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Summary

Boyd's SBS model which includes distributed thermal acoustic noise (DTAN) has
been enhanced to enable the Stokes-spontancous density depletion noise (SSDDN)
component of the transmitted optical field to be simulated, probably for the first
time, as well as the full transmitted field. SSDDN would not be generated from
previous SBS models in which a Stokes seed replaces DTAN. SSDDN becomes the
dominant form of transmitted SBS noise as model fibre length (MFL) is increased
but its optical power spectrum remains independent of MFL. Simulations of the full
transmitted field and SSDDN for different MFLs allow prediction of the optical
power spectrum, or system performance parameters which depend on this, for
typical communication link lengths which are too long for direct simulation.

The SBS model has also been innovatively improved by allowing the Brillouin Shift
Frequency (BSF) to vary over the model fibre length, for the nonuniform fibre
model (NFM) mode, or to remain constant, for the uniform fibre model (UFM)
mode. The assumption of a Gaussian probability density function (pdf) for the BSF
in the NFM has been confirmed by means of an analysis of reported Brillouin
amplified power spectral measurements for the simple case of a nominally step-
index single-mode pure silica core fibre. The BSF pdf could be modified to match
the Brillouin gain spectra of other fibre types if required.

For both models, simulated backscattered and output powers as functions of input
power agree well with those from a reported experiment for fitting Brillouin gain
coefficients close to theoretical. The NFM and UFM Brillouin gain spectra are then
very similar from half to full maximum but diverge at lower values. Consequently,
NFM and UFM transmitted SBS noise powers inferred for long MFLs differ by 1-
2 dB over the input power range of 0-15 dBm. This difference could be significant
for AM-VSB CATYV links at some channel frequencies.

The modelled characteristic of Carrier-to-Noise Ratio (CNR) as a function of input
power for a single intensity modulated subcarrier is in good agreement with the
characteristic reported for an experiment when either the UFM or NFM is used. The
difference between the two modelled characteristics would have been more
noticeable for a higher fibre length or a lower subcarrier frequency.

Index terms: nonlinear fibre optics, computer modelling, SBS, optical fibre
nonuniformity, optical fibre model
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1. INTRODUCTION

1.1 OPTICAL FIBRE COMMUNICATION SYSTEMS

The development of single mode optical fibre with a loss of less than 0.2 dB/km at a
wavelength of 1550 nm, together with single frequency semiconductor lasers, has
enabled optical fibre communication systems to be designed for a wide variety of
applications including long distance telecommunications, CATV, packet switched
data networks, secure military communications, phased array antennas [1.1.1]-
[1.1.3] and cellular radio networks [1.1.4]-[1.1.6]. Optical fibres offer considerable
advantages over alternative transmission media such as copper cables, radio and
satellite in terms of potential bandwidth, immunity from electromagnetic interference
and low loss [1.1.7]-[1.1.10]. For long distance interactive audio or video
communications, optical fibre links incur significantly smaller delays than those

introduced by geostationary satellite channels [1.1.8].

The very high bandwidth of about 25,000 GHz theoretically available for optical
fibre transmission is an important factor which favours its installation in any
communication system where an increase in demand for capacity is probable. One
recent and very striking example of such a demand is that for the bandwidth per user
of the World Wide Web, which has accelerated to a factor of eight per year [1.1.7],
[1.1.11]. Part of this increase is associated with the use of the Internet for the last

four years or so to carry audio and video traffic around the world [1.1.7], [1.1.12].

Optical fibre is being installed at a high rate throughout the world. In the USA, the
installation rate has been 4000 strand miles per day for many years and a total of
over 10 million strand miles has now been accumulated [1.1.7], [1.1.13]. The
interconnections between telecommunication company networks and cable TV trunk

distribution links have been more or less completed so that fibre has come closer to
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the user. In the UK, CATV companies have installed 45,000 km of fibre in hybrid

fibre coax (or "fibre-to-the-neighbourhood”) networks [1.1.14], [1.1.15].

In order to meet the demand for increased capacity in communication networks,
worldwidce research is being carried out into the use of a greater proportion of the
theoretical bandwidth of optical fibres. One important approach to this aim is
Wavelength Division Multiplexing (WDM) in which tuneable lasers or multiple
wavelength laser arrays, together with other wavelength-selective optical
components, enable simultancous transmission over a single fibre at several
wavelengths. WDM allows the capacity of a fibre link to be increased beyond that of
the individual optoelectronic components. An extension of the simple WDM point-
to-point link approach is that of all-optical networks in which the path between user
nodes remains entirely optical [1.1.7]. Each path may be optically amplified and
wavelength shifted without being converted back to an electrical signal between
nodes. Two examples of all-optical networks are the broadcast and select network,
which may be used for Local Area Networks (LANs) and Metropolitan Area
Networks (MANSs), and the wavelength routing mesh network, which is appropriate

for Wide Area Networks (WANs)[1.1.7], [1.1.16].

Work on wideband all-optical WDM networks is being sponsored in the USA by the
Advanced Research Projects Agency (ARPA) [1.1.17]-[1.1.19] and in Europe by
the Commission of the European Communities under the RACE (Research and
Development in Advanced Communications in Europe) programme [1.1.20],
[1.1.21]. Other examples of American rescarch are the MONET (Multiwavelength
Optical Networking) programme [1.1.22] and STARNET broadband optical WDM
LAN [1.1.23], while in Japan, NTT have demonstrated the performance of an all-
optical self-healing ring network [1.1.24]. The principal ARPA funded all-optical
WDM network testbed employs 20 wavelengths with a data-rate-per-wavelength
from 10 Mbit/s to 10 Gbit/s [1.1.17]. Ten wavelengths are partitioned for use in
the passive broadcast LAN and ten are shared between the passive wavelength-

routed MAN and the configurable wavelength-routed WAN. In an alternative
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approach, the same ARPA funded Consortium on Wideband All-Optical Networks
is also investigating architecture and technology for single-stream, 100 Gbit/s
shared media arca networks (LAN/MAN) with slotted TDM [1.1.25]. Experimental
results of 80 Gbit/s 90 km soliton transmission and simulations up to 111 Gbit/s

over 1000 km are also given in the same paper.

The capacity of long distance and transoceanic optical transmission systems will also
need to be increased to meet the growing demand for interactive video, or
multimedia, services. The use of WDM for these links is an attractive alternative to
very high speed TDM [1.1.26], [1.1.27]. Before the development of Erbium Doped
Fibre Amplificrs (EDFAs), with output powers greater than 20 dBm [1.1.28],
[1.1.29] and gains greater than 25 dB [1.1.28], [1.1.30], WDM transmission
distances were limited to those obtainable without intermediate repeaters, since a
WDM repeater consisting of a wavelength demultiplexer, individual optoelectronic
3R (retiming, reshaping and regenerating) repeaters tor all the wavelengths and a
wavelength multiplexer was not considered practical [1.1.26]. Indeed, even for
single wavelength links, EDFA repeaters are to be preferred to traditional 3R
repeaters. The first transoceanic EDFA systems were installed in 1995 with a single
5 Gbit/s optical channel [1.1.31], twice the capacity of the most advanced digital

regencrator based undersea fibre optic system [1.1.27].

The transmission of many WDM channels over transoceanic distances can be limited
by a variety of phenomena, including the finite bandwidth of the EDFA repeaters,
the nonlincar interactions between channels and the noise accumulation along the
chain of amplifiers [1.1.27]. The effects of these fibre optic nonlinearities can be
reduced by managing the group velocity dispersion over the length of the link.
Passive gain equalisation can increase the usable bandwidth in long amplifier chains
by a factor of two to three. Bit-synchronous polarization and phase modulation in
Non-Return-to-Zero (NRZ) transmission systems can remove the excess noise
accumulation caused by polarisation hole-burning and simultaneously improve

transmission performance by decreasing Four-Wave Mixing between channels and
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increasing the received eye opening. By adopting these techniques and by using
Forward Error Correction, 20 WDM channels of 5 Gbit/s (100 Gbit/s in total) have
been transmitted over 9100 km by means of a circulating loop experiment [1.1.27],

[1.1.32].

The importance of modelling WDM and cven single wavelength optical fibre links is
apparent from the number and complexity of effects which have been taken into
account in this and other experiments. The modelling of optical communication
systems is discussed in the next section, with special emphasis on nonlinear effects

in optical fibres.

1.2 COMPUTER MODELLING OF OPTICAL COMMUNICATION
SYSTEMS

The principal linear effects for an optical fibre are loss and group velocity dispersion

(GVD) [1.2.1]. Primary nonlinear effects can be divided into

i those resulting from third order susceptibility:
Self Phase Modulation (SPM), Cross Phase Modulation (XPM) and Four

Wave Mixing (FWM),

il stimulated inelastic scattering effects:
Stimulated Brillouin Scattering (SBS) and Stimulated Raman Scattering

(SRS).

SPM refers to the self-induced intensity-dependent nonlinear phase shift experienced
by an optical field during propagation, while XPM refers to the nonlinear phase shift
of an optical ficld induced by a copropagating field at a different wavelength. FWM
is the generation of a fourth optical frequency component from three optical
[requency components.
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SBS is initiated by backscattering of light from an effective grating formed through
strain-optic interaction by a thermally induced acoustic wave [1.2.2]. SBS growth
occurs through amplification of the acoustic wave due to electrostriction, whereby a
density change is produced [rom light intensity variation induced by the beating of
the pump (incident) and Stokes (backscattered) waves [1.2.3]. As the input power
progressively increases above the SBS threshold, backscattered light at an optical
frequency lower than that of the incident light by the Brillouin shift frequency
intensifies, while the transmitted power rcaches a limiting value. The theory of SBS

will be described in more detail in chapters 2 and 3.

SRS involves the interaction between light and the vibrational modes of silica
molecules and results in the growth of one or more frequency down-shifted optical
waves (Stokes waves) at the expense of the incident optical wave (pump wave)

[1.2.11. [1.24], T1.2.5].

In WDM systems, any of the above nonlinear effects can dominate high power
performance depending on the number of channels, channel spacing, modulation
format, data rate or modulation bandwidth, fibre GVD, loss, length, whether optical
amplifiers are used as intermediate repeaters and other factors [1.2.4], [1.2.6]-

[1.2:12].

Zou et al. have simulated the combined effects of SPM, XPM, SRS, GVD and loss
on various examples of dispersion managed WDM transmission system, in which
two to eight 10 Gbit/s NRZ WDM channels are transmitted through a cascade of
EDFAs over distances of up to 4,000 km [1.2.13]. The various lengths and
sequences of fibre sections of alternating fibre type, chosen from conventional
single-mode fibre, dispersion-shifted fibre and dispersion-compensating fibre, are
such that the total link GVD is zero at one of the channel wavelengths. However, the
GVD over any small section is that of the local fibre type and is very significant.

They argue that the local GVD causes a phase mismatch between channels thereby
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destroying any efficient FWM production, so that FWM is neglected in their model.
SBS is not taken into account either, on the basis that the bandwidth associated with

the elfect is extremely narrow in comparison to the data channel bandwidths.

However, this assumption with regard to SBS may not always be justified for NRZ
intensity modulation WDM systems. For narrow linewidth lasers followed by
external intensity modulation, a substantial component of power exists at the optical
carrier frequency. SRS will cause the longer wavelength channels to be amplitfied at
the expense of the shorter wavelength channels. If the power in the longest
wavelength channel remains at a power of the order of milliwatts over an EDFA
cascaded link length of thousands of kilometres, the effcctive interaction length for
SBS would also be a substantial proportion of the link length if a reverse optical
path were allowed through the EDFAs. The effects of SBS would then be very
significant. More usually, isolators would be used at each end of every EDFA, so
that depletion of the carrier by SBS and the introduction of SBS noise should be
considered separately for every fibre section between EDFAs. Even in this case, the
accumulation of carrier depletion and noise due to SBS over the entire link length
may not always be negligible. The phase modulation applied to the WDM system of
[1.1.27] and [1.1.32] would reduce the power in any given optical band of

bandwidth equal to the Brillouin gain linewidth and so help to suppress SBS.

In the above model of [1.2.13], the NRZ pulses are approximated to as super-
Gaussian pulses. Propagation over the link in the presence of SPM, XPM, SRS,
GVD and loss is simulated by numerical solution of an appropriate version of the
nonlinear Schrodinger equation [1.2.1] for each of the WDM channels. The split-
step Fouricr method, whereby a solution step in the time domain for the
nonlinearities is alternated with a solution step in the frequency domain for GVD, is

applied [1.2.1].
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1.3 STIMULATED BRILLOUIN SCATTERING

SBS is of special interest in the design of single wavelength, long distance, high
data rate links for which remote electrical powering of optical amplifiers is not
permissible or desirable. In such cases, a compact optical spectrum is necessary to
minimise the effects of GVD and the launch power is maximised. Two frequently
adopted alternative schemes are external intensity modulation of a narrow linewidth
laser, followed by a direct detection receiver, and direct frequency modulation, often
known as CPFSK ( Continuous Phase Frequency Shift Keying), followed by a
heterodyne detection receiver. SBS can lead to a limiting of part of the output optical
power spectrum from the fibre as the input power is increased, with consequent
distortion of the detected signal and a sensitivity penalty. It can also result in optical
noisc and hence a Bit Error Rate (BER) floor. The effects of SBS in introducing
demodulated waveform distortion, sensitivity penalties and BER floors in coherent
CPFSK systems [1.3.1]-[1.3.3] and externally intensity modulated links [1.3.4],
[1.3.5] have recently been studied experimentally. For high data rate external
intensity modulation, it is possible to raise the SBS threshold power by modulating
the optical frequency or phase of the launched signal at a sufficiently low rate for a
dispersion penalty not to be incurred[1.3.6]-[1.3.9]. For coherent CPFSK, this
technique is not likely to be as practicable since the local oscillator in the receiver is
normally held at a constant frequency. Instead, the SBS threshold power has been
increased by inserting a number of fibre sections each with a significantly different
Brillouin shift frequency [1.3.10]. The same effect has been used to design fibres
with higher thresholds than for conventional fibres [1.3.11]-[1.3.13]. Alternatively,
the effects of SBS on the measured BER for CPFSK have been ameliorated by

adjusting the threshold voltage in the decision circuit [1.3.2].

Another important example of a system whose design may be influcnced by SBS is
that of externally modulated AM-VSB CATYV transmission [1.3.14]-[1.3.16]. The
importance of using SMF links for this type of CATV distribution and the
advantages of applying external rather than direct laser modulation are discussed in

<7



Appendix Al.l, together with a representative configuration for such a system,
power spectra at various points and typical parameters. As the optical input power
increases above the threshold, SBS noise at the fibre link output increases sharply,
so that the Carrier-to-Noise Ratio of a modulated video channel reaches a maximum
value and then decreases rapidly. As for the digital external intensity modulation
case considered above, external phase modulation may be suitably applied to
increase the SBS threshold [1.3.15], [1.3.17]-[1.3.19]. Although direct frequency
modulation also increases the threshold, the residual AM can introduce unacceptable
interference in the band of the CATYV channels [1.3.16]. External phase modulation
is effective in reducing interferometric intensity noise [1.3.17] and composite

second order distortion due to SPM [1.3.20] as well as the influence of SBS.

It can be seen from the above discussion that there is considerable recent interest
both in the experimental characterisation of the performance of these systems in the
presence of SBS and also in the elficiency and side effects of techniques for
increasing the threshold. In order that an effective worst case design approach can
be adopted, an analytical method or computer model is required which will enable
prediction of system performance under SBS conditions with and without the
application of threshold increasing techniques. It will be shown in the next chapter
that previously reported analytical and numerical models fall short of this
requirement in important respects. The primary objective of this project has been to
provide a simulation tool for systems influenced by SBS which represents a
substantial improvement on previous models, with particular emphasis on externally

modulated AM-VSB CATV transmission links.

In chapter 2, an overview of the theory of SBS is given, followed by a discussion
of previously reported work on the modelling of SBS in optical fibre systems. In
chapter 3, a description is given of a numerical SBS model based on existing theory
for a uniform fibre, whereby the Brillouin shift frequency (BSF) may be regarded as
invariant over the length of the fibre. Simulated SBS characteristics are compared

with those from a published experiment. A new method of simulating the
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transmitted power spectrum expected at fibre lengths too long to simulate directly is
described and used to generate examples of these spectra for the parameters of the

same published experiment.

In chapter 4, the uniform fibre model (UFM) is adapted to allow the BSF in each
small section of the model fibre to be different, so that fibre nonuniformity is
represented. The validity of an assumption made about the probability density
function of the BSF is confirmed for the case of a pure silica fibre from an analysis
ol reported measurements. Simulated SBS characteristics using this nonuniform
fibre modcl (NFM) are compared with those from the reported experiment featured
in the UFM comparison example of chapter 3. Similarities and differences between
the UFM and NFM SBS characteristics of backscattered, transmitted signal and

transmitted noise powers as functions of input power are illustrated and discussed.

In chapter 5, the computer model is extended to enable the effects of SBS on the
carrier-to-noise ratio (CNR) of a single subcarrier channel of an optical AM CATV
link to be simulated. Simulations of CNR at different model fibre lengths are used
together with the simulated CNR inferred for very high lengths in order to predict
the CNR at the real fibre length for a reported experiment. For both the UFM and
the NFM, contributions of CNR from SBS are combined with those from the
experimental link with the fibre replaced by a linear optical attenuator and from
multipath interference over the fibre length to give total predicted CNRs which can

be directly compared with the measured CNRs for the experimental link with fibre.

In chapter 6, conclusions from the work presented are stated and ideas for extending
the model to simulate Bit Error Rates of digital transmission systems under SBS
conditions are discussed, together with issues relating to the incorporation of Group

Velocity Dispersion and other optical nonlinear effects within the model.
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2. ANALYSIS AND COMPUTER MODELLING OF
STIMULATED BRILLOUIN SCATTERING IN OPTICAL
FIBRE SYSTEMS

Before discussing previously reported work on the modelling of SBS in optical fibre
systems, it is appropriate to give an overview of the theory of SBS. In section 2.1,
the theory is described with reference to frequently used terms such as Brillouin
shift frequency, Brillouin gain and Brillouin threshold. In section 2.1.4, a simple
theoretical technique for evaluating the effect of signal modulation on the Brillouin
threshold is outlined. The Brillouin gain spectrum for fused silica is discussed in
scetion 2.1.5 and the influence of acoustic guidance and material considerations on

Brillouin gain spectra of single mode fibres in section 2.1.6.

Section 2.2 on computer models begins, in section 2.2.1, with a discussion of the
required properties of a SBS model. Techniques for modelling SBS are described in
section 2.2.2, with particular reference to the use of Stokes seeds for initiating the
SBS growth process and the preferability of including in the model a distributed
fluctuating source which imitates thermal acoustic noise more directly. In section
2.2.3, some examples of SBS modelling are discussed. These include the work of
Hook and Bolle in simulating intensity waveforms of a PSK transmission system
and that of Boyd and Gaeta in simulating statistical and spectral characteristics of
SBS backscattered light by incorporating a distributed fluctuating source description

of thermal acoustic noise.

2.1 THEORY

2.1.1 Brillouin Shift Frequency

The process of SBS can be described classically as a parametric interaction among

the pump wave (usually the input optical signal, here assumed to be CW and with a
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very narrow linewidth), the Stokes wave and an acoustic wave [1.2.1]. A thermally
generated acoustic wave produces a corresponding periodic modulation in refractive
index through strain-optic interaction [1.2.2]. This index grating scatters the pump
light through Bragg diffraction. The scattered light is downshifted in optical
requency by the acoustic frequency, vy, as a result of the Doppler effect, since the
grating is moving at the acoustic velocity, v,. The scattered light is most intense if

the Bragg condition

2hqa Sin(0) = Ag/n 2.1.0

is satisfied, where Ay (= va/vy) and A are the acoustic and optical wavelengths,
respectively, n is the refractive index of the fibre core and 0 is the angle between the

incident optical beam and the normal to the acoustic direction of propagation [1.3.5].

Equation (2.1.1) can also be derived by viewing the scattering process quantum-
mechanically as if the annihilation of a pump photon creates simultaneously a Stokes
photon and an acoustic phonon. Since both the energy and the momentum must be
conserved during each scattering event, the frequencies and the wave vectors of the

three waves are related by

Va=vp' Vs (2.1.2)

ka =kp - kg (2.1.3)

where Vg, Vp and vg are the frequencies and kg, Kp and kg are the wave vectors of

the acoustic, pump and Stokes waves, respectively, and

kgl ~ lkpl = 2n/Ag (2.1.4)
lkyl = 27/A,. (2.1.5)

From (2.1.1), ©® = /2 for backscattered light and the shift in frequency, known as

the Brillouin shift frequency, is given by



Vh = Vy ‘—‘2[1\’;1;’7\.0. (2 1 6)

For fused silica, vy = 5.96.103 ms-! and n = 1.44 at A, = 1.55um, giving vy =
11.1 GHz [1.2.3]. The presence of both the pump wave at an optical frequency of
Vo and the backscattered Stokes wave at (Vo - Vp) gives rise to an intensity variation
at the difference frequency of vp. Through electrostriction, this intensity variation
lcads to a corresponding density variation which reinforces the original acoustic
wave at this frequency. The amplified acoustic wave produces an increased depth of
refractive index modulation and a greater proportion of pump light is backscattered.
In this way, the Stokes wave grows from a small intensity determined by thermal
acoustic noise at the end of the fibre furthest from the input pump to a larger

intensity at the pump end.

2.1.2 Brillouin Gain

The gain process may be examined quantitatively by means of the following coupled
wave equations for the slowly varying complex envelopes of the optical electric field
of the Stokes wave, Eg, and of the density variation of the acoustic wave, p, on the

fibre core axis [1.2.3]:

dEg/dz = -iKop*Ep + 0Eg/2 (2.1.7)
dp*/dt = -iK|Ep*E - Tp*, (2.1.8)

where z is the distance from the pump input end of the fibre, T =t + z/vg is time
relative to a travelling Stokes wavelfront, vg is the optical group velocity, t is time, o
is the intensity attenuation coefficient, I'1 is the acoustic phonon lifetime resulting in

a spontancous Brillouin scattering linewidth of Avg = I/t (FWHM) and

K1 = KoponZep/(2v,) (2.1.9)
K2 = mn3p12/(Aopo). (2.1.10)
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where pi2 is the longitudinal elasto-optic coetficient, pg is the average density and
g( is the free space permittivity. For simplicity, the equivalent coupled wave
cquation for the pump field, Ep, is omitted here since it will initially be assumed that
the Stokes wave intensity is always small enough compared to the pump intensity
not to deplete the pump significantly. The pump field is therefore given by

Ep (z) = Ep (0) exp(-07/2). (2.1.11)

Thermal acoustic noise has not been included in (2.1.8) so as to illustrate how a
Stokes wave seed inserted at z = L, where L is the fibre length, grows to a larger
intensity at the pump end, z = 0. By setting dp*/dt = 0 in (2.1.8) to determine the
steady-state response, substituting p* from (2.1.8) and Ep (z) from (2.1.11) into
(2.1.7) and integrating, the intensity gain for the Stokes wave may be obtained as
IEg (0)I2/IEg (L)1 = exp(GLegg - 0L) (2.1.12)
where Legr is the effective length given by
Lere=1[1 - exp(-oL)]/o (2.1.13)
and G is given by
G = 2K 1K2lEp (0)I%/(rAvp). (2.1.14)

By using the relationship [1.2.3]

Pp/Actr = neqelEp (0)12/2 (2.1.15)



where Pp is the pump power launched into the fibre, Aegr is the effective mode
cross-sectional area and c is the speed of light in vacuo, the Brillouin gain, Gg, may

be expressed as

Gp = GLeff = gBPpLefl/Aetf (2.1.16)

where gg is the Brillouin gain coefficient given by

gB = 2nn7p122/(cho2povaAVp). (2.1.17)

In fused silica, the spontaneous Brillouin scattering linewidth, Avg, is found to be
38.4 MHz at A = 1.0 um and varies as o2 [1.2.3], [2.1.1]. The following bulk
parameters are also assumed for fused silica [1.2.3], [2.1.2], [2.1.3]: po =
2.21.103 kg.m=3, v4 = 5.96.103 ms-1, pj2 = 0.286 and at Ay, = 1.55 um, n = 1.44

and Avp = 16 MHz. gp is then equal to 4.34.10-11 mWw-1,

If the optical frequency of the Stokes wave is changed from vg = vp - vp to Vg =V -
vp + 1, the frequency dependence of its intensity gain may be obtained by setting Eg
= Eg1 exp{iot} and p* = p1* exp{iwt}, where ® = 2nf and Egy and p1* are
independent of 1, and solving (2.1.7) and (2.1.8) to give a frequency dependent
version of (2.1.12) in which G{f} replaces G, where

G{f} = GR{f} (2.1.18)
and

R{l} = 1/(1 + (t/(Avg/2))?) (2.1.19)

is the relative Brillouin gain spectrum, which is Lorentzian with a FWHM linewidth

equal to that of the spontaneous Brillouin scattering spectrum, Avp.
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The above analysis applies to the simple case where both the pump and Stokes
waves have the same optical polarization. The more realistic situation in which this
is not true is considered in a later section. The theory also applies strictly to a
uniform fibre, in which the core is of pure silica and has no variations in density due
Lo, for example, stresses induced by cabling. Practical single-mode fibres cannot
usually be regarded as uniform for the purposes of predicting SBS performance, as

discussed in chapters 4 and 5.

2.1.3 Brillouin Threshold

A very simple approximate formula for the input power at which the SBS
backscaticred power becomes significant compared to the pump power was
developed by R.G. Smith [1.2.5] and this has been quoted by many authors
[1.2.1], [1.2.3], [1.2.4], [1.2.6]-[1.2.9], [1.3.5], [1.3.9], [1.3.14], [2.1.4]-

[2.1.7], usually in the form

vGp =21 (2.1.20)

where 7Y 18 a polarisation factor between 0.5 and 1, often previously assumed to be
0.5 for low birefringence fibres when polarisation scrambling occurs, and Gg is the
Brillouin gain defined in (2.1.16). Since this formula has been so widely used, it is
interesting to examine its derivation so that its accuracy for typical optical links may
be assessed and also its applicability to comparison with experimental characteristics
of backscattered power as a function of input power for a monochromatic CW

signal.

The starting point is a steady state differential equation, derived from (B1) of
[ 1.2.5], for the photon occupation number, Ny, of the backward wave, assuming no

depletion of the pump from SBS but only from linear attenuation:

[(d/dz) - 0] Ng = -gSp(z)(N + ny) (2.1.21)
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where o 1s the intensity attenuation coefficient at the Stokes frequency, g is the
frequency dependent Brillouin gain coetficient given by ggR{f} from (2.1.17) and
(2.1.19), Sp(z) 1s the distance dependent pump intensity given by Pp(z)/Aerr and ny
= | + <n>, where <n> is the mean number of phonons per mode of the acoustic

field and is given by [2.1.8]

<n> = (exp(hvy/kgT) - 1)-!

