function of the number of amplifiers and the degree of polarisation dependence. It can be seen

that the effect is almost identical to that caused by PDL plotted in figure 4.1

~ 0.15dB
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Figure 4.8. Theoretical signal power vs. section number as a function of PDG.

4.2.4 Polarisation scrambling

From the results obtained in the previous sections it is clear that PDL, PDG and PHB
can cause severe system impairments on long haul EDFA links. It was also indicated that the
erbium effects can be greatly reduced by rotating the polarisation state of the signal at a rate
in excess of the erbium lifetime, ~10 ms. Consequently, polarisation scramblers have been
constructed that operate at frequencies of a few kHz*. However, when these devices are used
on systems containing elements with PDL they sweep through both the maximum and
minimum loss at the rate of scrambling. This results in the signal attaining an amplitude
modulation. This may be suppressed by scrambling at a frequency that is filtered by the
concatenated response of the erbium amplifier chain ¢.g. ~2.5 kHz. Complete suppression of
the a.m. is very difficult and, thus, these scramblers offer only minor improvement to system

performance. An alternative approach is to scramble the signal at a frequency that is above
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the line rate®>. In so doing each bit sweeps through the entire range of PDL values, ensuring
that the worst case performance is not obtained for any bit. Thus, high speed polarisation
scrambling offers the advantage of reducing the effect of PDL in addition to PDG and PHB.
Previously, high speed polarisation scramblers have been realised with fast LINbO;
phase modulators. The signal is impressed into the modulator with a linear polarisation at 45°
to the principal axis of the crystal. These devices need to be driven by high speed, high power
RF amplifiers which are both costly and a reliability issue as indeed is the modulator itself.

Figure 4.9 details a novel alternative approach to high speed polarisation scrambling.
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=t DO
Generator Selector e Modulator
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scrambler
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Figure 4.9. High speed passive polarisation scrambler.

Optically the scrambler is passive and only a commercial high speed 2:1 sclector chip
is required in addition to the normal NRZ transmitter electronics. RZ data with a FWHM of
half the bit period (in this case 100 ps) is generated by the 2:1 selector and impressed upon the
data modulator. The resultant optical signal is split and the two halves recombined with one
half delayed by 100 ps and in orthogonal polarisation state relative to the other half. The
prototype scrambler was constructed using fused fibre couplers, a fibre delay and polarisation

controller and was thus susceptible to environmental changes. However, the technique is
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ideally suited to planar silicon integration, which would ensure long term stability. Figure
4.10a shows the resultant eye diagram at 5 Gbit/s detected on a 32 GHz pin. It can be seen
that there is some distortion to the eye where the orthogonal pulses overlap (falling edge of one
pulse overlapping with leading edge of the next pulse due to finite and differing rise/fall
times). It is imperative that the two pulse trains are orthogonal since any overlap in the same
polarisation state will interfere. Figure 4.10b details the eye when band-limited to 3 GHz and
shows that the distortions detected by the high speed pin are filtered by the equalised receiver.
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Fig 4.10a. Eye detected on 32 Gllz pin Fig 4.10b. 3 Gl1z bandlimited eye

Figure 4.10. Eye diagrams from passive high speed polarisation scrambler.

Recirculating loops are not the ideal test facility for low speed polarisation
scramblers. Each loop amplifier is liable to sce random signal state of polarisation from one
recirculation to the next. Consequently, there is an inherent scrambling effect with frequency
dependent upon the reciprocal of the loop transit time. The effectiveness of scrambling will
vary with time since the rate of polarisation change is random, or temperature driven, not
systematic as would be expected from a modulator. Thus, when low speed scramblers are
used in a recirculating loop very little benefit is observed. However, loops can be used to
measure the effectiveness of high speed scramblers.

A recirculating loop was constructed to assess the passive scrambler. To accurately
simulate TAT 12/13 a filter was not included in the transmission path and, thus, it was
necessary to ensure that the gain peak of the amplifiers accurately matched the dispersion
map. With the components available the dispersion zero of the 45 km spans of fibre was too
close to the amplifier’s gain peak and, therefore operating wavelength. This resulted in
enhanced four wave mixing and associated spectral broadening, sce section 4.3.
Consequently, system performance was significantly impaired.

Figure 4.11 details the variation in Q at 6,300 km at the TAT 12 line rate of 5 Gbit/s

over a ~2 hour period.
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Figure 4.11. Q variation with time, with and without high speed polarisation scrambling.

The mean Q was 6.6 and the standard deviation was 1.0. From this graph it is readily
apparent that system performance is variable with time duc to the evolution of signal state of
polarisation. Also plotted on Fig. 411 are the results obtained with the passive high speed
scrambler. The mean Q is much improved at 8.03 and the standard deviation reduced to
0.361. Clearly, there is a significant improvement in system performance and further tests

need to be undertaken on a more optimised transmission path.

4.2.4.1. Alternative implementations of the high speed passive polarisation scrambler

RZ data in the original proposal for the passive polarisation scrambler was derived by
a high speed 2:1 selector. In practice alternatc optical sources may prove to be a more
desirable option. Mode locked lasers™ and gain switched DFBs*’ are frequently used to
generate RZ pulses for soliton transmission. They can generate short pulses (5 - 50 ps) that
may be subsequently modulated with data prior to the polarisation scrambler. Additionally,
electro-absorption modulators®®, EAM, can be used to externally modulate a DFB with either
NRZ or RZ data dependent on the characteristics of the electrical drive. Indeed it is possible
to utilise an EAM to generate the RZ pulses and also superimpose the data at the same time®.
This approach may well turn out to be the most practical due to the reduction in the
component count (no 2:1 selector).

High birefringence fibre (hi-bi fibre) is designed to have a large differential group
delay, DGD, (~1 ps/m). It can be used to realise the optical delay and scramble the

polarisation simultancously as detailed in figure 4.12.
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Figure 4.12. Alternate realisation of passive high speed polarisation scrambler using

high birefringence fibre.

The RZ data signal is impressed into the hi-bi fibre in a linear state of polarisation at
45° to the principal axes. The signal contains equal power in both the fast axis, Pr and the
slow axis, P,. The length of the hi-bi fibre 1s arranged such that the total DGD s equal to the
required delay (half a bit period). This configuration avoids the problems associated with the
interferometric technique in terms of stability and obviates the use of planar silicon

technology.

4.2.5 Polarisation Mode Dispersion

The two degenerate orthogonal modes in single mode optical fibre propagate with
very slightly different velocities®.  Consequently, a signal with power in both modes
experiences a differential group delay (DGD) that results in pulse broadening. Random
changes in the environment of a fibre cause variations to the temperature and stress that the
fibre experiencesm’”. Thus, the DGD becomes a randomly varying function of time, generally
described by Maxwellian statistics”, and the state of polarisation at any point along the fibre
will also vary randomly with time.

If a length of fibre produces a spread in arrival times of AT, the statistical nature of
the PMD suggests that the expected spread in arrival times after N such lengths would be
ATVN. However, the greatest system impairments will occur when the DGD drifts into the
tail of the Maxwellian distribution and when the principal states are occupied with the equal
power. Thus, it is the performance of the system under these conditions that 1s of most
interest. The ability to accurately control the state of polarisation in a recirculating loop™*

9Senables the worst case scenarios for PMD to be easily investigated and the system
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performance under these conditions ascertained. Figure 4.13 details the loop used to conduct

such an experiment.
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Figure 4.13. Recirculating loop arrangement used in PMD experiment.

In order to improve the noise performance of the system over that illustrated in figure
4.5 a 20 : 80 coupler was used with a loss of 1 dB to recirculating data. Additionally, the loss
of the isolator, filter and coupler were shared between the three amplifiers resulting in ~1 dB
per section of excess loss over that of the fibre.

When the signal state of polarisation was adjusted to simultancously minimise the
effects of PDL and PMD an error ratio of 1x10”° was achieved to a distance of 17,600 km for
2 5 Gbit/s 27-1 PRBS data pattern and the received pulse train showed no degradation due to

pulse distortion as illustrated in figure 4. 14.
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Figure 4.14. BER vs. distance at 5 Gbit/s, inset 17,600 km pulse pattern.

The loop polarisation controllers were then configured such that the PMD of the fibre,
0.032 ps/km, was encountered by the signal on every recirculation and that the principal states
contained equal power. This resulted in signal cancellation of the 10 GHz component of the
two polarisation states every 3,140 km and this is shown figure 4.15. Under these conditions

an error floor of >1x10* was incurred at 6,000 km and figure 4.16 details the received pulse

pattern.
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Figure 4.15. Evolution of 10 GHz component Figure 4.16. Pulse pattern at 6,000 km.

Since the loop configuration enables the signal to encounter the same PMD on every
recirculation the accumulation of DGD grows with N rather than VN expected in an
uncontrolled system. Consequently, in this case the PMD is expressed in ps/km. The pulse
broadening incurred is therefore, 6000 x 0.032 = 192 ps. Assuming Gaussian statistics this
results in an expected pulse width of (200% + 1922)” = 277 ps, which is in excellent agreement
with that measured experimentally. Whilst this represents a worst case scenario, the long term

evolution of system polarisation for such an amplified link is likely to ensure that PMD

penalties similar to this are incurred at some time.
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4.3 Non-linear effects

From the previous section it is clear that optically amplified NRZ systems can suffer
greatly impaired performance from polarisation effects. To maintain acceptable system
performance it s necessary to utilise state of the art components in the transmission line, and
also to perform some form of scrambling at the transmitter. In addition to these detrimental
effects non-linearity can also cause severe pulse distortion resulting in very poor system
performance. In this section the effects of various non-linear phenomena on optically

amplified NRZ systems will be discussed and experimentally investigated.

4.3.1 Self phase modulation (SPM)

Self phase modulation results from the intensity dependence of the refractive index of
the fibre. As the signal power increases, the refractive index also increases, and thus the
instantaneous phase of the pulse is varied. The magnitude of this phase shift can be
determined from equation 2.8. Since, a rate of change of phase is equivalent to frequency,
spectral broadening occurs when the signal power varies, ¢.g. the rising and falling edges of
NRZ pulses. If dispersion is ignored this may not adversely affect system performance, since,
all wavelengths propagate at the same velocity. However, in a dispersive regime, the new
frequencies generated will propagate at different velocitics, and consequently, arrive at the
receiver at different times. Thus, the detected pulse shape will be different from that
transmitted®®””®. On the rising edge of the pulsc SPM results in a red shift and the falling
edge a blue shift. In normal dispersion the red shifted leading edge propagates with higher
velocity than the rest of the pulse, and the blue shifted trailing edge with lower velocity”.
Thus pulse broadening results and can severely limit system performance. In anomalous
dispersion the red shifted leading edge propagates more slowly and the blue shifted trailing
edge more quickly, consequently pulse compression can result. Equation 4.10 can be used to

calculate the broadening suffered by initially unchirped Gaussian pulses on propagationloo.

