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Executive Summary

This report describes and discusses the characterisation of fibre optic Raman amplifiers
(FRA). Techniques developed for erbium doped fibre amplifiers were used to experimen-
tally investigate the noise and gain characteristics of a home built FRA.

Results from this preliminary investigation indicate that the accuracy of gain measure-
ments is affected by the choice of measurement source, either broad or narrow band.
This is due to gain saturation and is contrary to previously published results. Analysis
of optical noise figure measurements has also shown that gain spectrum structure can
lead to high measurement uncertainties when using the interpolation technique. It is also
reported that double rayleigh scatter noise was negligable in the FRA under test.

This work is not exhaustive and paves the way for further and more exhaustive inves-
tigation. Particular attention should be given to FRA noise figure measurements. In
the literature there is currently no comprehensive comparison of optical and electrical
measurement techniques that would be especially useful to device and systems manufac-
turers. Future work should also rigourously examine the origins of gain and noise in a
FRA, paying attention to the contribution from multiple non-linear processes.
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1 Introduction

The emergence of laser technology in the 1960’s and low loss optical fibres in the 1970’s
and 80’s has formed the basis for the investigation of non-linear fibre optics. The high
optical intensity achievable by confinement of a laser beam within the small core of an
optical fibre makes them an ideal medium in which to study non-linear optical processes.
Much of the effort in this area has been motivated by the optical telecommunications
industry where the use of short optical pulses, multiple signal channels and high peak
powers is commonplace. Under such conditions non-linear effects can be efficiently gen-
erated, according to the properties of the fibre.

Nonlinear effects such as self-phase modulation (SPM), cross-phase modulation (XPM),
four-wave mixing (FWM), stimulated Brillouin scattering (SBS) and stimulated Raman
scattering (SRS) have been studied extensively in optical fibres [1-6] and more recently
in erbium doped fibre amplifiers (EDFAs) [7, §].

Early work on Raman scattering in optical fibres showed the potential for broadband
all optical amplification and measured directly the small signal gain in pure silica core
single mode fibre [9]. Although the demonstration of in-fibre Raman amplification pre-
dates that of EDFAs [10,11], it is only recently that Raman amplifiers have attracted
renewed attention for expanding the capacity of existing optical fibre links. In order that
FRAs can be effectively utilised it is essential that they are accurately characterised. The
parameters of merit are the gain and noise figure (NF).

The characterisation of Erbium Doped Fibre Amplifiers is well documented. However,
there appears to be relatively little literature available regarding the similar characterisa-
tion of Raman amplifiers. Presumably it has been assumed that the techniques employed
for EDFAs are applicable to Raman amplifiers, despite the amplification processes being
entirely different.

Therefore, this report describes an investigation into the characterisation of fibre optic
Raman amplifiers. In order that the characterisation might be comprehensive, the FRA
was a ‘home-built’ device. This was used to measure the gain and NF by a number of
techniques, and hence has opened the way for much future research.

The measurement of the amplifier NF and associated assumptions are somewhat more
complex than for gain. Therefore the measurement of NF has become the primary focus
of this work.
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2 Gain

The gain of an amplifier provides a quantitative measure of amplification and a figure of
merit for comparison between devices. Gain G is defined as the ratio of the signal input
to output power, equation (1), and is hence a relatively straight forward measurement.

(1)

Accurate gain measurements rely principally on the ability to accurately measure the
input and output signal power. This can be done using an Optical Spectrum Analyser
(OSA) calibrated for both absolute power and linearity. Gain measurements have been
made using both a narrow band tuneable laser and a broadband source of amplified spon-
taneous emission (ASE). However, in EDFAs care must be taken when comparing results
due to the different amplifier saturation conditions. In FRAs equivalent gain measure-
ments have been made by both narrow and broad band techniques [12,13] indicating that
saturation conditions were similar. This is probably due to the significantly high pump
powers (Watts) used in FRAs.

Gain is typically expressed in logarithmic units G4p and is related to the linear gain by
the expression

Gap = 1010g(G). 2)

In this investigation FRA gain measurements were made using both the narrow and
broadband techniques. However, their equivalence at increasing signal power levels and
different pump powers was not investigated.