= kpT/hvy for kT >> hv, £2:1.22)

where kg is Boltzmann's constant, T the temperature, h Planck's constant and v, the
acoustic frequency given by (2.1.6). n, represents the distributed thermal acoustic
noise which initiates SBS in the absence of an injected Stokes signal. It is shown in
chapter 3 and Appendix 3.1 that (2.1.21) may be derived from a set of partial
differential equations which include a thermal noise term obtained from

thermodynamic considerations in [2.1.8].

The optical power spectral density for the Stokes radiation at the pump end, z =0, is

given by Hg{f} = hvgN¢(z = 0) and, from (BS5) of [1.2.5], is equal to

Hs {r} = hvbna _ngsp (U) exp{—(as + ap)z + gSP((})
: oL

P

[1- cxp(—-apz)]}dz
(2.1.23)
where op is the intensity attenuation coefficient at the pump frequency. This

equation is used later for comparing simulated and theoretical backscattered power

spectra.

In the derivation of the formula of (2.1.20), the assumption was made that the fibre
length, L, is long compared to 1/, where o = ap = ag. If it is also assumed that

epSp(0)/o. >>1, then from (B6) of [1.2.5],
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Hg{f} = hvgng exp[gSp(0)/al/[gSp(0)/a]. (2.1.24)

For ggSp(0)/o >>1, the effective noise bandwidth of this power spectrum is given

approximately by (8) of [1.2.5]

Betr = (Tt”zf"Z)AVBI[gBSp({J)/a] 12, (2.1.25)

Smith employed an artificial definition for a threshold input pump power, Perig'',
such that the total SBS backscattered power at the pump end, Pg(z=0), is equal to

the input power:

Py(z=0) = Hs{1=0}Befr = Peric". (2.1.26)

This condition is unrealizable experimentally, since pump depletion ensures that the
mean backscattered power is always less than the input power for a CW pump. By
setting GBT = gBPcrit 'Left/ Aerf = g8 Sp(0)/a, which is valid for the condition

assumed above that L >> 1/, (2.1.26) becomes (17) of [1.2.5]

Gp1¥%exp(-GpT) = Kt (2.1.27)

where

Kt = (m12/2)(kpTvy/Va)l g8/0tActf]AVE. (2.1.28)

Smith assumed the following values at Ay, = 1.06 um for the parameters in
(2.1.28): gg = 3.10-11 m.W-1, o0 = 5.10-3 m-1, corresponding to ~20 dB/km, Aeff
= 1011 m2, Avg = 50 MHz, for which Kt = 1.9.10-6 at room temperature. (2.1.27)
then gives G = 21, as stated in (19) of [1.2.5]. Taking more typical present
values for a non-dispersion shifted fibre at Ay = 1.55 um [2.1.6], but deriving gp

and Avp for fused silica as in [1.2.3]: eg = 4341001 m. W-1, 0 = 4.14.10-5 m-1,
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corresponding to 0.18 dB/km, Aegr = 0.95.10-19m2, Avg = 16 MHz, for which K1

= 1.1.105, a better approximation is Gpt = 19.

It is more useful to define a threshold input power, Py, such that the backscattercd

power, Py(z=0), reaches a fraction, ry, of the input power:

Py(z=0) = rnPer. (2.1.29)

In this case, (2.1.27) should be replaced by

Gp132exp(-GpT) = K1/rth. (2.1.30)

ryy should be chosen to be small enough that pump depletion is not significant when
(Ps/Pp)(z=0) = rn, but large enough that the SBS backscattered power can be
distinguished in the presence of Rayleigh backscatiering from an experimental plot
of total backscattered power as a function of input power. From simulated and
experimental results presented in a later chapter, iy = 10-3 seems a reasonable
choice. Based on the parameters given above for a non-dispersion shifted fibre at Aq

= 1.55 pm, the approximate cquation GpT = 10.4 should be used for rpp = 10-3.
2.1.4 Effect of Signal Modulation on Brillouin Threshold

Lichtman et al. have shown that the relative Brillouin gain spectrum for a modulated
signal, Rip{(}, is given by the convolution of the normalised input optical power
spectrum, p{v}, with the relative Brillouin gain spectrum for a CW signal, R{f},

[2.1.7], [2.1.9] where

Rm{l} =] p{V)R{f- v} dv (2.1.31)
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where v = frequency relative to input optical carrier frequency, Vpe, I = frequency
relative o nominal Stokes frequency, Vpc - Vp. They assume that the increase in
threshold input power relative to that for an unmodulated carrier is equal to the
reduction in peak Brillouin gain caused by modulation, where the modulated and
unmodulated input signals have the same total power. This assumption represents a
reasonable approximation, even though the value of GgT determined by (2.1.27) or
(2.1.30) and (2.1.28) shows a slight dependence on the Brillouin gain linewidth,
which can increase significantly under modulation. By calculating the power spectra
for ASK, PSK and FSK and assuming a Lorentzian Brillouin gain spectrum in the
absence of modulation, they have obtained formulae for the corresponding
modulated gain spectra as [unctions of the ratio of data rate to unmodulated Brillouin
linewidth. The threshold increase, equal to the reduction in peak Brillouin gain, is
then plotted as a function of this normalised data rate. The highest rate of increase in
threshold with increasing data rate is given for PSK, since the carrier is completely
suppressed. Measured and theoretical normalised peak gains have been compared by
Bolle et al. for NRZ and CMI data formatted PSK modulation at data rates up to 150

Mbit/s [2.1.10]. Agreement between measurement and theory is good.

Sugie used the same technique to calculate threshold increase as a function of
normalised data rate for CPFSK with modulation indices (peak-peak frequency
deviation/data rate), m, between 0 and 1 [2.1.6]. The characteristic for m = 0.65 is
very similar to that for PSK. Agreement between theoretical and experimental

threshold increases at data rates up to 2.5 Gbit/s for m = [ is fair.

It the power spectrum of a laser with linewidth, Avy,, and the ideal unmodulated
Brillouin gain spectrum with linewidth, Avg, are both assumed to be Lorentzian, the
reduction in peak gain, and hence the increase in threshold, for CW operation of the
laser is given by [2.1.5], [2.1.6]

gp/gpl. = (AVp + Avy )/Avp. (2.1.32)
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2.1.5 Brillouin gain spectrum for fused silica

Measurements by Pine of the Brillouin scattering spectrum for longitudinal acoustic
waves in fused silica when pumped by CW light at a wavelength of 632.8 nm show
that this does take the Lorentzian form predicted by theory [2.1.11]. Pine finds that
the observed dependence of the Brillouin scattering linewidth on temperature, which
features a pronounced peak at a temperature of about 130°K, is best explained using
an anharmonic model in which scattering occurs between two acoustic modes with

frequencies which differ by the Brillouin shift frequency, vp.

Heiman has shown that the Brillouin scattering linewidth measured for fused silica
is proportional to vp™, for 25 GHz < vi < 35 GHz, where m is about 2.7 [2.1.1].
This value of m is rather larger than expected, since both the anharmonic model
favoured by Pine and an alternative known as the structural relaxation model predict

that m < 2.

2.1.6 Influence of acoustic guidance and material considerations on

Brillouin gain spectra of single mode fibres

Although the Brillouin gain spectrum of a single mode fibre when pumped by CW
light is often assumed, for the purposes of simplified theory, to take the Lorentzian
form given in (2.1.19), various effects modify its shape. Jen et al. have analysed the
conditions under which a single mode fibre can guide acoustic as well as optical
waves and the influence of guided acoustic longitudinal modes on SBS [2.1.12]-
[2.1.15]. One important condition for acoustic guidance is that the longitudinal
acoustic wave velocity be smaller in the core than in the cladding. This holds for the
common case of a SMF with a GeOp-doped silica core and pure silica cladding, but

not for a SMF with a pure silica core and F-doped silica cladding.

Jen et al. have shown that for weakly guiding acoustic waveguides, in which the

differences between the acoustic parameters (longitudinal and shear velocities and

-30)-




density) of its core and infinitely thick cladding are small, the dispersion
characteristics of acoustic phase velocity as a function of normalised acoustic
[requency for the longitudinal modes may be predicted to a good approximation by
solving the dispersion equation obtained under the ideal condition ol equal shear
velocities and densities for core and cladding [2.1.14]. Analysis of the coupling
coefficients between the incident and SBS backscattered optical waves for the
acoustic longitudinal modes indicates that only some of these coefficients are non

zero [2.1.12],12.1.13].

Shibata et al. have obsecrved Brillouin gain spectra for SMFs with a GeO2-doped
silica core and pure silica cladding and found that these spectra each consist of a
dominant lobe and two smaller lobes [2.1.16]-[2.1.18]. For the BSF of the peak of
cach lobe, the corresponding acoustic velocity can be calculated from (2.1.6). The
equivalent velocity-frequency points lie close to the acoustic dispersion curves of
phase velocity as a function of normalised frequency predicted for the three lowest
order acoustic longitudinal modes of each SMF [2.1.17],[2.1.18]. The velocities
and frequencies of the three peaks lic between those for the core and cladding
materials. In the experiment of [2.1.18], the frequency spacing between the three
Brillouin gain spectral peaks for a 9.0 mol.% GeOz-doped core fibre measured at a
wavelength of 1550 nm was found to be about 300 MHz and this spacing was
evaluated as about 100 MHz for a commercially available SMF with a 3 mol.%

GeOp-doped core.

In contrast, the Brillouin gain spectrum for a SMF with a pure silica core and
2.2 mol.% F-doped silica cladding was found only to contain a main peak
corresponding to the silica core and a much smaller peak at a reduced BSF whose
value is predicted for the cladding material [2.1.18]. This is as expected, since the
acoustic velocity of F-doped silica is less than that of pure silica, so that no guiding

of longitudinal acoustic modes occurs.
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The measured linewidth of the principal peak of the Brillouin gain spectrum for a
SMEF with a silica core and F-doped silica cladding is usually significantly larger
than that predicted for bulk fused silica. For example, a linewidth of 48 MHz was
observed for such a SMF at a wavelength of 1.55 im in comparison to 16 MHz
lor bulk silica [2.1.17]. This was attributed to the refractive index profile variation
of the SMF [2.1.17],[2.1.19]. Although a step change in refractive index may be
desired between core and cladding with no variations within these regions, typical
profiles are more gradual. Strictly speaking, the different BSFs for different parts of
the core arise mainly tfrom the variations in acoustic velocity corresponding 1o
changes in dopant concentration rather than directly from the accompanying
refractive index characteristic. Inconsistencies in dopant cross-sectional profile along
the fibre length can give rise to Brillouin linewidth broadening as well

(2. 119102120

These mechanisms for linewidth broadening also apply to SMFs with a GeO2-doped
silica core and pure silica cladding [2.1.19],[2.1.20]. In addition, the phonon
lifetime for each of the guided acoustic modes, particularly the subsidiary ones, may
differ from that for bulk fused silica [2.1.17]. The doping associated with the more
complex refractive index profile required for a dispersion-shifted fibre can give rise

to another significant contribution to linewidth broadening [2.1.20].

2.2 COMPUTER MODELS

2.2.1 Required properties of a SBS model

Wherever possible, the model should take as input parameters the known physical
and material constants which are unlikely to vary significantly between the optical
fibres to be simulated. The model should be useful for predicting system
performance based on a minimum of parameters which are measurable and hence
speciliable for a fibre. These parameters should preferably be in use already and
referred to widely in the literature. The following have been chosen for this model:
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the pcak gain and linewidth from the measured Brillouin gain spectrum, the effective
core area, Brillouin shift frequency, refractive index of the core, fibre length and

loss.

For a CW input, simulated characteristics of mean SBS backscattered power at the
pump input and mean output signal power after transmission over the fibre length as
functions of input power should be in good agreement with experimental
characteristics, at least over a useful input power range. Over the lower part of this
range, the modelled backscattered power should agree with that predicted for an
undepleted pump using an integration of (2.1.23) over the frequency domain for an

appropriate Brillouin gain spectrum.

The presence of BER [loors observed experimentally in CPFSK and externally
intensity modulated systems [1.3.1]-[1.3.5] under SBS conditions shows that the
modelling of BER performance for digital systems and CNR performance for AM
subcarrier multiplexed systems requires accurate simulation of SBS noise. A change
in detected or demodulated signal-to-noise ratio of 1 dB at the decision point for a
digital link can result in a corresponding change in BER of more than one order of
magnitude. In AM CATYV systems, great care is needed to minimise all potential
sources of CNR degradation, such as interferometric intensity noise and laser
relative intensity noise, and the upper bound of the CNR specification of 55 dB can
be difTicult to achieve, as apparent from the example in Appendix 1.1. A difference
of 1 dB in CNR due to SBS can therefore be very significant. The power spectrum
and time domain behaviour of the transmitted field should be simulated so that they
can be inserted into an appropriate receiver model for BER or CNR prediction. The
backscattered power spectra should be in agreement with those obtained for an
undepleted pump using (2.1.23) at low input powers. Simulated system

performance should agree with available experimental results.
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2.2.2 SBS modelling techniques

Although many authors have used the simple approximate formula for the CW SBS
threshold input power developed by R.G. Smith [1.2.5] whose derivation is
discussed in section 2.1.3, neither his definition of the threshold nor his reliance on
undepleted pump theory are very satistactory. A better approach is to solve the two
steady state differcntial equations for the pump and Stokes intensities in order to
obtain characteristics of backscattered and fibre output powers as functions of CW
input power. These characteristics would show the effects of pump depletion as well
as linear loss. As pointed out by P. Bayvel and P.M. Radmore, the exact analytical
solutions to the differential equations are only known for the special case of zero
loss, so the authors have solved these numerically by means of the fourth order
Runge-Kutta algorithm [2.2.1]. The boundary condition for the Stokes input noise
intensity was calculated either by using the approximation that the spontaneous
Stokes noise within the Brillouin bandwidth is equal to the injection of one photon
per mode [1.2.5] or from scattering theory [2.2.2]. From the characteristics
obtained in this way, the threshold input power, defined as that at which the ratio of
backscattered intensity (o pump input intensity reaches 1%, could be determined for
different values of fibre loss. The principles outlined in section 2.1.4 were then used
to calculate the factor by which this threshold would increase for a finite laser

linewidth and for signal modulation.

In order to simulate the dynamic behaviour of the transmitted field as well as the
backscattered field, it is necessary to solve numerically the three partial differential
equations for the pump, Stokes and density wave amplitudes for the desired input

optical ficld as a function of time [2.1.8], [2.2.3]-[2.2.6].

Many examples of such modelling have used the artificial device of a deterministic
Stokes seed, inserted at the opposite end of the model fibre or Brillouin medium

[rom the pump. In some cases, this seed has taken the form of a constant amplitude
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at the nominal Stokes (requency [2.2.5]-[2.2.7]. H60k and Bolle have made the
sced appear more like the Stokes wave generated by spontaneous Brillouin
scattering by using a constant amplitude, randomly phase modulated envelope
[2.2.3]. In other cases, a constant amplitude seed with randomly distributed phase
has been injected at regular intervals along the simulated fibre length in order to
represent more realistically the distributed nature of spontaneous Brillouin scattering
[2.2.8], [2.2.9]. Il the average waveform of a periodic transmitted signal is
required, but without the need to model SBS noise originating from the
amplification of thermal acoustic noise, the usc of a constant amplitude seed may
yield an approximate solution. However, noise simulation is important for the
proposed model and it is shown below that the optical power spectrum of the
transmitted field would not be well represented by applying a Stokes seed rather

than distributed thermal acoustic noise.

If a Stokes seed of any kind is used, effort is required to ensure that its magnitude is
appropriate for modelling spontaneous Brillouin scattering which is distributed over
the length of the fibre. Although the correct magnitude can be evaluated for a given
CW input power and a given set of fibre parameters, this would, in principle, need
to be recalculated for a different input power. This has been demonstrated by Boyd
in fig. 2 of [2.1.8], where characteristics of normalised backscattered power (SBS
reflectivity) as a function of normalised input power (single-pass Brillouin gain)
have becn plotted for two cases: "localised source (undepleted pump)” and
"distributed fluctuating source (undepleted pump)". The first case corresponds to the
injection of a Stokes seed and the intensity gain is equivalent to that given by
(2.1.12), while the second case is equivalent to the assumption of distributed
thermal acoustic noise given by the differential equation of (2.1.21). The shapes of

the two characteristics are significantly different, particularly at low input powers.

For some examples of modulated signals, the input power may fluctuate very

significantly, even when averaged over the effective length of the fibre. More

A5



flexibility is therefore afforded by including distributed thermal acoustic noise in the

model than by using a Stokes seed calculated for a particular average input power.

It is shown in chapter 3 and Appendix 3.2 that a minimum limit for the transmitted
SBS noise spectral density may be evaluated by considering the dynamic pump
depletion arising trom the product of the Stokes field and the locally generated
thermal acoustic noise at each fibre length element. In other words, this component
of transmitted SBS noise originates from interaction between the stimulated
backscattered optical field and the spontaneous part of the density variation.
Simulations described in chapter 3 have indicated that the transmitted SBS noise
spectrum is dominated by this Stokes-spontancous density depletion noise for long
model fibre lengths. In order to simulate transmitted SBS noise, it is therefore
necessary to model not only the Stokes field, which might otherwise have been
generated approximately from a suitable seed, but also the thermal acoustic noise
within cach length element. Only transmitted SBS noise arising from the product of

the stimulated backscattered optical field and the stimulated part of the density

Brillouin scattering.

Another reason for using a distributed acoustic noise model is that the simulated
power spectrum of the Stokes field should be sufficiently well represented that the
computed transmitted SBS noise power spectrum can be relied on at the relative
optical frequencies required for system performance evaluation. For example, in the
modelling of an AM-VSB CATYV link described in chapter 5, the transmitted SBS
noise power spectrum needs to be characterised for frequencies relative to that of the
optical carrier of up to 70 MHz. The power spectrum of the Stokes field up to
similar relative frequencies is then also required. The simulated Brillouin gain for a
Stokes input frequency of 70 MHz relative to the nominal Stokes frequency is

found to be about 0.2 of the peak value. The approximation reported by R.G. Smith

equivalent to a single photon is stated to be valid only for Brillouin gains much
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grcater than unity [1.2.5]. This approximation cannot be relied on for the range of
frequency dependent Brillouin gains featured in the CATV example. The use of the
distributed acoustic noise model allows the Stokes power spectrum to be simulated

without this source of inaccuracy.

The effect of fibre nonuniformity on the peak Brillouin gain, and hence on SBS
threshold, has been analysed by Mao et al. [2.1.4]. They have calculated the
reduction in peak gain from concatenating a number of fibre lengths, each with a
different measured Brillouin shift frequency, and found this to correspond with the
experimentally determined increase in SBS threshold. However, in all the reported
examples of numerical modelling of the SBS PDEs seen so far, the BSF is assumed
to be constant over the length of the fibre. The phonon decay rate is increased from
the value expected for bulk silica to one which corresponds to the measured
Brillouin gain linewidth for the fibre. By adopting this procedure, the Brillouin gain
spectrum is assumed to be Lorentzian. As discussed in sections 2.1.6 and 4.1,
variations in dopant concentration over the core-cladding cross-section and other
effects give rise to Brillouin gain spectra for SMFs which differ significantly from a

Lorentzian form, particularly for gains below half of the maximum.

Although it is found in chapter 4 that differences in Brillouin gain spectra below
half-maximum have no observable effect either on total transmitted power or on total
backscattered power, except, in the latter case, at input powers well below
threshold, they do influence the backscattered power spectrum outside the FWHM
Brillouin gain linewidth and also the transmitted power spectrum at frequencies
beyond half of the Brillouin gain linewidth relative to the optical carrier frequency.
In chapter 5, this effect on the transmitted power spectrum is shown to modify the
carrier-to-noise ratio contribution from SBS noise for an optical intensity modulated
subcarrier representative of that in an AM-VSB CATYV link. The development of
Boyd's SBS model to include variations in BSF over the model fibre length, as

described in chapter 4, therefore appears to both novel and useful.



2.2.3 Examples

Hook and Bolle have simulated the effect of SBS on the intensity waveforms of a
PSK transmission system at data rates between 1 and 100 Mbit/s [2.2.3], [2.2.7],
[2.2.10]. Agreement with experimental waveforms has been found to be quite good
[2.2.10], [2.2.11]. The three SBS partial differential equations for the amplitudes of
the pump and Stokes ficlds and the density variation have been derived from optical
and density wave equations [2.2.3]. Although the authors have studied the average
depletion of the transmitted modulated signals, they pay little attention to the
characterisation of noisc induced on these signals by SBS which would be c¢ssential

for modelling sensitivity penalties and BER floors for a transmission link.

Instead of using a theoretical value for the Brillouin gain coefficient, gg, for fused
silica and a theoretical polarisation factor, 7y, as given in (2.1.20), the Brillouin gain
has been measured and a corresponding experimental value of gg derived. This
takes into account both the reduction in peak gain associated with fibre
nonuniformity and the average coupling between the polarisations of pump and
Stokes waves. The experimental gg would be 4.34. 10-11 m. W-! for fused silica
and a uniform fibre with y = 1. For a section of fibre with a measured Brillouin
linewidth of 36 MHz at 1.52 pum, compared to a theoretical linewidth of 16 MHz at
this wavelength, their experimental gg was 2.2. 10-11 m.W-1, which they comment
on as seeming a factor of 2 too high, even though they accepted it for the
simulations. They may have based this comment on the expectation that y would be
1/2 for a typical fibre with complete polarisation scrambling between pump and
Stokes waves [1.2.3] and that the broadened Brillouin gain spectrum would be
Lorentzian, corresponding to a simple change in the phonon decay time, I', in
(2.1.8). On this basis, gg would be 0.5.(16/36).4.34. 10-11 m.W-1 = 0.96. 10-11
m.W-1. As will be explained later, ¥ is expected to be 2/3 for a low birefringence
fibre and could be higher, while, for the mechanism to be proposed for the

simulation of fibre nonuniformity, the reduction in peak gain is not predicted to be
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as large as for a Lorentzian spectrum. Their experimental gg of 2.2. 10-1T m. W-1 is

therefore not surprising.

In a second experiment [2.2.3], [2.2.11], they concatenated 3 spliced fibre
scgments with slightly shifted gain curves, giving a total length of 19.8 km and an
overall effective linewidth of 47 MHz, the gain maximum being the same as above
(2.2. 10-11 m . W-1). An externally phase modulated PSK signal was applied to this
fibre and the transmitted output intensity waveforms studied for various modulating
data patterns. This system was simulated by numerically solving the three SBS
PDEs they had derived for a uniform fibre, with the appropriate constants in these
cquations chosen to give a peak gain coefficient equal to their measured value and a
phonon decay time constant, I', determined by the total measured linewidth of 47
MHz. It would have been more realistic to have simulated the changes in Brillouin
shift frequency over the length of the fibre, and to have assumed a value of I'
applicable to a short section of fibre. As described in chapter 4, this approach is

used to model nonuniform fibre.

The three PDEs were solved as a coupled system of ordinary differential equations
along the characteristic curves corresponding to the three velocities: the forward
optical group velocity for the pump field amplitude propagation equation, the reverse
optical group velocity for the Stokes field amplitude propagation equation and the
acoustic velocity for the density wave propagation equation. Since the acoustic
velocity is very much smaller than the optical group velocity, it is assumed to be
zero for the purpose of solution along the characteristics. These characteristics are
divided into intervals resulting in a normalised distance-time plane or mesh. For
their simulated data rate of 100 Mbit/s with a bit period of 10 ns, they assumed a 7-
radian phase shift duration of 2 ns and found that at least 6 distance mesh points
were required for the length of fibre traversed in this time. Consequently, the
maximum distance they could simulate for a practical processing time was 420 m,
rather than the real fibre length of 19.8 km. The end-to-end loss and Brillouin gain

for the model fibre were made the same as for the real fibre, so that the attenuation
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and Brillouin gain coefticients were multiplied by the length shortening factor of
about 50. This distance scaling procedure is shown later to be valid for obtaining
some important simulated statistical and spectral data and is used in the proposed

model.

Hook and Bolle have simulated spontaneous Brillouin scattering in their model by
means of an injected Stokes seed field which is randomly phase modulated such that
its power spectrum is Lorentzian with a FWHM linewidth of 100 MHz. This
linewidth was simply chosen to be large enough compared to the simulated Brillouin
gain linewidth of 47 MHz that spectral components were present over a relevant part
of the spectrum. The amplitude of the Stokes seed field was chosen to match one
point on the simulated characteristic of SBS depleted output power as a function of
input power to the same point on the experimental characteristic. As discussed
above, this procedure will not result in a modelled output power - input power
characteristic which is consistent with the theory for distributed thermal acoustic

noise.

Boyd et al. have developed a model for the dynamic behaviour of SBS which
includes an appropriate description of thermal acoustic noise [2.1.8]. This model
applies to any SBS medium, but does not include the effects of loss. The simulation
technique, theory and numerically obtained results are nevertheless of great interest
for the modelling of SBS in optical fibres. The authors have derived the three SBS
partial differential equations for the amplitudes of the pump and Stokes fields and
the density variation, which have the same form as those derived by Hook and Bolle
except that they have also included in the density equation a noise source that
describes the thermal excitation of acoustic waves. The pdf (probability density
function) of this random variable, which is a function of time and distance, is
assumed to be Gaussian and its act (autocorrelation function) proportional to a
product of delta functions in time and distance, giving uniform temporal and spatial
power spectral densitics. An expression for the magnitude of the acf has been

obtained by considering the energy of a sound wave in a volume element of the
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Brillouin medium and this is proportional to absolute temperature. A theoretical
relationship for the SBS reflectivity, the ratio of backscattered power to pump
power, is derived for the artificial case of a pump undepleted by SBS or attenuation.
This equation is equivalent to the result of integrating (2.1.23) over the frequency

domain for o = ().

By numerically integrating the three SBS PDEs for different input powers and ratios
of medium transit time to phonon decay time, I'jTy, characteristics of SBS
reflectivity, normalised standard deviation (nsd) ol the Stokes intensity and Stokes
power spectral linewidth as functions of Brillouin gain for different I';T; have been
obtained. While SBS reflectivity characteristics are found to be only slightly
sensitive to IiTy, the Stokes intensity nsd and spectral linewidth depend significantly

on I'iT; lor gains above threshold.