4 2 0.5
b:{liﬁ¢mufg+(l+m¢m&z)i}“} (4.10)

Where, Ly is the dispersion length; Lp = %;l 4.11)

To is the Gaussian pulse width and B, the GVD parameter.
and¢max = yPoZeﬁ” (412)
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The sign in front of the second term in equation 4.10 determines whether the
dispersion is normal (+) or anomalous (-). To obtain an approximate expression for the
broadening incurred along a many amplifier link the effective length, z.n, needs to be scaled
with z/z,, where z, is the repeater spacing. Figure 4.17 detalls the broadening with distance for
both normal and anomalous dispersive regimes and also for the case of no SPM. The
parameters used are taken from one of the experiments described in section 4.4: D=1
ps/nm/km, z,=40 km, bit rate = 2.5 Gbit/s, pulse rise time=fall time =0.25 bit period, A=1550
nm, n; = 3.2x10%° m/W, Ag=50 p.mz.
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Figure 4.17. Variation in pulse width with propagation distance due to GVD and SPM.

With zero SPM, dispersion results in pulse broadening with distance due to the
spectral width of the information signal. Ultimately this will lead to inter-symbol-interference
and result in errors. In normal dispersion the effects of SPM induce broadening at much
shorter distances due to the sign of the non-linear chirp. However, in the anomalous regime
the effects of SPM chirp and dispersion are opposite and initial pulse compression results™’.
Ultimately the enhanced spectrum is sufficient to induce broadening with dispersion.

To obtain an indication as to the validity of this equation it is used to model some
early work conducted prior to the registration of this PhD'”. Experimentally 400 ps pulses

were injected into a recirculating loop and their pulse width measured against distance for

various powers. In this simple experiment the loop gain was 0.996 and therefore power was
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lost on transmission, this effect is taken into account in the model. Figure 4.18 reproduces the
experimental results and also those predicted by the model for an anomalous dispersion of 1.7

ps/nm/km.
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Figure 4.18. Experimental and theoretical results for pulse width evolution with power.

It can be seen that the two plots are in good agreement, indicating that this simple
model may be useful for obtaining an insight into transmission performance of systems limited
by GVD and SPM. If it is assumed that the maximum distance that error free data can be
transmitted is that which allows restoration of the pulse width, it can be shown from equation

4.10 that:

and that the required peak power to achicve this 1s:
1139
Pmax — (414)
yZer

Thus, the longest distance that can be propagated before broadening occurs is
0.806Lp, however, to ensure that the received data is error free the signal to noise ratio must
also be adequate.

Figure 4.19 illustrates the power required to restore the pulse width at any given
distance and also that to provide 3 dB of margin over the BER = 1x10” point due to SNR.

The parameters are the same as those used previously with an amplifier of noise figure 6.5 dB
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Figure 4.19. Theoretical power required to restore pulse width and that needed to

obtain adequate SNR.

Thus, the furthest error free distance 1s achieved at the point of intersection. It should
be noted that the curve for Puax has a maximum value of 0.806 Lp, and if this point occurs
prior to intersection this is the best permissible transmission distance. Thus for a given
dispersion we can plot the maximum transmission distance against bit rate. For the
parameters cited above Figure 4.20 illustrates bit rate vs. distance for both D=0.1 & 1
ps/nm/km.
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Figure 4.20. Theoretical bit rate vs. maximum transmission distance for D=0.1 & 1.0

ps/nm/km.

This suggests that the best possible transmission performance at 2.5 Gbit/s is ~6,800
km for a dispersion of 1 ps/nm/km and 15,600 km at 0.1 ps/nm/km. At 5 Gbit/s with D = 0.1
ps/nm/km a distance of 7,700 km should be obtainable. These plots illustrate the importance
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of operating at very low levels of dispersion in order to ensure minimum pulse distortion due
to SPM. Ideally, the system operating wavelength should be chosen to be on the dispersion

zero of the fibre.

4.3.2 Four wave mixing (FWM)

Co-propagating signals with wavelengths close to the fibre dispersion zero are
velocity and phase matched over very long lengths'®.  As a result substantial exchange of
energy between different wavelengths is induced due to enhanced four wave mixing'®. In
particular a strong signal will act as a pump for weak spontaneous emission generated by the
line amplifiers and noise will grow at the expense of the signal'®.  This results in a large
increase in the optical bandwidth. However, since the noise components propagate at the
same group velocity the integrity of the signal is not necessarily lost.

It can be shown that the non-lincar power generated by a single fibre link due to four

.o . . 106.
wave mixing is given by

6 3? o —aly2 2 4 sinz(é—&)
Fyp (L) = “1’0‘24%”32‘% iy € e2 ) ( 2a 2} 1+‘-——'—22_‘ (4.15)
n‘Ac Ay a a’+Ap (1—(3‘“1‘)

where, P;, P; and P, are the powers in three co-propagating signals and the

propagation constant difference AB:

AB = (2”2* j Af,,Afjk[zp + (%*;] (8 - Afj,,){ﬁ?-%lﬂ (4.16)

with Af,=|f-fa] where m,n=i,jk. In general FWM problems are solved by numerical
integration.

To illustrate the detrimental effects of FWM to operation on the fibre dispersion zero
the results of some numerical simulations will be discussed. The modelling is performed by
numerical integration of the scalar non-linear wave equation using a split step fourier
technique'”’. Figure 4.21 shows the 2.5 Gbit/s 16 bit pulse pattern that is to be input to the
simulated system. Both optical and electrical bandlimited (raised cosine with 3 dB cut off at

1.8 GHz) pulse patterns are shown in addition to the eye diagram and the optical spectrum.
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Figure 4.21. Input to simulated system, detailing bandlimited eye diagram and pulse

pattern, optical spectrum and pulse pattern.

Figure 4.22 provides the same information only this time at the output of a simulated

10,000 km system operated on the dispersion zero. The amplifier spacing is 40 km, the noise

figure 5 dB, Kerr coefficient 2.66x10° m*/W, effective arca 64 pm?’ and peak signal power 4

mW. The optical spectrum reveals that essentially all of the energy from the signal has been

converted in to broad band noise and the optical pulse envelope is extremely noisy. The

filtering process at the receiver considerably improves matters but severe eye closure is still

apparent.
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Figure 4.22. Bandlimited eye diagram and pulse pattern and optical spectrum and pulse

pattern at the output from a simulated 10,000 km link with D = 0.

Figure 4.23 details the results from cffectively the same simulation only this time
without non-lincarity, i.e. n, = 0. There is no noticeable pulse broadening in the optical
spectrum which is distorted due to the accumulation of background ASE only. Moreover,

both the eye diagram and the pulse pattern are only impaired by the addition of noise.
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Figure 4.23. Bandlimited eye diagram and pulse pattern and optical spectrum and pulse

pattern at the output from a simulated 10,000 km link with D = 0 with n, =0.

Figure 4.24 details the results from a simulation with the amplificr noise suppressed,
i.e. ngp=0 and n,=2.66x10°m/W. As would be expected the optical spectrum has some new
low level frequencies generated due to spectral broadening from SPM. The temporal plots
reveal that pulse compression has occurred on isolated ones due to the interaction of second

order group velocity dispersion and SPM induced wavelength chirp'®.

This is also apparent
on the eye diagram as a lowering of the cross over point.

Clearly, the impairments and eye closure apparent from Figure 4.22 is not the lincar
superposition of those detailed in Figures 4.23 and 4.24, and some non-lincar process 1s
responsible.  Since, the signal wavelength is placed on the fibre dispersion zero there 1S
significant synchronism between it and the ASE components at similar wavelengths.

Consequently, the signal acts as a pump for the weak spontaneous emission resulting in the

noise to grow at the expense of the signal due to enhanced four wave mixing.
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Figure 4.24. Bandlimited eye diagram and pulse pattern and optical spectrum and pulse

pattern at the output from a simulated 10,000 km link with D = 0 with n,,=0.

Figure 4.25 details the output from a simulation of a single amplifier recirculating
loop experiment discussed in section 4.4. The peak power input to the fibre is 8 mW at a

wavelength on the path average Ao of the 40 km of fibre that consists of the following links:

Link | Length/km | A/ nm
1 6.5 1558.6
2 6.53 15592
3 6.57 1551.6
4 6.53 1551.3
5 5.56 1550.9
6 6.5 1556.1

Table 4.1. Composition of the loop fibre used to illustrate the effects of FWM on D=0.
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The optical spectrum has significantly broadened and temporally the isolated pulses
have narrowed. This results in the single ‘ones’ only attaining half of the amplitude of a string
of ‘ones’ after detection by the band-limiting receiver. Thus, the eye diagram suffers closure

with the optimum decision point moved very close to the ‘zero’ level.
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Figure 4.25. Bandlimited eye diagram and pulse pattern and optical spectrum and pulse

pattern at the output from a simulation of experiment in section 4.4.

From this and the previous sections it is apparent that to minimise the effects of SPM
and GVD it is desirable to operate on the dispersion zero, however, in so doing enhanced four
wave mixing results in data corruption. In section 4.4 dispersion maps will be used
experimentally to simultaneously minimise the cffects of SPM, GVD and FWM in ultra-long

haul optically amplified NRZ systems.
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4.3.3 Stimulated Brillouin scattering (SBS)

To accommodate the accumulated effects of SBS over a multi-amplifier system
equation 3.1 can be modified to reduce the threshold power with the number of repeaters in the
link. In practice each span would contribute the same amount of backwards propagating
stokes waves which would be blocked by the isolator in the amplifier. Thus we can simulate
the effect on a long haul system by scaling with log(N), where N is the number of amplifiers in

the link. For a Lorentzian profile pump signal:

L _214g {;AVLAJF Ave 1 _ 1 @17
gzt " Jos- 0,25—8—(1 - eTj 1+ log(l 4 i)
Vb z,
and for a Gaussian profile:
o] Av,2+ AVE]
Py =214 ”{ LAY T ; (4.18)
Ze a2
gzer | Ave 0.5—0.25—]2—(1—e B ] 1+log(1 +ij
Vb Z,

The threshold power for both profiles is illustrated in figure 4.26 assuming the same

parameters as those used in section 4.1.1.

