Copyright 2017 Society of Photo-Optical Instrumdiota Engineers, Optical Society of America,
and IEEE This paper was published in [Proc. SPIB2B025th International Conference on Optical
Fiber Sensors, 1032395 (23 April 2017); doi: 1@74/12.2267520] and is made available as an
electronic preprint with permission of SPIE, OSAddEEE. One print or electronic copy may be
made for personal use only. Systematic or multigpgoduction, distribution to multiple locations
via electronic or other means, duplication of aratemial in this paper for a fee or for commercial

purposes, or modification of the content of thegyagre prohibited.



BOTDA sensing system employing a tunable low-cost Brillouin fiber
ring laser pump-probe source

M. luliano®®, D. Marinf °, F. Bastianirfi G. Bologninf"

%Consiglio Nazionale delle Ricerche, IMM Institul€1 via P. Gobetti, 40129 Bologna Italy
® Universita degli Studi di Bologna, 40129 Bologrtaly
°Sestosensor S.r.l., 34 via A. Calzolari, 4012880k Italy;

ABSTRACT

In this paper we show a Brillouin optical time-damanalysis (BOTDA) sensing system experiment ewiptp a
tunable narrow-linewidth dual pump-probe sourceedasn modified Brillouin ring laser technology. THeveloped
cost-effective source generates a tunable pumpetbgkobe light, with suitable wavelength shift,gertuning range
(~200 MHz), narrow linewidth (<2.5 MHz) and adequpabwer (~0.5 mW). The developed source was hempboged
in BOTDA system experiments providing distributeshsing over ~10 km single mode optical fiber, attdi@ing strain
and temperature resolutions of H£0and ~0.5 °C respectively, indicating the pump-praburce as an efficient and
cost-effective solution for BOTDA avoiding high-freency signal generators or complex locking tealnesg
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1. INTRODUCTION

Distributed optical fiber sensors (DOFS) recendlised significant interest thanks to their uniqapability of allowing
spatial resolved measurements over long distanegpfications ranging from energy to security, deéeand structural
health monitoring. DOFS based on Brillouin techigyloare in particular of increasing interest forustural and
geological applications since they enable distaduimeasurements of both temperature and mechastiedh. Most
popular Brillouin fiber interrogation schemes, swashBrillouin Optical Time-Domain Analysis (BOTDA&Nd Brillouin
Optical Frequency-Domain Analysis (BOFDA), expldie temperature-strain dependence of the Brilldtéquency
shift (BFS) parameter [1,2] over sensing lengthseerling some tens of km of Single-Mode Fiber (SMRYl are based
on detection of stimulated Brillouin ScatteringBS) detection with a pump-and-probe scheme.

Most BOTDA systems, in particular, work by reconsting the BFS distribution along the fiber by aicing the time-
domain intensity change of a continuous-wave (CYadpp light that counter-propagates in the sensbrg fvith respect
to a pulsed pump light at a number of different pupnobe frequency shifts (fixed pump, tunable pjobbe maximum
probe light amplification (at the expenses of thenp energy in such a Brillouin-gain scheme) oceulien pump-probe
frequency shift 4v) equals the local acoustic phonon resonance freguge. the BFS), and then the acquired data in
frequency-shift and time domains are processeddonstruct the whole Brillouin Gain Spectrum (B@#)ng the fiber,
whose peak leads to BFS variations which carryatéke known strain-temperature dependence [1]. Talpiethods for
generating a frequency-shift sweep of the problet ligith respect to the pump involve the use of an optical Phase-
Locked Loop (PLL) [3] or optical side-band (OSB)ngeation method [4]. In OSB, the probe light isadbed by
modulating a fraction of the pump light through Blectro-Optical Modulator (EOM) that is driven byngicrowave
signal at the desired wavelength shift frequenkig tequiring a fast EOM and 10 GHz-range tunaldea generator
that implies increased costs and complexity. In Bchemes, on the other hand, the probe is obtéioeda secondary
(slave) laser source wavelength-locked to the pyinjanaster) laser through a feedback system capahlilmpose and
keep constant a inducing a known, tunable wavelesbift between them. PLL-based solutions requsgestially
narrow linewidth sources as master lasers for aateqfrequency-locking stability, and exhibit issuasfeedback
optimization/alignment and long term performancettBPLL and sideband techniques above are compidxcastly,
and hindered the deployment of BOTDA systems oJarge scale.
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In this paper, we apply the recently developedtlggurcé providing pump-locked probe light [5], to a Brilim sensor
system based on BOTDA. The pump-probe source, mmahéed through a recirculation loop employing a ified
Brillouin fiber ring laser (BRL), shows good tunabtapabilities suitable for Brillouin sensing. A BDA system
experiment session demonstrated distributed sermsiag up to 10 km single mode optical fiber, aftagnstrain and
temperature resolutions of 41and ~0.5 °C respectively, indicating the pump-greburce as an efficient and cost-
effective solution avoiding high-frequency signahgrators or the use of PLL techniques.