Boyd's model for a thermal acoustic noise source has been adopted for the proposed
model. The minimal dependence of the SBS reflectivity on I'iTy, and hence on the
model fibre length, validates H66k and Bolle's technique of fibre length scaling, at
least for the determination of mean power characteristics for a CW input. The
known dependence of the Stokes nsd and spectrum on I'j Ty 18 a useful starting point
in assessing how large the model fibre length needs to be to obtain simulated
backscattered and transmitted power spectra which are representative of those for

real fibre lengths that are too long to be simulated.

Gaeta and Boyd have obtained experimental results that are in good agreement with
a version ol Boyd's model which has been extended to include fibre loss [2.2.4].
They found that about 70% of the total output Stokes light was contained in the
polarisation direction parallel to that of the incident laser and concluded that a
polarisation factor of (0.7 was required in the expression for the Brillouin gain. The
experimental characteristic of Stokes linewidth as a function of Brillouin gain was
then found to be in very good agreement with the simulated characteristic.

Experimental normalised correlation functions and a characteristic of Stokes nsd as a

4]-



function of gain also corresponded well with simulated equivalents when the
polarisation factor was taken into account. They argue that the larger the value of
[Ty, the less rapid is the rate of decrease in Stokes nsd for increasing gain above
threshold. For T'iT = 450, this decrease is found experimentally and numerically at

a gain of 80 to be only about 10% compared to the nsd for gains below threshold.

2.2.4 Conclusions

A model is needed to simulate the effects of SBS on transmission system
performance in terms of Bit Error Rate for digital systems and Carrier-to-Noise
Ratio or Signal-to-Noise Ratio in analogue systems. Although corresponding
experimental studies have been carried out, no comparison of simulated and
experimental performance degradations have, to our knowledge, been reported.
Instead, various subsidiary effects such as intensity waveform degradation for PSK
transmission and the dynamics of the backscattered field have been simulated and
compared with experimental results. The spectral and statistical properties of the
noise induced on the transmitted signal by SBS do not appear to have been

simulated previously.

has been shown to be inaccurate for situations in which large temporal variations in
input power can be expected. More importantly, it is found in chapter 3 that a
significant component of transmitted SBS noise originates from interaction between
the stimulated backscattered optical field and the spontaneous part of the density
variation. Only transmitted SBS noise arising from the product of the stimulated
backscattered optical field and the stimulated part of the density variation can be
modelled if the Stokes seed is the only source of spontaneous Brillouin scattering.
In addition, the optical power spectrum of the Stokes field can become distorted if a
Stokes seed is used, particularly for low values of frequency dependent Brillouin
gain, and this would lead to inaccuracy in the transmitted noise spectrum. The

inclusion of a distributed thermal acoustic noise description within the dynamic
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model is therefore essential, even though this can add substantially to the processing
time. The basis of such a model has been developed and experimentally confirmed
by Boyd, Gaeta et al. for the backscattered field. They did not extend their study to
the transmitted field. The technique used by H66k and Bolle of simulating a fibre as
a much shorter model fibre length with the same end-to-end loss and Brillouin gain
has been validated, subject to conditions, by some results of Boyd and Gaeta and is

adopted for the model to be described in chapter 3.

Previous dynamic SBS models have assumed the Brillouin shift frequency to be
constant over the fibre length and hence the Brillouin gain spectrum to be
Lorentzian. This assumption is justifiable for the simulation of total backscattered
and transmitted powers and for modelling the distortion of periodic transmitted
signal waveforms, but can lead to inaccuracy when simulating transmitted SBS
noise spectra. An important example of this is described in chapter 5 for the
modelling of the carrier-to-noise ratio contribution from SBS noise for an optical
intensity modulated subcarrier representative of that in an AM-VSB CATYV link. The
development of Boyd's SBS model to include variations in BSF over the model

fibre length, as described in chapter 4, therefore appears to both novel and useful.
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3. MODELLING OF STIMULATED BRILLOUIN
SCATTERING FOR A UNIFORM FIBRE

Most of the available theory for SBS makes use of the assumption that the material
or materials of the medium are homogeneous and that the relevant parameters such
as density and cross-scctional dimensions are constant, so that the Brillouin shift
frequency (BSF) may also be regarded as invariant over the medium. In this
chapter, a numerical model based on this uniform medium theory is developed,
partly as a starting point for deriving a new nonuniform model which includes BSF
variations along the light path and which will be described in chapter 4. In addition,

it is useful to compare simulated SBS characteristics obtained from the two models.

In section 3.1, the existing theory for a uniform fibre model of SBS is described,
assuming lincarly polarised light. In section 3.2, the theory is extended to include
the effects ol polarisation properties associated with typical communication optical
fibres which have a low, but variable, birefringence. In section 3.3, the SBS partial
differential equations are approximated to as difference equations along the
characteristic lines for the three propagating waves. From these, an appropriate
computational algorithm is derived as the basis for a programme for simulating
statistics and optical power spectra for the transmitted and SBS backscattered fields.
In section 3.4, the numerical model is verified for various simplified test conditions
by comparing simulated results with theory and with published simulated results. In
section 3.5, a strategy for simulating optical links which are too long to model
directly is described whereby results from suitably defined shorter model fibres are

used to predict performance for the real optical link.

In section 3.6, simulated characteristics of optical transmitted and backscattered
powers as functions of input power for a CW optical input carrier arc compared with
those for a published experiment. These simulated characteristics are found to be

very similar to each other for a wide range of model fibre lengths, confirming the
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usefulness of the scaling strategy. Transmitted and backscattered power spectra for
different input powers and model fibre lengths are also shown and discussed,
together with statistical characteristics. A new method of simulating the component
of the transmitted SBS noise power spectrum which does not vary significantly with
model fibre length is discussed and examples of these noise spectra are compared

with the full simulated transmitted power spectra.

3.1 THEORETICAL DESCRIPTION OF SBS

When thermal acoustic noise is ignored, the equations for the slowly varying
complex amplitudes of the pump, Stokes and density waves may be writien as

[2:2:3);

[0/0T + 0/d]E1n = -E2nQ -0nE1n
[0/07 - 0/0C]Eop = E1nQ* -0nE2n

[0/07T + 6]Q = TaEmE2n*, (3.1.1)
where

Ein =-ir1Equ, Eon = -irpE2y, Q =-irzA,

C=mfL, T= U(Uvg), d= rBqu, On = 0oL/2, (3.1.2)

in which r; =12 = [E14(z = 0,t = 0)1! and rp = (@2L/4kc(?).(0€/9p), E1n, E2p and Q
are normalised pump, Stokes and density wave amplitudes and Eqy, Ey and A are
the corresponding amplitudes given in (6) of [2.2.3] betore normalisation, { and T
are normalised variables for distance, 7, and time, t, L is the fibre length, o is the
power attenuation coefficient per unit distance, v is the optical group velocity, o is
the optical angular frequency, k is the approximate magnitude of the pump and
Stokes wave vectors given by (2.1.4), ¢q is the speed of light in vacuo, &; is the
relative permittivity of the fibre core, p is its density, I'g is the phonon amplitude

-45-



decay rate, equal to TAvp, where Avp is the theoretical Brillouin gain linewidth and

Yn 1s given by

Yo = POE0(DEr/IP)2. (02 16kco?).(L2Ka/VaVa).[E 1u(z = 0,t = 0)12 (3.1.3)

where pg is the average density of the fibre core, £q is the free space permittivity and
k, is the magnitude of the density wave vector given by (2.1.5). The normalised
versions of the fibre length, the time of flight through the fibre and the input

intensity, [E1(§ = 0)I12, are all equal to unity.

By deriving the steady state equation for the Stokes intensity from (3.1.1) in the
absence of pump depletion from SBS, and by obtaining an equivalent expression to
that of (2.1.12), Hook and Bolle have related their normalised parameters, & and vy,

to those of (2.1.16) by equation (14) of [2.2.3]:

Yn = 8Bpp5U2Acﬂ‘- (3.1.4)

If the expressions for Pp/Aegy from (2.1.15) with IEp({))I2 =|E1y(z=0,t=0)I? and

gp from (2.1.17) with pj2 given by [3.1.1]

p12 = Po(der/dp).(1/n%) (3.1.5)

are substituted in (3.1.4), the equation for yy in (3.1.3) is obtained.

Thermal acoustic noise has been taken into account in equations (5a), (5b) and (9) of
[2.1.8] by Boyd et al., which are otherwise equivalent to (3.1.1). The amplitude of
the Langevin force for this thermal noise, fihn, appears in (9) and may be included in

the density wave equation of (3.1.1) by adding to the RHS the term [ynn, where

fnthn = -1K9.finn, (3.1.6a)
Ko = 1a.(L/vg). (3.1.6b)
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In accordance with the analysis of [2.1.8], finy 18 @ Gaussian random variable with

zero mean and is 6-correlated such that

<fllm(2=t)fllm*(7-'1')> = Quhn 0(z-2)8(t-t) (3.1.7)

where

Quin = 2k Tpol i/ (VaZAere), (3.1.8)

in which T'; is the phonon intensity decay rate, equal to 2I'g = 2nAvp. By
expressing (ael-fap)3 in terms of gg using (2.1.17) and (3.1.5), fnn may be

similarly defined with

<fnlhn(Cvt)fnlhn*(crstr)> = Quehn H(C-C)0(T-1") (3:1.5)
= K92.Qhn 3(z-2)8(t-1')

where

Qnin = K.‘)Q-thn-("’gf! L2)
= 82.(gpe2kp T/(2n2vaAcp)). (3.1.10)

It is shown in Appendix 3.1 that the partial differential equations of (3.1.1) with the
thermal noise term fhp added to the RHS of (3.1.1¢) may be used to derive the
steady state differential equation for the photon occupation number of the SBS
backscattered field envelope quoted by R.G. Smith in (B1) of [1.2.5] and given in
(2.1.21):
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3.2 THEORETICAL POLARISATION PROPERTIES OF SBS

Stolen has provided a polarisation model for SBS in linear birefringence fibres, also
known as polarisation-maintaining fibres, in which the optical phase difference
between waves in the fast and slow principal axes can be assumed to increase
linearly with distance along the fibre [3.2.1]. In an experiment on a linear-
birefringence fibre, he found that the SBS gain for a Stokes wave injected into one
principal axis was insignificant il the pump wave was launched in the orthogonal
principal axis. When the pump polarisation was changed to 45° relative to both
principal axes, the SBS gain was found to be substantial and independent of the
polarisation of the Stokes wave. He and other authors [1.2.1], [1.2.3}, [1.3.5],
[2.1.5] have interpreted from this that in low-birefringence fibres, in which random
variations in polarisation are expected, the net effect is that half of the pump power
is coupled with an injected Stokes wave regardless of its polarisation, so thaty=0.5
in (2.1.20). Since most typical single mode fibres used in communication systems
are nominally ol low birefringence, whether the dispersion-zero-wavelength 1s
1.3um (standard) or 1.55um (dispersion shifted), this case is of greater practical

interest than that of linear-birefringence fibres.

Deventer and Boot have investigated theoretically and experimentally the polarisation
properties of SBS in a representative single mode fibre [3.2.2]. They argue that the
state of polarisation (SOP) of the Stokes wave is always related to that of the pump
wave by considering SBS as the reflection of the pump from the travelling acoustic
wave. At an optical reflection, the rotation of the polarisation is changed from
clockwise to anticlockwise and vice-versa, but the orientation and ellipticity of the
polarisation ellipse remains the same [3.2.3]. They also justify the assumption that,
for a low-birefringence fibre, the SOP is uniformly distributed over the Poincaré
sphere [3.2.4]. The mixing efficiencies of identically and orthogonally polarised

pump and Stokes waves are then derived as, respectively [3.2.2]:
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ni=2/3

No = 1/3. (3.2.1)

The expression for the intensity gain of an injected Stokes wave in the absence of
pump depletion given in (2.1.12) for an idealised fibre with no birefringence and
identical linear pump and Stokes polarisations may be modified for the case of a
low-birefringence fibre by multiplying the term G = GLegf = ggPpLef/Aetr by M,
where 1 is given by (3.2.1). The polarisation-sensitive Brillouin gain, Ggp = nGs,
is therefore expected to vary by a lactor of two as the SOP of the injected Stokes
wave is changed. The gain variation between 10% and 20% observed in [3.2.5] 1s
in agreement with this theory. If components of the Stokes wave exist in both the
identical and orthogonal states, SBS gain occurs for each component independently
of the other, in the absence of pump depletion. If pump depletion occurs, this

reducces the SBS gain for each component equally.

When the SBS backscattered power arises only from thermal acoustic noise, rather
than an injected Stokes wave, the amplified power for each component or
polarisation mode is very approximately proportional to exp(Ggp) when Gpp >> 1,
where Gpp is the Brillouin gain for that mode. For niGg >> I, exp(niGp) >>
exp(MoGp), since Mj = 21, and the power in the dominant mode far exceeds that in
the subsidiary mode. It is shown experimentally in [3.2.2] that at pump powers high
cnough for pump depletion to be observable, the SBS backscattered power in the
subsidiary mode is more than 25 dB lower than that in the dominant mode. For the
purpose of simulating the mean transmitted power for a CW input, it is therefore

reasonable to model only the dominant mode.

Since the average proportion of pump power coupled to one of the Stokes
polarisation modes is 1, where 1 is either 1 or N, the average proportion of pump
ticld coupled to the Stokes field for that mode is (n)V/2. For electrostriction, the
interaction takes place between a ficld and a density variation with the same
orientation. Density waves are considered to exist in the same polarisation modcs as
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the Stokes waves. Therefore the average proportion of pump field coupled to the
density amplitude for the mode selected above is also (n)Y2. For this mode, the
cquations of (3.1.1), together with the thermal noise term, fypp, of (3.1.6), should

be modified to

[0/0t + /0L ]E1n = -(n)/2E2nQ -0nE1n (3.2.22)
[0/0T - 9/dC]Ep = (ﬂ)”zEan* -0nE2n (3.2.2b)
[0/ot+3]Q = ("'])l’lrzYn}—:ahlEZn=e= + fnthn- (3.2.2¢)

Multiplying (3.2.2¢) by (m)!72 and letting Qp = m12qQ, YoP = NYn, and [hehnp =

m) ]le‘nllma (3.2.2) becomes

[af‘at + a)!aglEln = -EleQP 'anE]n (323&)
[0/97 - d/0C]E2p = E1nQp* -0nE2n (3.2.3b)
[0/9T + 8]Qp = WnpE 1nE2n™ + fninp. (3.2.3¢)

Setting the time derivatives equal to zero for the steady state case, fngnp = 0, 2Ynp/0
= 2NYn/d = NgPpL/Actr (from (3.1.4)) and applying the normalisation equations of

(3.1.2) yield the steady state differential equations given in (8) of [3.2.2]:

dP1/dz = -n(gp/Acfr)P1P2 -0Py (3.2.4a)
dP2/dz = -1(gp/Acr)P1P2 +0P2 (3.2.4b)

where Py and P2 are the pump and Stokes powers as functions of distance.
In order to simulate SBS taking into account the thermal acoustic noise present in
both polarisation modes, the PDEs of (3.2.3) may effectively be solved alternately

between the two modes over small intervals of distance and time by adopting the

following procedure:
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(1) All three of the PDEs of (3.2.3) are simultancously solved for the
dominant mode with Y,p = Ni¥n. yielding new values of En, E2ong and Qpg, where
Eong and Qpg are the dominant mode components of Epp and Qp.

(ii) Since Eqy, is determined primarily by the dominant mode solution of
(1), the new value of Eqy is used to solve (3.2.3b) and (3.2.3¢) for the subsidiary
mode with Ypp = NoYn, yiclding new values of Eppg and Qps, where Eppg and Qpg
are the subsidiary mode components of Ez, and Qp.

(i)  Eqp is adjusted for the depletion from the subsidiary mode using
(3.2.3a) and the new values of Eopg and Qps. This depletion is not likely to affect
significantly the mean transmitted power for a CW input, but does alter the

transmitted power spectrum appreciably.

3.3 NUMERICAL SOLUTION OF SBS PARTIAL DIFFERENTIAL
EQUATIONS

The three partial differential equations of (3.2.3) are numerically solved for the
points in the normalised distance - time plane, (C,1), corresponding to intersections
of equally spaced lines with the three characteristic normalised velocities, +1, -1, 0,

of the pump, Stokes and density waves, respectively, as shown in fig. 3.1.

e 7

>

hCI

v

Fig. 3.1: Characteristic lines for propagation of the pump, Stokes and density waves in the ({.1)
planc
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The number of distance intervals over the model fibre length is Ny, giving a
normalised distance interval of hy = 1/N¢. The interval between successive mesh
point values of T is then he = 2hg = 2/N¢. For the purposes of allocating these mesh
points to a two dimensional array format for computation, it is convenient to

transpose the (£,7) plane to the (§,1") plane, as shown in fig. 3.2, where

t=1-L. (3.3.1)

The interval between successive mesh point values of t" is then hy' = he = 2hg =

2/Ng.

g
v

Fig. 3.2: Characteristic lines for propagation of the pump, Stokes and density waves in the (Ex)
planc

(3.2.3) may be rewritten in terms of { and t" as

[0/0C] E1n =-E2nQp - 0nE1n (3.3.2a)
[20/01" - 9/0C] E2n = E1nQp™* - 0nE2n (3.3.2b)
[d/0t" + 8] Qp = YaPE1nE2n™ + fnthnp- (3.3.2¢)

These PDEs are equivalent to the following ordinary differential equations (ODEs)

along their characteristics:
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[d/dC]E1n = -E2nQp -0tnE1n for dt"/dC =0
[- d/dC]E2n = E1nQp* -0nE2n for df/dt" = -1/2

[d/dT" + 8]Qp = YnPE 1nE2n™* + tnthnp for df/dt" = 0. (3.3.3)

All of these ODEs are of the general form

[d/dt + T-1]x = f(1), (3.3.4)

for which the result of integrating from t = mAt to tym+1, where At is a small

interval of t and m is an integer, can be expressed as [3.3.1]

Xm+] = XmeXp{-At/T} + J exp{-(tm+1 - )/T}H(t) dt, (3.3.5)

where xp = x(mAt). If f(t') is assumed to vary linearly with time between ty and

tm+1. the integral can be evaluated to give [3.3.1]

Xm+1 = Cxm + Af + Bfme1 + O((AD3), (3.3.6)

where [ = f(mAt) and

C =exp{-At/T},
A =T(T/A)( - exp{- AUT}) - exp{- AUT}],
B =TI[1 - (T/AD)(1 - exp{- AUT})]. (3.3.7)

The assumption of linear variation over a distance or time step for the product term
corresponding to f(t) in each of the three ODEs of (3.3.3) 1s justified provided that
the changes in amplitude and phase of the three envelopes over the step can be
considered small. The main strategies used were firstly to ensure that the sampling
frequency was sufficiently high compared to the most significant parts of the

backscattered or transmitted power spectra and secondly to obtain convergence of
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these spectra or other output data as the step size was decreased while other
parameters, such as model fibre length, were kept constant. No phase or frequency
modulation was applied to the input pump carrier for any of the simulations in this
work. However, the variations in Brillouin shift frequency applied in the
nonuniform fibre model give rise to phase shifts in the appropriate product terms
over the steps. The necessity to limit these is discussed in section 4.4. Since the
variation in the product terms over the steps is not linear under all anticipated
conditions for either the uniform or the nonuniform fibre model, it may well be that
other numerical solution methods such as fourth order Runge-Kutta would be more

efficient than that assumed here.

The ODEs of (3.3.3) are, thus, approximated by the following difference equations:

[Eln]m+1j+1 = Cc[}-ﬂ‘»lnlmﬂj + Ae['EQnQPImHj + Bc[‘EZZnQP]m+'1j+1

(3.3.8a)
[Ennlms 111 = CelEanlmi*? + AelE1nQp*ImI*2 + Be[E1nQp*Im+17+]
(3.3.8b)
[Qplm+17+! = CqlQplmi*! + Ag[¥nPE1nE2n*Iml*! + BqlaPE1nE2n* Im+19*!
+ (Ag + Bo)lfnthnpml*! (3.3.8¢)

where [x]ml = X(T'm, §j) = X(MAT", jAL), AT" = he = 2hy, AL = h and

Ce = exp{-omht },

Ae = (Wom)[(Momhp)(1 - exp{- omhe}) - exp{- omhg},

Be = (1/om)[1 - (1/omhp)(1 - exp{- omhg})],

Cq = exp{-Shr'),

Ag = (1/8)[(1/8he")(1 - exp{- hr}) - exp{- dhe}],

By = (1/8)[1 - (1/8he)(1 - exp(- She'})], (3.3.9)

and |fmnplm ™! is an equivalent value of fhhnp over the rectangle in the t".C plane

given by mhy € 1" < (m+1her and (j+1/2)hg < T < (j+3/2)hg, such that [2.1.8]
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<(lfmhnf‘]lrri)(‘l‘nlhnl’]m'j'):k’ = (T‘Ithnl(ht"-hC))Smm'Sjj'- (3.3.10)

The thermal acoustic noise samples, [fphnplm, are generated by means of functions
for producing psecudorandom variables with a Gaussian probability density function
(pdf) and a uniform power spectral density [3.3.2]. These functions are based on
the use of the Wichmann-Hill algorithm to generate variables uniformly distributed
between 0 and 1 with a pseudorandom period of 7.1012 [3.3.3] and the Box-Muller

transformation to convert the uniform pdf to a Gaussian pdf [3.3.2], [3.3.4].

The intrinsic difference equations of (3.3.8) can be solved simultaneously with

greater ease by first rewriting them as

Etv = CelEinlm+1 + Aeeiky + Be(-E2vQy)

= Eikv + Be(-E2vQvy) (3.3.11a)
Exy = CefE?_n]mj"'z + Aeeoky + Be(E1vQv*)
= Egkv + Be(E1vQy™*) (3.3.11b)

Qv = Cq[QP]mj"'l + Aq['YnPElnEZn*]ij + Bq[’YnPElrlEZn:ee]mHjJrl +
(Aq + Bg)l fnthnplmi*1

= Qkv + BgYap(E1vE2y*) (3.3.11c¢)

where Eqy , Eoy and Qy are the unknown values at (m+1, j+1) to be determined,
E1qkv » Eoxv and Qgy are the expressions in known values of the variables required

to evaluate E1y , Eay and Qy, respectively and

e1kv = [FE2nQplm+1]

e2ky = [E1nQp*Imi+2. (3.3.12)

An approximate solution to (3.3.11) is obtained by means of the coefficients My and
M, which are functions of first order estimates, Ee and Ege, of E1y and Epy,

respectively, and is given by
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Efv = [1 + Be2MM2(QrvQiv ™)1 H{M2E 1ky + BeM1M2(-EokyQxkv) }

(3.3.13a)
Ezv = M1{E2ky + Be(E1vQxv*)} (3.3.13h)
Qv = Qkv + Bgmap(E1vE2v*®) (3.3.13¢)
where
Mi =[1 - b(E1eE1e*)]!
Mz =[1 + b(EpeEze*)]-!
b = BeBgYap
Ele = Eiky + Be(€ikv)
E2e = Eokv + Be(€2ky). (3.3.14)
[Enl =1 [E2nl =7
0 Y W —»
1 F
2 F
3F
[Enyl t
=[Qp]
=0 i
]

Fig. 3.3: Boundary conditions and computation sequence for numerical solution

The computation of the values of [Eqpl, [E2n] and [Qp], as illustrated in fig. 3.3,

procecds by assuming the following initial conditions:
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[E2nlm=0' and [Qplm=0 = 0 for 0 <ig N¢,
[E2n]md=N¢ = 0 for all m, except when a test Stokes seed is injected,

[E1nlm=0 = 1 for all m, when the pump input is CW. (3.3.15)

[E1nlm=0/ is then computed for 0 < j < N, using (3.3.13a). [Eqn], [E2a] and [Qp]
are determined using (3.3.13) for m = 1, starting at j = 0 and finishing at j = N¢.
This process is repeated for values of m up to N¢ = (N mft/2).N¢, where Niyfq is the
number of model fibre transit times to be simulated. The computed values of
[E2n]mi=0 and |E1p]mi=Ng are stored in an array for subsequent processing and
represent the backscattered field at the pump end and the transmitted field at the
opposite end, respectively. The mean powers are calculated by multiplying the
specified pump input power by the average of the squares of these normalised field
samples, starting from m = mg = (Nmftst/2).Ng, where Npfige is the number of
model fibre transit times allowed for transient settling. Nigest = 20 is found to be

adequate for the cases simulated for a CW pump.

The power spectra are estimated using the Discrete Fourier Transform (DFT),
obtained using a Fast Fourier Transform (FFT) algorithm, of the complex field
samples after transient settling, multiplied by a Hanning window (raised cosine)
function [3.3.5]. Without the application of the Hanning window, the abrupt
changes of field in the time domain between the two ends of the sequence of
samples would give rise to frequency components in the DFT which would be
unrepresentative of a much longer sequence. The power spectral density at each
frequency is obtained from the sum of the squares of the real and imaginary
components of the DFT at this frequency. A bandwidth averaged power spectrum is
then derived by arranging the original spectral lines into non-overlapping groups of
ngp, lines with a group noise bandwidth of By, and calculating the average spectral
density in each group. The main reason for doing this is to reduce the standard
deviation, for a given number of simulation runs with different pseudorandom

thermal acoustic noise sample sequences, of the spectral density at each displayed
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frequency and hence provide a smoother spectrum [3.3.5]. Another important

benefit is that the output spectral data file generated by the programme is reduced.

3.4 VERIFICATION OF NUMERICAL MODEL

3.4.1 Comparison of simulated results with theory

Various tests have been carried out on the model described above with an injected
Stokes seed and the thermal acoustic noise parameter, [fnhnplm, set to zero. For the
first set of these, a simplified programme is used in which the term -Ep,Qp in
(3.3.3) associated with depletion of the pump by SBS is eliminated. The steady state
gain of the Stokes field (ssgsf) is found to be in good agreement with (2.1.12) for
various values of Brillouin gain, G, attenuation, oy, and normalised acoustic wave
decay rate, o. In table 3.1, the simulated ssgsf is shown as a function of the number
ol distance steps, N{, in comparison to the theoretical value, for GB = 20, o =
loge(10)/2 and & = 100. The simulated ssgsf converges on the theoretical value with
increasing N{. Even at N{ = 200, the error in ssgsf is only 0.65%, which
corresponds to an intensity gain error of less than 0.06 dB. With the Stokes seed
equal to zero, the acoustic amplitude, Qp, falls exponentially with normalised time,

T", from an initial value as expected.