0.2

SBS threshold / W

0.1

Gaussian
0.05

L Lorentzian

2000 4000 £000 8000 16000
Distance / km

Figure 4.26. Evolution of SBS threshold with distance for Lorentzian and Gaussian

profiles.
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It should be noted however that spectral broadening associated with SPM and FWM
as the signal propagates down the link has been neglected from this plot. These effects will
not only enhance the spectrum, and therefore increase the threshold power, but also alter its
profile and for this reason both Lorentzian and Gaussian results are provided. However, from
the results obtained it would seem that SBS will not be a major impairment since both SPM

and FWM would causes severe degradation at much lower power levels.

4.3.4 Stimulated Raman scattering (SRS)

Since, the Raman bandwidth is many THz wide'?” its effect is not reduced with
modulation or source chirp as is the case for SBS. However, over an amplified link the Stokes
wave will generally be outside the bandwidth of the cascaded system and can therefore be
considered as just an additional loss term, with the new noise components filtered out. Thus,

the effective threshold for a many amplifier link can be approximated by:

16 A 1

rZe
Ereel 1+log(1+—z~J
ZO

Figure 4.27 details the evolution of Raman threshold power with distance for the

Pcr: (419)

parameters used previously. It can be seen that SRS is not likely to cause significant system
impairments at the power levels that will allow good performance due to the effects of SPM

and FWM.
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Figure 4.27. Evolution of Raman threshold power with distance.
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4.4. Experimental results.

Experimentally the effects of fibre dispersion, non-linearity and amplifier noise on
system performance have been investigated with a recirculating loop similar to that detailed in
figure 4.5. The amplifier spacing and component characteristics used were representative of
those expected to be found in ultra-long haul systems. The isolator ensured unidirectional
operation, thus minimising optical reflections, and would normally be associated with the
amplifier. It is unlikely that a cascaded system would utilise bandpass filters due to potential
long term drift problems. However, to allow assessment of system performance over a range
of operating wavelengths, and therefore dispersion values, a 2.7 nm tuneable filter was
included in the loop (not 6 nm as indicated in figure 4.5). A low chirp source was realised by
using a cw DBF laser externally modulated by a lithium niobate Mach-Zehnder

interferometer.

4.4.1. 2.5 Gbit/s results.

Figure 4.28 is a plot of measured BER vs. path average fibre dispersion at 6,000 and

10,000 km for a mean input power to the transmission fibre of 3 dBm.
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Figure 4.28. 2.5 Gbit/s BER vs. path average dispersion at 6,000 and 10,000 km.

On the short wavelength side of A, the pulses broadened due to both chromatic
dispersion and the chirp induced by SPM, as discussed in section 4.3.1. This resulted n
significant distortion and ISI and error free operation (BER <1x10®) was not obtained.

Increasing the power level enhanced the spectral broadening from SPM and system
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performance deteriorated. These detrimental effects reduced as the operating wavelength
approached A.since pulse broadening from dispersion decreased.

However, at wavelengths very close to A, enhanced phase matching between the signal
and ASE resulted in power being extracted from the signal into new noise frequencies due to
FWM, as discussed in section 4.3.2. This effect was compounded with higher power levels
and figure 4.29a shows the pulse pattern after 10,000 km of transmission when operating on

2. for a mean power of 6 dBm input to the fibre.
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Figure 4.29. Effect of operating dispersion value on pulse distortion.

Isolated ‘1’s are noticcably attenuated duc to the combined effects of spectral
broadening by FWM & SPM and second order dispersion. Indeed in this case the optical
spectrum had broadened to 0.5 nm and shifted by 0.75 nm to a shorter wavelength. After only
1,000 km of transmission no power was detected at the transmit wavelength and,
consequently, the received data was significantly crrored.  Figure 4.29a is in excellent
agreement with that simulated and detailed in figure 4.25

As the operating wavelength was increased phase matching reduced and the
detrimental effects of FWM cased. In this regime it was possible to utilise pulse compression
obtained from SPM in anomalous dispersion to offsct to some extent the broadening resulting
from chromatic dispersion. Experimentally at a dispersion of 0.1 ps/nm/km a BER of 1x10”
was obtained to a distance of 16,000 km and this is in excellent agreement with that predicted
from the theory detailed in section 4.1.1, which implied transmission was possible to a
distance of 15,600 km. The measured penalties were only 0.2 dB and 0.8 dB at 6,000 and
10,000 km respectively and figure 4.29b details the pulse pattern at 10,000 km showing no
signs of pulse distortion. At 6,000 km it was possible to obtain error free operation over a
10 nm wavelength window as detailed in figure 428  However, when the signal power

entering the fibre was increased to 6 dBm the resultant spectral broadening and its interaction
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with fibre dispersion restricted error free operation to only a very limited wavelength range of
less than 1 nm. This clearly illustrates the importance of achieving the necessary balance
between non-linearity and dispersion for NRZ systems of this length.

As the signal wavelength was increased dispersion dominated and pulse broadening
occurred even at low power levels where no spectral broadening was apparent. Thus error
free operation was not possible for high values of dispersion. Where system operation was
marginal it was possible to limit spectral broadening by reducing the signal power and a trade
off occurred between signal to noise ratio and pulse distortion. Indeed, error free operation
was possible to a distance of 6,200 km at 1 ps/nm/km dispersion for a mean power entering
the fibre of 1.5 dBm. This is in excellent agreement with the theory presented in section 4.3.1

which predicts that a distance of 6,800 km should be possible.

4.4.2. 5 Gbit/s results.

Increasing the bit rate of a system requires an increase in the receiver bandwidth and,
therefore, detected noise. Consequently, it is necessary to increase the signal power to
maintain the SNR. However, in so doing non-lincar effects are enhanced resulting in the
possibility of increased pulse broadening in a decreased bit period. Thus, it is usually
necessary to reduce the signal level and this further impinges on system SNR. Figure 4.30
shows the system performance at 6,200 km as function of fibre dispersion for 5 Gbit/s data

and a mean power level entering the fibre of 3 dBm.
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Figure 4.30. 5 Gbit/s BER vs. path average fibre dispersion at 6,000 km.
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It can be seen that the same trends that were observed at 2.5 Gbit/s are followed only
with much tighter restrictions on allowable pulse distortion. Again the error ratio improved as
the operating wavelength approached minimum dispersion until phase matching induced
FWM. On the short wavelength side of A, it was possible to use 25 km of step index fibre at
the receiver to compensate for the dispersion of the link and, therefore, reduce pulse
broadening as illustrated in the diagram. On the long wavelength side of the dispersion zero a
BER of 1x10® was obtained at a dispersion of 0.06 ps/nm/km.

To improve performance further it is necessary to operate on the system A, but ensure
that phase matching dose not occur over long distances. This may be achieved by adding a
phase perturbation into the transmission path. For example, by inserting relatively short
lengths of step index fibre with a dispersion of around 17 ps/nm/km and operating at the path
average A, it is possible to ensure that the signal does not propagate with enhanced FWM in
any fibre. The net dispersion over the entire length of the link is zero so the effects of SPM
are also minimised. Figure 4.31 shows the system performance against path average

dispersion obtained by utilising this technique.
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Figure 4.31. 5 Gbit/s vs. fibre dispersion at 6,000 km with dispersion management,

The insertion of 385 m of step index fibre into the loop allowed propagation over
9,000 km before a BER of 1x10° was encountered. FWM was reduced to the extent that no
spectral broadening could be measured on a conventional spectrum analyser with a resolution
of 0.1 nm. Inset in figure 4.31 is the detected eye at 9,000 km. There were no signs of pulse
distortion implying that improving the noise performance of the system would allow

transmission to greater distances.
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Modifying the experiment to that illustrated in figure 4.13 allowed the noise penalty
from the fibre coupler and filter to be reduced from 4 dB/span to 1 dB/span. Error free
transmission was extended to 17,600 km as would be expected from the 3 dB improvement in
SNR and this is detailed in figure 4.14. This result implies that non-linearity was not limiting
the system, since, further propagation would significantly enhance such effects. When the
signal SOP was adjusted such that the PDL was 0.03 dB/span and the PMD was negligible a
BER of 5x10° was obtained at 6,000 km, implying that some form of high speed polarisation

scrambling would be necessary to maintain acceptable long term system performance.

4.4.3. 10 Gbit/s results.

Operation at higher bit rates again necessitates an increase in the receiver bandwidth,
reducing the SNR and also the allowable pulse distortion. Figure 4.32 details the detected
pulse pattern at 0 km and 9,000 km for 10 Gbit/s data with a mean power of 3 dBm input to
the fibre. The signal wavelength was such that the path average dispersion was very slightly

positive.

100 ps

432a 432b

Figure 4.32. Transmitted pulse (a) and that after 10,000 km of transmission (b), showing

modulation instability.

As the speed of operation of LiNbO; modulators increases so does the required drive
voltage. High speed, high output power 10 Gbit/s electrical amplifiers are currently state of
the art and the performance is not as well controlled as those at much lower bit rates.
Consequently, imperfections can result in patterning of the data and this can be seen in Figure
4.32a. In particular, some of the ‘one’ levels suffered ringing and droop.

A perfect ‘one’ may be regarded as a solution to the non-linear Schrodinger equation
governing propagation in the fibre i.e. pseudo c.w. However, when perturbations occur in the

anomalous dispersion regime the solution is unstable and the perturbation grows exponentially
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with distance. Consequently, the imperfect transmitted data suffered enhanced pulse distortion
with propagation due to modulation instability and error free operation was limited to a
distance of 6,000 km. In order to improve on this result it would be necessary to launch data
with significantly less pulse distortion, placing stringent requirements on the high speed
clectronics. At higher bit rates such devices are not commercially available.

If the SNR limited result of 5 Gbit/s error free to 17,600 km is extrapolated to 10
Gbit/s the maximum transmission distance attainable is only ~9,000 km, assuming no
additional non-linear impairments. Thus, for the transpacific span a BER of 1x10” would just

be possible but only with the signal state of polarisation optimised.

4.5 Conclusions

To utilise optically amplificd NRZ transmission systems at high bit rates over
transoceanic spans requires careful control of the system dispersion and operating power
levels. Appropriate dispersion management schemes have allowed the detrimental effects of
non-linearity to be reduced and 5 Gbit/s data to be transmitted 17,600 km error free.
However, this result was obtained by optimising the signal SOP such that minimal PMD and
PDL were encountered. A practical system would require the use of a polarisation scrambler
at the transmitter and very careful control of the fibre’s PMD at the manufacturing stage.