2.1 Origin of Gain in Raman Amplifiers

FRAs differ somewhat in operation from their doped fibre counterparts. The observed
gain does not originate from the stimulated emission of light from an inverted electronic
energy level population, but rather from a vibrational interaction between the optical
field and the molecular structure of the optical fibre [14].

A strong pump field generates vibrational excited modes within the fibre molecular struc-
ture, typically silica (Si0y). The vitreous nature of silica optical fibre allows a continuum
of vibrational modes, that in turn causes a broad optical spectrum to be generated. This
is known as the spontaneous Raman spectrum and its generation has been discussed in
detail in references [15-20].

In Raman amplification a signal light is injected into the fibre. Energy from the pump
light is then transferred to the signal light through the fibre excited vibrational modes.
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This process is stimulated Raman scattering, and for multiple signal channels the resulting
output is known as the Raman gain spectrum, and for pure silica core fibre has the well
known form shown in figure 1, first measured by Stolen et al [9].

0.6 - _
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Figure 1:Typical normalised Raman gain spectrum for pure silica core optical fibre.

The exact shape of the gain spectrum is dependent upon the fibre core dopants and
quantities and the related spontaneous spectrum has been used to investigate dopant
profiles across the core diameter [21]. An exact functional form for the gain spectrum
is not known, and the models available are somewhat limited [22, 23], however these do
yield some physical insight. A more recent investigation has attempted to model the
gain spectrum using a simplified molecular dynamics approach [14], which shows much
promise for future development. Such an approach may be of benefit to manufacturers
since it is sensitive to dopant molecules.

From figure 1 it is clear that the Raman gain spectrum contains significant structure.
Recent developments in Raman amplifier technology have been directed at generating
flat gain profiles. This has been achieved by using multiple pump lasers [24] to produce
a number of overlapping gain spectra.
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3 Noise

Amplifier noise is a critical parameter that limits system performance and leads to a de-
crease in receiver sensitivity. The noise generated in an optical amplifier is parameterised
by the noise figure (NF), defined as the additional input noise required to obtain the
measured amplifier noise at the output. This can be written in terms of the signal to
noise ratios at the input (SNRjy,) and output (SNR,,;) measured with an ideal detector
as the optical bandwidth is reduced infinitesimally [25,26] so that the contribution from
mixing between ASE and itself is negligable.

SNR;
NF _ 1 1n
B(I)I—I}o SNRut 3)

3.1 Origin of Noise in Raman Amplifiers

In FRAs spontaneous Raman scattering generates a broad spectrum of light. Some of this
light is generated at the signal frequency, but is not signal, and therefore it acts as ASE
noise in the detected output. Optical noise can also be present from residual pump light
at the signal wavelength. This can be reduced significantly by using a couter-propagating
pump configuration, however due to Rayleigh backscattering some pump light may be
found at the signal output. By using a bandpass filter residual pump noise can be
removed and hence ignored. Therefore the primary noise sources are ASE and amplified
shot (quantum) noise caused by fundamental optical field (zero-point) fluctations.

Optical amplifiers are frequently referred to as having quantum limited noise performance.
In order that the Heisenberg uncertainty principle is not violated it has been shown [27]
that an optical amplifer must at least generate an ASE noise power F,, i.e. the quantum
limit. Such quantum limited noise originates from optical fluctuations of the vacuum
state.

P, = ;(G —1)hwB, (4)

It is therefore evident that any optical source must also generate similar quantum limited,
or shot noise Py, = 1/2hvBy. By is the optical bandwidth of the detector, h is Planck’s
constant and v is the optical signal frequency.

In a practical amplifier the total ASE noise power Pasg can be written as the sum of the

quantum limited noise and any additional noise P,q4q.

Pasg = Py + Paaa (5)

Therefore, the total noise power Pr at the output of a high gain (G > 1) optical amplifier
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is the sum of the amplifier ASE and amplified source noise power.

Pr = Pasg + GPispot = GhvBy + Paaa (6)

Assuming that the amplifier input power is given by P,,, then the input SNR is

P 2P,
N in — -
SNR Pshot hVBO (7)
and the output SNR:
GP, GP,
SNRout — (8)

PT - GhVBQ +Padd

Substituting equations (7) and (8) into equation (3);

2(GhVBO + Padd)
NF = .
GhVBQ (9)

In the quantum limited case where P,qq = 0 it is clear that NF = 2, and hence the
quantum limit of 3 dB for high gain optical amplifiers.

