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ABSTRACT

Therelative acauracy of temperature and strain determination using Brillouin frequency shift and power change n
standard single-mode fibre and the frequency shifts of the two Brill ouin peaks in large dfedive aeafibreis reported.

Keywords. Distributed Optical Sensors, Simultaneous Temperature and Strain Measurements, Spontaneous Brill ouin
Scattering.
1. INTRODUCTION

The dependence of the Brill ouin frequency shift on strain and temperature has been previously reported as the basis for
strain and temperature sensors but was unable to discriminate between the two measurands [1]. A development of this
idea, isto use the Brill ouin Optical Time-Domain Refledometry (BOTDR) technique, in which bath Brillouin frequency
shift and changein power are used to obtain temperature and strain change simultaneously along a link of standard single
mode fibre (SMF); however range and measurand resolution are manly limited by the power measurement accuragy. It
was reported that 99.7% of the temperature eror and 94% of the strain error is attributed to errors arising from the
intensity measurement [2]. An eegant solution recently proposed by Lee ¢ a. [3] isto use large dfective area fibre
(LEAF), which has multiple cmmposition fibre @re. The Brill ouin spedrum of sili cafibre depends on it structure and
doping composition of the fibre core. In SMIF, only one peak is observed, whil st multiple peaks are observed in LEAF.
The Brillouin frequency shifts of the first two peaks may be used to obtain the cange in temperature and strain
simultaneously, and avoids the need for a power measurement. This initial reported work was restricted to a relative
short sensing fibre length of 3.7km. The novel asped of this work is to explore whether this technique would prove
advantageous for long range sensing, we have therefore compared experimentaly the two methods.

2. THEORY

Lee et al. demonstrated that the frequency shift dependence of the Brill ouin 1% and 2™ peks are notably different for
temperature, but smilar for strain. Using the Brillouin frequency shift and power change matrix equation [4], but
substituting the power change by the frequency shift of the LEAF 2™ peak, the Brill ouin frequency shifts of peak one
Av? and peak two Ay are relaed to temperatureT and strain ¢ by the foll owing relation:

AN =CUNT+CAs )
Where i= 1,2. Since the strain coefficients for LEAF pesks ¢ "' andC [’ are eual, from (1), the dange in

temperature is given by (2). The change in fibre strain can be obtained by substituting the now known A7" (2) into (1),
and givenin (3).
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3-EXPERIMENTAL DETAILS

The experimental arrangement isshown schematicadly in (Fig. 1).
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Figure 1: Schematic diagram of the experimental set-up.

The source consisted of a 100uW tuneable laser @ 1533.625nm and EDFA amplification, generating a probe pulse of
120mW, and 100ns duration. This was launched into the sensing fibre. Coherent detedion of the spontaneous Brillouin
backscatter signal was achieved by dired measurement of the ~11GHz beat frequency between the optical loca
oscill ator and the Brill ouin signal using a wide bandwidth lightwave detector. The LEAF investigated was Corning®
Non-Zero Dispersion Shifted Single-Mode Fibre (LEAF®) with the following characteristics. loss of 0.199dB/km,
effedive area of 72um?, and dspersion of 4.3ps’nm.km @ 1550nm. The SMF used in this comparison, had a loss of
0.2dB/km and an effective area of ~80um?. The sensing fibre was arranged as shown in figure 1. The first 22km
remained on the original spools at room temperature. The next 400m was loosely coil ed and placed in an oven to allow
heaing whil & ensuring zero strain. The subsequent 580m were used as areference, maintained at room temperature with
zero gtrain. The following 120msedion was passed round 6 pairsof pulleys, loaded by placing weights sispended &t the
end of therig. Thelast 200m was used as a second referencelength and maintained at room temperature with zero strain.
Initial tesswere gerformed to establish valu esfor the wefficients governing the frequency shifts and intensity variations
with temperature and strain. The LEAF was then heated and strained at the end of 23km. The Brillouin Anti-Stokes
backscatter traces were mllected for a number of frequencies over the heated and strained sedions. The Brillouin
spedrum at each point was obtained by fitting Lorentzian curves to the data. The Brillouin frequery shifts of each peak
P1 and P2 and Brillouin power change were @lculated and the temperature and strain computed using a) the two
frequencies and b) the peak frequency and its intensity. The experiment was then repeated for SMIF, measuring the
frequency shift and power.
4. RESULTS AND DISCUSSION

The mefficients governing the frequency shifts and intensities variations with temperature and strain are shown in table
1. For the SMF case, the measured coefficient values agreed closdy with previoudy reported results [2, 5].