At 10 Gbit/s error free performance was only obtainable to a distance of 6,000 km.
The increased bandwidth of the receiver allowed pulse distortion from non-linear effects to be
transmitted through to the error detector. The use of an optimised transmitter may permit
transmission to 9,000 km before impinging upon the SNR limit. Further increases in
performance would require the use of lower noise figure amplifiers and possibly 980 nm
pumping. Amplifiers with a 3 dB noise figure would allow the transpacific route to be
traversed with 3 dB of ‘margin’. However, upgrading beyond 10 Gbit/s looks unlikely.

Thus, the idea of the bit rate independent transparent optical pipe is not realisable
with ultra-long haul optically amplified NRZ systems. Further, since dispersion management
schemes are required to allow acceptable performance at 5 Gbit/s and above, wavelength
division multiplexing is not an option. With the added impairments of PDL, PMD, PHB and
PDG system performance is further impaired and fluctuates with time. Multiplexing in
polarisation is also precluded by these effects. In the limit of the transmission of very high bit
rates over ultra-long distances it may be necessary to regenerate the signal at points along the
span to ensure acceptable performance levels. Alternatively, it is possible to use non-lincarity
to balance dispersion by transmitting solitons as data bits and this is the topic of the next

chapter.

71




Chapter 5

5. Ultra-long haul soliton transmission

5.1. Introduction

The propagation of radiation inside a monomode optical fibre is governed by the non-
lincar Schrodinger equation, the stable solutions of which are its eigen-functions, commonly
known as optical solitons''®. Solitons arise as a balance between the phase shifts induced by
the fibre non-lincarity and dispersion. The ability of solitons to maintain their temporal and
spectral profile on propagation suggests that they may be ideally suited to ultra-long haul
transmission. However, fibre loss is accompanicd by pulse broadening and necessitates use of

P To ensure stable propagation with discrete amplifiers the

the ‘average soliton mode
induced phase shift in each section should be small, requiring the amplifier spacing to be much
less than the soliton period. The average dispersion is then balanced by the average non-linear
phase shift by launching a power such that the mean value over a single link is equal to the
ideal soliton power for an identical, but lossless fibre. For broad pulses the average soliton
model is easily realised in practice. However, as the bit rate is increased the pulse width must
be reduced and this decreases the soliton period for a given value of dispersion. As a result
the amplifier spacing must also reduce, adversely affecting system design.

In addition to impairing system performance in terms of SNR, ASE from the
transmission line amplifiers gives rise to the Gordon-Haus effect''>. Noise at wavelengths

close to that of the soliton induce random shifts in the carrier frequency and this interacts with

fibre dispersion to produce a random timing jitter whose variance is given by:

2 (G - l)ALLhn2DLiyY
()= 97, L
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(5.1
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Where Ly is the overall length of the system, Laxp the spacing between amplifiers and
1 the pulse width FWHM. In order to maintain an acceptable BER the rms jitter must be kept
small compared to the bit interval. This places restrictions on the noise figure of the
amplifiers, fibre dispersion and pulse width. Figure 5.1 details the eye diagrams obtained
after a simulated 6,000 km system both with and without ASE for the parameters; D = 1
ps/nm/km, pulse width 20 ps, amplifier spacing 40 km, noise figure 7 dB.

Without noise With noise

Figure 5.1. Simulated eye diagrams at 6,000 km without and with ASE to illustrate the

effect of Gordon-Haus jitter.

A further source of timing jitter is the acousto-optic effect'” arising from an
interaction between the signal and the transmission medium itself. Large transverse gradients
of radiation intensity from a signal pulse in the fibre can lead to electrostrictional excitation of
acoustic waves. These waves propagate radially out of the core until an impedance change 1s
encountered, such as the core cladding boundary. A fraction of the energy is reflected back
modifying the refractive index of the core, thus, acting on the optical signal resulting in

temporal shifts whose variance is given by:

(37) - ald,D'RL,, 52

2
T

where, R is the bit rate and a a constant of proportionality. In order to minimise the
effects of both Gordon-Haus jitter and the acousto-optic effect it is necessary to reduce the
dispersion value of the transmission fibre and increase the soliton pulse width.

Power in the tail of a soliton induces a change in the refractive index of the fibre at the
point of neighbouring pulses. This can lead to adjacent solitons periodically attracting, if they
are of the same phase, or repelling, if they are of the opposite phase, and 1s called soliton-

soliton interaction'®. The period over which the solitons collapse is given approximately by:
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T

z,=ze’" (5.3)

where, T is the bit period. In a transmission system this effect can lead to system
errors as pulses coalesce and temporally shift in their time slot. To avoid such problems the
power in the tail of the pulses must be minimised and this requires narrow pulses. However,
the use of short pulses enhances timing jitter from both Gordon-Haus and acousto-optic
effects and a compromise clearly exists. To ensurc that soliton-soliton interactions do not

induce transmission errors it is usual to apply the inequality:

L <-L (5.4)

Distance
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Time / ps

Figure 5.2. Interaction between two initially in phase solitons, showing period collapse.

For sufficiently short solitons the optical spectra may overlap with the Raman

scattering gain spectrum resulting in the peak of the pulse pumping its own wings, inducing a
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continuous downshift in the average frequency. This phenomena is called soliton self
frequency shift'’® and can lead to the data stream being attenuated by the filtering action of the
transmission path on propagation.

In the limit of transmitting very high bit rates over ultra-long distances the
impairments detailed above imply that some form of soliton transmission control is required to
stabilise the accumulation of jitter and noise and to reduce the deleterious effects of soliton-
soliton interactions. In general soliton control significantly increases the complexity of the
transmission path, and in some cases results in a form of soliton regenerator. In this chapter
soliton transmission both with and without control will be discussed. The performance of
systems without control is experimentally evaluated and the feasibility of upgrading in both
time and polarisation domains assessed. To allow higher speed operation over oceanic
distances two forms of transmission control are experimentally examined. Retiming by
periodic synchronous modulation in both amplitude and phase domains is investigated. In the
case of phase modulation transmission control a new all optical technique known as soliton

shepherding is demonstrated for the first time.

5.2. Soliton propagation without transmission control

From a practical view point it 1s desirable to utilise a simple transmission path
architecture without recourse to narrow band optical filters or high speed electronics.
However, propagation without transmission control requires the soliton source to be extremely
stable in terms of pulse width, amplitude noise, timing jitter and wavelength jitter.
Additionally, transform limited pulses of sech? intensity profile with a time bandwidth product
of 0.315 should ideally be realised within the transmitter. In practice meeting all of these
requirements is very difficult and a variety of soliton sources have been proposed and
experimentally tested. Arguably the most promising candidate in terms of pulse quality is the
mode locked erbium fibre ring laser (MLEFRL)”(). However, it is also the most difficult to
stabilise, since, very high harmonics of the cavity fundamental are normally used at
frequencies of interest to communications.

Pulses within a MLEFRL may experience soliton shaping effects in the fibre cavity.
The energy shed during this process is converted in to pulses by mode locking at a later stage.
Thus, it is possible to generate pure solitons without a dispersive tail. However, as already

mentioned fibre lasers are highly susceptible to the environment and require stabilisation.

g1




5.2.1. Phase locked erbium fibre ring laser

Previous stabilisation schemes''™"'® controlled the length of the fibre cavity such that
the round trip time was an integer number of bit periods. In general this necessitated thermal
or mechanical stretching of the laser cavity. Where direct control of the fibre length is
employed this process invariably perturbed the signal state of polarisation and resulted in
wavelength jitter, since, an integer number of beat lengths were required to fit in the laser.
Additionally, these control techniques were slow to respond and prone to overshooting.
Consequently, the laser was infrequently perfectly mode locked.

In order to obtain pure soliton pulses from the MLEFRL over extended periods a new
control scheme has been devised'””. Unlike other ring laser stabilisation techniques the cavity
fibre is left completely unperturbed with only the phase of the rf drive adjusted with a phase
lock loop (PLL) to track cavity length variations. One of the advantages of this scheme is that
since the fibre is unaffected by the control, stability in terms of polarisation, and therefore
wavelength, is much improved. Additionally, the technique is capable of tracking high speed
(100's kHz) variations as well as thermal drifts, a major limitation of the fibre stretch type of

control.

1480um 1480nm
pump pump

r%ju <}: 30 m Er? <‘\:]
fibre

O

\_( 60 m SIF 7

Figure 5.3. Schematic of phase locked erbium fibre ring laser.

82




Figure 5.3 details the configuration of the phase locked erbium fibre ring laser
(PLEFRL). The active medium consisted of 30 m of erbium doped fibre bi-directionally
pumped with 1480 nm semiconductor diodes. Mode locking was performed by a LINbO,

amplitude modulator with a 3 dB bandwidth of ~ 8 GHz. Isolators with very low polarisation
dependent loss and polarisation mode dispersion were placed either side of the erbium fibre to
minimise reflections and ensure unidirectional operation. The cavity included 60 m of step
index fibre with a peak optical power close to the fundamental soliton power. A tuneable 1
nm FWHM filter selected the wavelength of operation and ensured that the pulse widths
produced were suitable for long haul transmission (~20 ps). The laser output was detected by
a 2.5 Gbit.s*! receiver which fed a 2.5 GHz electronic PLL. The PLL modulated the laser via
an adjustable delay that corrected for arbitrary phase. The parameters of the PLEFRL were;

natural frequency, ©, = 4 x 106 rad.s! and damping factor, £=0.7.

The laser was mode locked at 2.5 GHz and the pulse width adjusted to 23 ps FWHM
via the electrical drive to the modulator. A mark - space ratio of better than 1:17 ensured that
soliton-soliton interactions were negligible when performing transmission experiments. The
time bandwidth product, AtAv, was measured as 0.32, resulting in transform limited sech?
pulses. The measured pulse to pulse timing jitter was below the resolution of the instrument

used ( ~ 2 ps).
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Figure 5.4. R.F. spectrum of PLEFRL showing 35 dB suppression of cavity modes to
dominant 2.5 GHz mode.

Figure 5.4 shows the RF spectrum illustrating 35 dB suppression of the cavity modes

relative to the dominant 2.5 GHz mode. The long term stability of the source allowed its use
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on a day to day basis without need for adjustment and no sporadic noise bursts were observed.

Additionally, the laser cavity was heated from 20 to 40 °C without loss of mode locking.