2. BRILLOUIN FIBER RING LASER
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Fig. 1. Modified BRL source. B-EDFA: bi-directionaflitum-doped fiber amplifier, FC: fiber coupler, OGQutizal circulator

The scheme of the developed modified BRL employeBOTDA is shown in figure 1. The pump power emgdyn
BOTDA (see next Section) is given by a distribufeddback laser (DFB) centerediat 1551 nm with ~1.25 MHz
linewidth. A portion of pump power is employed iardRL source, and is hence coupled to a singleenfibeér (SMF)
through port 1 on an optical circulator. No punghtirecirculation is allowed in our scheme, unlitber coupler-based
ring configurations [6]. A bi-directional Erbium Ped Fiber Amplifier (B-EDFA) [7] is then placed arder to boost
the seed power and amplifying the generated St§#®, lthen effecting lowering the threshold levetl @nhancing the
system efficiency. Note that no significant powsrcitlations were observed for gain values lowemtkd5 dB. The
Brillouin Scattering product Stokes line, togethdth the Rayleigh signal of the pump, propagatingthe opposite
direction of the seed, are reintroduced in the Ifropn OC port 2 through OC port 3. A portion of gested StBS
backward-propagating radiation is tapped from thg cavity by using an optical coupler (OC, 95/4itpg ratio), and
employed in BOTDA systems (probe OUT). The generatdiation must necessarily be tunable in BOTDA fo
accomplishing BGS reconstruction. Actually, to @e®GS under all sensing fiber strain/temperatamdiions, a large
probe tuning range is sought after. In our schetmeability of generated probe light was achieverbulgh piezo
actuators acting on the Brillouin ring fiber cadtiven by a DC-voltage generator. Actually, PZTuatbrs imparting
tensile strain (up to ~4 ghcan enable a large tuning range over ~200 MHz #ilowing one to monitor most sensing
fiber strain/temperature conditions. Moreover, ge@erated probe light should be narrow linewidtbugh to allow for
a correct reconstruction of BGS without affecting sensor resolution (therefore it should be mwshomwer than BGS
linewidth). Linewidth was assessed through a delagif-heterodyne technique [5, 8], providing aouaate worst-case
characterization for MHz-wide sources. The lighl-fudth half power was measured to be ~2.5 MH4i¢ating a
small value enabling an accurate BGS reconstruatid8@OTDA sensing. The extracted power is meastiecheans of
an optical power meter, resulting in a maximum atufpwer of ~ 0.5 mW with the available 25mW inputmp power.