In Raman amplifiers there is one further contribution to the noise. This is double rayleigh
scatter (DRS). DRS is caused by the Rayleigh scattered light undergoing a secondary
Rayleigh scatter in the direction of the propagating signal. It has been recently inves-
tigated and measured by both electrical [28] and optical techniques [29]. It can be an
important contribution to the overall noise figure due to the high powers and long lengths
of optical fibre used in FRAs.

3.2 Noise Figure Measurement Techniques

A number of well established techniques exist for measuring the NF in EDFAs. These
are listed below:

Spectral Interpolation [30]

Polarisation Extinction [31]

Time Domain Extinction [32]

Relative Intensity Noise (RIN) Subtraction [33]
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The top three of these are optical techniques, whereas the RIN subtraction method is
performed in the electrical domain. Optical and electrical techniques for noise figure
measurement in EDFAs have been compared previously by Nishi et al [34], however there
has been no such comparison for Raman amplifiers. A brief summary of each technique
is given in the following sub-sections.

Spectral Interpolation

This method is relatively simple to carry out and requires the least equipment. Indeed
some optical spectrum analysers are pre-loaded with software to carry out the analysis
of measured data. The European standard for the measurement of noise figure in optical
amplifiers [35] specifies the measurement configuration shown in figure 2.

Raman Amplifier

Linear Polariser ‘

o 000
In Polarisation ‘

Controller

Optical Spectrum
Analyser

Figure 2:Experimental arrangement for measuring noise figure by spectral interpolation, [35].

The noise figure is measured by obtaining OSA traces of the signal (bypassing the am-
plifier) and the amplified signal. A line is then interpolated beneath the signal in each
case and the power integrated to obtain both the signal and total spontaneous emission

powers, Pssrp and Psp respectively. The noise figure is then calculated using equation
(10).

1 2Psg
NF = — 10
G + GhVBO ( )

In this expression G is the amplifier gain at the signal frequency v, h is Planck’s constant
and By is the optical bandwidth of the OSA in Hz. The amplified spontaneous emission
(ASE) power, Pagsg, of a polarised input signal is calculated from the measured source
spontaneous emission and total spontaneous emission, Pssg and Psg respectively.

Pasg = Psg — PsspG (11)

Polarisation Extinction

Polarisation extinction depends on the fact that ASE produced by the amplifier is ran-
domly polarised. A polarised signal can therefore be filtered from the ASE measurement
by measuring an orthogonal polarisation state. If the ASE is truly randomly polarised
then the measured ASE power will be half of the total. A simple experimental arrange-
ment for making this measurement is shown in figure 3.

10
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Raman Amplifier

. Linear Polariser Linear Polariser
Signal
In
Polarisation
Controller

Figure 3: Experimental arrangement for the measurement of amplifier noise figure using the polarisation
extinction method, [25]

Optical Spectrum
Analyser

The NF is determined using equation (10).

Time Domain Extinction

The time domain extinction method was first proposed by Baney et al [32] to measure
the noise figure in Erbium Doped Fibre Amplifiers (EDFAs). The method uses a modu-
lated signal and a time gated receiver to measure ASE noise directly. The delay of the
gated receiver is varied so that the amplifier output can be measured when the signal is
either ‘on’ or ‘off’. A modulation frequency is chosen such that the amplifier gain is not
modulated, i.e. in an EDFA the modulation must be faster than the erbium excited state
lifetime (/10 ms).

Since the operation of FRAs is fundamentally different to that of EDFAs, this technique
cannot be used to measure their NF. However, a modified version of the time domain

extinction method has been demonstrated for making direct optical measurements of
DRS [29].

3.3 Relative Intensity Noise Subtraction

The noise figure of an optical amplifier can be measured in the electrical domain. It is
useful for measuring the total amplifier noise, and can also provide extra information
about the origin of noise, such as multi-path interference (MPI). However, electrical
domain measurements can be difficult to make and it is essential that the detector and
RF amplifier used have excellent noise performance and wide dynamic range.