5.2.2 Single channel soliton transmission without control

Accurate measurement of all of the parameters that are important for a soliton source
is difficult, and ultimately, it is the transmission performance that determines its suitability.
Figure 5.5 details the configuration of the recirculating loop used in the transmission
experiments to assess three lasers. The soliton sources used were 1) the PLEFRL, 2) mode-
locked semiconductor laser (MLSL) and 3) an clectro-absorption modulator (EAM) externally
modulating a cw DFB laser.

The MLSL generated ~25 ps pulses with AtAv = ~0.4, assuming a Gaussian profile,
and was therefore not transform limited. In operation the laser was moderately complex in
alignment of the external grating (required to allow wavelength tuncability). The EAM was
the simplest source in terms of operation, since no adjustment was required once configured.
The particular device used produced ~50 ps pulses with AtAv ~0.44 implying that the source
was not transform limited, assuming sech profile.

The pulse train from the lasers was externally modulated with a 27-1 PRBS data
pattern using a balanced symmetrically driven lithium niobate Mach-Zehnder interferometer to
yield a low chirp source. An acousto-optic switch gated the injection of data into the loop for
a period equal to the round trip time (480 ps). The loop consisted of three 33 km spans of

Coming dispersion shifted fibre with a mean dispersion zero, A,, of 1548.6 nm and an

average slope of 0.075 ps.nm2km™. An isolator with very low PDL (<0.1 dB) and PMD
(<1 ps) was used to aid stability and a 3 nm FWHM bandpass filter to select the wavelength
of operation whilst providing negligible guiding action (theoretically less than 10%
improvement in transmission distance'”). Data was injected into the loop and coupled out to
the receiver via a 20 : 80 fused fibre coupler. The loss of each span was compensated by a
7.5 dB gain EDFA, contra-directionally pumped by a 1480 nm semiconductor laser. The
measured noise figures under these conditions were 4.8 dB. The receiver comprised a 1.7
GHz pin FET front end and a cascade of wide bandwidth external electrical amplificrs to

boost the signal to a level suitable for a bit error ratio detector.
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Figure 5.5. Recirculating loop configuration for transmission experiments without

control.

For each of the sources in the transmission experiments the path average fibre
dispersion at the operating wavelength was ~0.6 ps.nm! km-! but adjusted to find the optimum
performance. Figure 5.6a details the best achieved error ratios for the three lasers at 25
Gbit/s and figure 5.6b the evolution of power in the 2.5 GHz component of the soliton pulse

stream with distance.
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Fig. 5.6a 2.5 Gbit/s BER vs distance for three soliton sources
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Figure 5.6b. Evolution of power in 2.5 GHz Spectral component

Figure 5.6. BER and transmission performance of three soliton sources.

From Figure 5.6b there is clear evidence of energy shedding over the first few hundred
km as the chirped Gaussian like pulses of the MLSL (AtAv = 0.4) evolved into solitons
resulting in dispersive wave radiation, DWR, leaving a dispersive tail.  Subsequent
transmission was limited due to this tail acting as medium for enhanced soliton-soliton
interactions resulting in increased jitter and lead to a roll off in amplitude of the 2.5 GHz
component beyond 10,000 km. Indeed error free operation was only achicved to a distance of
11,000 km as against a theoretical maximum of 18,000 km for the transmission of pure
solitons.

The EAM produced pulses of 50 ps duration as opposed to ~23 ps for the other two
sources. Conscquently, transmission performance was limited by signal to noise ratio.
However, by increasing the pump powcr to the loop amplifiers it was possible to obtain
adiabatic pulse compression on propagation and improve system performance. Again figure
5 6b illustrates the evolution of power with distance and clearly shows an initial 3 dB drop n
amplitude as the pulses shed energy to form solitons from the original chirped profile (AtAv =
0.44). On subsequent propagation the pulses compressed and developed a noticeable
dispersive tail and error free transmission was limited to 12,000 km and this is in linc with
that expected theoretically.

Propagation of pulses from the PLEFRL resulted in a drop in amplitude of the 2.5
GHz component of <2 dB after 20,000 km of transmission and this was primarily due to the
accumulation of timing jitter. Error free performance was possible to a distance of 17,600 km

and is in very close agreement with analytic theory (18,000 km), suggesting that the system
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was optimised since it was limited by both signal to noise ratio and Gordon - Haus jitter. This
result represents an improvement on the best reported to date at this bit rate even with the use
of fixed guiding filters'?. In this case only a broad band (3 nm) filter has been used every 100
km to select the transmission path gain peak. This implies, for the first time, that soliton
transmission with significant margin over global distances is possible with a very simple
transmission path architecture.

It can therefore be concluded that source impairments do not limit the propagation of
pulses generated by the PLEFRL. Thus, for the ultimate in transmission performance,
without utilising soliton control, it is important to launch pulses that are very close to pure
solitons.

In achieving these results the PLEFRL proved to be extremely stable in terms of pulse
width, amplitude noise, timing jitter and wavelength jitter resulting in a soliton transmission
system that did not require either narrow band optical filters or retiming modulators to span
transoceanic distances with significant system margin. However, if the bit rate is to be
increased to 5 Gbit/s analytic theory indicates that it 1s difficult to operate over 10,000 km
with any margin. To increase the aggregate capacity it therefore seems sensible to utilise the

extra degrees of freedom offered by wavelength, time and polarisation.

5.2.3.1 Polarisation division multiplexing

Polarisation division multiplexing (PDM) as proposed by Evangelides cl at'® offers
the potential of doubling the capacity of a system with virtually no degradation in system
performance. Demultiplexing a PDM signal may be achieved with polarisers provided that
the two channels remain largely orthogonal on propagation. The advantage of this technique
is that it offers greater immunity to timing jitter and soliton-soliton interactions than OTDM,
since the bit period is twice as large. However, theoretical work to date has assumed that
there is no polarisation dependent loss in the transmission path and, therefore, the two soliton
data streams remain orthogonal. When a signal propagates through a PDL clement the vector
component of the clectric ficld in the low loss polarisation state experiences less attenuation
than the component orthogonal to it. This has the effect of rotating the field very slightly
towards the lower loss polarisation state. Thus, in a PDM system both channels will be
‘guided’ towards the same state of polarisation. Consequently, orthogonality is lost and
demultiplexing with simple polarisers may not be possible. Indeed in the limit an OTDM
demultiplexer would be required , therefore, losing some of the advantages offered by PDM in

terms of Gordon-Haus jitter and soliton-soliton interaction tolerance.
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Assuming all i PDL elements of the transmission path are aligned with the low loss
axis bisecting the two fields, then by summing the rotations of the fields caused by every

element it can be shown that:

i.In10

ﬁ=§~ 2tan”" tanh [ PDL(a’B)} (5:5)

Figure 5.8a. details this curve for PDL = 0.165 dB to allow comparison with the
experiment discussed in the next section. Figure 5.8b. shows the theoretical variation of total
power of the two fields measured both parallel and orthogonal to the low loss state. In a real
system the PDL elements will be randomly oriented to the incoming signal polarisation. Since
there is no preferred direction, the mean relative rotation of the fields will be zero, however,
there will be a significant standard deviation about this mean caused by the random walk
effect. The second curve of Figure 5.8a shows the 6o condition, corresponding to an error
ratio of 1x10°, for a system with clements having a mean PDL of 0.165 dB'”. Clearly
random alignment cannot be relied upon to climinate the polarisation guiding effect and the

use of polarisers for demultiplexing could lead to errors.
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oriented. PDL = 0.165 dB.

Figure 5.8. Theoretical evolution of relative angle, B, and signal power due to PDL.

5.2.3.3. Polarisation guiding experimental

The experimental configuration is illustrated in figure 5.9. Details of the soliton

source and recirculating loop transmission path can be found in section 5.2.1 and 5.2.2
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respectively. The ring laser pulse stream was modulated with a 27-1 PRBS pattern and bit
interleaved to form a 2 x 2.5 Gbit.s? PDM/OTDM transmitted signal. At the receiver timing
extraction was performed on the entire 5 Gbit.s* data stream, therefore removing start up
ambiguities that occur from a demultiplexed recovered clock'*. The data was optically time

division demultiplexed to 2.5 Gbit.s! via a 20 GHz LiNbO; modulator, providing a 170 ps

acceptance window to soliton jitter. A polariser with 30 dB extinction was situated in front of
the demultiplexer to ensure that solitons from only one polarisation state were detected. The
channel on which the bit error ratio was measured varied randomly on every loop cycle,
ensuring that the BER was valid for the entire 5 Gbit.s' data stream. The mean transmission
fibre dispersion at the operating wavelength was 0.5 ps.nm” km' and the mean PDL per
section was 0.165 dB. Polarisation controllers within loop allowed accurate control of the
signal SOP's. In particular, the eigenstate that corresponded to the signal experiencing the
same polarisation state on every recirculation could be found. The transmitter data stream
was then configured such that both signal SOP's were at 45 to the low loss state of the loop.
Figure 5.10 details the evolution of power in the 5 GHz spectral component of the
pulses in both the low loss and high loss cigenstates of the loop. With the polariser aligned to
the low loss state an increase in power of 3 dB is observed as the two 2.5 Gbit/s channels
rotate from initial orthogonality to being coincident in the low loss state at 3,000 km. With
further transmission the spectral component diminishes due to the accumulation of timing
jitter. Power in the high loss state falls rapidly as the signal rotates into the low loss SOP.
Figure 5.10 is in excellent agreement with the theoretical plot given in figure 5.8b in which

timing jitter is not included.
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Figure 5.9. Recirculating loop configuration for PDM experiments.
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Figure 5.10. Evolution of power in 5 GHz component in low and high loss polarisation

states when launching a PDM signal.

Figure 5.11 shows the pulse pattern detected through the polariser after 1,000 km of
transmission with the polarisation at the receiver adjusted such that maximum signal power
was obtained from one of the channels (channel 1). 1t can be seen that channel 2 is no longer

orthogonal, 66% of its power is in the same polarisation state as channel 1.
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Figure 5.11. PDM pulse pattern at 1,000 km detected through a polariser.