Ny  ssgsf

200 7010.34
400  6976.58
800  6968.18

theory  6965.38

Table 3.1: Simulated steady state gain for Stokes field (ssgsf) as a function of the number of
distance steps, Ng. compared (o theoretical value, for GB = 20, o = loge(10)/2 and § = 100.

The programme which includes pump depletion has been tested for an injected
Stokes seed by confirming that the simulated steady state pump and Stokes
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intensitics, Ip(z) and Ig(z) respectively, satisfy the following equation which has

been derived from (3.2.4):

[loge{Is(z2)Ip(z2)} - loge{Is(z1)Ip(z1)}] = Megp/oW)[{1p(z2) - Is(z2)} -
{Ip(z1) - Is(z1) }]. (3.4.1)

An important discrepancy with the commonly cited theoretical description given by
Agrawal [1.2.1] is noted here. A comparison was initially made with Agrawal's
theoretical characteristics of pump and Stokes relative intensities as functions of
normalised distance for gglIp(0)L = 10, oL = 0.1, and a Stokes seed intensity
relative to the input pump intensity of 0.01 as shown in fig. 9.2 of [1.2.1]. These
characteristics were derived from equations (9.2.7) to (9.2.10) of [1.2.1], which he
introduces with reference to [3.4.1]. The steady state intensity equations solved by
Enns and Batra in [3.4.1] apply to a forward scattering mechanism such as
Stimulated Raman Scattering. It would therefore appear that Agrawal has
crroneously attempted to adapt the solution of Enns and Batra for the backward
scattering mechanism of SBS. Significant differences were observed between the
simulated steady state intensities and the corresponding values predicted by
Agrawal. The modelled Stokes relative intensity at the pump end was 0.647
compared to his figure of 0.684, and the modelled pump relative intensity at the
opposite end was 0.310 compared to his figure of 0.296. It was then found that his
characteristics did not satisfy (3.4.1), whereas those simulated did. Differentiation
of Agrawal's (9.2.7) and (9.2.8) yield dIp/dz = -ggIglp - alp, as expected, but
dIg/dz = -gplslp - alg, instead of the correct expression, -gplglp + alg, given in
his (9.2.1). His solutions of (9.2.7) to (9.2.10) are therefore accurate for o = 0, but
not for other values of o.. A comparison between simulated and theoretical
characteristics for oo = (), based on these solutions, gives excellent agreement. For
Gp = 10 and an output Stokes intensity of 0.6 of the input pump intensity, the
agreement between simulated and theoretical intensities is better than 0.02% or

0.001 dB for Ng =200.



A comparison between theory and simulations which include distributed thermal
acoustic noise rather than a constant envelope injected Stokes seed is given and

discussed in the context of an experimental example in section 3.6.

3.4.2 Comparison with published simulated data

The computer model has been tested by reproducing representative simulation
results reported by Boyd et al. for the example of SBS in CS7 [2.1.8]. In (3.3.3),

the parameters oy, 6 and y,p were set by the relations:

Op =0 0 =TiTy2 Yup = Gspd/2 (3.4.2)

where I'iTy is the product of the phonon intensity decay rate, I'j, and the transit time,
Ty, through the medium and Ggp is the Brillouin gain, referred to in [2.1.8] as the
single-pass gain. The strength of the thermal acoustic noise parameter, NQphn, in

(3.3.10) is determined in accordance with the conditions stated in [2.1.8].

N¢  Nmie  Ner [Epp 12 nsd

200 350 35,000 0.1169 0.8038
0.1189 0.7494
0.1144 0.7869
0.1167 0.7874

av: av:
0.1167 0.7819

400 350 70,000 0.1166 0.8509
0.1191 (.7969

av: av:
0.1179 0.8239

300 - - 0.11 to 0.8
[2.1.8] 0.12

Table 3.2 Simulated values of mean normalised Stokes intensity, IFQnIZ. and normalised standard
deviation (nsd) of the Stokes intensity at Ggp =30 and T'jTy = 20 in comparison to equivalent
values reported in ref. [2.1.8]
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The simulated mean normalised Stokes intensity, 1Epyl2, equal to the SBS
reflectivity, R, referred to in [2.1.8], is in excellent agreement with the "distributed
fluctuating source (numerical integration)" curve in fig. 3 of [2.1.8] at the two
values of Ggp investigated, 30 and 60. The normalised standard deviation (nsd) of
the Stokes intensity simulated at Ggp = 30 and I'jT = 20 also agrees well with the
appropriate curve in fig. 5 of [2.1.8]. Simulated values of [E5pl2 and nsd at Ggp =30
and I'iT¢ = 20 are shown in table 3.2 in comparison to equivalent values reported in
[2.1.8], together with the number of distance steps per model fibre length, N, the
number of model fibre transit times per simulation run, Ny, and the number of

time steps per model fibre length, Ny

3.5 DISTANCE SCALING FOR EFFICIENT SIMULATION OF
TYPICAL LINKS

The simulation of SBS in an optical link using the three dynamic SBS PDEs
requires a minimum sampling frequency for the power spectra to be modelled with a
sufficiently high bandwidth. For modulated pump signals, this sampling frequency
is typically determined by the modulation type and data rate or modulation
bandwidth, as, for example, for the 100 Mbit/s PSK simulations of Ho6k and Bolle
[2.2.3] discussed in 2.2.3. Even for a CW pump, the sampling frequency should
preferably be at least ten times the Brillouin gain linewidth so that the gain is small at

the Nyquist frequency compared to the peak gain.

Given that the sampling interval, At, is determined by the minimum sampling
trequency, the distance interval, Az = voAU2, is also fixed. The simulated fibre
length, Ly, is therefore proportional to the number of distance intervals, Ng. A
certain number of [ibre transit times, say 20, should also be allowed for transients to
settle. The transit time is also proportional to Ny. The programme execution time is
approximately proportional to N¢Nz, where Np» = [(Nmf/2).N¢] is the number of
time intervals for Ny transit times. So the execution time depends on Ngz and
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hence on Ly¢2. It is found that the simulation of model fibre lengths greater than
about 1km rapidly becomes prohibitive. For typical link lengths of 10 to 100 km, a
distance scaling technique is required such that behaviour can be predicted from the

simulation of a scaled down model fibre length.

By multiplying the steady state differential equation for SBS growth from thermal
acoustic noise in the absence of pump depletion, (2.1.21), by the fibre length L, the
parameters z, og and g in (2.1.21) may be replaced by their normalised equivalents,
C =7/L, ast, = osL and gy, = gL. The backscattered power spectral density given
by (2.1.23) is then seen to be independent of L for constant agL and gL.. Under
these conditions, the steady state pump and Stokes differential equations of (3.2.4)

are also independent of L.

The following scaling strategy is therefore used as an initial basis for predicting SBS

performance for fibres too long to simulate directly:

Lm=spliy  Om=0¢/SF  gBm = gBYSF (3:5.1)

where sf 18 a suitable scale factor, Ly, 0 and gpm are the model fibre values of L,
o and gg for insertion into (3.1.2), (3.1.4) and (3.1.10), while Ly, o and gp, are

the corresponding true fibre values.

The simulations of normalised standard deviation and linewidth of the Stokes output
intensity as functions of Brillouin gain shown in figs. 5 and 6 of [2.1.8] reveal no
dependence on the normalised medium length, I'iT, at gains low enough for pump
depletion to be negligible. However, at higher gains for which pump depletion is
significant, these parameters vary appreciably with length. In contrast, the
normalised average Stokes output intensity is not found to depend sensitively on
length. It is therefore appropriate to predict the power spectra of the backscattered
and transmitted fields for the true fibre length, Ly, by simulating these spectra for
increasing values of the model fibre length, Ly, and observing the trends.
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3.6 COMPARISON WITH EXPERIMENTAL RESULTS

The input parameters for the uniform fibre model are chosen to match the conditions
of an experiment by van Deventer and Boot, in which mean optical output and
backscattered powers were characterised as functions of input power for a CW input
signal in fig. 3 of [3.2.2]. This experiment was chosen because the important
parameters are stated, enabling a comparison with the model to be made without the
need to infer values or perform simulations for a likely range of values for any of the
parameters, cxcept for a single fitting factor, the Brillouin gain coefficient. For
example, the Brillouin gain linewidth is not measured for all reported SBS
experiments, but in this case, the measured value is given, together with a tolerance.
For most reported SBS experiments, no measurements are made to indicate or
confirm the value of the polarisation factor, whereas in this case, the theoretical
prediction is confirmed by observation. For one experiment in which the Brillouin
gain linewidth is measured, the overall link loss is stated to be greater than the fibre
loss by as much as 1.7 dB, with little indication as to what proportion of this is at
the fibre input end [2.1.6]. In the chosen paper, this excess loss is as little as

0.3 dB [3.2.2].

One unsatisfactory aspect of the paper by van Deventer and Boot is that they have
compared their measured SBS characteristics with theoretical curves derived from
"an exact solution” of the two steady state differential equations for the pump and
Stokes powers given in a paper by Enns and Batra [3.4.1]. As discussed in section
3.4.1, the equations solved by Enns and Batra apply to a forward scattering
mechanism such as Stimulated Raman Scattering. Their analytical solution is
therefore not applicable to SBS in the presence of loss. It is not surprising that the
experimental backscattered power characteristic of van Deventer and Boot does not
[it their theoretical curve as well as the modelled curves for the UFM and NFM to be

described below.
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In the experiment by van Deventer and Boot [3.2.2], a 1.537 pum distributed Bragg-
reflector laser with a linewidth of 2 MHz was coupled via an Erbium doped fibre
amplifier and other components into a 12.7 km long single mode fibre, with an
attenuation of 0.19 dB/km, a mode field diameter of 10.3 um, an effective core area
of 83 um?2, a Brillouin shift frequency of 10.88 GHz and a Brillouin gain linewidth
of 40 + 3 MHz. From fig. 3(b) of [3.2.2], it is found that the total linear loss
between the measured input and output powers is 2.7 dB, of which 2.4 dB is from
fibre attenuation and the remaining 0.3 dB is assumed to be between the fibre output
and the output power measurement point. (This additional loss of 0.3 dB is taken
into account in the comparison of simulated and experimental transmitted power
characteristics (shown in fig. 3.7 b) on p. 68 and discussed there), but not in other
graphs showing simulated transmitted power or power spectral density for different

model fibre lengths.)

The parameters for the uniform fibre model are chosen to agree with these
experimental values wherever possible. Instead of simulating the phase noise on the
input signal to give a linewidth of 2 MHz as for the laser, an unmodulated input
carrier is modelled and the phonon amplitude decay rate, I'g, in (3.1.2), where I'g =
nAvg, 18 increased such that Avg = 42 MHz, rather than 40 MHz. The value of the
Brillouin gain coefficient, gg, is chosen to give the best fit between the simulated
and experimental characteristics of backscattered power as a function of input power
shown in fig. 3.7 a) and is equal to 1.943.10-11 m.W-1. The dominant and
subsidiary polarisation modes are assumed to have polarisation factors of n; = 2/3
and no = 1/3, respectively, as predicted by theory and discussed in section 3.2. The
refractive index of the fibre core is assumed to be 1.44 at 1.537 um, as for bulk
fused silica [1.2.3]. Although the core is probably GeO2 doped and the cladding of
pure silica, the small increase in the index of about 0.004 from doping is likely to be
approximately offset by the decrease from waveguiding. For the measured Brillouin
shift trequency of 10.88 GHz, the value of acoustic velocity for the model is

obtained from (2.1.6) as 5.81.103 m.s-L.
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Fig. 3.4: Simulated SBS backscattered power spectra (left) for dominant (bold) and subsidiary
(normal) polarisation modes and transmitted power spectra (right, bold) with corresponding inferred
noise spectra (right, normal) for CW input powers of O dBm (a, b), 6 dBm (c, d), 9 dBm (e, f), 12
dBm (g, h), 15 dBm (j, k). Model fibre lengths of 31 m (dotted), 124 m (dashed), 496 m (long
dashed) and, for 15 dBm only, 991 m (solid) have been simulated. Theoretical SBS backscattered
power spectra assuming no pump depletion from SBS (dot-dashed) are shown for all powers except
15 dBm. Each power spectral density (psd) is determined as the average in a bandwidth of 1.6 MHz,
A uniform fibre model has been assumed with a Brillouin linewidth of 42 MHz and a SBS gain
coefficient of 1.943. 10-11 m.-W-1. The fibre loss is equivalent to that for 12.7 km at 0.19 dB/km.
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If the sampling frequency, fs, is given by krAvg, the model fibre length, Ly, can

be expressed as

L = Ng(veAU2) = Nevg/(2kpAvp). (3.6.1)

Also, the product of phonon intensity decay rate and transit time, I'iTy, referred to in

the simulations of [2.1.8], is given by

[T = 2rAVBLm/vg = TINY/KR. (3.6.2)

For N¢ = 500 and kr = 10, I'iT{ = 157. From [2.1.8], the simulated SBS
backscattered power spectrum at high pump powers for this value of I'iTy is
expected to be much closer to that for the experimental fibre length of 12.7 km than
that for I'iTy = 20 described in [2.1.8] would be. For these values of N¢ and kg,
(3.6.1) yields Ly = 124 m for Avp = 42 MHz and for vg = ¢/n, where n =1.44.
From the simulated SBS backscattered power spectra shown in fig. 3.4 for input
powers of 0 to 15 dBm and model fibre lengths, Ly, of 31 to 991 m, it is clear that
these spectra at Ly = 124 m are indistinguishable from those at higher Ly, for input
powers up to 12 dBm and considerably closer to convergence than for Liy =31 m at
15 dBm. The agreement of the modelled spectra with those obtained by numerical
integration of the theoretical equation for the SBS backscattered power spectral
density, (2.1.23), based on the assumption of an undepleted pump, is excellent at all
the selected values of Ly, for input powers up to 9 dBm. At 12 dBm, the modelled
spectra for both polarisation modes are seen to be substantially smaller than the

corresponding theoretical ones due to pump depletion.

At high input powers, the divergence of the SBS backscattered spectra at low values
of Lin from the convergent spectra attained for sufficiently high Ly, is accompanied
by a change in the normalised standard deviation (nsd) of the instantaneous SBS
backscattered power from unity, as shown in fig. 3.5. The nsd is defined as the
standard deviation of a random variable divided by the mean of the variable. For the
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dominant polarisation mode, the nsd is reduced from unity under these conditions,
as also observed in [2.1.8] from their simulations for a single polarisation mode.
For the subsidiary polarisation mode, the nsd is reduced from unity at an input
power of 9 dBm, but increased above unity at 15 dBm. This increase in nsd may
well be associated with the significant power in the sidebands of the transmitted
signal spectrum at low Ly, as shown in fig. 3.4 (k). The transmitted power spectra
of fig. 3.4 are of great interest towards the aim of simulating transmission
performance degradations using practicably low model tibre lengths and are

discussed in detail below,
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Fig. 3.5: Normalised standard deviation of the simulated SBS backscattered intensity for (a) the
dominant and (b) the subsidiary polarisation modes as a function of CW input power and for model
fibre lengths of 31 m (square, dotted), 124 m (cross, dashed) and 496 m (diamond, long dashed).

In fig. 3.6, the effect of varying L, between 31 and 496 m on the simulated SBS
backscattered and transmitted power characteristics is shown. Apart from the
decrease in backscattered power with increasing Ly, for the subsidiary polarisation
mode at high input powers, there is no significant dependence on Ly, for either of
the backscattered or transmitted powers. Since the subsidiary mode power is 30 to
40 dB lower than that for the dominant mode at these input powers, the total
backscattered power is essentially independent of L. The agreement of the
simulated SBS backscattered powers with those obtained by numerical integration of
the theoretical (undepleted pump) spectral densities obtained for fig. 3.4 is excellent
for input powers up to 9 dBm. At 12 dBm, the simulated powers for both
polarisation modes are seen to be much smaller than the corresponding theoretical

ones due to pump depletion.
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Fig. 3.6: (a) SBS backscattered power for the dominant (bold) and subsidiary (normal) polarisation
modes and (b) transmitted power as functions of CW input power from (i) simulation for model
fibre lengths of 31 m (square, dotted), 124 m (cross, dashed) and 496 m (diamond, long dashed), (ii)
undepleted pump theory (circle, dot-dashed in (a), not shown in (b)) assuming a uniform fibre
model.
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Fiig. 3.7: (a) Backscattered and (b) transmitted powers as functions of CW input power from (i)
experiment (circles) [3.2.2]. (ii) simulation assuming uniform fibre model and including Raylcigh
backscattering at -34.0 dB (solid), (iii) undepleted pump theory with assumptions of (ii) (dotted in
(a), not shown in (b)), (iv) simulation of SBS alone (dashed).
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It is apparcnt from the above that although the simulated backscattered and
transmitted power characteristics of fig. 3.7 have been obtained for a model fibre
length of 124 m, the same characteristics would have been generated for much
higher lengths and that these may therefore be compared to the equivalent
experimental ones for a true fibre length of 12.7 km. The agreement between the
simulated curves and experimental points is very good for the fitting factor of gg =
1.943.10-11 m.W-1. The value of gp predicted using (2.1.17) with Ao = 1.537 um,
AVp = 42 MHz, v, = 5.81.103 m.s-1, n = 1.44 and other parameters as for fused
silica is gg = 1.73.10-11 m.W-1. The discrepancy between this and the fitting factor
is 0.5 dB. In the next chapter, the merits of adopting a nonuniform fibre model are
discussed and corresponding simulated power characteristics compared with the

same experimental points.

Simulated transmitted power spectra for the same example as above are shown in
bold on the right hand side of fig. 3.4 for input powers of 0 to 15 dBm and model
fibre lengths, Ly, of 31 to 991 m. Each transmitted power spectrum appears to
consist of three elements:

(i) a line spectrum corresponding to the attenuated and SBS depleted
optical carrier which is independent of Ly,

(i) an underlying SBS noise spectrum which is also independent of Ly,

(i)  an approximately triangular spectrum which depends on Ly, as well

as input power.

At an input power of 0 dBm, the third of these spectral elements is not apparent for
Lm 2 31 m. As the input power increases, this element becomes more significant.
By extrapolating from the spectra shown, it is estimated that even at Ly = 12.7 km,
the experimental fibre length, some length dependent spectrum may dominate at low

relative frequencies at input powers above about 12 dBm.

It is of great practical interest to know whether the underlying length independent

SBS noise spectrum can be simulated in the absence of the other two spectral
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elements using a small model fibre length for which processing times will be
practicable. This would then represent the transmitted SBS noise for fibre lengths
well in excess of about 10 km over the input power range of most interest, namely
from below a threshold at which backscattered power from SBS becomes
comparable to that from Rayleigh backscattering up to a level at which the mean
transmitted power is close to saturation. It is shown in Appendix 3.2 that this
component of transmitted SBS noise, the "inferred” transmitted SBS noise, may be
simulated by solving two more partial differential equations in addition to the three

given in (3.2.3a) to (3.2.3¢) for each of the two polarisation modes:

[d/dT + dfdc_,]Elxn = -E2nQpx -0nE1xn (3.6.3a)

[d/dt + 8]Qpx = fnthnPx» (3.6.3b)

where Eqxp represents the field envelope for the inferred transmitted SBS noise, Qpx
corresponds to the density variation envelope for spontancous rather than stimulated
Brillouin scattering and fynnpx is a thermal noise term equivalent to fymnp except
that it is uncorrelated with fymnp. E2q 1s the backscattered field envelope as obtained

from (3.2.3a) to (3.2.3c¢).
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Fig. 3.8: (a) Mcan and (b) normalised standard deviation of the inferred noise component power of
the simulated transmitted signal as a function of CW input power and for model fibre lengths of 31
m (square, dotted), 124 m (cross, dashed) and 496 m (diamond, long dashed).
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The simulated power spectra for the inferred transmitted SBS noise are shown in
normal thickness on the right hand side of fig. 3.4 together with the corresponding
complete transmitted power spectra (in bold) for the same input powers and model
fibre lengths. It can be seen that the complete spectra converge on the inferred
spectra with increasing magnitude of relative frequency and with increasing Ly, and
also that the inferred spectra at different Ly, are indistinguishable from each other.
From lig. 3.8 (a), it can be seen that the total inferred noise power does not vary
with Ly, over the range 31 to 496 m. However, the nsd of the instantaneous inferred
noise power does vary with Ly, and input power, as shown in fig. 3.8 (b). This
implies that, at least for the uniform fibre model, inferred noise simulated at low Ly
for higher true fibre lengths may be used for computing detected carrier-to-noise
ratios in analogue transmission systems but that greater care is needed for simulating
Bit Error Rates of digital baseband systems where the statistical distribution of the

noise may be important.

3.7 CONCLUSIONS

A computer model for SBS based on the assumption that the Brillouin shift
frequency (BSF) is constant over the length of the fibre has been developed. A
normalised version of the thermal acoustic noise term described by Boyd et al.
[2.1.8] has been included in the normalised partial differential equations of Ho0k
and Bolle [2.2.3]. In accordance with the theory of Deventer and Boot [3.2.2], two
orthogonal polarisation modes of the SBS backscattered (Stokes) wave are
simulated. For a low-birefringence fibre, this theory indicates that the mixing
efficiencies of the pump with the dominant and subsidiary polarisation modes of the

Stokes wave arc 2/3 and 1/3, respectively.

The computer model has been tested by reproducing representative simulation
results reported by Boyd et al. for the example of SBS in CS for a single

1=



polarisation mode [2.1.8]. The simulated mean and standard deviation of the Stokes
intensity are in excellent agreement with the characteristics simulated in [2.1.8]. It is
found that the simulation of optical fibre lengths greater than about 1 km requires
excessive processing time, so the distance scaling strategy of Hook and Bolle
[2.2.3] has been adopted, whereby a model fibre, which is shorter than the real fibre

but has the same end-to-end loss and Brillouin gain, is simulated.

Characteristics of mean optical output and backscattered powers as functions of
input power for a CW input signal have been simulated using the uniform fibre
model (UFM) and compared with those from an experiment by Deventer and Boot
[3.2.2], in which light at 1.537 um is coupled into a 12.7 km single-mode fibre.
With the UFM Brillouin gain linewidth made equal to 42 MHz, the sum of the
measured Brillouin gain and laser linewidths, the simulated and experimental
characteristics agree very well if the Brillouin gain coefficient, gg, is set to
1.943.10-11 m.W-1. The equivalent valuc predicted from theory for a Brillouin gain
linewidth of 42 MHz, a fibre core refractive index of 1.44, an acoustic velocity of
5.81.103 m.s-1, corresponding to the measured BSF of 10.88 GHz, and other
parameters as for fused silica is gg = 1.73 . 10-11 m.W-1. The difference between
this and the fitting lactor is 0.5 dB. In the next chapter, the merits of adopting a
nonuniform fibre model are discussed and corresponding simulated power

characteristics compared with the same experimental points.

The UFM simulated output and backscattered powers are independent of model fibre
length, Ly, in the range investigated of 31 to 496 m. Agreement of the simulated
backscattered power characteristic with undepleted pump theory is excellent for
input powers up to 9 dBm. Each simulated transmitted power spectrum appears Lo
consist of three elements:

(1) a line spectrum, corresponding to the attenuated and SBS depleted
optical carrier, which is independent of Ly,

(i1) an underlying SBS noise spectrum which is also independent of Ly,
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(iii)  an approximately triangular spectrum which depends on Ly, as well

as input power.

The third of these elements decreases with increasing relative frequency and
increasing Ly, and increases with increasing input power. This arises from the
depletion term corresponding to the product of the Stokes field and the Brillouin
amplified, or stimulated, component of the density variation. It has been shown, to
the best of my knowledge for the first time, that the second of these elements, the
"inferred" transmitted SBS noise, may be simulated by solving two more partial
differential equations in addition to the three principal ones for each of the two
polarisation modes. The inferred transmitted SBS noise arises from the depletion
term corresponding to the product of the Stokes field and the thermal, or
spontaneous, component of the density variation. This Stokes-spontaneous density
depletion noise (SSDDN) would not be apparent if a Stokes seed were used in the
model rather than including distributed thermal acoustic noise. The simulated
inferred transmitted SBS noise power is found to be independent of model fibre

length in the range investigated of 31 to 496 m.



4. MODELLING OF SBS FOR A NONUNIFORM FIBRE

Brillouin gain linewidths of optical fibres have been found to be greater than that for
bulk fused silica by a factor of from just over one to about ten. In section 4.1, this
increase is attributed principally to variability of the properties of the core and
cladding materials and hence to differences in Brillouin shift frequency for light
travelling in different parts of the core-cladding cross-section and to fluctuations in
BSF along the fibre length. A model to represent this fibre nonuniformity is
proposed and its validity confirmed for the case of a silica core fibre from an
analysis of reported measurements. In section 4.2, the SBS partial differential
cquations for the uniform fibre model are modified such that the BSF can be
specified independently for each small section of the model fibre. In section 4.3, the
procedure for numerically solving the PDEs for the nonuniform fibre model is
described. In section 4.4, the verification of the numerical model for spatial variation
of the BSF given by simple test patterns and a pseudorandom generator with a

Gaussian probability density function is outlined.

In section 4.5, nonuniform fibre model (NFM) simulated characteristics of optical
transmitted and backscattered powers as functions of input power for a CW optical
input carrier are compared with those for the same published experiment as in the
previous chapter. The Brillouin gain coefficient spectra required for the uniform and
nonuniform fibre models to fit these experimental characteristics are contrasted and
used to explain the similaritics and differences between the corresponding UFM and
NFM characteristics of transmitted signal, transmitted noise and backscattered
powers as functions of input power. Transmitted and backscattered power spectra
for different input powers and model fibre lengths are also shown and discussed,

together with statistical characteristics.
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4.1 VARIATION OF BRILLOUIN SHIFT FREQUENCY AS A
FUNCTION OF DISTANCE

The Brillouin gain spectrum of a single mode fibre differs from the simple
Lorentzian form for bulk fuscd silica, as previously discussed in section 2.2.6. The
linewidth of the principal spectral lobe is broader than that for bulk silica partly
because there is some variation in dopant concentration over the cross-section of the
fibre core, even in nominally pure silica core, step-index fibres. The acoustic
velocity and hence, through the relationship of (2.1.6), the Brillouin shift frequency
(BSF) vary with dopant concentration, so that light travelling in different parts of the
core is Brillouin backscattered with different BSFs [2.1.19]. In addition, the cross-

sectional profile of dopant concentration may vary over the length of the fibre.