The principle of electrical measurement is fairly straight forwards. An optical signal is
modulated at some frequency in the RF spectrum that is used as an absolute reference.
The modulated signal is amplified by the optical amplifier and detected by a photode-
tector. The signal from the photodetector is fed into an Electrical Spectrum Analyser

(ESA).

Any low frequency noise, such as multi-path interference (MPI), signal-spontaneous or
spontaneous-spontaneous beat noise appears on the ESA as a sideband at a shifted fre-
quency. Each noise power component is calculated by in a similar way to the interpolation
technique described above. The electrical technique is advantageous since it provides a
direct measurement of the NF, separating out each component as different RF frequencies.

11
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European standard EN 61290-3-2 [36] describes a procedure and experimental arrange-
ment for the measurement of noise figure by the RIN subtraction technique. A similar
configuration is shown in figure 4.

RF Signal Generator

]

Raman Amplifier

RF Amplifier

Polarisation
Controller

DFB Laser -
Source Optica Spectrum
Analyser

Figure 4: Experimental arrangement for the measurement of noise figure in an optical amplifier using
the electrical method

12
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4 Raman Amplifier Design

The Raman amplifier developed for characterisation in this project follows a simple
counter-propagating pump design, based on that found in reference [12]. A schematic
of the amplifier used in the experiments described here is shown in figure 5.

12.6 km Gain Fibre

Optical Circulator 1 Optical Circulator 2

Signal In —— ~<—— Pumpin
1 3\ — — 3 1
2 2
A Signal Out

Filter

Figure 5:The Raman amplifier constructed for the experiments reported on here.

A Raman laser pump source was chosen, with a nominal wavelength of 1480 nm, maxi-
mum power of 4 Watts and linewidth of approximately 10 nm. A broad pump linewidth
is preferable to minimise the effect of stimulated Brillouin scattering, and therefore max-
imise the pump power coupled into the 12.6 km of SMF-28™™ gain fibre. The choice of
gain fibre was made since it reflects the fibre that already exists in many networks that
could potentially be expanded by incorporating Raman amplification. The long wave-
length pass filter was inserted on the output stage of the amplifier to further reduce the
presence of any residue backscattered pump at the output.

Insertion losses for each component used in the amplifier setup are tabulated in table 1.
The losses are given for the signal wavelength of 1585 nm.

Component Loss (dB)
Circulator 1 (Ports 1-3) 1.14
Circulator 1 (Ports 3-2) 1.30
Circulator 2 (Ports 1-3) 1.12
Circulator 2 (Ports 3-2) 0.79
Gain Fibre (12.6 km) 2.74
Filter 0.58

Table 1:Component insertion loss at signal wavelength of 1585 nm

The amplifier spontaneous Raman spectrum, i.e. its ASE output, is shown in figure 6.
This was measured using a calibrated OSA at 0.5 nm intervals.

13
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Figure 6:Measurements of the Raman amplifier ASE spectrum using a 1480 nm, 2 Watt pump.

The impact of pump power and gain fibre length on gain and noise figure has been
investigated but requires more comprehensive research. Therefore these results have
been witheld from publication at this point.

14
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5 Gain Measurements

Simple on-off gain measurements were made using both a narrow band tunable laser and
broadband ASE source. An OSA was used to measure the gain directly. The tuneable
laser input power was maintained at 1 mW, whilst the total output power of the ASE
source was nominally 50 mW. The amplifier pump power was set at 2 Watts, measured
with a high power thermopile detector with 10% uncertainty. For comparison the mea-
sured gain figures for both methods are plotted in figure 7.

T T
Broadband ASE source

12 Narrow band laser source ~ +

Gain (dB)

-4
1540 1560 1580 1600 1620 1640
Wavelength (nm)

Figure 7:Comparison between broad and narrow band gain measurements.

These measurements indicate good agreement for wavelengths shorter than 1580 nm.
However, for longer wavelengths (above the gain peak) the gain measured by the narrow
band technique are lower. At this time it is unclear whether this discrepancy is due to gain
saturation effects or simply experimental uncertainty. Lewis [12] suggests that accurate
gain measurements are possible using a broadband source when low signal powers are
used, i.e. ASE from a laser diode. The results of this investigation demonstrate the
need for a comprehensive study into the relationship between saturation effects and gain
measurement accuracy in FRAs.

