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Abstract— We demonstrate a scheme which allows for temperatu the fibre corresponding to zero delay between thenter-

corrected distributed strain measurements with avpd spatial and
strain resolutions and reduced data collection .tifftee technique
utilizes the combination of frequency based BOCD AhvBtillouin
intensity measurements for a fully temperature camspted strain
sensor with a strain resolution of |B6and spatial and temperature
resolutions of 10cms and 095
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[. INTRODUCTION

Optical fibre sensors utilizing Brillouin scattegirhave been
previously reported for measuring temperature arairs[1].
In situations where both strain and temperaturerdigencing
factors, Brillouin frequency measurements
insufficient to unambiguously determine the stradmillouin
Optical Correlation Domain Analysis (BOCDA), whilst
offering unrivalled high spatial resolution of thgrillouin
frequency shift [2], requires an additional meament to
allow temperature and strain effects to be sepdrat&his
paper provides a solution to this problem by corimigin

alone are,, - 844V, : Ad=Vo

propagating beams of light. Peak Brillouin frequenc
corresponding to this localised region is obtaibgdcanning
the frequency of the frequency shifter. By delayting phase
of one beam relative to the other, the positiotheflocalised
Brillouin interaction region can be swept all aldhg fibre.
This is normally achieved by incorporating a defiaye
outside the sensing fibre, which essentially trates any
change in the sweeping frequency of laser intqtiase
change necessary to move the interrogation podmigethe
sensing fibre.For the BOCDA based measurements, the
spatial resolutiorfaz)and measurement range corresponding to

the interval between correlation pedkg are given by the
following equations [2]:
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where f_is the modulation frequencgf is the frequency
variation achieved when the laser wavelength ispswat
frequencyf  ,Av, is the linewidth of the Brillouin spectrum

and V@J is the velocity of light in the fibre.

BOCDA with an independent distributed measuremeit O previously, we reported the use of spontaneous aRam

temperature, based on the determination of thagitieof the
anti-Stokes Brillouin scattering (B-OTDR) with vemuch
higher spatial, temperature and strain resolutichan
previously reported, table 1, in order to produneraproved
high spatial resolution, fully temperature compéedastrain
sSensor.

Ref. Spatial Temperature Strain Resolution
Resolution Resolution

[1] 20m 4°C 10Qe

[3] 10m 6°C 15Q¢

[4] 5m 3.5°C 8he

[5] 1.3m 3°C 8Qe

[6] 32m 8.8°C 220¢

[7] 10m 4.1°C & 27°C 14k & 570ue

Table 1, lists the achievements of previous teahesguith spatial,
temperature and strain resolutions respectively

In BOCDA a frequency swept laser output it apto
two. One of which is frequency shifted by an amalose to
the expected Brillouin frequency shift, and laurtheo the
opposite end of the sensing fibre to the otherhifiesl beam.
A strong Brillouin interaction results in a locaid region of

scattering to provide this temperature compensatimspite
using high peak pulse powers, the spatial resalutice
achieved was limited to 24 cms even with averagimgs of
40 minutes, due to the very weak nature of the tsp@ous
Raman scattering [8]. In order to more fully explitie high
spatial resolution capability of BOCDA, we have éstigated
the benefit of combining the Brillouin anti-Stokes
measurement with the Brillouin frequency based B®@CD
technique. The known temperature dependence 68

[1] and small strain dependence of -9 X' ¥lue [9], of the
Brillouin anti-Stokes intensity was then used tdowl for
strain to be determined from the BOTDR and BOCDA
information. In order to discriminate temperaturel strain,
the change in Brillouin frequency shift from BOCDénd
intensity from B-OTDR can be expressed in matrixnfp
which on solving allows for the temperature compded
strain to be ascertained, as given by equation 2.
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where c¢ and cr are the coefficients for the Brillouin

@

frequency shift due to strain and temperature, evgj] and



c; are the coefficient for the Brillouin anti-Stokestensity
change with temperature and strain respectivelyiagn 3
estimates the error on strain computed using egjuati
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aw, and | 5, are the RMS errors on the Brillouin frequency
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and anti-Stokes intensity measurements respectively
II. EXPERIMENT

The sensing fiber comprised 131m of standard singbele
fiber with an effective area~ 867, loss ~ 0.20d&m and
dispersion~17 ps/km nm at 1550 nm. The experimental se
up, with detail of the sensing fiber layout is skmoim fig. 1.
The injection current of laser diode (2) (linewidth5 MHz,
1550nm) was modulated to achieve a frequency vamiaf of

8.8GHz with sinusoidal sweep ratesof 1.07252 MHz —
1.07330 MHz and 1.10922 MHz — 1.11000 MHz (freqyenc

step~ 0.03 kHz) in order to enable a single cotimiapeak to
be scanned over the fibers from section 1, 2, 3 4nd

respectively.
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Fig. 1. (a) Proposed scheme for the temperaturgensated distributed
strain sensor system; (b) Layout of 131m sensbrg.f

The output from laser diode (1) (linewidth ~ 5 MH549nm)
was fed through a cascaded arrangement of elegtio o
modulator (EOM) , erbium doped fiber amplifier (EBFand
acousto optic modulator (AOM), resulting in 0.5ns11W
peak power pulses, which were subsequently launicttedhe
131m sensing fiber. The spontaneous Brillouin &bbkes
back-scattered signal was amplified using a 30dB ggtical
amplifier and filtered using two narrow (~3.5GH®#ré Bragg
gratings. The amplified signal was detected usiag@Hz
APD.