For a fibre with a GeOy-doped silica core and a pure silica cladding, three
longitudinal acoustic modes are typically guided for a pump wavelength of
1.55 um, giving rise to a principal Brillouin gain spectral lobe and two subsidiary
lobes with higher BSFs. The BSF of the principal lobe depends on the radius of the
SMF core as well as its dopant concentration [2.1.14],[2.1.18]. For example, the
BSF of a GeO»-doped core fibre with a relative refractive index difference between
core and cladding of 0.84% varies between 10.54 GHz for a core radius a =
3.5 um and 10.52 GHz for a = 5.2 um [1.3.11],[2.1.18]. For a = 5 um and a
GeOp doping concentration in the core of 3.7 mol.%, the BSF is about
10.86 GHz, compared to about 11.18 GHz for a fibre with a pure silica core and a
Fluorine doped cladding [4.1.1]. This corresponds to a sensitivity of
86 MHz/mol.%. The core radius and dopant concentration may both vary along the

fibre length, contributing to variations in BSF as a function of distance.

The process of drawing fibres from preforms gives rise to residual stresses in the
core, which vary across the profile and according to the drawing tension. For a fibre
with a pure silica core and a Fluorine doped cladding such that the relative index
difference is 0.27%, an increase in the drawing tension from 5 g to 85 g resulted in
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an increase in the BSF of 145 MHz at 1.55 pm in accordance with the measured
and theoretically predicted residual stresses [4.1.2]. The cabling of optical fibres can
also lead to tensile and compressive strain variations along the fibre length, with
corresponding changes in BSF and a broadened end-to-end Brillouin gain spectrum.
For a 4-fibre ribbon wound round a slot-type cable with a stranding pitch of 0.5 m,
variations in strain in an outer fibre when the cable was wound on a drum of
200 mm radius broadened the Brillouin gain bandwidth (BGB) to 182 MHz at

1.3 um compared to 42 MHz in the absence of strain [4.1.3].

The temperature coelficient of the BSF of a pure silica core fibre has been found to
be in good agreement with that for bulk fused silica and is 1.42 MHz/"C at 1.3 um,
while that for a GeO3 doped core fibre with 0.3% relative index difference is similar
but slightly smaller [4.1.4]. The temperature coefficients of the BGB for these two
fibres are also similar to that of bulk silica and are about -0.1 MHz/"C. The fact that
the BGB is 34 MHz at 25 °C and 1.3 pum for the pure silica core fibre and
39 MHz for the GeO; doped core fibre compared to about 20 MHz for bulk silica
is attributed in [4.1.4] to the inhomogeneous refractive index profiles of the tibres
and the variations in dopant concentrations and residual stress along the fibre

lengths, as described above.

As a consequence of the dependence of the BSF on these factors, the Brillouin gain
spectrum can vary substantially both in shape and bandwidth from fibre to fibre.
BGBs of between 20 MHz [4.1.5] and 100 MHz at 1.55 um have been reported.
Nevertheless, it is useful to make some simplifying assumptions in order to provide
a SBS model which will enable approximate predictions of performance to be made.
The fibre length may be considered to be divided into a large number, Np, of
sections, in each of which the uniform fibre model may be applied for a value of
BSF specilic to that section. BSF may be specificd as a function of discrete distance
in order to model not only the variations along the fibre length, but also those across
the fibre core cross section, at least approximately. (For a GeOz-doped core fibre,

the subsidiary Brillouin gain spectral lobes associated with the higher order guided
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acoustic longitudinal modes could be represented by arranging for appropriate
proportions of the discrete distance sections to have BSFs displaced by about one or
two acoustic mode frequency intervals. In the present work, only the principal lobe
associated with the fundamental longitudinal acoustic mode is simulated, together

with broadening from variation of the corresponding BSF.)

In each constant BSF section, the phonon decay rate is chosen to be that expected
for an ideally homogeneous sample of the core material. The resultant broadening of
the modclled Brillouin gain spectrum (BGS) from the theoretical Lorentzian
spectrum to give a specified or measured BGB will then be achicved by means of
BSF variations, which are believed to occur in real fibres, rather than by artificially
increasing the phonon decay rate and assuming a constant BSF over the fibre length

and core cross section, as is done for the uniform fibre model case.

If the BSF variations are assumed to arise from several different mechanisms, each
of which contributes a probability density function (pdf) for the BSF with a similar
standard deviation, then, according to the central limit theorem, the overall pdf is
approximately Gaussian, even though the individual contributing pdfs may not be.
On the basis of this assumption, the specified variation of BSF with discrete
distance for the model is therefore modelled as a random variable with a Gaussian
pdf and a uniform (or white) power spectral distribution. This latter stipulation is
equivalent to demanding that the discrete random samples are independent of each
other or that the mean autocorrelation is a discrete delta function, as also assumed
for the modelled acoustic thermal noise variable, fyn, defined in (3.1.9). Unlike
fathn, however, the BSF random variable is a function of discrete distance only and

not of discrete time.

The assumption of a Gaussian pdf for the BSF is not expected to represent all fibres

well. As indicated above, this assumption results in the subsidiary BGS lobes for a

GeOy doped core fibre being neglected. The more complex design of the refractive
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index cross-sectional profile for a dispersion-shifted fibre may also lead to a

significantly different BGS from that generated using the Gaussian assumption.

In order to test the validity of this assumption for a relatively simple case, the
Brillouin gain spectrum has been derived from power spectral measurements for a
pure silica core libre with F-doped cladding reported in [4.1.6]. In this experiment,
the backward-travelling Stokes wave was dominated by that from a polarisation-
scrambled optical signal with a white spectral distribution over at least the nominal
Stokes optical frequency = 50 MHz. In this way, the fibre was tested in a Brillouin
amplifier mode at a wavelength of 1.55 um and the power spectrum of the
amplified probe signal was recorded at the pump end. It has been found that the
Brillouin gain spectrum, which has been obtained by suitable processing of the beat
spectra in fig. 2 of [4.1.6] and shown here in fig. 4.1, fits a theoretical spectrum
consisting of the convolution of a Lorentzian spectrum, having a FWHM bandwidth
ol about 11 MHz, with a Gaussian probability density function (pdf) of relative
frequency, fr, for which the mean value of fy is equal to zero and the standard

deviation ol f; is 9.5 MHz.
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Fig. 4.1: Comparison of measured normalised Brillouin gain spectrum (circles), obtained from
fig. 2 of [4.1.6], with (i) Lorentzian spectrum of FWHM bandwidth of 29.1 MHz (dotted) and (it)
convolution of Lorentzian spectrum with FWHM bandwidth of 11.2 MHz and Gaussian
probability density function of standard deviation equal to 9.5 MHz, for which the overall FWHM
bandwidth is 29.1 MHz (dotted)
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The above fitting value of the Lorentzian spectral bandwidth of 11 MHz is
significantly lower than the value of BGB predicted in [1.2.3], [4.1.6] for bulk
silica at 1.55 pm as 16 MHz. This may be attributed partly to the inaccuracy of
extrapolating from experimental values for bulk silica at lower wavelengths using
the A2 relationship and partly to possible variations of BSF present in the
experimental samples of bulk silica due to, for example, impurities and residual
stresses. The phonon decay constant for modelling single mode fibres at 1.55 pm
has therefore been derived from an idealised BGB of 11 MHz rather than 16 MHz.
The standard deviation of the simulated BSF is obtained by finding the value which
allows the theoretical nonuniform fibre model gain spectrum, consisting, as above,
of the convolution of the idealised Lorentzian gain spectrum with the Gaussian pdf
of the simulated BSF, to have a bandwidth equal to the measured or specified BGB

for the fibre to be modelled.

4.2 MODIFICATION OF SBS PDES

As discussed in the previous section, the model fibre length is considered to be
divided into a large number, Ny, of sections, in each of which the uniform fibre
model may be applied for a value of BSF specific to that section. Let the BSF in the

kW constant BSF length section be given by

Vbk = Vbay + lbk, (4.2.1)

where Vpay 18 the average value of the BSF for the fibre and fpy is the BSF in the ktb
length section relative 10 Vpgy. In this section, the envelopes Eqy, of the pump wave
at vr,, Qppk of the acoustic wave at vpg and Eoppk of the Stokes wave at vy - Vpk,
where vy, 1s the nominal pump laser optical {requency, obey the following partial
differential equations for the uniform fibre model given in (3.2.3a) to (3.2.3¢) for

onc of the two polarisation modes:
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[0/dT + a"’amEln = -E2nbkQpbk -OnE1n (4.2.2a)
[9/07 - A/0L]E2nbk = E1nQpbk™* -0nE2nbk (4.2.2b)

[0/0T + 8]Qpbk = aE1nE2nbk™® + fnthnP, (4.2.2¢)

where the thermal noise term, fymnp. 18 described for (3.2.3¢) and in (3.1.6) to
(3.1.10). The envelopes Qppk and Ezppk may be expressed in terms of the
envelopes Qppay Of the acoustic wave at Vpay and Eznbay of the Stokes wave at vy, -

Vhav, as follows:

Qppbk = exp{idpk }.Qrbav (4.2.3a)
Eznpk = ¢xp{-10bk }-E2nbav (4.2.3b)

where
Obk = J 2mfpk dt

=] 20(fpk/AVBT) dT

= | @pkn d, (4.2.4)
and & and T are defined in (3.1.2) for the phonon amplitude decay rate I'g = TAVBT,
in which Avpr is the Brillouin gain linewidth for the ideally uniform core material

(assumed to be about 11 MHz for pure silica at 1.55 pm).

Inserting (4.2.3a) and (4.2.3b) into (4.2.2a) Lo (4.2.2¢) gives

[0/0T + 0/0C]E1n = -E2nbavQPbay -0nE1n (4.2.5a)
[d/ar - 8!'3Cl[52nbav-exp{ -i0pk } ] = (E1nQppbav™ -0nE2nbay).exp{-i0pk }
(4.2.5b)

[0/9T + 0][Qpbay-cxp{i®bk}] = YnE 1nE2nbayv™.exp{ ibpk } + [nthnp-
(4.2.5¢)
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4.3 NUMERICAL SOLUTION OF SBS PDES

After rewriting the PDEs of (4.2.5) in terms of t" instead of T, where t" is defined

in (3.3.1), they are cquivalent to the following ODEs along their characteristics:

[dfdc]Eln = —E"!nbaVQPbav 'C(.nE]n for dT"I’dQ =i (43- la)

[- d/dC][E2nbav-exp{-idbk }1 = (E1nQpPbav* -0nE2nbav)-exp{-iPvk }
for dC;"d‘l:" =-1/2 (4.3.1b)

[d/dt" + O)[Qpbav-exp{idbk }] = 'YnElnEanav*-GXP{quhk} + fntnp

for df/dt" = 0. (4.3.1¢)

Differentiating the product terms yields

[dde]E]n = -E2nbavQpPbay -OnE1n (4.3.2a)
exp{-10pk }-[- d/dC - i®0pkn][E2nbav] = (E1nQppav™ -onE2nbay)-exp{-idbk}
(4.3.2b)

exp{idpk }.[d/dT" + & + i0pkn][ QPbav] = YaE1nE2nbav*.€xp{idbk} + fnthnp;

(4.3.2¢)

which simplifies to
[d/dC + on]E1n = -E2nbavQpPbav (4.3.3a)
[- d/dC + (0 - i0pkn) 1 [E2nbav] = E1nQpbav™ (4.3.3b)

[d/dt" + (O + 1®pkn) [ QPbav] = YnE 1nE2nbav™ + fnthnP's (4.3.3¢)

where fuhnp' = exp{-idpk}-fnthnps S0 that fpmep’ has the same statistical properties
as fohnps as seen from (3.1.9). (4.3.3) has the same form as (3.3.3), with the
complex coefficient (0t - i®pkn) in (4.3.3b) replacing the real coefficient oy in
(3.3.3b) and, similarly, (8 + i®pkn) in (4.3.3¢) replacing 6 in (3.3.3c). The
development and solution of difference equations from the ODEs of (4.3.3) then
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follow the samc procedure as described in section 3.3. The Ny, values of ®pkn
required for the Ny sections with different BSF are generated by the same functions
referred to in section 3.3 for producing the thermal acoustic noise samples with a

Gaussian pdf and a uniform power spectral density.

4.4 VERIFICATION OF NUMERICAL MODEL

Some of the same tests described in 3.4 for the uniform fibre model have been
repeated for the nonuniform model with the relative BSF, fpk, set to zero for all
model fibre length sections. The results were identical to those obtained for the
uniform fibre model, as expected. Setting fpk for all sections equal to the same
positive or negative value shifted the SBS backscattered power spectrum along the
relative frequency axis by the corresponding amount. Setting fpk for consecutive
sections cqual to an alternating pattern of positive and negative values resulted in a
symmetrical twin peaked backscattered power spectrum, such as that which might

be expected for a nonuniform dopant concentration across the profile of a fibre core.

When [ was set to a constant value such that its ratio with the sampling frequency,
fhk/ls, 1s equal to 0.207, for which the phase change over a time step, Opk, is (27.
0.207) = 1.3 radians, the SBS backscattered power was reduced to about 2% of its
expected value. For fpi/fs = 0.041, so that opx = 0.26 radians, the SBS
backscattered power was not noticeably reduced from its expected value, within the
simulation error limits for this test. Care has therefore been taken in choosing
simulation parameters for the nonuniform fibre model that the magnitude of dpk

rarely exceeds about 0.25 radians during a run.

The Brillouin gain coelficient of the ideally uniform core material as a function of
VR, the frequency relative to the average Stokes frequency such that vg = v - (v, -

Vhay), 18 given by
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gpc{vr} = gpo.R{vr}, (4.4.1)

where gpg is the peak Brillouin gain coefficient and R{vR} is the Lorentzian relative

Brillouin gain spectrum given in (2.1.19) for Avg = AvpT.

If the pdf of the BSF is dpsy{f = fpk}, the Brillouin gain coefficient spectrum is
given by

gr = gp{Ve}= j_mdBSF{l‘}-gBC{VR —fdf (4.4.2)

where

1 £?
d {1}: —F—=CXpPy T ——~ (4.43)
- GBSFﬁR p{ 20,5 }

for a Gaussian pdf of the BSF with a standard deviation of oyg.

The theoretical nonuniform fibre model SBS backscattered power spectral density
has been obtained by numerically evaluating gg{vr} using (4.4.2) and (4.4.3) and
numerically integrating (2.1.23) for g = gg{VvRr}. This theoretical power spectrum is
derived on the assumption that depletion of the pump by SBS is negligible.
Agreement between simulated and theoretical power spectra for the nonuniform
model has been found to be excellent for sufficiently low input powers, as also
previously shown in fig 3.4 for the uniform model. In the next section, a
comparison between simulated SBS backscattered powers and those obtained by
numerical integration of these theoretical power spectra over the simulated frequency
range 1s shown to give close correspondence at low input powers for the chosen

example.
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4.5 COMPARISON WITH EXPERIMENTAL RESULTS

The input parameters for the nonuniform fibre model are chosen to match the
conditions of the same cxperiment as referred to in section 3.6, in which mean
optical output and backscattered powers were characterised as functions of input
power for a CW input signal in fig. 3 of [3.2.2]. The phonon amplitude decay
constant is assumed to be given by I'g = TAvpT, in which Avgr is the Brillouin gain
linewidth for the ideally uniform core material. In section 4.1, Avgt was deduced to
be about 11 MHz for pure silica at 1.55 pm. This value is also used for the model
here, even though the fibre core for the experiment was probably GeO> doped.
However, it is increased to 13 MHz to take account of the laser linewidth of 2 MHz.
The standard deviation of the BSF, opsr, is then chosen to give a theoretical
nonuniform model Brillouin gain linewidth of 42 MHz, the sum of the measured

Brillouin gain and laser linewidths.
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Iig. 4.2: (a) Backscattered and (b) transmitted powers as functions of CW input power from (i)
experiment (circles) [3.2.2], (ii) simulation assuming nonuniform fibre model and including
Rayleigh backscattering at -34.0 dB (solid), (iii) undepleted pump theory with assumptions of (ii)
(dotted in (a), not shown in (b)), (iv) simulation of SBS alone (dashed).

The Brillouin gain coetficient, gg, is selected to give the best fit between the

simulated and experimental characteristics of backscattered power as a function of
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input power shown in fig. 4.2 a) and is cqual to 4.72.10-11 m.W-1. The polarisation
factors, core refractive index and acoustic velocity are the same as those given and
discussed in section 3.6. The number of length sections for PDE solution, N¢, and
the number of sections with different BSFs, Ny, are both 2,000, while the model

fibre length, Ly, is 400 m, as reviewed below.

The agreement between the simulated curves and experimental points of fig. 4.2 is
very good for both the backscattered and transmitted power characteristics with the
fitting factor, gp, equal to 4.72.10-11 m.W-1. The value of gp predicted using
(2.1.17) with A = 1.537 um, Avg = 13 MHz, v, = 5.81.103 m.s'!, n = 1.44 and
other parameters as for fused silica is gg = 5.59.10-11 m.W-1. The discrepancy
between this and the fitting factor is 0.7 dB. Up to 0.3 dB of this difference could
be explained by assuming that the additional loss of 0.3 dB in the experiment of
[3.2.2] occurs between the input power measurement point and the fibre, rather than
between the fibre and the output power measurement point, as presumed in section
3.6. Another 0.3 dB may be accounted for it the measured Brillouin gain linewidth
(BGL) is assumed to be at its upper limit of quoted accuracy at 43 MHz, so that the
modelled BGL, taking into account the 2 MHz laser linewidth, should have been 45
rather than 42 MHz. Other possible sources of the discrepancy are slight differences
in the density, pg, and photoelastic constant, py2, for the GeO; doped core
compared to those for pure silica. Additionally, since the GeO2 doped core fibre is
expected to guide two subsidiary acoustic longitudinal modes as well as the principal
one, it seems likely that the Brillouin gain coefficient for the principal acoustic mode
may be modified in comparison to its value for the bulk material of the core in the

absence of acoustic waveguiding [2.1.13].

The theoretical Brillouin gain coefficient spectrum (bges) for the nonuniform [ibre
model, evaluated using (4.4.2) and (4.4.3) with the above input fitting parameters,
is compared in fig. 4.3 to that for the uniform model obtained for the parameters
described in 3.6 10 match the same experimental data and characteristics. The peak

value of the nonuniform model bges is 1.922.10-11 m W-1, while that for the
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uniform model is 1.943.10-11m.W-1. These two spectra are quite close to each other

from half maximum to maximum height, but diverge at lower heights.

2.0

0‘0 1 1
-100 -50 0 50 100

relative frequency (MHz)
Fig. 4.3: Brillouin gain coefficient spectrum (bges) for (a) nonuniform fibre model (solid) with
Lorentzian spectrum of ggg = 4.72.10-11 m.W-1 and linewidth = 13 MHz convoluted with
Gaussian pdf of o{fg]} = 1.112 . 13 MHz = 14.5 MHz, (b) uniform fibre model (dotted) with
Lorentzian spectrum of ggo = 1.943.10°11 m.W-! and linewidth = 42 MHz and (¢) Lorentzian
spectrum (dashed) with ggg =4.72.10"11 m.W-! and linewidth = 13 MHz.

The sampling frequency, fs, has been kept at about the same value as for the
uniform fibre model (UFM) comparison with experiment described in section 3.6.
In order to achieve this, the ratio kg = [s/AvpTe, In which AvgTe is the sum of the
Brillouin gain linewidth for the ideally uniform core material and the laser linewidth,
has been increased from 10 for the UFM to 40 for the nonuniform fibre model
(NFM), corresponding approximately to the decrease of Avpre from 42 to 13 MHz.
According to (3.6.2), Ny should then be increased from 500 to 2,000 for the case of
I'iTy = 157. For these values of Ny and kR, (3.6.1) yields Ly = 400 m for Avpre =
13 MHz and for vg = ¢/n, where n = 1.44. In the investigation of the dependence of
the simulated power spectra and statistical parameters on model fibre length, Ly, to
be described, Ng is kept proportional to Ly with kr maintained at 40 for 100 m <
L < 801 m. In order that N is not reduced to below 500, kR is increased to 160
for Ly = 25 m. The number of sections with ditferent BSFs, Ny, is in all cases

cqual to the number of length sections for PDE solution, N.
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Fig. 4.4: Simulated SBS backscattered power spectra (left) for dominant (bold) and subsidiary
(normal) polarisation modes and transmitted power spectra (right, bold) with corresponding inferred
SBS noise spectra (right, normal) for CW input powers of 0 dBm (a, b), 6 dBm (c, d), 9 dBm (e, I),
12 dBm (g, h), 15 dBm (j, k). Model fibre lengths of 25 m (dotted), 100 m (dashed), 400 m (long
dashed) and, for 15 dBm only, 801 m (solid) have been simulated. Theoretical SBS backscattered
power spectra assuming no pump depletion from SBS (dot-dashed) are shown for all powers except
15 dBm. Each power spectral density (psd) is determined as the average in a bandwidth of 2.0 MHz.
A nonuniform fibre model has been assumed with parameters such that the theoretical Brillouin
gain cocflicient spectrum (bges) is as shown in fig. 4.3 with an effective linewidth of 42 MHz and
a peak bges of 1.922, 1011 m.w-1. The fibre loss is equivalent to that for 12.7 km at 0.19dB/km.
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From the simulated SBS backscattered power spectra shown in fig. 4.4 for input
powers of 0 to 15 dBm and model fibre lengths of 25 to 801 m, it is clear that these
spectra at Lyy = 400 m are very close to convergence for input powers up to
15 dBm. The theoretical SBS backscattered power spectra also shown in fig. 4.4
have been obtained by numerical integration of (2.1.23), based on the assumption of
an undepleted pump, in which the theoretical NFM Brillouin gain coefficient
spectrum of fig. 4.3 is substituted. The agreement of the modelled and theoretical
backscattered spectra is excellent at all the selected values of Ly, for input powers up
to 9 dBm. At 12 dBm, the modelled spectra for both polarisation modes are seen to
be substantially smaller than the corresponding theoretical ones due to pump

depletion.

Each of the simulated transmitted power spectra of fig. 4.4 generally consists of the

same three spectral elements as for the equivalent UFM spectra of fig. 3.4:

(1) a line spectrum corresponding to the attenuated and SBS depleted
optical carrier which is independent of Ly,

(i1) an underlying SBS noise spectrum which is also independent of Ly,

(i)  an approximately triangular spectrum which depends on Ly, as well

as input power.

At an input power of O dBm, the third of these spectral elements is not apparent for
Lm = 25 m. As the input power increases, this element becomes more significant.
The underlying SBS noise spectrum is well modelled by the inferred transmitted
SBS noise spectrum which is shown in conjunction with the complete simulated
transmitted power spectrum in each case. It can be seen that the complete spectra
converge on the inferred spectra with increasing magnitude of relative frequency and
with increasing Ly, and also that the inferred spectra at different Ly, are similar to

each other.
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The Lm-dependent component of each NFM transmitted power spectrum of fig. 4.4
exhibits substantially greater fluctuation than that shown in fig. 3.4 for the UFM.
Most of this fluctuation is associated with the simulated longitudinal pattern of
Brillouin shift frequency (BSF) variation and a smaller amount with the simulated
thermal acoustic noise as a function of distance and time. Both the BSF and thermal

noise sequences are initiated, and therefore controlled, by the same set of seed

numbers.
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Fig. 4.5: Simulated transmitted power spectra (bold) with corresponding inferred SBS noise spectra
(normal) for a CW input power of 15 dBm and two seeds defining the simulated thermal noise and
Brillouin shift frequency longitudinal variation sequences: seed A (a) and seed B (b). Model fibre
lengths of 100 m (dashed), 200 m (dotted), 400 m (long dashed) and, for seed B only, 801 m
(solid) have been simulated. Each power spectral density (psd) is determined as the average in a
bandwidth of 2.0 MHz. A nonuniform fibre model has been assumed with parameters such that the
theoretical Brillouin gain coefficient spectrum (bgcs) is as shown in fig. 4.3 with an effective

linewidth of 42 MHz and a peak bgcs of 1.922. 1011 m.w-1. The fibre loss is equivalent to that
for 12.7 km at 0.19dB/km.

In fig. 4.5, simulated transmitted power spectra with corresponding inferred SBS
noise spectra are shown for a CW input power of 15 dBm and two seeds. Those
generated with seed A are given in fig. 4.5a, and those with seed B in fig. 4.5b.
There is a degree of similarity between the spectra at different model fibre lengths
lor cach seed, particularly at the higher values of Ly,. For example, this is specially
noticeable in lig. 4.5b at relative frequencies between 10 and 25 MHz. For all cases
of Ly shown, the sampling frequency is the same and the variation of BSF with
distance along the model fibre from the pump input end is also the same for a given

sced. The apparently greater spectral fluctuations at higher Ly, are consistent with
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the narrowing of the triangular element of the transmitted spectrum with increasing

L which occurs for the uniform model, as shown in fig. 3.4.
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Fig. 4.6: Simulated transmitted power spectra (bold) with corresponding inferred SBS noise spectra
(normal) for a CW input power of 15 dBm and two seeds defining the simulated thermal noise and
Brillouin shift frequency longitudinal variation sequences: seed A (dashed and long dashed) and seed
B (dotted and solid). Model fibre lengths of 100 m (dotted and dashed) and 400 m (long dashed and
solid) have been simulated. Each power spectral density (psd) is determined as the average in a
bandwidth of 2.0 MHz. A nonuniform fibre model has been assumed with parameters such that the
theoretical Brillouin gain coefficient spectrum (bgcs) is as shown in fig. 4.3 with an effective
linewidth of 42 MHz and a peak bgcs of 1.922, 10-11 m.W-1. The fibre loss is equivalent to that
for 12.7 km at 0.19dB/km.

In fig. 4.6, transmitted spectra for seeds A and B at Ly = 100 m and Ly, = 400 m
are superimposed on each other. For each value of Ly, the spectra for the two seeds
are seen to follow the same underlying characteristic but with variations specific to
that seed. This indicates the importance of taking the average and monitoring limits
of uncertainty using different seeds when simulating transmitted power spectra and
related system performance measures such as carrier-to-noise ratio with the

nonuniform fibre model.

As in the case of the uniform fibre model, at high input powers, the divergence of
the NFM SBS backscattered spectra of fig. 4.4 at low values of Ly from the
convergent spectra attained for sufficiently high Ly, is accompanied by a change in
the normalised standard deviation (nsd = standard deviation/mean) of the
instantancous SBS backscattered power from unity, as shown in fig. 4.7. For the
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dominant polarisation mode, the nsd is reduced from unity under these conditions,
as also observed in [2.1.8] from their simulations for a single polarisation mode.
For the subsidiary polarisation mode, the nsd is reduced very slightly from unity at
an input power ol 9 dBm, but increased above unity at 15 dBm. This increase in nsd
may well be associated with the significant power in the sidebands of the transmitted

signal spectrum at low Ly, as shown in fig. 4.4 (k).
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I'ig. 4.7: Normalised standard deviation of the simulated SBS backscattered intensity for (a) the
dominant and (b) the subsidiary polarisation modes as a function of CW input power and for
nonuniform fibre model lengths of 25 m (square, dotted), 100 m (cross, dashed) and 400 m
(diamond, long dashed).