15
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6 Noise Figure Measurements

This section contains a more detailed account of our measurements of the noise figure
for our amplifier. It contains a comparison of results using four different techniques. All
measurements were carried out using the amplifier shown in figure 5, using a 1480 nm
wavelength pump source operating at 2 Watts. The signal wavelength was 1585.125 nm
from a tunable external cavity (EC) laser source.

6.1 Noise Figure by Spectral Interpolation & Polarisation Extinction

Noise figure measurements of the Raman amplifier shown in figure 5, were made by both
spectral interpolation and polarisation extinction techniques. The results were analysed
by hand rather than using software processing available on commercial instruments.
These two techniques are directly comparable since they measure the same quantities,
assuming that signal spontaneous beat noise is the dominant noise source.

Spectral Interpolation

We measured the noise figure using the arrangement shown in figure 2, modified by
placing an optical attenuator between the filter and OSA. This was done to keep the
OSA within its linear range and avoid damaging the detector, the attenuation was then
added to the output trace before analysis. Traces were then taken of the signal bypassing
the amplifier setup, directly into the OSA, and then of the amplified signal through the
Raman amplifier, figure 8.

20 T T T T T T T

T T
Amplified Signal
10k Signal ------

Power (dBm)
b
S
T

—40

-50 - _

_gQ e PO F G SO [ LTSy PSS PPN
1582.5 1583 1583.5 1584 1584.5 1585 1585.5 1586 1586.5 1587 1587.5
Wavelength (nm)

Figure 8:The OSA traces for the signal only, and amplified signal

In order to calculate the source and amplifier noise contributions, the peak is removed
from each trace. This procedure is not trivial, since the Raman gain spectrum contains

16
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significant structure. The interpolation or curve fitting technique used is therefore critical.
As a result of this study, it has been shown [37] that depending on the position along
the gain spectrum and the interpolation or curve fit order, the NF uncertainty may be
affected by as much as 1.6 dB. It was found that 1st, 2nd and 3rd order polynomial curve
fits give repeatable results and introduce the least uncertainty, around 0.3 dB. It was also
shown that for polynomial fits the signal peak should be removed over a 1-2 nm span.
Here a 2 nm peak removal width was chosen and a 3rd order polynomial fit. An example
of these results is shown in figure 9. When making these measurements it was essential
that the OSA sensitivity was sufficiently high to enable measurement of the source and
amplifier noise floors. A sensitivity that is too low gives an artificially high noise power
and therefore a high noise figure.

0.0014

T 0.135

T
ASE ¢
Polynomial Fit

T T
Polynomial Fit

Source Noise ¢

0.00135 -

8o ©
L

0.0013

0.00125 &5

Power (uW)
Power (uW)

0.0012

115
0.00115 o

1 0.11 ! ! ! ! ! ! ! ! !
1582.5 1583 1583.5 1584 1584.5 1585 1585.5 1586 1586.5 1587 1587.5 1582.5 1583 1583.5 1584 1584.5 1585 1585.5 1586 1586.5 1587 1587.5
Wavelength (nm) Wavelength (nm)

0.0011 I I I I I I I I I

Figure 9:3"¢ order polynomial trendlines fitted to a) the source noise, b) the amplified noise.

The source spontaneous emission (Psgg) and amplifier spontaneous emission (Psg) are
calculated from the interpolated OSA spectra by integrating across the OSA resolution
centred at the signal wavelength. The optical bandwidth By is calculated from the cali-
brated OSA resolution.

Measured values for each of the parameters defined for equation (10) are given in table
2. The noise powers were obtained by spectral interpolation.

Description Parameter Value
Gain G 12.05 (11.68 dB)
Noise due to source Pssr 1.23 nW
Noise due to amplifier Psg 0.124 uW
ASE power Pask 0.106 W
Centre frequency v 1891277 GHz
Optical bandwidth By 11.65340 GHz
Noise figure NF 9.98 (9.95 dB)

Table 2:Measured parameters for calculation of noise figure by spectral interpolation

These values do not seem unreasonable when compared to the similar results of Lewis [12].
The noise figure is a little high, although this can be explained by the amplifier design.
The main contributors are most likely the high pump power and relatively low input signal
power, back-scattered long wavelength ASE from the pump laser, the use of relatively
low non-linearity fibre and perhaps reflections from splices and connectors. However,

17
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quick analysis of the amplifier construction with an OTDR revealed that there were no
significant reflections from splices or connectors. For the purposes of this investigation
the amplifier design has not been optimised. A study into the effect of fibre type and
overall amplifier design on the noise and gain performance should be considered as an
important next step in future research.