IIl. RESULTS AND DISCUSSION
Fig. 2, shows a summary of the BOCDA resiiig. 2(a),
shows the three Brillouin gain spectrum (BGS) ceponding
to three different sections of the sensing fibeaces red and
blue, show the BGS corresponding to section 2 aatian 4,
subjected to a temperature of 52°C andoaninal strain of

1044.4.:¢ respectively, whilst the black trace shows the BGS
corresponding to unheated (25°C) and unstrainetibsscl,3
and 5 of the 131m sensing fiber. Fig. 2 (b) andsf@w the
change in Brillouin frequency shift of 28MHz and MMz,
emerging as the correlation peak is swept fronticged to
section 2 and section 3 to section 4, resultingBiillouin
frequency coefficients of 1.04 MHz/°C and 4.5 MHXjie
respectively.
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Fig. 2. (a) The Brillouin peaks corresponding to the sedin
unheated/unstrained, and heated Sections of the $8hsing fibre;, (b) the
step change in Brillouin peak frequency when saamhe correlation peak
from the unheated to heated Section and (c) freenutistrained to strained
Sections.

The spatial resolution (10/90% response) was medstar be
10cm for the heated section and 9cm for the stdageetion,
with a frequency error fy,) of 1.7MHz. The spatial

resolutions were in close agreement with the thexiéy
calculated values of 10.1cm (heated section) anch® (strain
section), using equation 1 and 2 respectively. dtii in the
heated section in fig. 2(b) was due to a tempesatuadient
over the hot plate.
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Fig. 3 The normalised B-OTDR plot of the fiber iecton 2 heated to 52°C,

with the insert showing the normalised Brillouintensity of the heated

section
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Fig.3 depicts a normalized B-OTDR plot with the arts
showing the normalized Brillouin intensity of theedted
section and Fig.4, shows a spatial resolution ofmg,
evaluated using the 10/90 response of a step chamge
temperature, between the heated section at 52°QCiamehated
section at 25°C. The r.m.s intensity noi(sm BAS) of the

heated section shown in insert of Fig. 3 was measto be
0.34%, which translates into a temperature resoiutdf
0.95°C. An improved data acquisition system allow&d
averages to be collected in a little over a miragmpared to
40 minutes in our previous result obtained with RBR [9].
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Fig. 4 Depicting a 10/90 step response for thestt@mm from unheated (1) to
heated (2) fibre, indicating a spatial resolutié7ams.

The intensity change for the five differé@tperatures is
plotted in fig. 5. The slope corresponding to cioefht of
intensity change with temperature extracted froedQuation
of a linear fit was 0.36%fC, which is in agreement with
previously reported value [1].
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Fig. 5. The % intensity change of Brillouin antekés signal versus
temperature.
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The frequency errorgy,) of 1.7MHz on the

Brillouin  frequency based strain measurements
corresponds to a strain resolution ofu88in the
absence of temperature uncertainty. To ascertan th
strain resolution under conditions where the
temperature effects are also present, equatioru8eid

to compute the strain resolution. Combined errdrs o
the Brillouin frequencyBoCDA~ &v, =1.7MHz) and

Brillouin intensity (B—OTDR~ ANl, = o34%)with
coefficientsc? = 45MHz/100ue; CJ, = 104MHz/°C;

T = 036%/'C; Cf =9x10*%/ue, Yield a temperature
compensated strain resolution of ys6for a strain
sensor of 131m long with a sub metre spatial
resolution of10cm.

IV. CONCLUSION

A high spatial resolution temperature conga¢ed strain
sensor has been demonstrated using BOCDA combiited w
B-OTDR. With the use of the stronger Brillouin iaitokes
signal as compared to the previously used RamaiStokes,
the signal to noise for intensity based temperature
measurements was improved nearly 5 fold i.e., fto®86 [9]
to 0.34%. This permitted both the strain and speggolutions
of the temperature compensated strain to be reduoed
97ue and 24cms [9] to 5& and 10cms. Due to an improved
data acquisition system the data collection tinrettie
averaged B-OTDR trace was reduced from 40 mingtes t
little over 1 minute. This improvement in respotisee
provides new opportunities for monitoring cycliatbng of
smart composite structures which often undergoidenable
heating during the strain cycles.
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