In fig. 4.8, the effect of varying Ly, between 25 and 400 m on the simulated NFM
SBS backscattered and transmitted power characteristics i1s shown. Apart from the
decrease in backscattered power with increasing Ly, for the subsidiary polarisation
mode at high input powers, there is no significant dependence on Ly, for either of
the backscattered or transmitted powers. Since the subsidiary mode power is 30 to
40 dB lower than that for the dominant mode at these input powers, the total
backscattered power is essentially independent of Ly,. The agreement of the
simulated SBS backscattered powers with those obtained by numerical integration of
the theoretical (undepleted pump) spectral densities obtained for fig. 4.4 is excellent
for input powers up to 9 dBm. At 12 dBm, the simulated powers for both
polarisation modes are seen to be much smaller than the corresponding theoretical

ones due to pump depletion.

The simulated SBS backscattered (dominant polarisation mode only) and transmitted

power characteristics for the uniform fibre model at Ly, = 496 m are also shown in
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fig. 4.8 for comparison with the equivalent NFM characteristics. The difference
between the UFM and NFM curves 1s only noticeable at the lowest input power of
(0 dBm at which the backscattered power differs by up to about 1 dB. The reason
for this is that at moderate to high input powers, the FWHM bandwidth of the
backscattered power spectrum is significantly less than the Brillouin gain FWHM
linewidth, so that the regions of the UFM and NFM Brillouin gain spectra (shown
in fig. 4.3) close to their peaks, over which agreement is close, have a dominant
influence. At low input powers, the bandwidth of the backscattered power spectrum
becomes comparable with the Brillouin gain linewidth, so that the regions of the
UFM and NFM Brillouin gain spectra further from their peaks, over which the

curves start to diverge, have a small but significant influence.
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Fig. 4.8: (a) SBS backscattered power for the dominant (bold) and subsidiary (normal) polarisation
modes and (b) transmitted power as functions of CW input power from (i) simulation for
nonuniform fibre model lengths of 25 m (square, dotted), 100 m (cross, dashed) and 400 m
(diamond, long dashed), (i) undepleted pump theory (circle, dot-dashed in (a), not shown in (b)) and
(iii) simulation for a uniform fibre model length of 496 m (normal, solid, shown in (a) for the
dominant mode only and in (b)).

From [ig. 4.9 (a), it can be seen that the total inferred noise power for the NFM
does not vary with Ly, over the range 25 to 400 m. However, the nsd of the
instantaneous inferred noise power does vary with Ly, and input power as shown in

lig. 4.9 (b). This implies that, as for the uniform fibre model, inferred noise
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simulated at low Ly, for higher true fibre lengths may be used for computing
detected carrier-to-noise ratios in analogue transmission systems but that greater care
is needed for simulating Bit Error Rates of digital baseband systems where the

statistical distribution of the noise may be important.
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Fig. 4.9: (a) Mean and (b) normalised standard deviation of the inferred SBS noise component
power of the simulated transmitted signal as a function of CW input power and for (i) nonuniform
fibre model lengths of 25 m (square, dotted), 100 m (cross, dashed) and 400 m (diamond, long
dashed), (ii) a uniform fibre model length of 496 m (normal, dot-dashed, shown in (a) only).

The inferred SBS noise power characteristic for the uniform fibre model at Ly, =
496 m is also shown in fig. 4.9 for comparison with the equivalent NFM
characteristics. The difference between the UFM and NFM inferred noise powers is
just over 1 dB at an input power of 15 dBm and increases with decreasing input
power to just over 2 dB at 0 dBm. The reason for this is based on the differential
equation, (A3.2.4), for the inferred transmitted noise power spectral density, which
depends on the convolution of the backscattered power spectrum with the Brillouin
gain spectrum. At moderate to high input powers, the FWHM bandwidth of the
inferred noisc power spectrum is comparable with the Brillouin gain FWHM
linewidth, so that the regions of the UFM and NFM Brillouin gain spectra (shown
in fig. 4.3) further from their peaks, over which the curves start to diverge, have a
small but significant influence. At low input powers, the increase in the UFM
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backscattered power relative to that for the NFM of up to 1 dB, noted above in
conjunction with fig. 4.8, contributes to the additional difference in the inferred

noise powers.

4.6 CONCLUSIONS

The Brillouin shift frequency (BSF) of a single mode optical fibre is known to vary
with doping concentrations, residual stresses and temperature. Differences in BSF
for light travelling in different parts of the core-cladding cross-section and
fluctuations in BSF along the fibre length therefore arise and lead to a broadening of
the Brillouin gain spectrum relative to that expected for pure fused silica. In the case
of a GeOy-doped silica core fibre with pure silica cladding, guidance of acoustic
longitudinal modes leads to the presence of subsidiary lobes as well as the principal
lobe of the Brillouin gain spectrum and to a dependence of the BSF of the main lobe
on core radius and the difference in acoustic velocity between core and cladding. As
a consequence of the dependence of the BSF on these factors, the Brillouin gain

spectrum can vary substantially both in shape and bandwidth from fibre to fibre.

For the development of the predictive computer model, the simplifying assumption
has been made that the variation of BSF with distance is a random variable with a
Gaussian pdf and a uniform (or white) power spectral distribution. The validity of
this assumption has been confirmed for the case of a pure silica fibre with F-doped
cladding, for which Brillouin amplified power spectral measurements at a
wavelength of 1.55 um are reported in [4.1.6]. The Brillouin gain spectrum has
been derived from these measurements and found to fit a theoretical spectrum
consisting of the convolution of a Lorentzian spectrum, having a FWHM bandwidth
of about 11 MHz, with a Gaussian probability density function (pdf) of standard

deviation equal to 9.5 MHz.
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A nonuniform fibre model has been developed by considering the fibre length to be
divided into a large number of sections, in each of which the uniform fibre model is
applied for a value of BSF specific to that section. A pseudorandom sequence with a
Gaussian pdf is generated to represent the BSFs of these sections. Characteristics of
mean optical output and backscattered powers as functions of input power for a CW
input signal have been simulated using the nonuniform fibre model (NFM) and
compared with those from the same experiment as for the uniform fibre model
(UFM) comparison in chapter 3. With the NFM end-to-end Brillouin gain linewidth
madc equal to 42 MHz, the sum of the measured Brillouin gain and laser
linewidths, the simulated and experimental characteristics agree very well it the
Brillouin gain coefficient, gg, assumed in each model fibre section of constant BSF
is set to 4.72.10-11 m W-1. The Brillouin gain linewidth in each constant BSF
section is assumed to be 13 MHz, corresponding to the sum of the Brillouin gain
linewidth assumed for the idealised core material of 11 MHz and the laser linewidth
of 2 MHz. The equivalent value predicted from theory for a Brillouin gain linewidth
of 13 MHz, a fibre core refractive index of 1.44, an acoustic velocity of 5.81.103
m.s1, corresponding to the measured BSF of 10.88 GHz, and other parameters as
for fused silica is gg = 5.59.10-11 m.W-1. The discrepancy of 0.7 dB can be
explained in terms of errors in the measured loss and Brillouin gain linewidth and
differences in the density and photoelastic constant for the GeOy doped core

compared to those for pure silica.

The theoretical NFM and UFM Brillouin gain coefticient spectra (bges), for which
the simulated output and backscattered powers lit the same experimental
characteristics, are very similar to each other from half to full maximum height, but
diverge at lower heights. The peak value of the NFM bgcs is 1.922.10-11 m . W-1,
while that for the UFM is 1.943.10-11 m.W-1, The NFM simulated output and
backscattered powers are independent of model fibre Iength in the range investigated
of 25 to 400 m. Agreement of the NFM simulated backscattered power
characteristic with undepleted pump theory is excellent for input powers up o

9 dBm. The difference between the UFM and NEM curves is only noticeable at the
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lowest input power of 0 dBm at which the dominant polarisation mode
backscattered powers differ by up to about 1 dB. This divergence at low powers is
attributable to the emerging difference in the two Brillouin gain coefficient spectra
below half height. For the same reason, the NFM inferred transmitted SBS notse
power, also found to be independent of model fibre length in the above range, is
about 2 dB lower than that for the UFM at 0 dBm and about 1 dB lower at input

powers between 6 and 15 dBm.

The component of the NFM transmitted power spectrum which is dependent on
model fibre length exhibits substantially greater fluctuation than that for the UFM.
Most of this fluctuation is associated with the simulated longitudinal pattern of BSF
variation. It is therefore important to take the average and monitor limits of
uncertainty using different seed numbers which initiate the BSF sequence when
simulating transmitted power spectra and related system performance measures such

as carrier-to-noise ratio with the nonuniform fibre model.
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S. MODELLING OF OPTICAL AM CATV LINK
PERFORMANCE DEGRADATION FROM SBS

A simplitied optical AM CATYV link in which the optical carrier is intensity
modulated by a single, relatively small subcarrier, corresponding to one
unmodulated AM CATYV channel, provides an excellent example for applying the
SBS model to the prediction of link performance degradation from SBS. The
Carrier-to-Noise Ratio (CNR) for such an example has been measured by Mao et al.
[1.3.14] as a function of input power and provides a basis for the comparison of

simulated and experimental link performance.

In section 5.1, the computer model is extended to include simulation of the intensity
modulation of the input carrier by a single subcarrier and to represent the detected
photocurrent from a PIN photodiode placed at the output end of the model fibre. The
procedure for evaluating the CNR of the subcarrier channel, both at the simulated

model fibre length and at much higher lengths, is outlined.

In section 5.2, the CNR arising from transmitted SBS noise is predicted from
uniform fibre model (UFM) simulations for the parameters and SBS backscattered
power characteristic given in [1.3.14] for the experimental single channel link of
Mao et al.. The prediction of CNR at the real fibre length for each input power is
based both on the CNR from the component of SBS noise which is independent of
model fibre length and also on the rate at which the CNR from the length-dependent
component of SBS noise increases with increasing length. The complete modelled
CNR for the link takes into account the experimental CNR with the fibre replaced by
a linear optical attenuator of the same loss and also the CNR from multipath
interference induced by signal double Rayleigh scattering. The complete modelled

CNR is then compared with the experimental CNR in the presence of the fibre.
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In section 3.3, the complete modelled CNR derived from nonuniform fibre model
simulations of SBS is obtained at each input power and compared with the same
experimental CNR as above, using a similar procedure to that described in section
3.2. In section 3.4, conclusions are drawn from the comparisons with experiment

for the two models.

5.1 SIMULATION OF DETECTED POWER OF TRANSMITTED AM
SUBCARRIER MODULATED OPTICAL SIGNAL

The instantaneous power of the transmitted optical signal 1s given by

P = Pin.|[E1n(C=1, 'C)IZ (5.1.1)

= Pin-ElnEln*»

where Pjy is the input power and Epy is the normalised pump field of (3.1.1) such
that IE1n({ = 0, 7)I? is equal to unity. The detected photocurrent from a PIN

photodiode with a responsivity of rg is given by

Ip = rq.Pyr. (5:1.2)

The power spectrum of the modelled detected photocurrent is estimated in the same
way as for the simulated backscattered and transmitted fields, as described at the end

ol scction 3.3.

In optical AM subcarrier modulation, the optical power is amplitude modulated at
one or more subcarrier frequencies. The optical modulation index or depth, mge, for
one of these subcarrier channels 1s defined as the peak amplitude, APmax, of the
corresponding power modulation divided by the average or unmodulated power, Pyy

[5.1.1), [5.1:2]):
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myc = APpax/Pay- (5.1.3)

For a single subcarrier of frequency fg¢, the modulated optical power launched into

the fibre, Ppodin, may be represented as

Pmodin = Po (1 + mgc cos (2misct)), (5.1.4)

and the normalised input field envelope as

E]n = ‘\’(1 + Mge COS (zntsct))

= ]. + (m‘g(:flz) COoSs (Zﬂt‘sct) f{)l‘ Mgc « l. (5. l .5)

The detected carrier-to-noise ratio (CNR) at fgc 1s evaluated as

CNR = 10 log10 (Pfse/Ngerb) dB, (5.1.6)

where Pggc is the sum of the detected powers of the subcarrier at * fgc and Ngepp 18
the total detected noise in the subcarrier channel receiver bandwidth centred at + fg¢

Zlnd » fs,c

The simulated CNR obtained as above from the output field E1n(C=1) for a feasible
model fibre length, Ly, may be compared, for some cases, with that from an output
field Ejphim(C=1) inferred for very high values of L. As discussed in chapter 3, an
output field Ejxn(E=1), which represents the underlying SBS noise spectrum
approached at high Ly, can be simulated at practicable model fibre lengths. When
the SBS depleted signal spectrum expected at high Ly, can be predicted to consist of
a few casily identiliable spectral lines at known frequencies, these can be extracted
[rom the DFT of the output field E15(C=1) modelled at moderate L. The output
field E1pnim(C=1) inferred for high Ly, can then be derived from the sum of the DFT
of the noise field Eqxp(C=1) at all frequencies and the DFT of the total output field
En(C=1) at the identified signal frequencies. If the optical carrier before subcarrier
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modulation is assumed to have negligible spectral linewidth, these relative signal
frequencies are (), + fge and - fge for modulation by a single subcarrier, given that the
approximation of (5.1.5) is reasonable. The detected CNR predicted for high Ly,
CNRpjm, is obtained from Eqppim(C=1) in the same way as described above for that

from E1n(C=1).

5.2 COMPARISON WITH EXPERIMENTAL RESULTS USING
JNIFORM FIBRE MODEL

Simulated characteristics of detected CNR for a single AM subcarrier as a function
of input power have been compared with that from an experiment by Mao et al. in
which the modulation index of the subcarrier at 67.25 MHz is 4% and the CNR is
measured in a 4 MHz bandwidth [1.3.14]. Light from a single frequency F-centre
laser, assumed from one of their previous papers [2.1.4] to be at 1.55 um, is
passed through a LiNbO3 Mach-Zehnder interferometer amplitude modulator and
passive optical components to a 13 km length of dispersion shifted fibre, with an
attenuation of 0.31 dB/km and an effective core area of 35 um?2. The laser
linewidth is stated to be narrow but a value is not given. The Brillouin shift
frequency and gain linewidth are also not known. However, characteristics of
backscattered power as a function of input power are shown in figs. 1 and 4 of
[1.3.14] and a characteristic of transmitted power as a function of input power is

also given in fig. 1 of this paper.

Simulations of detected CNR have initially been carried out using the uniform fibre
model with input parameters chosen to agree with these experimental values
wherever possible. The laser linewidth is assumed to be negligible so that no phase
noise is imposed on the simulated input carrier before amplitude modulation by the
single subcarrier. The value of the Brillouin gain coetficient, gg, is chosen to give

the best fit between the simulated and experimental characteristics of backscattered
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power as a function of input power shown in fig. 5.1 and is equal to 1.16.10-11
m.W-1, The Brillouin gain linewidth is evaluated as 60 MHz trom (2.1.17) for the
parameters of bulk fused silica at a wavelength of 1.55 pum and the fitting value of
g¢p. The dominant and subsidiary polarisation modes are assumed to have
polarisation factors of n; = 2/3 and ng = 1/3, respectively, as predicted by theory

and discussed in section 3.2.
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FFig. 5.1; Backscattered power as function of input power from (i) experiment (circles) [1.3.14], (ii)
simulation assuming uniform fibre model and including Rayleigh backscattering at -32.2 dB
(solid), (iii) simulation of SBS alone (dashed). The carrier is modulated by a single subcarrier at

67.25 MHz with a modulation index of 4%. The experimental fibre length of 13 km is simulated
with a model fibre length of 87 m and the same total linear loss of 4 dB.

Characteristics of CNR and CNRpy as functions of input power have been
simulated for different model fibre lengths, Ly, and are shown in fig. 5.2. At low
input powers, the CNR curves converge on the CNRpyy, curves, which are similar
for all Ly, as expected. CNRp is in excellent agreement with CNR¢_pyse, which is
the ratio of the detected subcarrier power to the component of detected noise power
in the subcarrier receiver bandwidth due to the beating of the transmitted field
E1n(C=1) at the optical carrier frequency with the inferred transmitted SBS noise
field, E1xn({=1), at frequency bands centred round + fg¢ and - fg¢ relative to the

optical carricr frequency. An expression for CNRe.pxse 18 derived in Appendix 5.1
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and provides a useful output parameter from the simulations for checking the

determination of CNR and CNRpjy from the modelled power detection.
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Fig. 5.2: Simulated characteristics, assuming uniform fibre model, of detected subcarrier CNR
(filled, bold) and CNRpjm (unfilled, normal), the CNR inferred for high model fibre lengths, as
functions of input power for model fibre lengths of (i) 87 m (circles), (ii) 174 m (squares), (iii)
347 m (diamonds), (iv) 695 m (triangles).

At higher input powers, the CNR characteristics of fig. 5.2 are dominated by the
component, Ngc_nac, of detected noise power in the subcarrier receiver bandwidth
due to the beating of the transmitted field Ejp({=1) at + fsc and - f¢ relative to the
optical carrier frequency with spectral elements of the transmitted field E1p(C=1) ata
[requency band centred round the optical carrier frequency. This can be seen in fig.
5.3, which shows the power spectra of the simulated detected photocurrent, the
backscattered field, the transmitted field and the inferred transmitted SBS noise field
at various input powers and model fibre lengths. For example, the approximately
triangular or A-shaped, Ly dependent component of the dotted power spectrum of
the transmitted tield in fig. 5.3¢ is apparent in reduced torm centred round the

subcarrier frequencies in the dotted power spectrum of the photocurrent in fig.5.3e.
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Fig. 5.3: Simulated SBS backscattered power spectra (top (a,b)) for dominant (bold) and subsidiary
(normal) polarisation modes, transmitted optical power spectra (middle (c,d), bold) with
corresponding inferred noise specira (middle (¢,d), normal) and detecied electrical power spectra
(bottom (e.f), bold) with corresponding inferred spectra (bottom (e,f), normal) for input powers of 8
dBm (left (a.c.e)) and 9 dBm (right (b,d,)). Model fibre lengths of 87 m (dotted), 174 m (dashed),
347 m (long dashed) and 695 m (solid) have been simulated. Theoretical SBS backscattered power
spectra assuming no pump depletion from SBS (dot-dashed) are also shown in ab. Each power
spectral density (psd) is determined as the average in a bandwidth of 2.3 MHz. Detected electrical
psds are expressed in dB relative to 1 A2/Hz, assuming a photodetector responsivity of 1 A/W. A
uniform fibre model has been assumed with a Brillouin linewidth of 60 MHz and a SBS gain

cocfficient of 1.16. 10-11 m.W-1. The fibre loss is equivalent to that for 13 km at 0.31 dB/km.

Another detected noise component, Ne_pase, 1S expected as a result of the A-shaped,
L;n dependent spectral elements which appear in the subcarrier sidebands of the
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transmitted field power spectrum, as illustrated in fig. 5.3d, in association with the
similar shaped element centred round the carrier. The CNR arising only from the Ly
dependent detected noise components, Nge—nAc and Ne_pase, may be determined as
the excess CNR, CNRgexc, from the overall simulated detected CNR, CNRgy, and

the CNR inferred at high L, CNRpjm, using the relation

CNRexc = -10 log{ 10-(CNR/10) - 10-(CNRp»/10)} dB. (5.2.1)

In lig. 5.4, CNR¢xc is plotted as a function of Ly, at input powers of 8 and 9 dBm
for the average, maximum and minimum of the simulated values for different
thermal noise sequences, together with the best straight line fit used for predicting
CNRexc at the real fibre length, Ly, as CNRexelr. On the assumption that this rate of

increasc remains constant for values of Ly up to Ly = 13 km, CNRexclr 1S given by

CNRexclr = CNRexclm0 + Rpl log10(Le/Lmo) dB, (5.2.2)

where CNRexelm0 18 the excess CNR at Ly, = Liyg and Ry is a measure of the rate
of increase of CNRexe with Ly for a given input power. From the straight line fits
of fig. 5.4, CNRexcimo = 51.7 dBm for Liyo = 87 m and Rp = 6.8 at an input
power of 8§ dBm, while CNRegxcim0 = 35.6 dBm for Lyyg = 87 m and Rp) = 5 atan

input power of 9 dBm.

The CNR from SBS depletion at the real fibre length is then

CNRgps.Ir = -10 log{ 10-(CNReyc1/10) 4 10-(CNRpyj/10)} ¢B. (5.2.3)

In fig. 5.5, CNRgps Ir, CNRexclr and CNRpm are shown as functions of input
power. Values of CNRexclr at input powers of 8.5 dBm and 7.5 dBm have been
obtained by using (5.2.2) with Rp) interpolated from the figures given above at 8
and 9 dBm, so that Ry = 6 at 8.5 dBm and Rp; = 7 at 7.5 dBm. Approximate
upper and lower estimated limits for CNRgpg I for input powers between 8 and
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Fig. 5.4: Simulated characteristics, assuming uniform fibre model, of detected subcarrier excess

CNR (in dB) as a function of model fibre length (log scale) for input powers of (a) 8 dBm and (b)
O dBm. Excess CNR is that for which the noise is the difference between that for the full simulated
CNR and that for the simulated CNR inferred at high model fibre lengths (see text). The average
(circles), maximum (downward triangles) and minimum (upward triangles) of the simulated values
for different thermal noise sequences are shown together with the best straight line fit (dashed) used
for predicting cxcess CNR at the true fibre length.

9 dBm are also shown in fig. 5.5, corresponding mainly to uncertainties in the

prediction slope Rp), but also to scatter on the simulated values of CNRgxcimg and

CNRpm-
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Fig. 5.5: Simulated characteristics, assuming uniform fibre model, of detected subcarrier CNR
(CNRghs Ir) (filled circles, bold solid) with estimated upper (downward triangles, dotted) and lower
(upward triangles, dotted) limits together with excess CNR (CNRexcly) (unfilled squares, dotted),
both predicted for the true fibre length, and CNRp) i (unfilled circles, normal solid), the CNR
inferred for very high model fibre lengths, as functions of input power.

In order to compare the modelled and experimental CNRs, the characteristic shown
in fig. 3 of [1.3.14] of CNR measured in the absence of the 13 km fibre as a
function of received power plus linear fibre loss is used to obtain the effective linear
CNR of the link, CNRyjy, at each input power. CNR{jp is reproduced in fig. 5.6
together with the experimental CNR measured in the presence of the fibre, CNRexpf,
and the CNR derived from simulated SBS, CNRgpg ir. If only CNRjjp and
CNRgps |r are included in the calculation of modelled CNR, the disagreement
between modelled and experimental CNRs is very noticeable, particularly for input
powers between 6 and 8 dBm. The most likely explanation for this is that multipath
interference (MPI) induced by signal double Rayleigh scattering (SDRS) is present
[1:3:12]:

In this effect, Rayleigh backscattered light from the transmitted signal is again
backscattered so that it travels alongside the original signal and interferes with it. If

the transmitted optical carrier is perturbed by any phase noise, interference gives rise
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Fig, 5.6: Experimental and simulated characteristics, assuming uniform fibre model, of detected
subcarrier CNR as functions of input power: (i) experimental with 13 km fibre (crosses) together
with (ii) experimental points for which the input power has been adjusted such that experimental
backscattered power points in fig. 5.1 would line up with the simulated backscattered power curve,
(iii) experimental with linear attenuator instead of fibre (dotted), (iv) simulated SBS (dashed), (v)
assumed level of CNR from multipath interference (MPI) induced by signal double Rayleigh
scattering (SDRS) (dot-dashed), and (vi) total predicted CNR from experimental linear optical link,
simulated SBS and MPI (solid) with (vii) estimated upper and lower limits (dotted) corresponding to
limits on simulated SBS shown in fig. 5.5 (but omitted here for clarity).

to amplitude noise. This amplitude noise may be quantified as a detected noise
power spectral density relative to the detected signal power for the unmodulated
optical carrier, known as the Relative Intensity Noise due to MPI, RINppi. Willems
et al. have developed an approximate expression for RINmpi when a laser with an
unmodulated FWHM linewidth of Avy is frequency modulated ( or "dithered") to

give a modulated linewidth of Avp [1.3.17]:

RINppi(Avp) = (2Ref2/mAVD)[arctan((f + Avp)/Avy) - arctan((f -

AvVp)/Av)], (5.2.4)

where f is the subcarrier frequency and Regr 1S the geometric mean of the power
reflection cocelficients of the mirrors that form an optical cavity. For a single
subcarrier with modulation index mge and detection bandwidth B, the CNR due to

MPIL, CNRpp;, is given by
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CNRppi = 10 logo[mgc?/(2 RINppi B)] dB. (5.2:.5)

A very approximate estimate of RINmpi due to signal double Rayleigh scattering
(SDRS) may be obtained by letting Reff = -32.2 dB, the ratio of Rayleigh
backscattered power to input power found to fit the experimental characteristic of
fig. 5.1. For f = 67.25 MHz, mg¢ = 4%, B = 4 MHz, and Avp = Avy, = 1| MHz,
(5.2.4) yields RINppi = -159.9 dB/Hz and, from (5.2.5), CNRmpi = 62.9 dB.
For Avp = Avy, = 2 MHz, CNRppi = 59.9 dB. Although the linewidth of the F-
centre laser used in the experiment of [1.3.14] is not stated, except as being narrow,
it seems plausible that it could have been of the order of 1 to 2 MHz, so that a

CNRppj of about 60 dB is possible.

The overall modelled CNR 1s therefore taken to be given by

CNRpod = -10 1og{ 10-CNRgpg 1;/10) 4 10-(CNRy5/10) 4 10-(CNRypi/10)}

dB, (5.2.6)

where a constant value of CNRpypj = 58.5 dB is chosen to give the best fit of the
modelled CNR to the experimental CNR in the presence of the fibre, particularly for
input powers between 6 and 7.5 dBm, at which the contribution from SBS is
expected to be relatively small. The laser linewidth expected from (5.2.4) and

(5.2.5) to give this value of CNRpp; is 2.8 MHz.

The agreement between the modelled and experimental CNR characteristics of fig.
5.6 is good over all of the input power range, including the region in which SBS
becomes dominant. However, the rate of decrease of CNR with input power
between 8 and 9 dBm for the experimental points seems less rapid than for the
modelled curve. This is consistent with the fact that the rate of increase of
backscattered power with input power between 8 and 9 dBm, as shown in fig. 5.1,

is less pronounced for the experimental points than for the modelled characteristic.
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This trend has been confirmed by simulating the backscattered power at input
powers higher than 9 dBm and comparing the simulated characteristic with the
experimental points of fig. 1 of [1.3.14]. The comparison is not shown here, but
indicates that the simulated backscattered power is a few dBs greater than for the
experiment at higher input powers. A plausible explanation for the discrepancy has

not been identified.

