Dynamic BOT DA measurements using Brillouin phase-shift
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ABSTRACT

We demonstrate a novel dynamic BOTDA sensor bdsedhe first time to our knowledge, on the usdted Brillouin
phase-shift instead of the conventional Brillouiairg This provides the advantage of measuremeatsatte largely
immune to variations in fiber attenuation or changepump pulse power. Furthermore, the opticatctain deployed

can lead to an enhanced precision or measuremerd &nd to the broadening of the measurement range.
Proof-of-concept experiments demonstrate 1.66 kidasurement rate with 1-m resolution over a 160-nsiag fiber
length.
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1. INTRODUCTION

Dynamic measurements of strain are very attradivestructural health monitoring. Brillouin opticélme domain
analysis (BOTDA) sensors can provide distributecasneements of the strain profile in km-long fibevih high
precision and spatial resolution. Neverthelesgrigs drawback of this technique is the need &m $he Brillouin gain
spectrum (BGS) by tuning the pump and probe wagtteseparation in order to obtain the Brillouinduency shift
(BFS). As a consequence, the measurement timepisatly in the order of a few minutes restrictingetBOTDA
technique to static measurements.

Recently, modifications of the BOTDA scheme for dgnic measurements have been proposed. They ard base
tuning the probe wave to the skirt of the BGS s thariations in BFS are translated to changebeéramplitude of the
detected probe waté3 Key challenges faced by these dynamic BOTDA senace: to make measurements tolerant to
variations in detected probe wave amplitude thatusrelated to strain changes, such as changhe attenuation in the
sensing fiber or in the pump power; the improvenathe detected signal to noise ratio (SNR), sdoaseduce the
required averaging; and the increase of the meamnerange.

In this work, we demonstrate a novel dynamic BOTBe&nsor that is based on the use of the Brillouiaspfshift
instead of the conventional Brillouin gain. A phasedulated probe wave is detected and demodulatétkielectrical
domain so as to obtain an RF phase-shift thatiaddo be largely independent of the Brillouin pegln experienced
by the probe wave. Therefore, immunity to atteraratiariations in the fiber or changes in the polegel of the pump
pulses is obtained. Furthermore, the optical disteateployed can lead to an enhanced precisiothedroadening of
the measurement range and to the enhancement wighgurement time.

2. FUNDAMENTALSOF THE SYSTEM

Fig. 1 schematically depicts the fundamentals efgtoposed system. A phase-modulated probe waugied in one
end of an optical fiber while a pump pulse is idtroed at the other end. This probe wave interaittsthhe pump pulse
via stimulated Brillouin scattering (SBS) and isedited to the receiver using a circulator. If SB®raction only affects
the upper sideband of the modulation, then thecaptfield at the input of the photodetector comiram the interaction
of pump and probe at a particular location in iberf z, is given by the following expression:

E(t) =—Egexp( j271(vy = fre Jt) + Egexp( j27wot ) + Eqg eXp( j271(Vg + fre J1)H s (Vo + fre ,2) 1)

whereEy andEss are the complex amplitudes of the optical fielishe carrier and sidebands of the phase-modulated
probe waveyy is the optical frequency of the carriég is the modulation frequency amtiss is the complexBrillouin
gain spectrum at positianp which can be described by:
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wheregs is the peak gaingvg is the Brillouin linewidth,vg is the Brillouin frequency shift at positianandve is the
optical frequency of the pump wave. When the pdisetion is near to the acoustic lifetime, the @ffe interaction
spectrum can be approximated by the convolutiaiisfexpression with the pulse spectrum.
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Figure 1. Schematic representation of SBS intenactia the received signal.
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wherePo andPs are the optical powers of carrier and modulatiolelsandsRo is the responsivity of the photodetector
andav =v, + f, -v, +vg IS the detuning of the interacting sideband frora tenter of the Brillouin spectrum. The

approximation for the last term is obtained assgnairsmallgs, which is the case for BOTDA sensors. Notice that 3
shows that the detected signal and its SNR cambaneed simply by increasing the carrier power levkéeping the
sideband power low enough to avoid non-local effe@urthermore, the particular Brillouin peak gakperienced by
the probe wave at a given position of the sensiogy fonly affects the amplitude of the detectedteieal current, but
not its phase-shift. This is highlighted in Fig. ®here the RF phase-shift in our system and theliamde in a
conventional BOTDA are calculated and representedlifferent values ofs. As it is shown, the phase-shift remains
largely independent afs in contrast to the amplitude. This has major iggtions for dynamic sensing. In conventional
dynamic BOTDA, the probe wave is set to a wavelermgt the slope of the amplitude spectrum so thatvaniation in
BFS is translated to a change in the detected mpipditude. Therefore, the measurement is susdeptlerrors caused
by changes in pump power or attenuation in ther fibeese are highly probable in a structure withaiyic deformation
where they would be misinterpreted as strain cheinflee technique that we propose is immune to thases because
in our case the probe wave is set to the slopaefietected phase-shift, which is independentepimp power (via
gs) and of the received probe power.