To ascertain the validity of the data, BER mecasurements were performed on both
channels after the signal had passed through the polariser. Error free operation was possible
to a distance of 11,000 km where a l x 10 BER was measured, this compares well with other
work in which significantly stronger wavelength guiding was utilised'”. Further transmission
resulted in errors due to soliton timing jitter. It is thought that this was due to the combined
effects of Gordon-Haus jitter and soliton-soliton interaction. Since no transmission control is
utilised, Gordon-Haus jitter builds rapidly over the first few 1000's km and results in the
possibility of adjacent solitons being jittered much closer together. Also over this distance the

two channels rotate into the same polarisation state. Consequently, on subsequent
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transmission far stronger interaction forces are experienced than would be expected for
unperturbed solitons. Figure 5.12 shows the received pulse pattern at 15,600 km revealing
soliton-soliton attraction on adjacent 'I's with isolated 'l's appearing to be unaffected. To
reduce the interaction forces one of the channels was disconnected at the transmitter and BER
measurements performed on the other through the OTDM demultiplexer. Error free operation
was possible to a distance of 15,600 km which is in agreement with analytic theory as being
the Gordon-Haus limit for this system. Thus, it was concluded that soliton-soliton interaction

was limiting the maximum transmission distance in the two channel experiment.

Figure 5.12. Bandlimited pulse pattern at 15,600 km showing soliton-soliton interaction

on adjacent ones.

For long haul systems with significant PDL it may not be possible to accurately
demultiplex PDM channels with polarisers and OTDM techniques must be used.
Consequently, the allowed acceptance window is decreased making the system less tolerant to
jitter. However, launching PDM signals reduces soliton-soliton interactions up to the point

where the channels are co-aligned and some benefit is realised.

5.2.4. Optical time division multiplexing

For a given capacity OTDM allows the receiver bandwidth to be reduced over that of
a non-multiplexed system and thus gives an advantage in terms of signal to noise ratio.
Additionally, optical gates such as the non-lincar loop mirror 2'? allow switching windows
that pass almost the entire bit period. Thus, a soliton can be jittered to the extremes of its time
slot and still be passed through to the electrical detector. The band-limiting effect of the
receiver will integrate the jittered pulse such that it can be detected without an error occurring.

In contrast, a receiver not using OTDM will again integrate the same pulse but this time into
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both its time slot and the one next to it, incurring an error. These advantages suggest that it
may be possible to utilise OTDM to increase the aggregate line rate of a transmission system.
The experiment detailed in the previous section utilised an OTDM demultiplexer and
PDM/OTDM transmitter. The results obtained indicate that part of the advantages offered by
OTDM are negated by the combined effects of Gordon-Haus jitter and soliton-soliton
interactions. In order to span oceanic distances at very high aggregate capacities multiplexing
in time and/or polarisation alone is not sufficient. One option would be to multiplex many
wavelengths, requiring gain flattening techniques for the optical amplifiers. Another is to use

soliton transmission control at periods along the link and this is the topic of the next section.

5.3. Soliton transmission with control

To allow very high bit rate transmission over global distances various soliton control
schemes have been proposed and some experimentally verified.  All of the techniques rely on
limiting degrees of freedom of the soliton. In particular, control of the temporal and/or
spectral perturbations has to be realised. The remainder of this chapter will discuss the
advantages and disadvantages of transmission control via spectral filtering and then move on
to concentrate on the experimental investigation of various soliton retiming schemes. In
particular synchronous modulation of amplitude is utilised and for the first time the use of
phase modulation is practically demonstrated by an all optical technique in the transmission

fibre itself.

5.3.1. Soliton control in the frequency domain

The major limitation to ultra-long haul soliton transmission is the accumulation of
timing jitter, as detailed in section 5.1. It has been shown that the mean square pulse position

12 equation 5.1,

fluctuations increase with the cube of distance for the Gordon-Haus effect
and with the fourth power of distance for the acousto-optic effect'”, equation 5.2. However,
if the extent to which the soliton’s centre wavelength can be perturbed is limited the temporal
fluctuations will also be reduced. One way of achicving this is to place narrow band optical
filters with a centre wavelength equal to that of the unperturbed soliton at periods along the
transmission path'*’. Wavelengths away from the centre of the pass-band will be attenuated
more than those at the centre when a soliton propagates though the filter. Consequently, the

average wavelength of the soliton is ‘guided’ towards the unperturbed value, reducing the

accumulation of timing jitter. For the Gordon-Haus effect the mean square fluctuations of
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frequency reach a steady state level and the mean square position fluctuations increase only
linearly'®'. The mean square pulse position variations for the acousto-optic effect are damped
such that they increase with the square of distance. Additionally, by utilising multi-peaked
guiding filters such as etalons it is possible to control all channels of a WDM link
simultaneously'®? and this is clearly an advantage of the technique. Moreover, since only
optical filters are required the approach Is passive.

However, in order to maintain the fundamental soliton amplitude, energy that has been
attenuated by the guiding filters must be compensated for by excess gain from the line
amplifiers. To reduce temporal jitter further it is necessary to use ‘stronger’ guiding filters
(narrower band) resulting in greater attenuation of the solitons from each filter. The
associated increase in excess gain is accompanied by the generation of more ASE at the filter
gain peak and ultimately the system becomes noise limited. Clearly a compromise exists
between adequate guiding to minimise timing errors and adequate signal to noise ratio to
minimise energy fluctuations. Mollenauer ct al'®® found that the filter producing the minimum
error ratio was just strong enough to reduce the standard deviation in timing jitter by
approximately half at the transpacific distance.

This technique has been used to considerable effect in propagating 20 Gbit/s data over
11,500 km'** far in excess of the Gordon-Haus limit. In order to achieve this alternating-

135,136 E .
5136 However, even this

amplitude solitons were used to reduce soliton-soliton interactions
result does not allow sufficient system margin over the transpacific distance and an improved
control technique is required.

The accumulation of ASE down the transmission line can be greatly reduced by
slightly offsetting the centre wavelength of each guiding filter. The non-lincar nature of the
soliton pulses enables new spectral components to be generated that allows them to follow the
shift in gain peak of the system but noise from amplifiers carlier in the link will be attenuated
by subsequent filtering. In so doing the transmission path becomes substantially opaque to
noise while remaining transparent to the data. Consequently it is possible to utilise much
stronger guiding and thus enhance the reduction in timing jitter accumulation. The technique
is known as ‘sliding frequency guiding filter” soliton control™.  Another advantage of the
scheme is that if imperfect sech’ pulses are transmitted into the link the dispersive wave
radiation will tend to be left with the ASE, thus, reducing the restrictions placed on the soliton
source. Sliding guiding soliton control has allowed 10 Gbit/s data to be transmitted over
35,000 km and 15 Gbit/s over 25,000 km'*® (both 2 channel PDM), single channel 20 Gbit/s
over 14,000 km'™ and 2x10 Gbit/s WDM over 13,000 km'®. Again the approach is optically

passive and this is desirable.




Recent work suggests that in practically realisable systems the technique is limited to
around 20 Gbit/s for each channel over oceanic distances by the cffects of soliton-soliton
interactions and the soliton periodm, Also, from a systems implementation point of view the
use of narrow band filters at every amplifier, with different centre wavelengths, 1s not
desirable in terms of reliability and maintenance. In light of this and the excellent work
undertaken by others already the use of guiding filters alone is not investigated experimentally
in this thesis. Instead two options for synchronous retiming of solitons will be discussed that

allow both very high speed operation and ultra-long haul propagation.

5.3.2. Soliton control by synchronous amplitude modulation

It has been theoretically'® shown and experimentally verified'® that virtually
unlimited transmission is possible by using soliton controls in the time and frequency domains.
Synchronous modulation of amplitude allows retiming of the soliton pulse position, correcting
for temporal jitter, removal of the effects of soliton-soliton interaction and suppression of the
accumulation of ASE. The amplitude modulator is driven by a sine wave derived from a
recovered clock signal and timed such that the solitons pass through the peak of transmission.
A pulse experiencing temporal jitter, from the Gordon-Haus effect, acousto-optic effect or
soliton-soliton interactions, will be attenuated more on one cdge than the other. Consequently,
the centre of gfavity of the pulse is pulled back towards the middle of the time slot, in close
analogy with guiding filters. The attenuation suffered by the soliton is compensated for by
excess gain from the amplifiers. Any ASE components away from the centre of the time slot
will also be attenuated. With dispersion all wavelengths, other than the soliton wavelength,
will walk through the bit period suffering attenuation on propagation through the retiming
units and thus noise accumulation is suppressed.

A particularly attractive approach to the transmission of very high capacity data is the
use of optical time division multiplexing (OTDM), to allow increases in the aggregate line
rate, allied with soliton propagation. However, in addition to the accumulation of timing jitter
and amplitude noise when transmitted over ultra-long distances, further difficulties arisc as the
aggregate data rate is increased since it becomes necessary to reduce the pulse width and thus
the soliton period. To ensure applicability of the average soliton model the amplifier spacing
should also be decreased and this adversely affects system design in terms of economics and
reliability. Source imperfections can result in dispersive wave radiation coupling closely
spaced adjacent solitons thus enhancing soliton-soliton interactions and timing jitter.

However, by applying a small degree of synchronous amplitude modulation at periods along
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the transmission path it is not only possible to stabilise the energy and temporal position of the
solitons but also to increase the repeater spacing over that normally required'* and
simultaneously case the requirements placed upon the soliton source. These benefits are
illustrated and used to good effect in this section to demonstrate for the first time the

transmission of 20 Gbit/s data over global distances.

5.3.2.1. 20 Gbit/s experimental soliton transmission with amplitude control

Figure 5.13 details the recirculating loop configuration used in the transmission
experiments. 10 GHz pulses from a harmonically mode locked external cavity semiconductor
laser were modulated with a 27.1 PRBS data strcam by a LiNbO; Mach-Zehnder
interferometer and compressed down to 6 ps in a 300 m length of dispersion compensating
fibre (DCF). The resultant signal was passively interleaved into a co-polarised 20 Gbit/s data
stream and gated into the loop via an acousto-optic switch and a 80:20 fused fibre coupler.
Transmission control was achieved by a 1 nm bandpass filter and a 26 GHz GaAs amplitude
modulator which incorporated a 30 dB extinction polariser that necessitated the use of a
polarisation controller within the loop. The round trip loss was compensated by four erbium
doped fibre amplifiers with noise figures ~5 dB. At the receiver timing recovery was
performed by a 20 GHz electronic phase locked loop (PLL). The PLL voltage controlled
oscillator (VCO) operated at 10 GHz and was used to drive the error detector and the LiNbO;
demultiplexer. The output of the VCO was also used to drive a microwave frequency doubler
to derive a phase locked 20 GHz reference that fed the loop retiming modulator. Note that it
was essential to perform timing extraction at the full line rate since the component at the base

rate of 10 GHz was negligible, especially under transmission control.