In order to illustrate the correlation between the disagreement of the experimental
and modelled CNR characteristics of fig. 5.6 at input powers between 8 and 9 dBm
and that of the corresponding backscattered power characteristics of fig. 5.1,
modified experimental CNR points are also shown in fig. 5.6 for which the input
power has been adjusted such that similarly translated experimental backscattered
power points in fig. 5.1 would line up with the simulated backscattered power
curve. These modified experimental CNR points agree well with the modelled CNR

characteristic within the upper and lower limits of uncertainty indicated.

5.3 COMPARISON WITH EXPERIMENTAL RESULTS USING

NONUNIFORM FIBRE MODEL

Simulations of detected CNR have been carried out using the nonuniform fibre
model for comparison with the same experimental results as above. The Brillouin
gain linewidth for each section of constant Brillouin shift frequency (BSF) has been
assumed to be 11 MHz, as determined in the previous chapter for pure silica. The
Brillouin gain coefficient, gg, for each section is evaluated as 6.32.10-11 m W-1
from (2.1.17) for the parameters of bulk fused silica at a wavelength of 1.55 pum
and the Brillouin gain linewidth of 11 MHz. The standard deviation of the BSF,
ORBSI, 18 chosen to give the best fit between the simulated and experimental
characteristics of backscattered power as a function of input power shown in
fig. 5.7 and is cqual to 35.1 MHz. From the theoretical Brillouin gain coefficient
spectrum (bges) shown in fig. 5.8, it can be scen that the peak bges and bges
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linewidth for the nonuniform fibre model arc 1.10.10-11 m. W-1 and 88.7 MHz,
respectively, compared to 1.16.10-11 m.W-1 and 60 MHz as described in the last

section for the uniform fibre model.
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Fig. 5.7: Backscatlered power as function of input power from (i) experiment (circles) [1.3.14], (ii)
simulation assuming nonuniform fibre model and including Rayleigh backscattering at -32.2 dB
(solid), (iii) simulation of SBS alone (dashed). The carrier is modulated by a single subcarrier at
67.25 Mz with a modulation index of 4%. The experimental fibre length of 13 km is simulated
with a model fibre length of 120 m and the same total linear loss of 4 dB.
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Fig. 5.8: Comparison of theoretical Brillouin gain coefficient spectra (bges) for nonuniform (solid)
and uniform (dotted) fibre models. For the nonuniform model, gg = 6.32.10- 1! m.W-1 and Avp =
11 MHz in each section of constant BSIF and the standard deviation of longitudinal BSF variations
is 35.1 MHz.

Characlteristics of CNR and CNRpm as functions of input power have been

simulated for different model fibre lengths, Ly, and are shown in fig. 5.9. At low
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input powers, the CNR curves converge on the CNRpp curves, which are similar

for all Ly, as expected.
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Fig. 5.9: Simulated characteristics assuming nonuniform fibre model of detected subcarrier CNR

(filled, bold) and CNRpjy (unfilled, normal) as functions of input power for model fibre lengths of
(1) 120 m (circles), (ii) 241 m (squares), (iii) 482 m (diamonds).

As for the uniform fibre model, the CNR characteristics of fig. 5.9 at higher input
powers are dominated by the component, Ngc_nAc, Of detected noise power in the
subcarrier receiver bandwidth due to the beating of the transmitted field E1p(C=1) at
+ fsc and - f¢ relative to the optical carrier frequency with spectral elements of the
transmitted field Eq1p(C=1) at a frequency band centred round the optical carrier
frequency. This can be seen in fig. 5.10, which shows the power spectra of the
simulated detected photocurrent, the backscattered field, the transmitted field and the
inferred transmitted SBS noise field at various input powers and model fibre
lengths. For example, the approximately triangular or A-shaped, Ly, dependent
component of the dotted power spectrum of the transmitted field in fig. 5.10d is just
detectable in reduced form, as a slight rise in the spectral levels, centred round the

subcarrier frequencies in the dotted power spectrum of the photocurrent in fig.5.10f.
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IFig. 5.10 : Simulated SBS backscattered power spectra (top (a,b)) for dominant (bold) and
subsidiary (normal) polarisation modes, (ransmitted optical power spectra (middle (c,d), bold) with
corresponding inferred noise spectra (middle (c.d), normal) and detected electrical power specira
(bottom (e,f), bold) with corresponding inferred spectra (bottom (e,f), normal) for input powers of 8
dBm (left (a,c.e)) and 9 dBm (right (b,d,f)). Model fibre lengths of 60 m (dotted), 120 m (dashed),
241 m (long dashed) and 482 m (solid) have been simulated. Theoretical SBS backscattered power
spectra assuming no pump depletion from SBS (dot-dashed) are also shown in ab. Each power
spectral density (psd) is determined as the average in a bandwidth of 3.4 MHz. Detected electrical
psds are expressed in dB relative to 1 AZ/Hz, assuming a photodetector responsivity of 1 A/W. A
nonuniform fibre model has been assumed with parameters such that the theoretical Brillonin gain
coefficient spectrum (bgces) is as shown in fig. 5.8 with an effective linewidth of 88.7 MHz and a
peak bges of 1.10. 10-11 m.W-1, The fibre loss is equivalent to that for 13 km at 0.31 dB/km.

Another detected noise component, Ne_pagse, 18 expected as a result of the tails of
the A-shaped, Ly, dependent part of the transmitted field power spectrum centred at
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the optical carrier frequency, since the power spectral densities (PSDs) of these tails
are significantly greater at the subcarrier sidebands than those of the inferred SBS
noise for the simulated model fibre lengths, as illustrated in fig. 5.10d. The CNR
for the Ne_pagse detected noise component alone, CNRexctail, has been estimated by
assessing the background levels of the detected PSDs of these tails at the subcarrier
[requencies for each value of Ly, and comparing these with those of the inferred

SBS noise.

As for the uniform fibre model, the CNR arising only from the Ly, dependent
detected noise components may be determined as the excess CNR, CNRexe, from
the overall simulated detected CNR, CNRgy, and the CNR inferred at high Ly,
CNRpm, using (5.2.1). The CNR arising only from the Ly, dependent detected
noise components apart from Ne_pase may be determined as CNRexco from CNRexe

and CNRexcail using the relation

CNRexc0 = -10 log{ 10-(CNRex/10) - 10-(CNRexcrait/ 100} dB. (5.3.1)

In fig. 5.11, CNRexetail, CNRexco and CNRexc are plotted as functions of Ly, at an
input power of 9 dBm for the same thermal noise and Brillouin shift trequency
(BSF) longitudinal variation sequences, together with the best straight line fit for
CNRexe. Since CNRexetail 18 about 6 to 8 dB larger than CNRexco and since their
rates of increase with Ly, are similar, it seems reasonable not to attempt to predict

CNRexcetail and CNRexep at the real fibre length separately, but only CNRexe.

In fig. 5.12, CNRexc is plotted as a function of Ly at input powers of 8 and 9 dBm
for the average, maximum and minimum of the simulated values for different
thermal noise and BSF sequences. In addition, values of CNRexce for two seeds
defining these sequences are shown, together with the corresponding best straight
line fits. These straight line fits are used for predicting approximate maximum and

minimum limits for the excess CNR at the true fibre length, CNRexcly.
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Fig. 5.11: Simulated characteristics, assuming nonuniform fibre model, of detected subcarrier
excess CNR and excess CNR components (in dB) as functions of model fibre length (log scale) for
an input power of 9 dBm: (i) CNRexctail (circles, solid), the component arising from the tails of
the 'triangular’ transmitted field spectrum centred at the carrier frequency, (ii) CNRexcp (squares,
solid), the component arising from the centres of the 'triangular’ transmitted field spectra centred at
the carrier frequency, f¢. and also at f; £ fg., where fg is the subcarrier frequency, and (iii)
CNRexes (diamonds, solid), the overall excess CNR from these two components, together with a
straight line fit (dotted). The overall excess CNR is that for which the noise is the difference
between that for the full simulated CNR and that for the simulated CNR inferred at high model
[ibre lengths (see text). These simulated values have been obtained for the same thermal noise and
Brillouin shift frequency longitudinal variation sequences.

The CNR from SBS depletion at the real fibre length, CNRgpg Ir, is calculated from
CNRexelr and CNRpjm using (5.2.3). In fig. 5.13, CNRgps,1r» CNRexclr and
CNRpjm are shown as functions of input power. In fig. 5.14, the experimental
CNR measured in the presence of the fibre, CNRexpf, is compared with the total
predicted CNR from the experimental linear optical link, simulated SBS and MPI. In
order to illustrate the correlation between the disagreement of the experimental and
modelled CNR characteristics of fig. 5.14 at input powers between 8 and 9 dBm
and that of the corresponding backscattered power characteristics of fig. 5.7,
modified experimental CNR points are also shown in fig. 5.14 for which the input
power has been adjusted such that similarly translated experimental backscattered
power points in fig. 5.7 would line up with the simulated backscattered power

curve. These modified experimental CNR points agree well with the modelled CNR
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characteristic taking into account the approximate upper and lower limits of

uncertainty indicated.
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Fig. 5.12: Simulated characteristics, assuming nonuniform fibre model, of detected subcarrier
excess CNR (in dB) as a function of model fibre length (log scale) for input powers of (a) 8 dBm
and (b) 9 dBm. Excess CNR is that for which the noise is the difference between that for the full
simulated CNR and that for the simulated CNR inferred at high model fibre lengths (see text). The
average (circles), maximum (downward triangles) and minimum (upward triangles) of the simulated
values for different thermal noise and Brillouin shift frequency longitudinal variation sequences are
shown. Values for two seeds defining these sequences are shown as diamonds with long dashed lines
and asterisks with dot-dashed lines, together with the corresponding best straight line fits (dotted for
diamonds, dashed for asterisks) used for predicting approximate limits for the excess CNR at the

true fibre length.
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IFig. 5.13: Simulated characteristics, assuming nonuniform fibre model, of detected subcarrier CNR
(bold solid, filled triangles: downward for maximum, upward for minimum) and excess CNR
(dashed, vnfilled triangles: downward for maximum, upward for minimum), both predicted for the
true fibre length, and CNRpjy (unfilled circles, dotted), the CNR inferred for very high model fibre
lengths, as functions of input power.
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Fiig. 5.14: Experimental and simulated characteristics, assuming nonuniform fibre model, of
detected subcarrier CNR as functions of input power: (i) experimental with 13 km fibre (crosses),
together with (ii) experimental points (circles) for which the input power has been adjusted such
that experimental backscattered power points in fig. 5.7 would line up with the simulated
backscalttered power curve, (iii) experimental with linear attenuator instead of fibre (dotted),
(iv) simulated SBS (maximum: dashed, minimum: long dashed), (v) assumed level of CNR from
multipath interference (MPI) induced by signal double Rayleigh scattering (SDRS) (dot-dashed), and
(vi) total predicted CNR from experimental linear optical link, simulated SBS and MPI (maximum
and minimum: solid).
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5.4 CONCLUSIONS

The computer model has been extended to include simulation of the detected
photocurrent from a PIN photodiode placed at the output end of the model fibre. The
input field envelope is modified to represent intensity modulation of the input carrier
by a single subcarrier at a modulation index of mgc and a frequency of fge. The
carrier-to-noise ratio (CNR) of the detected subcarrier channel 1s evaluated trom the
simulated clectrical power spectrum of the detected photocurrent. The optical output
field spectrum inferred for high model fibre lengths, Ly, is constructed from the full
optical output ficld spectral lines at frequencies of 0 and % fg¢ relative to that of the
optical carrier and from the transmitted SBS optical noise field spectrum inferred for
high L. The carrier-to-noise ratio inferred for high Ly (CNRpm) of the detected
subcarrier channel is evaluated from the simulated electrical power spectrum of the
detected photocurrent derived from the constructed "inferred” optical output field

spectrum.

Characteristics of detected CNR for a single AM subcarrier as a function of input
power have been simulated using both the uniform and nonuniform fibre models
(UFM and NFM) and compared with that from an experiment by Mao et al. in
which the modulation index of the subcarrier at 67.25 MHz is 4% and the CNR is
measured in a 4 MHz bandwidth [1.3.14]. For the UFM, the Brillouin gain
coefticient, gp, is chosen to give the best fit between the simulated and experimental
characteristics of backscattered power as a function of input power and is equal to
1.16.10-11 m.W-1. The Brillouin gain linewidth is evaluated as 60 MHz from
theory for the parameters of bulk fused silica at a wavelength of 1.55 pm and the

fitting value of gg.

For input powers of 8 and 9 dBm, and model fibre lengths between 87 and 695 m,
the CNR arising only from the Ly, dependent detected noise components has been
determined as the excess CNR, CNRexe, from the overall simulated detected CNR,

CNRgy, and the CNR inferred at high Ly, CNRpy. The graphs of excess CNR as
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a function of model fibre length have been used to predict values of CNRexe and

hence CNRgy at the real fibre length of 13 km for these and other input powers.

As well as including the CNR from SBS, the total predicted CNR, CNRyp, takes
into account the experimental CNR, CNRyjp, with the fibre replaced by a linear
optical attenuator of the same loss and also the CNR from multipath interference
induced by signal double Rayleigh scattering, CNRmpi. CNRpp; is chosen as
58.5 dB to give the best fit of the total predicted CNR to the experimental CNR in
the presence of the fibre, particularly for input powers between 6 and 7.5 dBm, at
which the contribution from SBS is relatively small. The laser linewidth calculated

from theory to give this value of CNRpypj is 2.8 MHz.

Agreement between the total predicted CNR, based on UFM simulation of SBS, and
the experimental CNR in the presence of the fibre is good. The predicted CNR
corresponds even better with modified experimental CNR points, for which the
input power has been adjusted such that similarly translated experimental
backscattered power points would line up with the UFEM simulated backscattered

POWET curve.

For the NFM simulations of detected CNR, the Brillouin gain linewidth for each
section of constant Brillouin shift frequency (BSF) has been assumed to be
11 MHz, as determined in the previous chapter for pure silica. For this Brillouin
gain linewidth, the Brillouin gain coefficient, gg, for each section is evaluated as
6.32.10-11 m . W-1 from theory for the parameters of bulk fused silica at a
wavelength of 1.55 pm. With the standard deviation of the BSF chosen to give the
best fit between the NFM simulated and experimental backscattered power
characteristics, the peak and linewidth of the theoretical NFM Brillouin gain
coefficient spectrum are 1.10.10-11 m.W-1 and 88.7 MHz, respectively, compared
to 1.16.10-11 m.W-1 and 60 MHz for the UFM. The procedure for predicting
excess and hence overall SBS CNRs at the real fibre length from simulations at

NFM lengths of 120 to 482 m is in principle the same as for the UFM.
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As in the case of the UFM, agreement between the total predicted CNR, based on
NFM simulation of SBS, and the experimental CNR in the presence of the fibre 1s
good. The predicted CNR corresponds even better with modified experimental CNR
points, for which the input power has been adjusted such that similarly translated
experimental backscattered power points would line up with the NFM simulated

backscattered power curve.

A comparison of the UFM and NFM characteristics of SBS excess CNR predicted
at the rcal fibre length, shown in figs. 5.5 and 5.13, reveals that these are broadly in
agreement within the estimated limits of uncertainty. However, the UFM
characteristic of SBS CNR inferred at high model fibre lengths, CNRpm, 18 2 to
3 dB higher than the equivalent NFM characteristic. This is consistent with the fact
that the UFM theoretical Brillouin gain coefficient spectrum at 67.25 MHz is lower
than that for the NFM. The difference in CNRpm between UFM and NFM is not
readily apparent in the two comparisons of total predicted CNR with experimental
CNR. At input powers of 8.5 to 9 dBm, the SBS excess CNR dominates over
CNRpuim. at least for the lower estimated limit of CNR, for each model. At lower
input powers, the CNRs from multipath interference and the linear attenuator link
dominate over CNRpm for each model. However, if the real fibre length had been
higher, or the subcarrier frequency lower, the difference in the total predicted CNRs

for the two modcls would have been more noticeable.
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6. CONCLUSIONS

The principal conclusions for the work presented in this thesis are described in
section 6.1, Ideas for extending the computer model to allow estimation of Bit Error
Rates for digital transmission systems influenced by SBS are discussed in section
6.2. Comments are also made with regard to the inclusion of Group Velocity

Dispersion and other optical nonlinear effects in the model.

6.1 PRESENTED WORK

The primary objective of this project has been to provide a simulation tool for
systems influenced by SBS which represents a substantial improvement on previous
models, with particular emphasis on externally modulated AM-VSB CATV
transmission links. This objective has been achieved in various respects. Although
Hook and Bolle have simulated signal intensity waveform distortion from SBS for
PSK modulated transmission, their model has relied on an injected Stokes seed and
has consequently been found unsuitable for modelling a very significant class of
transmitted SBS noise. An analysis of the three SBS PDEs including a description
of distributed thermal acoustic noise (DTAN), presented in this work, to my
knowledge, for the first time, has shown that a component of transmitted SBS noise
arises from the product of the Stokes field and the spontaneous density variation.
This Stokes-spontancous density depletion noise (SSDDN) would not be generated
by means of an SBS model with a Stokes sced, but only by the inclusion of
simulated DTAN. Although simulations using the three SBS PDEs with DTAN have
been carried out by Boyd et al. to investigate the statistical and spectral properties of

the Stokes field, they have not studied the transmitted field in this way.

Boyd's model has been enhanced, probably for the first time, by the addition of two
PDEs which describe the evolution of the SSDDN component of the transmitted

field. Simulations using this enhanced model for the case of a CW pump input have
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shown that the optical power spectrum of the transmitted field tends towards that of
the depleted signal at the pump frequency and that of the separately simulated
SSDDN at other frequencies as the model fibre length (MFL) is increased or as the
input power is decreased. Since the simulated SSDDN spectrum is found to remain
essentially independent of MFL, it represents the complete transmitted SBS noise
spectrum at very high MFLs. By generating a set of optical power spectra for the
entire transmitted field for increasing MFLs, together with a simulated SSDDN
spectrum, the transmitted field spectrum may be predicted, at least approximately,
for MFLs which are too long to simulate in a feasible processing time but which are
representative of typical communication link lengths. Alternatively, additional
software may be used to model a system performance parameter, such as Carrier-to-
Noise Ratio for a subcarrier multiplexed system, for each simulated transmitted field
or SSDDN time domain sequence or spectrum. The performance parameter may
then be predicted for the required MFL from those obtained for other MFLs and that

inferred at very long MFLs from the SSDDN case.

The Brillouin shift frequency (BSF) of a single mode optical fibre is known to vary
with doping concentrations, residual stresses and temperature. Differences in BSF
for light travelling in different parts of the core-cladding cross-section and
fluctuations in BSF along the fibre length therefore arise and lead to a broadening of
the Brillouin gain spectrum relative to that expected for pure fused silica. In the case
of a GeO»-doped silica core fibre with pure silica cladding, guidance of acoustic
longitudinal modes leads to the presence of subsidiary lobes as well as the principal
lobe of the Brillouin gain spectrum and to a dependence of the BSF of the main lobe
on core radius and the ditference in acoustic velocity between core and cladding. As
a consequence of the dependence of the BSF on these factors, the Brillouin gain

spectrum can vary substantially both in shape and bandwidth from fibre to fibre.

Previous dynamic SBS models have assumed the Brillouin shift frequency to be
constant over the fibre length and hence the Brillouin gain spectrum to be

Lorentzian. For SMFs with Brillouin gain spectra which are approximately
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Lorentzian from half to full maximum gain, this assumption is justifiable for the
simulation of total backscattered and transmitted powers and for modelling the
distortion of periodic transmitted signal waveforms, but can lead to inaccuracy when
simulating transmitted SBS noise spectra. This has been shown to be important for
the modelling of the carrier-to-noise ratio contribution from SBS noise for an optical
intensity modulated subcarrier representative of that in an AM-VSB CATV link, as
discussed below. The development of Boyd's SBS model to include variations in

BSF over the model fibre length therefore appears to both novel and useful.

For the predictive computer model, the simplifying assumption has been made that
the variation of BSF with distance is a random variable with a Gaussian pdf and a
uniform (or white) power spectral distribution. The validity of this assumption has
been confirmed for the simple case of a nominally step-index single-mode fibre with
a pure silica core and F-doped cladding, for which Brillouin amplified power
spectral measurements at a wavelength of 1.55 um are reported in [4.1.6]. The
Brillouin gain spectrum derived from these measurements has been found to fit a
theoretical spectrum consisting of the convolution of an 11 MHz FWHM bandwidth
Lorentzian spectrum with a Gaussian probability density function (pdf) of standard

deviation equal to 9.5 MHz.

Two computer models of SBS in optical fibres have been developed and compared.
For the uniform fibre model (UFM), each section for the numerical solution of the
three partial differential equations is assumed to have the same BSF. The phonon
intensity decay rate for cach scction is determined directly by the measured or
specified linewidth of the Brillouin gain coefficient spectrum (bges) for the fibre to
be modelled. The Brillouin gain coefficient for each section is equal to the peak of

the bges for the whole model fibre.

For the nonuniform fibre model (NFM), cach section for the numerical solution of
the three partial differential equations is assumed to have a different BSF with a

random value for which the pdf is Gaussian. The phonon intensity decay rate and
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Brillouin gain coefficient for each section are determined by the linewidth and peak
of the bges assumed for the idealised homogeneous core material of the fibre to be

modelled.

For both models, a normalised version of the thermal acoustic noise term described
by Boyd et al. [2.1.8] has been included in the normalised partial differential
equations of Hook and Bolle [2.2.3]. In accordance with the theory of Deventer and
Boot [3.2.2], two orthogonal polarisation modes of the SBS backscattered (Stokes)
wave are simulated. For a low-birefringence fibre, this theory indicates that the
mixing elficiencies of the pump with the dominant and subsidiary polarisation

modes of the Stokes wave are 2/3 and 1/3, respectively.

The UFM has been tested by reproducing representative simulation results reported
by Boyd et al. for the example of SBS in CSj for a single polarisation mode
[2.1.8]. The simulated mean and standard deviation of the Stokes intensity are in
excellent agrecment with the characteristics simulated in [2.1.8]. It is found that the
simulation of optical fibre lengths greater than about 1 km requires excessive
processing time, so the distance scaling strategy of Ho0k and Bolle [2.2.3] has been
adopted for both models, whereby a model fibre, which is shorter than the real fibre

but has the same end-to-end loss and Brillouin gain, is simulated.

Characteristics of mean optical output and backscattered powers as functions of
input power for a CW input signal have been simulated using both models (UFM
and NFM) and compared with those from an experiment by Deventer and Boot
[3.2.2], in which light at 1.537 um is coupled into a 12.7 km single-mode fibre.
With the UFM Brillouin gain linewidth made equal to 42 MHz, the sum of the
measured Brillouin gain and laser linewidths, the simulated and experimental
characteristics agree very well if the UFM Brillouin gain coefficient, gg, is set to
1.943.10-11 m.W-1. The equivalent value predicted from theory for a Brillouin gain
linewidth of 42 MHz, a fibre core refractive index of 1.44, an acoustic velocity of

5.81.103 m.s"1, corresponding to the measurcd BSF of 10.88 GHz, and other
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parameters as for fused silica is gg = 1.73 . 10-11 m.W-1. The difference between

this and the fitting factor is 0.5 dB.

With the NFM end-to-end Brillouin gain linewidth also made equal to 42 MHz, the
sum of the mcasured Brillouin gain and laser linewidths, the simulated and
experimental characteristics agree very well if the Brillouin gain coefficient, gp,
assumed in each model fibre section of constant BSF is set to 4.72.10-11 m. W-1.
The Brillouin gain linewidth in each constant BSF section is assumed to be
13 MHz, corresponding to the sum of the Brillouin gain linewidth assumed for the
idcalised core material of 11 MHz and the laser linewidth of 2 MHz. The equivalent
value predicted from theory for a Brillouin gain linewidth of 13 MHz, a fibre core
refractive index of 1.44, an acoustic velocity of 5.81.103 m.s-1, corresponding to
the measured BSF of 10.88 GHz, and other parameters as for fused silica is gg =
5.59.10-11 m.W-1. The discrepancy of 0.7 dB can be explained in terms of errors in
the measured loss and Brillouin gain linewidth and differences in the density and

photoelastic constant for the GeOy doped core compared to those for pure silica.

The theoretical NFM and UFM Brillouin gain coefficient spectra (bgces), for which
the simulated output and backscattered powers fit the same experimental
characteristics, are very similar to each other from half to full maximum height, but
diverge at lower heights. The peak value of the NFM bgcs is 1.922.10-11 m . W-1,
while that for the UFM is 1.943.10-11 m . W-1. For both models, the simulated
output and backscattered powers are independent of model fibre length in the ranges
investigated (31 to 496 m for thc UFM and 25 to 400 m for the NFM). Agreement
of the simulated backscattered power characteristics with undepleted pump theory is
excellent for input powers up to 9 dBm in both cases. The difference between the
UFM and NFM curves is only noticeable at the lowest input power of 0 dBm at
which the dominant polarisation mode backscattered power differs by up to about
1 dB. This divergence at low powers is attributable to the emerging difference in the

two Brillouin gain coefficient spectra below half height.
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For both models, the simulated transmitted power spectrum appears (o consist of
three elements:

(1) a line spectrum, corresponding to the attenuated and SBS depleted
optical carrier, which is independent of Ly,

(i1) an underlying SBS noise spectrum which is also independent of Ly,

(i)  an approximately triangular spectrum which depends on Ly, as well

as input power.

The third of these elements decreases with increasing relative frequency and
increasing Ly, and increascs with increasing input power. This arises from the
depletion term corresponding to the product of the Stokes field and the Brillouin
amplified, or stimulated, component of the density variation. It has been shown that
the second of the spectral elements, the "inferred” transmitted SBS noise, may be
simulated by solving two more partial differential equations in addition to the three
principal ones for cach of the two polarisation modes. The inferred transmitted SBS
noise arises from the depletion term corresponding to the product of the Stokes field

and the thermal, or spontaneous, component of the density variation.

For both models, the simulated inferred transmitted SBS noise power is found to be
independent of model fibre length in the ranges stated above. As a consequence of
the divergence in the two Brillouin gain coefficient spectra below half height, the
NFM inferred noise power is about 2 dB lower than that for the UFM at an input

power of 0 dBm and about 1 dB lower at input powers between 6 and 15 dBm.