The detected RF signal can be written in phastorah as:
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Figure 2. Calculated (a) amplitude at conventionalB@ and (b) RF phase-shift of the proposed technfque
different values of g




Fig. 3 compares the precision of our techniquénéd of the conventional BOTDA for two cases: edBilR of

42 dB for both methods and 10 dB improvement in ShiRthe phase-shift technique due to self-hetenedy
detectiort. This has been numerically calculated by consideGaussian noise in the received signals of both
systems. In addition, just one of the two poss#lifies of the amplitude spectrum for conventionallB® is
depicted. Notice that the measurement range favengminimum precision with the phase-shift teclumsids
larger than that of the conventional BOTDA. Forttémee, for a minimum precision of 1 MHz (around2Cfor
standard single mode fiber) the range would be 4% NB40 |t) for the phase-shift technique against 26 MHz
(520 &) for conventional BOTDA. Furthermore, the measugahrange increases to 75 MHz (1509 for the
phase-shift technique when the SNR enhancemessisraed.
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Figure 3. Calculated precision for the conventidd@ITDA (dotted line), phase-shift technique (solite) and
phase-shift technique with a 10 dB SNR enhancemashét line).

3. EXPERIMENTAL RESULTS

The experimental setup shown in Fig. 4 is assemhledder to demonstrate the system.
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Figure 4. Experimental setup for the phase-shifiebhaBOTDA dynamic strain measurements.
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The output of a laser source is divided in two agtbranches with an optical coupler. In the ugmanch, the optical
pump pulses are formed by the RF pulse-shapingnige& so as to obtain clean and leakage-free pulsesh Eac
generated pulse is 10ns long, corresponding to dpatial resolution. After amplification in an erbiudoped fiber
amplifier (EDFA), the resulting pump pulses areedted via a circulator to a 160m-long fiber. In tbever branch, the
probe wave is generated with an electro-optic pimasdulator driven by a 850 MHz RF signal. Aftereir&cting with

the pump pulses via SBS, the probe signal is dicktt a receiver and the resultant RF signal isodietated. Finally,
the BOTDA signal is captured in a digital oscillope.

In order to prove that the detected phase-shiftnimune to amplitude changes of the BOTDA signalesal spectra
were measured for different attenuation valuedefdulse and probe signals. Fig. 5a shows thaddterted phase-shift
remains unaltered while the amplitude (inset) saféevere attenuation.
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Figure 5. (a) Scanned phase-shift and amplitudetsptor different attenuation values of the pudsé probe signals,
and (b) fast-acquisition measurement of the indwsteadn at the cantilever beam.

Finally, a 1 meter section of the fiber was affixied epoxy resin onto the surface of a 1-m cantildweam. The
cantilever beam was made to vibrate so that dynamei@surements of the induced strain could be paddr(Fig. 5b).
The precision of the sensor was measured to bes20ith an averaging of 64 samples. In dynamic distied strain
measurements, the sampling rate only depends dertéh of the sensing fiberTherefore, a potential sampling rate of
625 kHz could be achieved. However, this was lithlbg the available instrumentation achieving a messent rate of
1.66 kHz.

4. CONCLUSION

A novel dynamic Brillouin sensor based on the usi® Brillouin phase-shift has been proposed amahstrated. The
technique relies on the RF phase-shift spectrunichwis proofed to be largely immune to variatioristiee Brillouin
peak gain, attenuation on the fiber, or changethénpower of the pump pulses. Therefore, one offthhedamental
drawbacks of the previously reported dynamic BOT&Aemes is overcome. In addition, theoretical ¢aicuns show
that the technique could lead to a broadening ef mteasurement range and an enhanced precisiorlyFiaa
proof-of-concept experiment has been performeddermto demonstrate the capabilities of this teghei
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