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Abstract
The Landau Placzek ratio method for distributed fibre optic temperature sensing is based on the ratio of the
Ravleigh and Brillouin backscattered light. However, because of the coherent nature of Rayleigh scattering. use
ot the same narrow bandwidth source as required for the Brillouin signal. results in significant coherent noise
in the Rayleigh signal. A novel technique is demonstrated whereby the amplitied spontaneous emission noise and
amplitying properties of an erbium doped fibre amplifier may be exploited to reduce the coherent noise on the

Ravleigh backscatter signal. This results in a significant improvement in both temperature and spatial resolution

over previousiy reported results,

1. Introduction

Amongst the vast range of technologies used for sensor systems. the distributed fibre optic sensor is unique in
being able to provide a practical means by which a measurand may be determined at any point along a sensing
fibre. extending to several tens of kilometres. Distributed fibre optic sensors based on Brillouin optical time
domain reflectometry (BOTDR) ofter the following important advantages: the ability to measure strain as well

as temperature. the use of standard telecommunications type fibre and single ended operation.

The principle of operation of existing backscatter distributed fibre sensing (DFS) systems is similar to that of
the optical time domain reflectometer (OTDR) [t]. In the OTDR. a short pulse of light is transmitted along the
fibre and the backscattered energy due to Rayleigh scattering is measured at the sending end of the fibre. The
time interval between sending the pulse and detection of the backscattered energy provides the spatal

information. whilst the intensity of the backscattered energy provides a measure of the fibre attenuation. In



Brillouin OTDR (BOTDR) [2] DIS systems. the Rayleigh backscatter mechanism is replaced by Brillouin
backscattering. Brillouin scattering [3] occurs in optical tibres {4} and results from the interaction between the
incident light beam and thermally  generated acoustic waves in the tibre. The frequency of the captured
backscattered licht is etfectively Doppler shitted due to the velocity of the acoustic wave. The frequency shift
is a tunction ot both temperature |5} and strain [6] in the fibre. Hence. the measurement of the trequency ot the

bacKscattered light provides a measure of the combined effects of strain and temperature along the tibre.

Recent experimental work [ 7] has demonstrated how the intensity of the Brillouin backscatter signal may be used
in the Landau Placzek Ratio (LPR) [8] method to uniquely measure the temperature along the fibre sensor. Once
the temperature of the tibre is spatially resolved. measurement of the Brillouin shitted trequency allows the

distributed strain to be computed. Hence the strain may then be determined.

The main problem with this method as previously reported, was the poor signal to noise ratio arising from the
coherent (fading) noise on the Rayleigh backscatter signal due to the narrow linewidth source used. This paper
describes how the noise and amplitving properties of an erbium doped fibre amplifier (EDFA) may be exploited
to produce a dual source. one wideband. the other narrowband, suited to the requirements of an intensity based
BOTDR system. This results in a significant improvement in the signal noise ratio and spatial resolution of the

temperature protile.

2. Reduction of coherent noise.

In the previously reported work [7]. the (LPR) was measured using a narrow linewidth laser source (S00MHz)
gated with an acousto optic modulator and amplified with an EDFA. The frequency of the source was swept over
approximatelv 2GHz to increase the threshold of stimulated Brillouin scattering, thereby enhancing the magnitude
of the backscattered anti-Stokes signal used for the determination of the LPR. Both the Rayleigh backscattered
signal and the spontaneous Brillouin signal were measured with this pulsed source and identical measurement
conditions were maintained for these two measurements, apart from retuning the Fabry Perot interferometer to

each signal.
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Ihe Brillown shitt s only about 10GHz at 15330nm, and the source linewidth must be less than this in order for
the backscattered Rayleigh not to over lap with the backscattered Brillouin signal whilst making the anti-Stokes
measurement. However, a narrow source linewidth generates coherent noise on the Ravleigh backscatter signal.
This is a well known problem with coherent OTDR (COTDR) systems [9] but will also cause noise with direct

detection systems.

In practice. the fibre is subjected to minute mechanical and thermal changes which result in a changing phase
of the backscattered waves at the detector. Hence the characteristic fading of the backscatter signal known as
tading noise. Unfortunately, as the mechanical and thermal changes may vary only slowly with time.
conventionat signal averaging techniques cannot be used effectively to reduce tading noise. One technique which
has been used to reduce fading noise is frequency shift averaging (FSAV) [10] whereby the average is
determined from a large number of samples each measured at a different source frequency. It has beern shown
that the amplitude tluctuations on the backscatter trace decreases in proportion to the square root of the number

of independent backscatter signals [11].

I'he same effect is obtained by using a broad band noise source. In this experiment. a convenient source of broad
band noise is available in the form of the amplified spontaneous emission (ASE) trom the EDFA. Since the
Ravleigh backscatter signal is used only as a reference, it is not essential to know the absolute LPR to determine
the temperature along the fibre. Hence it is not necessary for the Rayleigh source to be the same as the Brillouin
source. It is however important that the fibre losses measured with the broadband source are representative of

the losses at the Brillouin shifted wavelengths.

In this experiment. whilst the EDFA has been used as an amplifier to generate the pump source for the Brillouin
backscatter signal. the EDFA ASE has been used as a second source to obtain the Rayleigh backscattered signal.
As it is difficult to ensure that stimulated scattering of the Stokes signal is completely suppressed. the
Rayvieigh Anti-Stokes ratio (RASR) was used as a measure of the sensing fibre temperature instead of the true
LPR (Rayleigh (Stokes+anti-Stokes)). Furthermore. it is also experimentally more convenient to take a single

measurement of the anti-Stokes than a measurement of both Stokes and anti-Stokes. In order to obtain an
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indication ot the improvement i signal to noise of this method over that used previously, the standard deviations

of the RASRs tor cach method are compared.