The computer model has been extended to include simulation of the detected
photocurrent from a PIN photodiode placed at the output end of the model fibre. The
input field envelope is modified to represent amplitude modulation of the input
power by a single subcarrier at a modulation index of mgc and a frequency of fgc.
The carrier-to-noise ratio (CNR) of the detected subcarrier channel is evaluated from
the simulated electrical power spectrum of the detected photocurrent. The optical

output lield spectrum inferred for high model fibre lengths, Ly, is constructed from
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the full optical output ficld spectral lines at frequencies of 0 and =+ fg. relative to that
of the optical carrier and from the transmitted SBS optical noise field spectrum
inferred for high Lyy. The carrier-to-noise ratio inferred for high Ly (CNRpjm) of
the detected subcarrier channel is evaluated from the simulated electrical power
spectrum of the detected photocurrent derived from the constructed "inferred" optical

output field spectrum.

Characteristics of detected CNR for a single AM subcarrier as a function of input
power have been simulated using both the UFM and NFM and compared with that
from an experiment by Mao et al. in which the modulation index of the subcarrier at
67.25 MHz is 4% and the CNR is measured in a 4 MHz bandwidth [1.3.14]. For
the UFM, the Brillouin gain coefficient, gg, is chosen to give the best fit between
the simulated and experimental characteristics of backscattered power as a function
of input power and is equal to 1.16.10-11 m W-1. The Brillouin gain linewidth is
evaluated as 60 MHz {rom theory for the parameters of bulk fused silica at a

wavelength of 1.55 pm and the fitting value of gg.

For the NFM simulations of detected CNR, the Brillouin gain linewidth for each
section of constant BSF has been assumed to be 11 MHz. For this linewidth, the
Brillouin gain coefficient, gg, for each section is evaluated as 6.32.10-11 m.W-1
from theory for the parameters of bulk fused silica at a wavelength of 1.55 pm.
With the standard deviation of the BSF chosen to give the best fit between the NFM
simulated and experimental backscattered power characteristics, the peak and
linewidth of the theoretical NFM Brillouin gain coefficient spectrum are 1.10.10-11
m.W-1 and 88.7 MHz, respectively, compared to 1.16.10-11 m.W-! and 60 MHz
for the UFM.

For input powers of 8 and 9 dBm, and model fibre lengths between 87 and 695 m
for the UFM and between 120 and 482 m for the NFM, the CNR arising only {rom
the Lip-dependent detected noise components has been determined as the excess

CNR, CNRgge, from the overall simulated detected CNR, CNRy, and the CNR
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inferred at high Ly, CNRpym. The graphs of excess CNR as a function of model
fibre length have been used to predict values of CNReye and hence CNR gy at the real

{ibre length of 13 km for these and other input powers.

As well as including the CNR from SBS, the total predicted CNR, CNRyp, takes
into account the experimental CNR, CNR};p, with the fibre replaced by a linear
optical attenuator of the same loss and also the CNR from multipath interference
induced by signal double Rayleigh scattering, CNRppi. CNRpypi is chosen as
58.5 dB to give the best fit of the total predicted CNR to the experimental CNR in
the presence of the fibre, particularly for input powers between 6 and 7.5 dBm, at
which the contribution from SBS is relatively small. The laser linewidth calculated

from theory to give this value of CNRpypj 1s 2.8 MHz.

Agreement between the total predicted CNR and the experimental CNR in the
presence of the fibre is good when SBS is simulated using either the UFM or the
NFM. In each case, the predicted CNR corresponds even better with modified
cxperimental CNR points, for which the input power has been adjusted such that
similarly translated experimental backscattered power points would line up with the

simulated backscattered power curve.

The UFM and NFM characteristics of SBS excess CNR predicted at the real fibre
length are broadly in agreement within the estimated limits of uncertainty. However,
the UFM characteristic of SBS CNR inferred at high model fibre lengths, CNRpm,
is 2 to 3 dB higher than the equivalent NFM characteristic. This is consistent with
the fact that the UFM theoretical Brillouin gain coefficient spectrum at 67.25 MHz
is lower than that for the NFM. The difference in CNRpim between UFM and NFM
1s not readily apparent in the two comparisons of total predicted CNR with
experimental CNR. At input powers of 8.5 to 9 dBm, the SBS excess CNR
dominates over CNRypm, at least for the lower estimated limit of CNR, for each
model. At lower input powers, the CNRs from multipath interference and the linear

attenuator link dominate over CNRp . However, if the real fibre length had been
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higher, or the subcarrier frequency lower, the difference in the total predicted CNRs

for the two models would have been more noticeable.

6.2 FUTURE WORK

The computer model could be enhanced to enable the effects of SBS on optical
signals with more gencral modulation formats to be simulated. One of the most
difficult aspcets of SBS simulation is the prediction of SBS noise related
performance measures such as CNR or Bit Error Rate (BER) for fibre lengths which
are too long to simulate directly for the required sampling frequency. This has been
achieved for the case of the subcarrier channel by using CNRs at increasing model
fibre lengths (MFLs), in conjunction with the simulated CNR inferred for high
MPFLs, to extrapolate the "excess" CNR at the real fibre length and, from this and
the inferred CNR, to predict the overall CNR from SBS. Although the transmitted
SBS noise field spectrum inferred for high MFLs can be directly simulated to a good
approximation at practicable MFLs, as described above, it is more difficult in
general to simulate the SBS depleted signal field spectrum inferred for high MFLs

for input signals with complicated power spectra.

For the simple example of a carrier amplitude modulated by a single subcarrier, this
depleted signal spectrum has been obtained by selecting the full simulated optical
output field spectral lines at frequencies of 0 and * fc relative to that of the optical
carrier. In this way, the sidebands associated with SBS depletion at low MFLs and
the SBS noise present at all MFLs are eliminated. For input signals with power
distributed over a wide optical spectral range, a possible technique might be to
simulate the full optical output ficld as a time domain sequence for a number of
different thermal noise pattern seeds and take the average of the field sequences.

Further work would be needed to validate this technique.
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An alternative technique for simulating the SBS depleted signal ficld spectrum
inferred for high MFLs might be based on the simultaneous solution of steady state
ordinary differential equations for the pump ficld and Stokes power spectral
densities. These differential equations could be derived for a generalised input signal
field spectrum using similar methods to those followed in Appendices 3.1 and 3.2

for the simple case of a CW carrier input.

In order to simulate the BER performance of digital transmission links for which
SBS is expected to be important, a modelling package such as SPOCS (Simulation
Program for Optical Communications Systems) [3.3.2], [6.2.1] could be used in
conjunction with the SBS model. SPOCS allows for ASK, FSK and PSK
modulated signals to be generated in the time domain and received by means of
direct or coherent detection followed by digital filtering, receiver noise addition,
demodulation and eye diagram sampling. For very high BERs, the provided option
of comparison of the eye diagram samples with a decision threshold followed by
direct error counting is appropriate. For BERs of 10-3 and below, it is usually better
to use the option of estimating the BER from the first six moments of cach of the
probability distributions computed from the amplitudes of those eye diagram
samples known from the transmitted data pattern to correspond to ‘ones’, and from

the amplitudes of those known to correspond to 'zeroes'[3.3.2], [6.2.1], [6.2.2].

It seems likely that the prediction of the first six moments of the probability
distributions of the ones and zeroes at the real fibre length from simulations at
various practicable MFLs may best be achicved by generating separate simulated

photocurrent sequences in the time domain for

(1) the SBS depleted signal inferred for high MFLSs,
(i) the SBS depleted signal with MFL-dependent sidebands arising from
the depletion term corresponding to the product of the Stokes field and the Brillouin

amplified, or stimulated, component of the density variation,
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(iii)  the SBS depleted signal inferred for high MFLs combined with the
SBS transmitted noise inferred for high MFLs arising from the depletion term
corresponding to the product of the Stokes field and the thermal, or spontaneous,

component of the density variation.

The second of these clements, the SBS Stokes-stimulated density depleted signal,
may be simulated using two additional PDEs for each polarisation mode equivalent
to those described for the SBS Stokes-spontancous density depletion noise
(SSDDN), previously called the inferred transmitted noise. Although the optical
power spectrum of the SSDDN has been found to remain approximately constant
over a wide range of MFL, the normalised standard deviation of the instantaneous
power of the SSDDN shows a significant variation with MFL at high input powers
and approaches unity for large MFL. It may therefore be important to characterise
the variations of the eye diagram statistics with MFL for the third element of
photocurrent as well as for the second. It might then be possible to predict the eye
diagram statistics for all three elements at the real fibre length and construct the
equivalent statistics for the full photocurrent, including depletion sidebands and SBS
noise. From these and from the required decision threshold, the BERs for the ones

and zeroes may be estimated and hence also the average BER.

The incorporation of Group Velocity Dispersion (GVD) into the present SBS model
in the form of distributing the GVD over the length of the model fibre does not at
first sight appear to be easy. The usual method of simulating GVD consists of
converting the optical signal field from the time domain to the frequency domain,
introducing a frequency dependent phase change and converting the signal back to
the time domain. For the simulation of optical nonlinear effects which only require
the modelling of a forward propagating optical signal, the complete time domain
signal after a section ol nonlinearity can be derived without reference to the
evolution of the signal through the rest of the model fibre, so there is no difficulty in
converting this signal to the frequency domain. For a time-distance plane SBS

model, the complete time domain transmitted signal at an intermediate point along
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the model fibre can only be obtained after forward propagation and backscattering

have been simulated.

Self phase modulation and cross phase modulation of the pump and Stokes waves,
together with at least some reflected waves, can be included in this type of SBS
model, as done by Lu et al. [6.2.3]. However, the uscfulness of simulating SPM in
conjunction with SBS, but without GVD, is likely to be of limited value in
modelling communication systems. Nevertheless, the SBS model presented here can
be used o establish through performance predictions whether SBS suppression is
likely to be required for a system and to evaluate the effectiveness of SBS
suppression techniques, even if other models are independently needed for the

characterisation of transmission in the presence of GVD and other nonlinear eftects.
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APPENDICES

Appendix 1.1: Description of a representative optical subcarrier-
multiplexed link for AM-VSB modulated CATV video channels using

external optical intensity modulation

The use of single mode fibre links to carry amplitude modulated vestigial sideband
(AM-VSB) CATV channels is attractive as a means of extending a CATV
distribution zone previously served by coaxial cable feeders alone, particularly when
EDFAs are also used together with optical splitters in cascade configurations [Al.1].
These SMF links can be inserted into an existing coaxial system without the need for
an additional set-top unit at the subscriber's premises or costly equipment at the
optical link output to convert from a more favourable transmission format such as
FM. Typically, from 40 to 120 AM-VSB CATYV channels may need to be
transmitted over such a link, occupying frequencies between 50 and 750 MHz with
a channel spacing of 6 MHz [A1.2, A1.3]. The required Carrier-to-Noise Ratio
(CNR) for each channel before demodulation in a 4 MHz bandwidth is between 45
and 55 dB and the demands on linearity in the form of composite second order
(CSO) and composite triple beat (CTB) distortion product specifications are also

very stringent [A1.3, Al.4].

One of the main decisions in the design of a suitable SMF link concerns the method
of achieving optical intensity modulation. Direct modulation of the laser injection
current entails the need for a consistently high linearity of light output - drive current
characteristic which can lead to a poor yield of adequate devices [A1.5]. In addition,
the interaction of the frequency chirp, which accompanies direct laser modulation,
with SMF group velocity dispersion [5.1.2] or nonuniform EDFA gain spectra

[A1.6] produces distortion.
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External intensity modulation of light from a laser using a Mach-Zehnder modulator

fabricated from electro-optic waveguides, e.g. in LiNbO3, is not immediately

obvious as the preferred alternative, since such devices have inherently nonlinear
Ch.1 —#»A-VM[]
Laser Selecte
e Channel Selected
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outpu
Ch.2 —#{A-VM + SMF E
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Fig. Al.1: Typical configuration of an AM-VSB modulated subcarrier-multiplexed optical link, in
which the blocks A-VM represent AM-VSB modulators, X : linear summation, M-Z IM : Mach-
Zehnder Intensity Modulator, PR : PIN-diode based optical receiver, BPF : tunable bandpass filter,
A-VD : AM-VSB demodulator. Bold arrows represent optical paths while normal thickness arrows
correspond to electrical paths,

epsd C.DSd_ cp
(linear (linear (linear
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Fig. A1.2: Electrical and optical power spectra at various points in the typical AM-VSB modulated
subcarrier-multiplexed optical link of fig. Al.1: (a) representative electrical power spectrum for a
NTSC CATV channel at points A and G, (b) corresponding AM-VSB modulated spectrum at B and
F. (¢) spectrum of unmodulated electrical carrier at B and F for a DC input at A, (d) spectrum of
unmodulated electrical carriers at C and E, (e) optical power spectrum at D corresponding (o
electrical power spectrum of (d). The following abbreviations are used: epsd : electrical power
spectral density, ¢p : electrical power, op : optical power, rof : optical frequency relative to that of
optical carrier, fge) @ frequency of electrical carrier (or optical subcarrier) for channel 1. fgep, ¢
frequency of electrical carrier (or optical subcarrier) for channel N.
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light output - drive voltage characteristics. However, second order distortion
products arc extremely low when the modulator is biased at the half-transmission
point [A1.7] and chirp can be eliminated [A1.8]. The unacceptably large triple beat
distortion products can be reduced by electronic predistortion [A1.9], feedforward
compensation [A1.10] or the use of a more complex, linearised design of modulator

[5.1.1].

A representative configuration of an externally modulated SMF link for the
transmission of multiple AM-VSB CATYV channels is shown in fig. Al.1. Electrical
and optical spectra at the points indicated in fig. Al.1 are shown in fig. A1.2. The
CATYV video bandwidth before AM-VSB modulation is typically 4.2 MHz and the
AM-VSB channel bandwidth is 4.95 MHz with a 6 MHz channel spacing [Al.1].
It is usual to test and specify the performance of such an optical link using a matrix
generator which produces an electrical waveform with a power spectrum as shown
in fig. A1.2 (d), consisting of all the unmodulated electrical carriers for the channels
to be transmitted. The CNR, CSO and CTB are measured for each channel at point
F under this condition. The principal parameter to be optimised is the optical
modulation index or depth per channel, which is defined as the peak amplitude of
the optical power modulation for a channel divided by the average or unmodulated
power. The optical power spectrum shown in fig. Al.2 (e) is drawn for the
assumptions that the laser linewidth is negligible and that the modulation index is

sufficiently small for only the fundamental modulation sidebands to be significant.

For a 60 channel experiment using electronic predistortion before the Mach-Zehnder
modulator, a CNR of about 51 dB was achieved for all channels for a modulation
index of 3.0% per channel, while maintaining adequate levels of CSO and CTB
[A1.2]. No difference in these performance figures was observed between back-to-
back attenuated optical transmission at a wavelength of 1.56 pm and transmission
over 16 km of standard SMF. The experiment was repeated for the same
modulation index, but with direct laser modulation instead ol external modulation.

In this case, the CSO distortion was increased by 12.5 dB o -41 dBc, compared to
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a required value of -60) dBc, as a consequence of transmission over 16 km of

SMEF. The frequency chirp of the laser was 0.41 GHz/mA.
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Appendix 3.1: Derivation of steady state differential equation for the
photon occupation number of the SBS backscattered field envelope,
assuming no depletion of the pump from SBS but only from linear

attenuation

The partial differential equations of (3.1.1) together with the thermal noise term,
fnthn, described in (3.1.6) to (3.1.10) in accordance with [2.1.8], are taken as the

starting point:

[af‘a‘c + alaC]E[n = —Ean —anEln (A31.1'¢1)
[a/a‘f - a/aCIEzn = Ean* 'anEzn (AS.I. lb)
[0/0T + 0]Q = YaE1nE2n* + fnthn. (A3.1.1¢c)

Taking Fourier transforms with respect to the unnormalised time variable, t, of the
corresponding ordinary differential equations along their characteristics, after

expressing T in (A3.1.1c) as tvg/L and taking the complex conjugate of (A3.1.1c¢)

yields:
[d/dC + o] Efn = -E25 * O (A3.1.2a)
[-d/dC + onlE2n = Ejp * O (A3.1.2b)
[-ion + 3]0* = WE1n* * E2n+ futhn™ (A3.1.2¢)

where wp = 0L/vg is a normalised angular frequency variable, Ejp.E2p , Q and fuin
are the Fourier transforms of Ejq, E2n, Q and fhihn, and A * B represents the
convolution of A with B. If the pump is assumed to be a CW carrier with negligible
linewidth and if depletion of the pump is small enough at all frequencies other than

the carrier frequency, then E7, may be approximated as

Ern =e1no(f), (A3.1.3)
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where ey is a function only of distance and not relative frequency, f, under steady
state conditions. In these circumstances, E>,{{} may be solved as a function of

e1n{C} by first rewriting (A3.1.2b) and (A3.1.2¢) as

[-d/dC + an]E2p =e1nQ* (A3.1.4a)

[-iop + 3]0* = YoCinE2n + frthn™ . (A3.1.4b)

Substituting @* from (A3.1.4b) into (A3.1.4a) and expressing this in terms of the

unnormalised distance variable, z, instead of { gives

[-d/dz + on/L1E2p = [L(-ion + 8)I" [Yue 1n?E2n + e1nfurnn® 1. (A3.1.5)

Now,

[-d/dz](E2n.[E2n]*) = E2n.[-d([E24]1*)/dz] + [E2p)*.[-d(E2p)/dz] - dz.[-
d(E2p)/dz].[-d([E2x]*)/dz], (A3.1.6)

where the last of these terms normally vanishes but should be considered for the
Jfahn® component. Applying (A3.1.5) and its complex conjugate in (A3.1.6) results

n:

[-d/dz](E2n.[E2n]*) = (-200p/L).(E2n.[E2n]*) + (0n? + 82)-L.

[(Q'Ync111251!L)-(52n-[E211]*) - (dZ)-(elnszz)-(fmIm * nthn™1*)). (A3.1.7)

Now (E2y.[E24]%) 1s equal to the normalised energy spectral density of Epy and is
the Fourier transform of the autocorrelation function of Eop, which is an integral
with respect to time. Let Heppn be the normalised power spectral density of Epp,
equal to the Fourier transtform of the average autocorrelation of Epp, which may be
delined as the autocorrelation function for a large but finite integration time interval

divided by that time interval. Then (A3.1.7) may be rewritten as
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[-d/dz]He2n = (-200n/L).Heon + ((l)n2 o 82)_1- [(2Tueln25!L)-Hc2|1 %

(dz).(e1n%/L?). Henehn], (A3.1.8)

where Henn 18 the power spectral density of fjhn and is equal to the Fourier
transform of (3.1.9). If fyny 1s considered to be averaged over the distance interval

of dz, then from (3.1.9), (3.1.10) and [2.1.8],

Henthn = K‘)Z-chnf (dz)
= 82L2.(gpckpT/(2nv,aAep))/(dz). (A3.1.9)

If the normalised power spectral density, Hepp, 1s converted to the dimensionless
photon occupation number of the Stokes wave, Ng, by multiplying (A3.1.8) by

Ppo/hv, where Py is the input pump power and hv is the photon energy, and if the

frequency dependence is expressed in terms of

R{f} = /(1 + (f/(Avp/2))?)
= /(1 + (0y/8)2), (A3.1.10)

then (A3.1.8) becomes

[-d/dz]Ng = (-20/L).Ng + R{f}.[(2Yne1n2/(8L)).Nyg -
(dz).(e1n%/(82L2)). Hpnthn Ppo/hv]
= -aNgs + R{f}.[(gBPpoei1n2/Acsf).Ng -
e1n?(2BekBT/(AVaAefr)).Ppo/hv]
= (gB{f}Sp{z}).(Ng + ng) - &N, (A3.1.11)

where the definitions of oy, Yo, and v, given in (3.1.2), (3.1.3) and (2.1.6) have
been applied, Sp{z} = Ppoelngf‘Aeﬂ- is the pump intensity as a function of distance,
gp{f} = ggR{f} is the effective steady state Brillouin gain coefficient as a function
of relative frequency and ny = kpT/hv, is approximately equal to the mean number of
phonons per mode of the acoustic field given for (2.1.21) at room temperature.
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(A3.1.11) is precisely the differential equation quoted by R.G. Smith in (B1) of
[1.2.5] and reproduced as (2.1.21).
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Appendix 3.2: Derivation of theoretical "inferred" SBS noise

spectrum for CW optical carrier after transmission

The spectrum of the transmitted ficld may be obtained from (A3.1.2a) as:

[d/dC + onlEfp(fa) =-Ez2n* Q
= - [ Eau().0(6q - D df. (A3.2.1)

If Q is determined from (A3.1.1¢) using the same assumptions made in Appendix
3.1 that the pump is a CW carrier with negligible linewidth and that pump depletion
is small enough at all frequencies other than the carrier frequency for Ejj, to be

approximated as Ej, = e1pd(f), then

[-ion + 8]0 =We1nE2n™ + futhn - (A3.2.2)

A differential equation for the depletion at the carrier frequency as a function of the
SBS backscattered power spectral density may be obtained by substituting Q from
(A3.2.2) with funn = 0 into (A3.2.1) for fg = 0, noting that E,;*(-) = [E2,(D)]*,
and applying a similar method to that of Appendix 3.1 for deriving the pump power

from the pump field:

[d/dz + o) Sp{z} = -[(g{f}Sp{z}Hs{f,2}/Aetr) df, (A3.2.3)

where Sp{z} = Pp(}elnz,’Acl‘r is the pump intensity as a function of distance, gg{f} =
gpR{I} is the effective steady state Brillouin gain coefficient as a function of relative
frequency and Hg{f,7z} = hv.Ng{f,z} is the SBS backscattered power spectral

density.

A minimum limit for the SBS transmitted power spectral density, Hpmin{fd, 2}, may

be evaluated by substituting Q from (A3.2.2) with Ez,* = 0 into (A3.2.1), and



applying a similar method to that of Appendix 3.1 for deriving the pump power

spectral density from the pump ficld:

[d/dz + o)Hpmin{fa, 2} = - hv.na J(gp{fa - FYH{E, 2}/ Aetr) df.

(A3.2.4)

This "inferred” transmitted SBS noise may be simulated by numerically solving
(A3.1.1a) to (A3.1.1c) to give Epp and substituting this into corresponding modified
versions (A3.1.1a") and (A3.1.1¢"), in which new variables Eqpx and Qx replace
E1n and Q and in which the product term yaEpnE2n™* of (A3.1.1¢) is not present in
(A3.1.1¢"). In order to ensure that the inferred noise represents a minimum limit, a
dilferent thermal noise variable fhhnx 18 used in (A3.1.1¢") instead of fyhp in

(A3.1.1c¢), where fjmnx has the same statistics as fyhg but is uncorrelated with it.
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Appendix 5.1: Calculation of CNR¢.hxse, the detected subcarrier to
noise ratio for noise from the beat product of carrier with subcarrier

sideband SBS inferred noise

As stated at the end of section 5.1, the output field Ejphim(C=1) inferred for high Ly,
can be derived from the sum of the DFT of the inferred transmitted SBS noise field
E1xn(C=1) at all frequencies and the DFT of the total output ficld Ejn({=1) at the
identified signal frequencies of f¢, f¢ + fsc and f; - fsc where f¢ and fgc are the optical
carrier and detected subcarrier frequencies, respectively. If only the noise from the
beating of the carrier with the SBS noise at the subcarrier sidebands is considered,

then let the transmitted field representing these components be given by

Einh1 = E¢ + nx exp(iont), (AS5.1.1)

where E is E1p({=1) at f¢, ny is the inferred transmitted SBS noise field envelope at
fec + fn, and oy = 2nf,. The normalised detected power, Piph1, which may be

defined as

P1an1 = E1nhiEnn1*, (A5.1.2)

18 then determined as

Piant = [Ecl? + Ing2 + (Eeny* exp(-iogt) + c.c.)

= [Ecl2 + Ing|2 + 2Ecny* cos(mnt). (A5.1.3)

For negligible SBS depletion of the optical carrier and in the absence of noise, the
normalised optical power at the fibre output of the carrier modulated by the

subcarricr is proportional to that given in (5.1.4) and is given by

Pinso = [Ecl? (1 + mge cos (2mtset)). (A5.1.4)



The ratio of the power of the component of detected signal photocurrent at the
subcarrier frequency, fs, to the power of the component of detected noise

photocurrent in a defined bandwidth B near fg is therefore

CNRe-nxse = 1Ec|4 msczf(4 |Ec|2 Ngcb)

= |Ecl2 mgc2/(4 Nech) (A5.1.5)

where Ngcp is the total inferred transmitted SBS optical noise power in bandwidths

of Bge near fe + g and near f; - fg.
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ABBREVIATIONS

acl autocorrelation function
AM amplitude modulation

AM-VSB amplitude modulation with vestigial sideband

ASK amplitude shift keying

BER bit error rate

BGB Brillouin gain bandwidth

bgcs Brillouin gain coefficient spectrum

BGL Brillouin gain linewidth

BGS Brillouin gain spectrum

BSF Brillouin shift frequency

CATV community antenna television

CMI complementary mark inversion

CNR carrier-to-noise ratio

CPESK continuous phase frequency shift keying
CSO composite second order distortion product specification
CTB composite triple beat distortion product specification
CW continuous wave (i.e. unmodulated)
DFT discrete Fourier transform

DTAN distributed thermal acoustic noise

EDFA Erbium-doped fibre amplifier

FFT fast Fourier transform

FM frequency modulation

FSK frequency shift keying

FWHM full width between half maximum points
FWM four wave mixing

GVD group velocity dispersion

LAN Local Area Network

MAN Metropolitan Area Network
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MEFL (or L)
MPI

nsd
ODE
PDE
pdf
PIN

psd (or PSD)
PSK
RHS
RIN
SBS
SDRS
SMF
SOP
SPM
SRS
SSDDN
ssgst
TDM
UFM
WDM

XPM

model fibre length

multipath interference

Nonuniform Fibre Model

non-return-to-zero (a NRZ data pulse corresponding to a logical 1
does not include any excursions to the level corresponding to a
logical 0)

normalised standard deviation (= standard deviation/mean)

ordinary differential equation

partial differential equation

probability density function

positive-intrinsic-negative (refers to doping of semiconductor layers
in a type of photodiode)

power spectral density

phase shift keying

right hand side

relative intensity noise

stimulated Brillouin scattering

signal double Rayleigh scattering

single-mode optical fibre

state of polarisation

self phase modulation

sumulated Rayleigh scattering

Stokes-spontaneous density depletion noise

steady state gain of the Stokes field

time division multiplexing

Uniform Fibre Model

wavelength division multiplexing

cross phase modulation