Polarisation Extinction

For comparison, noise figure measurements were also made using the polarisation extinc-
tion method. The experimental arrangement of figure 3 was used. Below we show the
output trace of the amplified signal, figure 10.

10 -36.5
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Wavelength (nm) Wavelength (nm)

Figure 10: Raman amplifier output, a) amplified signal with no polarisation extinction, b) Maximum
polarisation extinction

It is clear from the traces that the polarising beam splitters used have an extinction ratio
of around 44 dB. In the case of this experiment, the signal to noise ratio of the amplifier
output was 47 dB, and therefore it was not possible for the signal to be entirely nulled.
Complete removal of the residual signal peak was carried out by spectral interpolation as
in the previous section. Table 3 shows the results from these measurements.

Description Parameter Value
Gain G 15.24 (11.83 dB)
Noise due to source Pssp 0.199 nW
Noise due to amplifier Psg 0.108 uW
Total ASE power Pasp 0.105 uW
Centre frequency v 1891277 GHz
Optical bandwidth By 11.65340 GHz
Noise figure NF 9.47 (9.76 dB)

Table 3:Measured parameters for calculation of noise figure by polarisation extinction

The noise figure results obtained by polarisation extinction and spectral interpolation
show good agreement. The lower noise figure yielded from polarisation extinction is due
to the use of equation 11 for the power of the ASE in equation 10. Equation 11 effectively
applies the amplifier gain to the measured source noise, and then subtracts this figure
from the measured noise at the amplifier output. However, the polarisation extinction

18
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carries out this procedure optically, by excluding the polarised source ‘signal’ and ‘noise’
from being measured by the OSA. Therefore, for polarisation extinction measurements,
equation 10 can be modified to, equation 12.

1. P
NFpy = = +

G T G, (12)

The subscript PN stands for Polarisation Nulling. Having made this correction, the noise
figure is calculated as

NFpn =9.89 dB

It can be seen that this modification has gone some way to improving the agreement
between results for the two measurement techniques. Some of the remaining discrepancy
may be attributable to the polynomial interpolation of noise data. There is certainly
agreement within any sensible estimate of uncertainty.

19
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7 Noise Contribution From Double Rayleigh Scatter

Rayleigh scatter is a well known and understood effect in fibre and bulk optics. It
describes the scattering of light from inhomogeneities in the host medium. The scattering
of light by this mechanism, in the opposite direction to that of propagation is known as
Rayleigh backscatter. In high gain systems involving long lengths of fibre the number
of backscattered photons can become sufficiently high such that a significant number of
these photons are backscattered once again in the direction of signal propagation. This
phenomenon is known as Double Rayleigh Scatter, DRS. Raman amplifier systems would
seem to offer an ideal situation in which DRS could occur.

0.8

0.6 |-

04

02

Raman Response (arb. units)

L L L L L
200 400 600 800 1000 1200
time (fs)

Figure 11:The Raman response function for pure silica core fibre, [19].

The operation of a Raman amplifier is significantly different to that of an EDFA, de-
pending on the vibrational modes of the host medium for amplification. The vibrational
response of molecules within the glass indicates a half-life of the order 100 femtoseconds,
figure 11. This fast decay of the vibrational modes suggests that a modulation of the
order 10 THz would be required to observe Raman ASE directly in the optical domain.
However, the time-domain extinction method can still be useful for looking at noise due
to Double Rayleigh Scatter (DRS) in Raman amplifiers [12]. The long length of fibre
used for signal amplification means that the round trip time of DRS light is of the order
micro-seconds, i.e. (126 ps for 12.6 km amplifying fibre). Therefore the DRS noise can be
detected by looking for some trace of a signal when the actual signal is in its ‘off” state.