Since the notse is not present on the Briflouin signal to the same degree as on the Ravleigh signal. due to the
non-coherent nature ot the Brillouin backscatter process, climinating the coherent noise from the Rayleigh

backscatter signal provides a significant improvement in the measurement of tibre temperature.

3. Experimental

The experimental set up is shown in figure |. The source used to generate the narrow band pulse was a
distributed feedback faser (DFB) providing approximately 0.9mW at 1537nm. In order to suppress the generation
of stimulated Briliouin scattering along the DFS, the injection current of the DFB was modulated to broaden its
effective linewidth. A triangular wave ot 3mA pk-pk at a frequency ot 0.6MHz was used. This produced a source
linewidth” of approximately 2GHz. The acousto optic modulator (AOM) was a fibre pigtailed device with an
insertion toss of 4.5dB and a rise time of 4dns. The AOM was gated to produce puises of [.3us with a period
of 160us. The output from the AOM was amplified by the erbium doped fibre amplifier (EDFA) which produced
a pulse power ot [8dBm. This was coupled to the sensing fibre by a 50% coupler C2, to maximise the

backscattered signal.

The ASE trom the EDFA was used as a source to generate the wideband pulse. This has a 3dB bandwidth of

approximately 3nm. The output was gated using the AOM.

The sensing fibre consisted of three lengths each of 4.3km. 125um telecommunications grade fibre with a
specified cutoff of 1180-1280nm and attenuation of <0.22dB/km. The centre section was placed in an oven and

maintained at a temperature of 35°C.

The backscattered signal was extracted from the sensing fibre via C2 and the tibre output was collimated and

directed through the scanning Fabry Peror (FP) that was used to separate the Ravieigh and Brillouin components.



Phe FPowas set o afree spectral range of S0GHz with a finesse of 100 and a transmission loss of approximately
LO0dB. The output trom the FP was tocused onto a 300um InGaAs detector connected to a 100MQ
transimpedance amplitier with a bandwidth of 175kHz. A 3nm band pass tilter was used in tfront of the detector
to attenuate the Rayleigh backscatter from the interpulse EDFA amplitied spontancous emission tor the anti-
Stokes measurement. Phe FPowas removed in order to measure the wideband Rayvleigh backscatter signal. The
Ravleigh and Brillouin traces were stored separately on a digital storage oscilloscope using 2048 averages and
the temperature protile determined from PP, where Py and P are the measured backscatter Ravleigh and

anti-Stokes powers respectively.

4. Results

The narrow band Rayvleigh backscatter trace is shown in tigure 2(a). The tluctuations due to polarization and
fading noise are clearly seen. The anti-Stokes trace is shown in figure 2(b) and the resultant RASR representing
the reciprocal of the temperature profile in figure 2(c). The mean values of RASR for the three sections are also
shown. The averaze value of those of sections 1 and 3 is used as a reference value corresponding to the ambient

temperature of 204K,

The wideband Ravleich backscatter signal is shown in figure 2(d). The only visual disturbance to the Ravleigh
backscatter trace is that due to the splice between sections 2 and 3 corresponding to 0.2dB one way loss. The
resultant RASR is shown in figure 2(e) together with the mean values. Again. the average value of those of
sections 1 and 2 is used as the reference value corresponding to the ambient temperature. The results are

summarised in tabie 1.



Source Average of sections Section 2

| & 3 (Reference)

RASR Temp (K)£1SD RASR Temp (K)£1SD
Narrowband 7519 204.0+8.2 67.03 327.8+8.6
Wideband 1923 204.0+1.5 17.28 328.3%1.3

Table I Summary of results

5. Discussion
The improved accuracy of the RASR obtained using the wideband source is demonstrated by comparing the
standard deviation of the RASR obtained using a narrowband source with that obtained using the wideband

source.

In order to determine the actual temperature profile along the fibre, a calibration value is required to provide a
known RASR at a known temperature. [n this experiment this is provided by the first and third section of fibre
at an ambient temperature of 294K. Using the narrowband Rayleigh signal. the first and third sections of tibre
provide an average RASR of 75.19. The second section of fibre has a RASR of 67.03 therefore corresponding
to a temperature of 327.8K which is in close agreement with the temperature measured in the oven (328+1) using

a thermocouple in close proximity to the fibre.

For the wideband Ravleigh signal the average RASR for the first and third sections is 19.23. The second section
has an RASR of 17.28 corresponding to a temperature of 328.3. This is also in agreement with the measured

fibre temperature.



The toregoing results show that both methods result in a simifar estimate ot the average temperature along the
sensing fibre. However, there is a 3-60 fold reduction of the standard deviation of the temperatures measured and
hence a corresponding improvement in the temperature resolution measurement. Furthermore. the reduced fading
and polarization noise on the Ravieigh signal has resulted in less ambiguity of the spatial features of the
backscatter trace enabling a shorter pulse (1.3us) to be used and therefore greater spatial resolution (130m) to

be obtained than with carlier results (600m) [7].

6. Conclusion

A novel technigque has been reported whereby a single EDFA may be used as part ot a dual source to generate
both a wide band and narrow band signal for use in the Landau Placzek ratio method BOTDR DTS system.
Using a wideband source to generate the Rayleigh backscatter signal has resulted in a considerable reduction in
the coherent noise of this scattering. This has resulted in a significant improvement in the temperature and spatial

resolution of previously reported results.
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Figure captions

Figure | Experimental schematic

tJ

Figure Sensing fibre backscatter traces.
(). (b)y and (¢) Ravleigh. anti-Stokes and Ravleigh/anti-Stokes ratio respectively for the

narrowband Ravleigh source. (d) and (e), Ravleigh and Rayleigh/anti-Stokes ratio for the

wideband Ravleigh source.
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