5.3.2.2. 20 Gbit/s soliton transmission with amplitude control results and discussion

With transmission control disabled error free operation, BER < 1x10” , was limited to
a distance of 2,000 km by the accumulation of timing jitter. The path average fibre dispersion
at the operating wavelength was 0.33 ps/nm/km and the time bandwidth product of the source
was 0.6. When retiming was utilised the data stream propagated a distance of 125,000 km
error free. Figure 5.14a details the 20 Gbit/s eye diagram detected on a 20 GHz pin and also
the demultiplexed bandlimited eye. Further transmission was limited only by the state of
signal polarisation drifting out of alignment with the polariser during the elongated

measurement cycle.

97




HASATYNY
WNALOAds | ]

34008

p{02-4. K|

WOLDALAA N

HOLYINAOW

N

A”WMHV wu M

ASd
wy €¢

ALYO

NID
viva

HINAS
IHO 0t

HIAVITIILIND

)

424

HIASY1

HOLY1NQOW
ALVEOIN WATHLIT

0T - 08

ASd

wy €€

AV

ASd
ury €¢

Figure 5.13. Recirculating loop configuration with amplitude modulation control.
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The Vr of the transmission control modulator was in excess of 25 V and the 20 GHz
sine wave applied to stabilise the transmission had a peak to peak value of 1.4V, indicating
that the degree of optical modulation required was very small. The pulse width of the
recirculating solitons was measured on an auto-correlator to be 6 ps giving a mark-space ratio
of 1:8. Indeed, pulses of greater width than this have been successfully utilised in the
transmission of 40 Gbit/s data'®, suggesting that this system could easily support an upgrade
in capacity via a further stage of OTDM.

The ratio of the soliton period, z, to the amplifier spacing, za, was only 1.3 resulting
in resonances occurring in the spectrum of the solitons. Variation in loop pump power
allowed the width of the propagating solitons, t, (FWHM), to be adjusted from 8 ps to 5 ps,
and this also varied the amplitude of the sidebands in the spectrum. However, the spectral
position of these resonances, 8v, (Hz), did not vary significantly with pulse width as predicted

by theory'**:

14802 (4.6)

P Z4a

Oovm=1=

noting that z, a t,” and that n is the sideband order.

For the values applicable to this experiment the first sideband is predicted to be 0.65
nm away from the peak. Experimentally it was measured to be 0.6 nm and is depicted in
figure 5.14b which was measured on an analyser with a resolution of 0.1 nm. Clearly, the use
of synchronous transmission control has allowed stable propagation even when the soliton

period approached the amplifier spacing.
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10 Gbit/s demultiplexed and bandlimited eye 0.6 nm / div

Fig. 5.14a. 125,000 km eye diagrams. Fig. 5.14b. Optical spectra of propagating solitons
for pulse widths of 5, 6.5 & 8 ps

Figure 5.14. Transmission results of 20 Gbit/s solitons at 125,000 km, 20 Gbit/s and 10
Gbit/s eye diagrams and optical spectra for pulse widths of 5, 6.5 and 8 ps.
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5.3.2.3. Summary

The application of OTDM and soliton control in enabling error free operation of
20 Gbit/s data over global distances has been demonstrated. Additionally, the technique has
allowed the soliton period to approach the amplifier spacing and this is desirable from a
system design view point, particularly at very high data rates. The pulse width used was 6 ps
thus enabling a possible upgrade to 40 Gbit/s via an additional stage of OTDM. Suppression
of the residual frequency component at the basc rate due to the retiming process necessitated

clock recovery to be performed at the full line rate.

5.3.3. Soliton control by synchronous phase modulation

Theoretical studies™’ have indicated that soliton control by synchronous modulation
in phase is capable of providing superior suppression of Gordon-Haus jitter than that of
amplitude modulation. In such a system optical filters and phase modulators driven by a
recovered clock are placed at periods along the transmission path. The modulator is
configured such that solitons arriving at the correct time experience no net phase shift.
However, those that are temporally jittered experience a nct phase modulation.  On
propagation through subsequent soliton supporting fibre the imposed phase shifts are used to
correct for the original temporal jitter.

The transfer function of an clectro-optic phase modulator is given by:

Upy = uine@‘:w ul (57)
where, @ is the peak phase excursion and o, the angular drive frequency of the modulator. It
was shown® that the expected timing variance for an ensemble of solitons in such a system is

given by:

2 ﬂ2<02> Y 2 2am2ﬂ2 1 2z 1 -2xz
<T (z)>: o 1+-e ———;—————-2—(7+K)e -7(7—K)e (5.8)

where, B, = §°p/dw’® dispersion, o = n,(G-1) noise spectral density, Om2 = D0 2l
modulator chirp parameter, I, is the modulator spacing, y = 2/30%°%, with Q the bandwidth

of the optical filter and I the filter spacing, k2 =47 - 20mPa.
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Figure 5.15 details the accumulation of Gordon-Haus jitter with distance for a system
with pulse width 20 ps, amplifier, filter and modulator spacing of 30 km, ny, = 1.5, filter
bandwidth of 1.2 nm and peak phase excursion of 1 mrad at 5 GHz. Also shown in the
diagram is the unconstrained case whereby neither guiding filters nor phase modulation is
utilised and the case for a system with just the filter acting as the control mechanism.

Further work has highlighted the potential of the technique in suppressing soliton-
soliton interactions'®. Thus it would seem that synchronous phase modulation may be a

particularly attractive approach to soliton transmission control.
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Figure 5.15. Jitter accumulation for uncontrolled system, filtered and filtered + phase

modulation.

5.3.4. All optical transmission control: Soliton shepherding

The previous sections have demonstrated the effectiveness of using both amplitude
and phase modulation in the control of soliton transmission. However, if these techniques are
to be employed at much higher bit rates very high speed modulators and associated electronics
are required at periods down the system. In many cases these components do not yet exist and
the reliability of such devices is a serious issue. In this section a particularly clegant active
technique'® is demonstrated for the first time whereby non-linear interaction in length of

optical fibre allows a clock signal to retime (shepherd) the soliton data. Since, modulation is
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provided by non-linear processes in the transmission fibre itself ultra-high speed operation
should be realisable. Indeed, all optical clock extraction has been previously demonstrated at
40 Gbit/s"™.

5.3.4.1 The soliton shepherding technique

Schematically the soliton shepherding concept is illustrated in figure 5.16. By
temporally overlapping a clock and soliton data strcam in a non-lincar medium a phase profile
(Ad(t)) is imposed on the solitons by the clock pulses. Owing to the particle like nature of the
soliton, the imposed phase modulation 1s distributed over the whole pulse resulting n a net
shift in carrier frequency. The sign and magnitude of this shift depend on the position of the
soliton relative to the clock pulse. If this effect 1s combined with an appropriate sign and
magnitude of fibre dispersion, D, the imposed frequency shifts can be converted into suitable
time delays to correct for the original temporal misplacement. Hence, we ‘shepherd” the

soliton towards the centre of the time slot as defined by the clock pulse.

SOLITON DATA

j_\_,—/\M A() @

° .
TRANSMISSION
R LINK FIBRE
CLOCK

Figure 5.16. The soliton shepherd concept.

In order to keep the transmission path optically passive it is desirable to utilise the
non-linear properties of the optical fibre to realise the phase modulation. In this case cross
phase modulation (XPM) is used and the shape of the imposed phase profile depends on the
width of the clock pulse and the group delay difference between the signal and clock (walk-
off). XPM in conjunction with soliton supporting dispersion present within the transmission

link act together to temporally guide the soliton bits.
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5.3.4.2. Soliton shepherding experimental

The recirculating loop configuration used in the soliton shepherding experiments is

shown in figure 5.17.

13km DSF (Shepherding fibre)

3nm FILTER

CLOCK
RECOVERY

'PULSE
SOURCE

2.5Gbit/s SOLITON MICROWAVE ANALYSER
DATA and
ERROR DETECTOR

Figure 5.17. Recirculating loop configuration for soliton shepherding experiment.

The soliton source was the PLEFRL detailed in section 5.2.1, producing 23 ps
FWHM pulses at 1562 nm. The retiming pulses were derived from a 2.5 GHz PLL clock
recovery circuit used to externally modulate (LiINbO;) a cw DFB laser. The resulting 50 ps
duration pulses where tuned to a wavelength of 1538 nm in order to closely match the group
delay difference between the signal and clock pulses co-propagating in a 13 km length of the
loop transmission fibre. The clock pulses were launched into and out of the shepherding fibre
via fused fibre couplers FC1 and FC2 respectively. The path average dispersion of the loop at
the signal wavelength was 1 ps/nm/km giving rise to a theoretical accumulated timing jitter of

22 ps rms at 9,000 km resulting in a calculated BER of 1x107.

5.3.4.3 Soliton shepherding results and discussion

Figure 5.18 details the evolution of power in the 2.5, 10 and 20 GHz r.f. components
of the soliton data stream with distance with and without shepherding. Without retiming the
high harmonics rapidly diminish as a consequence of timing jitter increasing the cffective rms
pulse width. However, the presence of only a weak shepherding beam (-13 dBm mean) 1S
sufficient to suppress the soliton decay. In this case the 20 GHz component of the microwave
spectrum has dropped by less than 2 dB at 20,000 km, indicating the effectiveness of the

technique in constraining the solitons to their correct time slots.
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Figure 5.18. Evolution of soliton harmonics with and without shepherding.

The peak value of phase modulation obtained from the clock beam can be calculated

from equation 4.12. (assuming zero walk through):

P _
Do = Poteg = (”_2&12 Prvon _1_0_}(1_‘__j (5.9)
CAeﬂ Tshep a

where, Pueun is the mean clock power entering the shepherding fibre and Tunep 1s the
FWHM of the clock pulse. For the numbers appropriate to this experiment the peak phase

excursion is calculated to be only ~0.01 radians.
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Figure 5.19. Simulation of timing jitter accumulation for soliton shepherding experiment,

also shown is the unconstrained case and that of just the guiding filter.
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Figure 5.19 details the theoretical evolution of timing jitter derived from equation 5.8.
Also shown in Figure 5.19 is the unconstrained case and that for the action of just the guiding
filter. The line on the diagram indicates the timing variance for which a BER of 1x107 is
incurred. It can be seen that the degree of timing jitter predicted 1s just sufficient to obtain
error free operation at 20,000 km. If the power in the shepherding beam was increased this
distance would be increased further.