7.1 Optical Measurement of DRS

Our method for looking for evidence of DRS is based upon that of Lewis [29]. However,
we chose to look for the scattered light in the time domain using an oscilloscope. The
experimental arrangement is shown in figure 12.

In this configuration the signal generator drives the acousto-optic modulator at a fre-
quency to generate optical pulses having a temporal length longer than the time of flight
of a photon passing twice the length of the fibre. This way the fibre is ‘filled’ with light.
When the modulator switches the optical signal off the oscilloscope should display any
light that is delayed in arriving at the detector due to DRS.

20
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Signal Generator

Detector

]
L]

L

Acousto—Optic

DFB Laser Modulator
Source

Raman Amplifier Oscilloscope

Figure 12:NPL system for observing Double Rayleigh Scatter in a Raman amplifier

This measurement system is limited by two major factors. The first of these is the
difficulty with coupling enough of the signal power back into the fibre from the free-space
modulator. This leads to a second problem of finding a detector with sufficient dynamic
range to observe the DRS, or an electrical amplifier with sufficiently low noise to avoid
swamping the DRS signal. The method of Lewis, whereby a time gated receiver is used to
look at the signal during its off state could be beneficial, however, this requires a second
modulator that would further reduce the optical power at the detector.

Due to the presence of such experimental difficulties, a simple model was developed to
calculate the expected DRS power at the detector. Previous models for DRS have been
developed by Fludger [28] and Parolari [38]. The model developed here is based on the
OTDR backscatter calculations of Danielson [39]. In this simple model it is assumed
that the fibre attenuation is due entirely to Rayleigh scattering, and therefore the optical
signal is attenuated exponentially along the fibre length, equation (13),

P(l) = exp(—al) (13)

where P({) is the optical signal power along the length of the fibre /. Now, if we con-
sider the Rayleigh backscatter at infinitesimal length steps (df), we can determine the
corresponding backscattered power, dPgg(¢). Integrating over the whole fibre we find,
equation (14).

Ps(f) = al /0 " poyac (14)

« is the fibre attenuation and I' is the fibre capture fraction. The attenuation per metre
in linear form, is determined as a = 1 —10%5/10 Where a4z is the attenuation in decibels
per metre. The capture fraction is found from the numerical apperture Oy 4 as tan?(0x ).

From the previous equations, it then follows that at each infinitesimal length step there
will be some double scattering. This analysis leads to equation (15) for the double-
backscattered power, Pprs().

Pors(f) = al /0 " Pas(0)de (15)
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Substituting into (15) for Ppg(¢) leads to the simple result for the double Rayleigh scat-
tering power as a function of fibre length, equation (16).

Pprs(l) = —aF2[exp(—a£) —1]¢ (16)

For 12.6 km of standard single mode fibre, with an input signal of 2 mW and wavelength
of 1585 nm, we obtain the plot shown in figure 13.

Clearly, when the transmission fibre is lossy the contribution due to double Rayleigh
scattering is negligible. However, within a Raman amplifier there is gain within the
active fibre. By assuming an exponential Raman gain along the fibre length the DRS
power can be estimated, figure 14. Here the internal gain of the amplifier is chosen to be
20 dB, this is similar to that of our amplifier under test.

The simulation indicates that the DRS noise is still very small, approximately -50 dBm
compared with -80 dBm for lossy fibre. This result is highly dependent on the ability
to couple high enough power into the amplifier from the modulator, i.e. the simulation
assumes 2 mW. Practically this is not trivial. Another option might be to use electro-
optic intensity modulators to switch off the signal beam. In this case the modulator
must have an extinction ratio of better than 80 dB. In the following section we compare
electrical measurements of the double Rayleigh scatter noise with the theoretical results
of the current section.
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Figure 13:Simulation of Double Rayleigh Scattering in 12.6 km of single mode fibre
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Figure 14: Simulation of Double Rayleigh Scattering in a Raman amplifier, having 12.6 km single mode
gain fibre.
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8 Conclusions

In the study reported on here, an all optical fibre Raman amplifier was successfully built
and characterised. Although the basic characterisation is at first reasonably simple, there
are a number of aspects that require further investigation.