Table 1: LEAF and SMF Strain and Temperature Coefficients.

Coefficients LEAF LEAF SMF

P1 P2
CvT (MHz°C?) 10 +0.086 119+ 0.08 1.07 +0.070
C ve (MHzue™) 0.051 + 0.003 0.051 + 0.003 0.048 + 0.003
CPT (%°C?) 0.33+ 0.020 NA 0.36+ 0.030

Cp, ©oush 7+6 x10° NA 9+4 x10°
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Figure 2: Brill oun spectrum in SMF and LEAF. Figure 3: LEAF Brillouin frequency shifts at a
hested section in LEAF.

As sown in figure 2, the Brillouin spedrum central frequencies at room temperature were 11.11GHz for SMF, 10.91
and 11.09GHz for LEAF P1 and P2 respedively. The total Brillouin P1 and P2 power was 43% of SMF peak power.
The line width of the Brillouin peaksin LEAF & SMF was measured to be approximately 35MHz.  For clarity, figure 3
shows a 3D plot of Brill ouin frequency shift of P1 and P2 from 23°C to 80°C at a distance of 9 km aong the sensing
LEAF. Figures 4 and 5 shows the frequency shifts of P1 and P2 in the LEAF and the frequency shift and power change
in the SMF respedively for the heated and drained sedions over a range of temperatures, 23-80°C, and drains, O-

1600pe.
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Figure 4: Brill oun frequency shifts at heated and strained Figure 5: Brillouin frequency (top) and power change
sectionsin LEAF. (bottom) at heated and strained sectionsin SMF.

The variation in frequency over the strain region indicates the friction in the pull ey system. For further analysis, LEAF
1% peak frequemy shift and power change wee used to oltain the change in temperature andstrain simutareously, and
theresultsare cmmpared. For the heded and strained sedions the frequency and power errors were cdculated as siown

in table 2 for the three @ses:



Table 2: Resolution of the frequency and power measurementsin all three @ses.

Errors Sensing LEAF LEAF SMF
Fibre P1 P2
Frequency (MHz) Heated 32 35 355
Strained 29 29 3.68
Power Heated 35 NA 0.0146
(%)
Strained 4.5 NA 21200

Using the valuesin table 2, the mrrespording resolution of measured temperature and strain were @l culated for all cases
and listed in table 3:

Table 3: Resolution of temperature and strain measurementsin al three @ses.

Resolution LEAF LEAF SMF
in three cases P1& P2 P1

8T (°C) 12 10 4.01
8e (ue) 280 340 196

As previously reported, in SMF, the resolution of the Brillouin power change measurement, limits the resolution of
simultaneous temperature and strain measurements. Moreover; analysis of the LEAF 1% peak frequency shift and power
change give higher temperature and strain errors due to it being a weaker signal. Analysis of the two frequency
components of the LEAF fibre, to deermine the temperature and strain, producel a thregfold increase in the temperature
error from 4.01°C to 12°C, and a 42 % increase in the strain error compared to the SMF.

5. CONCLUSION

At present, the technique of using the two frequency peaks of the LEAF to measure temperature and strain, yields
increased errors as compared to the frequency and intensity analysis of the single frequency peak in SMF. Whilst our
data coll edion system allows detedion of the peak frequency to a resolution of lessthan 3.2MHz at thisrange, this new
technique imposes more stringent requirements on the resolution of the frequency measurement; it is a differentia
frequency change that provides the temperature information i.e. 190kHz/°C compared to 1IMHz/°C. A temperature error
of less than 1°C requires individua frequencies to be measured to a resolution of ~100-150KHz. The spontaneous
Brillouin linewidth is approximately 35MHz and in the presence of noise will li mit the resolution of the frequency
measurement. Dired detedion of the differentia frequency may prove a means to achieve some improvement. It is
concluded that distributed fibre sensors based on LEAF or other fibres with multiple Brill ouin peaks provide an exciting
new possihility for extending their range axd acauracy. However comparing the performance of dual frequency anaysis
of the Brillouin spedrum and peak frequency and intensity analysis of Brill ouin spedra in SMF we find a thredfold
increase in the temperature error and a42% increasein strain error.
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