Experimentally, without application of the shepherding beam the error free distance
was limited to 9,000 km. This is in excellent agreement with analytic theory, figure 5.19,
suggesting that the acousto-optic effect was the major limitation. When the shepherding beam
was applied the error free distance was extended to in excess of 20,000 km as suggested by
figure 5.19. This limit on transmission distance was governed by a delay generator used in the

experiment and not a restriction fundamental to the soliton shepherding technique.

5.3.4.4. Soliton shepherding summary

A stream of optical pulses has been used to retime high speed data using non-lincar
interaction in length of transmission fibre. This very simple all-optical ‘regenerative’
technique has allowed the control of soliton data over global distances.

One of the main advantages of this form of soliton control is that it 1s not nccessary to
use very high speed optical modulators and associated drive clectronics. The control signal
can be derived from a laser producing short pulses at a reasonable repctition rate, for example
a 10 GHz laser giving 1 ps FWHM pulses'. The output of this device can then be passively
interleaved to form the required control signal enabling soliton control at bit rates of
100’s Gbit/s. Even at these data rates the power required in the retiming beam 1s only around
0 dBm. Alternatively, all optical clock recovery techniques'®? may be cxploited in conjunction
with this regenerative process allowing direct retiming of ultra-high bit rate data streams
resulting in an entirely optical control scheme.

In addition to soliton shepherding, saturable absorbers can be used in the transmission
path as an alternative technique for stabilising propagation at ultra-high bit rates. These may

be realised from semiconductor optical ampliﬁers]53 or non-lincar loop mirrors'™®. With these

devices low power background waves, such as ASE and DWR, arc discriminated against,
while higher power soliton pulses switch the device into transmittance. These techniques offer
significant potential for future ultra-long haul systems since they enable almost truly digital

signals to be continuously processed along the transmission line.
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5.4. Conclusions

The propagation of 2.5 Gbit/s soliton data has been demonstrated over the theoretical
maximum distance of 17,600 km without transmission control. This results implies, for the
first time, that soliton transmission with significant margin over global distances is possible
with a very simple transmission path architecture. In achieving this a new stabilisation
scheme has been devised for the erbium fibre ring laser.

It has been shown that polarisation rotation due to PDL in practically realisable
systems precludes the use of a simple polariser as the demultiplexer. In general an OTDM
demultiplexer is required and this nullifies many of the advantages of PDM. However, some
benefit is obtained in terms of soliton-soliton interactions. The use of OTDM to increase the
aggregate capacity is ultimately limited by the combined effects of soliton-soliton interactions
and temporal jitter.

At higher bit rates timing jitter severely limits system performance and some form of
soliton transmission control is required. By using synchronous modulation of amplitude
20 Gbit/s soliton data has been transmitted mn excess of 100,000 km for the first time. Since,
temporal jitter is significantly suppressed, the advantages offered by OTDM were also
exploited. This allowed the clectronics to operate at an accessible base rate and the aggregate
system capacity to operate in excess of this. The technique also allowed the amplificr spacing
to approach the soliton period, and this is clearly an advantageous from a system
implementation view point.

At bit rates of 40 Gbit/s and above electro-optic modulators and associated drive
clectronics are difficult to source. To alleviate this restriction a new all optical technique for
achieving soliton control by synchronous modulation of phase has been demonstrated for the
first time. Modulation was achieved using Kerr non-lincarity in the transmission fibre itself

and consequently the technique should allow operation at ultra-high bit rates.
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Chapter 6.

6. Conclusions.

This thesis has experimentally examined the viability of three options for optical fibre
transmission over global distances. Clearly it is by no means complete, issues such as
reliability, ageing, power consumption and cost must be addressed before any system would
be considered for implementation. However, practical insight into what is possible in terms of
transmission has been considered with current technologies.

The old and established technology of opto-electronic  regenerators has been
demonstrated to offer significant advantages over the alternatives, particularly in terms of
repeater spacing and polarisation sensitivity. In this thesis, 5 Gbit/s data has been propagated
over 500,000 km and 10 Gbit/s over 400,000 km. In both cases error free operation was
maintained irrespective of the signal state of polarisation, and this is most desirable in terms of
system robustness and reliability.  Additionally, the repeater spacings in these experiments
were 205 km and 160 km respectively, no other format of transmission system offers global
propagation with such few repeater housings. The use of directly modulated DFB lasers
allowed reduced cost and increased reliability, whilst simultancously increasing the stimulated
Brillouin scattering threshold enabling higher launch powers. It is difficult to sce a more
practical topology for immediate deployment since by system optimisation 10 Gbit/s operation
is viable with a spacing between regenerators in excess of 200 km.

Research in to high speed electronics has realised many one off devices operating at
40 Gbit/s and given the track record of the industry it is highly probable that such components
will be readily available in the not too distant future. The use of optical amplifiers as the gain
medium removes many of the restrictions placed on the electronic components since far less
electrical gain is required. Ultimately the possibility of fabricating 40 Gbit/s devices together
with semiconductor laser amplifiers appears particularly attractive in terms of system

reliability and power consumption.
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It has been shown that optically amplified NRZ systems suffer from accumulated
system impairments due to their inherently analogue nature. In order to maintain acceptable
signal to noise ratio and also acceptable pulse distortion from optical non-linearities the
amplifier spacing must be kept short. This necessities the use of many repeater housings,
adversely affecting system cost and reliability. It has been demonstrated that dispersion maps
must be used at bit rates of 5 Gbit/s and above to alleviate the detrimental effects of four wave
mixing, self phase modulation and group velocity dispersion. Upgrading the system by
multiplexing in wavelength is therefore precluded. Additionally, polarisation dependent loss
and gain require the transmitted state of signal polarisation to be scrambled to minimise
system fades as the signal state of polarisation evolves with time. A novel, optically passive
polarisation scrambler is detailed for the first time that, unlike other techniques, is capable of
operation at ultra high speeds.  Upgrading amplified NRZ links by multiplexing 1n
polarisation is thus precluded. Consequently, it appears most unlikely that such systems will
be viable over oceanic distances at bit rates above 10 Gbit/s.

The use of optical solitons as the data bits to overcome transmission impairments due
to non-linearity and dispersion allows distortion free transmission. However, soliton
transmission without control offers very little advantage in terms of system performance over
that of NRZ data format even though it 1s digital in nature. It has been shown that at higher
bit rates temporal jitter severely restricts the maximum transmission distance achievable.
Further, polarisation rotation due to PDL in practical amplifier componcents nullifies many of
the advantages of multiplexing in polarisation. Consequently, it is not possible to double the
system capacity with PDM. Additionally, the combined cffects of accumulated temporal jitter
and soliton-soliton interaction offsct the advantages offered by OTDM. It has also been
shown that to realise the ultimate in transmission performance stringent restrictions are placed
on the soliton source at the transmitter. A new control scheme for the stabilisation of mode
locked erbium doped fibre ring lasers has allowed 2.5 Gbit/s data to propagate to the
theoretical maximum distance of 17,600 km.

With appropriate transmission control unlimited propagation is possible at very high
bit rates. Retiming of the soliton data strecam has been realised by synchronous amplitude
modulation and allowed 20 Gbit/s data to propagate over 125,000 km. The suppression of
temporal jitter enabled the benefits afforded by OTDM to be exploited. Additionally, this
technique removed many of the restrictions placed on the soliton source and enabled the
average soliton model to be violated allowing extended amplifier spacing.

Ultimately the speed of operation of such systems is limited by the bandwidth of the

clectronics available and all optical techniques offer a solution. In this thesis the use of all
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optical soliton transmission control has been demonstrated for the first time. Modulation was
achieved using Kerr non-linearity in the transmission fibre itself and consequently should
allow operation at ultra-high bit rates. In addition to the soliton shepherding technique
detailed here, saturable absorbers and non-linear loop mirrors offer alternative schemes for
stabilising transmission at ultra-high bit rates. These techniques offer significant potential for
future ultra-long haul systems since they enable almost truly digital signals to be continuously
processed along the transmission line.

In conclusion, digital transmission using opto-clectronic regencrators appears to offer
the most robust implementation for bit rates up to 10 Gbit/s allowing unparalleled repeater
spacings. In order to obtain similar performance for ultra-high capacitics, moves towards a

fully digital all optical approach needs to be taken with optical solitons as the data bits.

109




Appendix 1.

A.1. Transient phase errors on a recovered clock when used on a recirculating loop.

Figure A.1. schematically details data propagating around a recirculating loop with
transit time 1. Part a) of the diagram shows cach recirculation as a block of data. Between
cach block there is a gap the width, m, of which is governed by the resolution of the pulse
generator used to gate the acousto-optic switch at the transmitter (in the case of the
experiments detailed in this thesis the resolution of the pulse generator used was 1 ps). Partb)
of the diagram shows an exploded view of the data at the end of one recirculation, the gap and

the data at the start of the next recirculation. [llustrated in part c) is the phase of the data.

a) recirculating
blocks of data

b) Data signal i l l l : [ i [ i

Phase discontinuity

Figure A.1. Clock recovery drop out due to phase discontinuities.

Unless the transit time of the loop, T, is an exact integer number of bit periods there
will be a phase discontinuity at the start of cach recirculation. By making minor adjustment to
the transmitted clock frequency it is possible to establish the condition of phase coherence
between successive recirculations. However, the length of the loop varies with temperature
making it necessary to continuously adjust the clock frequency. One method of achieving this
would be to use a phase locked loop similar to that detailed in section 4.2.1 for stabilisation of
a ring laser. However, the PLL would have to integratc an error signal over many

recirculations resulting in a bandwidth of ~100 Hz. With such a small bandwidth it would be
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extremely difficult to lock the PLL in the first place. Consequently this solution 1s
impractical.

If the transmitted clock frequency is fixed and the loop length allowed to vary with
temperature the sign and magnitude of the phase discontinuity will vary with time. When a
PLL clock recovery circuit is used on the output of the loop, as is the case for the regenerator
work and that of the soliton control with synchronous retiming, the PLL has to regain phase
lock at the start of each recirculation. During this time the phase output by the PLL will be
errored and varying. Any phase errors incurred in previous clock recovery circuits or
previous recirculations will be added to resulting in an increased phasc error with time, or
number of PLL circuits encountered. Thus, when this scheme is used over very long distances
errors occur at the start of each recirculation towards the end of the measurement period. By
manually tuning the transmitted clock it is possible to remove these errors since the PLL mput
can be made to be of continuous phase. In a cascaded system this problem would not occur
since the data and its associated phase are continuous and, thus, it can be considered as a loop

specific artefact.
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