3. BOTDA SENSOR EXPERIMENT

In order to demonstrate the ability of the devetbpeurce to be successfully employed in Brillowensing, we set up a
BOTDA system incorporating the novel source. Figershows the experimental set-up of the BOTDA-basstsor
employing the proposed BRL source. The common lgghirce is a standard distributed-feedback (DFBgrlat 1.55
nm (see previous Section). The CW-light is firditspto pump and probe branches by using an opsiphtter. One of
the outputs of the splitter is used as pump sigarad, hence amplified by an Erbium-doped fiber afigpl{(EDFA) and
coupled into a Mach-Zehnder modulator (MZM), drivieyy a low-frequency pulse generator, in order ®ate high-
power pump pulses (we employed 40 ns pulse widttesponding to a minimum spatial resolution of 4ere
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Fig. 2. Set-up of BOTDA sensor employing BRL lightisce

The pump pulses are hence coupled into one erfieaensing fiber. The other output port of thettgplis used in the
BRL scheme to generate the probe signal (whicimhierently locked to pump wavelength) as explainegrevious
Section. The generated CW probe power is then edupt the other end of the sensing fiber. Tuninghef probe
wavelength-shift with respect to pump wavelengtkisply achieved by adjusting the tensile straitheffiber ring coil,
thus accomplishing BGS trace reconstruction. Sithee efficiency of StBS is polarization dependenipdarization
scrambler has been used to depolarize the prole $ig that fluctuation of the Brillouin gain dwepolarization changes
along the fiber are highly suppressed. At one fiyed, the probe light amplified by pump through StB collected,
through an optical circulator, and coupled intchatp-detector (100 MHz bandwidth), with subsequerglog-to-digital
sampling and data storage.

Fig. 3(a) shows the BGS measured along the lastgbasensing fiber, by sweeping the modulation fiexapy of the
probe signal. The sensing fiber itself is givendgyeral spools of different single-mode fibers,hehaving different
BFS characteristics, in order to emulate the tyd&#&S variation in presence of temperature (oristrenodifications,

i.e. to estimate the sensing performance for & ¢dtal0 km SMF. The length of each fiber spoasi®wn in Fig. 3(b);
in particular two very short spools of SMF (47 mdahm) exhibit BFS values (i.e. BFS-3) which arevdeshifted by

about 30 MHz from the initial long fiber spool BRBFS-1), and are interleaved with ~100 m fiber dpachose BFS
(BFS-2) is ~20-MHz up-shifted with respect to iaitfiber, providing a valid assessment for spatiedisolved sensing
estimation in case of hot spots or short straiiteet Sections.

Sensing fiber configuration
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Fig. 3. (a) Brillouin gain spectrum (BGS) measuretaes a function of the distance for last senshey kilometers. (b) Sensing
fiber configuration highlighting the different fibspools with different BFS characteristics



80 o e e i o, -’!“"q.”“‘“‘\fwl"ma’ .n_md

Frequency [MHz]
a3

@
[=]

wn
o

7500 8OO0 8500 9000 9500 10000 10500
Distance [m]

Fig. 4. Brillouin frequency shift (BFS) parametersugs distance.

The BFS parameter is then calculated from BOTDAdsaby Lorentzian fitting of the gain spectra (B&S8)each fiber
location. The result of BFS along fiber distancéémnce shown in Fig. 4; in this figure, the abilifyBOTDA to detect
BFS variations in short fiber spools can be clealdgerved (particularly in the 7 m fiber spool) €Tfhequency accuracy
attained by BOTDA sensing with our proposed pratieee can be calculated as the standard deviatitre BFS trace
in Fig. 4, and results to be ~0.5 MHz throughow fiber length, representing a resolution in terapee and strain
equivalent to ~0.5 °C and ~18@, respectively.

In conclusion we have successfully applied our psed optical source to distributed temperature atrdin
measurements in BOTDA-based sensing. The optiaaicep based on a modified Brillouin fiber ring lgsean be a
cost-effective solution to overcome the limitatioaffecting conventional BOTDA systems (given by exgive and
complex components and techniques) to provide ablen pump-locked narrow-wavelength probe signhe BFRL
source showed an adequate probe output power (/) large tunability (up to ~200 MHz), and a navrlinewidth
(<2.5 MHz). This feature allowed us to successfally-up a cost-effective BOTDA sensor scheme piogidown to 4
meter spatial resolution over ~ 10 km single mopgcal fiber with strain and temperature resolusiai ~ 10pe and
~ 0.5 °C respectively.
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