Optical gain measurements were performed using both a narrow band and broadband
source. The results here suggest that saturation effects are important in FRAs as in ED-
FAs. Elsewhere it has been implied that these measurement approaches are equivalent in
FRAs [12,13] for small signals and therefore the relationship between broad and narrow
band measurements and the resulting gain uncertainty merits much further invesitga-
tion. It remains to be seen whether there are any significant advantages to one method
over the other. Saturation characteristics of Raman amplifiers has been previously in-
vestigated [40], however the effect of saturation on accurate gain and NF measurements
in FRAs is yet to receive comprehensive research. A comparison of gain measurements
should be made by optical and electrical measurement methods including a rigourous
assessment of uncertainties. Related to the amplifier gain is the Raman gain coefficient.
This study has not focussed on this parameter, however it is often used to in the charac-
terisation of optical fibres that might be used for Raman amplification. This parameter is
dependent on the finite pump linewidth, and therefore in future studies should be taken
into consideration.

A number of difficulties with NF characterisation of FRAs have been identified by this
investigation. Optical techniques have been primarily studied here, of these the direct in-
terpolation method yielded a higher NF than the polarisation nulling technique. However
the results can be seen to agree to well within the uncertainty conribution from inter-
polation only [14]. It was shown that high order interpolation techniques, such as cubic
spline fits, can introduce significant uncertainty into the optical measurement. It was also
concluded that 1st, 2nd and 3rd order polynomial curve fits give the best measurement
repeatability, however the measured NF uncertainty can differ significantly depending
upon the signal location on the gain spectrum. The results of this study indicate that
the NF standard deviation can vary between 0.01 dB to 0.12 dB with signal wavelength.

The polarisation extinction method also requires further investigation, since it assumes
that the ASE is randomly polarised. Previous experiments on spontaneous Raman scat-
tering in bulk silica [41] indicate that this may not be an accurate description. It also
remains to be seen if any more useful information can be obtained from electrical NF
measurements. Although the work of Fludger et al [28] has shown that electrical mea-
surements can be used to measure multi-path interference in FRAs it is concluded here
that for a Raman amplifier consisting of standard optical fibres, DRS and MPI are neg-
ligable contributions. However, further experimental investigation into the effect of fibre
type and length, pump characteristics and configuration on the NF and DRS contribution
are required in order to validate this claim. For example, it is expected that DRS may
become significant for dispersion compensating optical fibres. In high DRS systems it
may also be useful to determine the effect of DRS on the bit error rate (BER), and hence
establish acceptable DRS levels. Following this the management of DRS in amplifier
design could have far reaching implications for network and component design.
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In an attempt to achieve a flat gain spectrum over a broad wavelengh band researchers
have used mainly two approaches. The first most common is to use multiple pump lasers
separated in centre wavelength. This configuration produces overlapping Raman gain
spectra, and hence a nominally flat gain response. In another approach the pump laser
spectrum is broadened first by using a highly non-linear optical fibre before the amplifying
fibre. In both approaches it would be useful to compare the gain and noise performance,
as no such study is yet to be found in the literature, as this may prove critical to system
design.

The gain and NF measurements made here are directly comparable with those for other
discrete optical amplifiers such as EDFAs. However, one of the attractive features of
Raman amplifiers is that any existing fibre optic link can be turned into a Raman amplifier
by installing a pump laser and circulators, providing that other in-line components can
withstand the high pump power. In such a ‘distributed” amplifier, the traditional gain and
NF definitions are perhaps not a fair indication of the amplifier performance. Therefore,
it is concluded that these definitions should be revised for distributed FRAs in such a
way that they represent a fair comparison with the gain and NF of discrete amplifiers
inserted into an equivalent link.

In a further study a FRA should be designed to have similar gain and NF characteristics
in an EDFA. The BER due to each amplifier should then be compared with a network
analyser. Such an experiment may indicate the usefulness of using just the gain and NF
as figures of merit by which to characterise FRAs.

Therefore in summary, in this investigation a FRA was successfully built and charac-
terised, with the outcome of proposals for much needed further research in this area.
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Post publication note:

Since this work has been completed a new gain and noise figure measurement technique
has emerged in the literature [[2]. It is an optical method that uses a broadband source
and transmission filter and has been applied only to EDFAs thus far. In any further in-
vestigations this new technique should be used to measure the NF in a FRA and compared
to other established methods.
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