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ABSTRACT

In this paper we combine the use of optical pulsdirgg and seeded second-order Raman amplificatieaxtend the
sensing distance of Brillouin optical time-domaimabysis (BOTDA) sensors. Using 255-bit Simplex cayithe power
levels of the Raman pumps and the Brillouin pumg probe signals were adjusted in order to exteaddhl physical
sensing distance of a BOTDA sensor up to 120 kmydwean the sensor interrogation unit, employing4®-km long
loop of standard single-mode fiber (SSMF) with epeater. To the best of our knowledge, this isfitlsé time that
distributed measurements are carried out over auohg distance with no active device inserted th®entire sensing
loop, constituting a considerable breakthroughfteld.

Keywords. Brillouin scattering, distributed optic fiber semns Raman scattering, optical pulse coding, tentpeza
sensing, strain sensing.

1. INTRODUCTION

The demand of distributed fiber optic sensors baserillouin optical time-domain analysis (BOTDA] for strain
and temperature monitoring in many applicationdfiehas been constantly increasing during the ksadke due to their
unique capability to perform distributed measuretmeadong many tens of km with meter scale spatablution.
BOTDA sensors are based on the detection of l@raperature- and strain-dependent variations oBitiouin gain
spectrum (BGS) [2] along an optical fiber. Measueats are carried out using a pulsed signal (pumpevahich
interacts with a counter-propagating signal (prelaee) by means of an acoustic wave generated ifilibe through
stimulated Brillouin scattering (SBS) [1], [2]. $&® both pump and probe signals must be sent intespropagating
directions along the optical fiber, the sensor weguires access to both fiber ends. Thus, BOTD#&s@es can exploit
the whole sensing fiber whenever the fiber is pdaicea bi-dimensional or three-dimensional confadion; however, in
some applications in which a linear fiber configioa is required, such as in the case of long pips| the useful
sensing distance is only half of the fiber length.

During the last years, some techniques have begmoped to extend considerably the sensing distahd&OTDA
sensors. In particular, distributed first- and setorder Raman amplification [3], [4] and opticallge coding [5] have
allowed sensing distances beyond 100 km with dpegiolutions of a few meters. The combination ioftforder
distributed Raman amplification and optical pulsding for BOTDA sensors has already been propogeXi#. Jiaet
al. in Ref. [6], and recently improved in Ref. [7]. tAbugh long sensing distances were reported usiagabove
mentioned methods, in all these cases the fullisgmange is determined by the fiber length, anackeonly half of this
length constitutes the real remoteness from theriogation unit.

Increasing the sensing range while maintainingadiapresolution of a few meters (1-5 m) is notiai due to the weak
SBS interaction in BOTDA sensing and due to thetéch pump and probe power levels required to avaidlinear

effects and pump depletion. In this paper we comisimeded 2nd-order Raman amplification with opfitdse coding
to extend the range of BOTDA sensors. The powegléewuf Brillouin probe and pump signals and Ramams are
adjusted to allow for distributed measurements @lameal sensing distance of 120 km, using a 2480k standard
single-mode fiber (SSMF).



2. PROPOSED BOTDA SYSTEM: THEORY AND EXPERIMENTAL SETUP

The system proposed in this paper makes use ofdhfitst- and second-order Raman assistance in gwtibn with
255-bit coding of the Brillouin pump. Seeded seconder Raman assistance [8] is used in the Briiquimp side to
increase the maximum distance reached by the Biillpump, without introducing a strong degradaiiothe signal-to
noise ratio (SNR) due to relative intensity noi&dN) issues. 255-bit Simplex coding of the Brilloupump is also
indispensable to ensure a sufficient SNR over thelevtrace. First-order Raman amplification in ghrebe side is
necessary too in order to ensure a minimum detiectadwer level at the receiver. The Raman assistam¢he probe
side is performed using a semiconductor laser neofkdturing low RIN, to minimize the RIN transferthe probe. In
addition, in comparison with previously reportedthasls, where the sensing fiber length correspoadthdé whole
optical fiber length, in this case half of the eptifiber length is used for sensing purposes toaestrate that a real
remote position equivalent to the claimed distarargge can be actually sensed; while the otherikathly used to
convey the probe signal and the so-called backwesgagating Raman pump (co-propagating with théemignal) up
to the middle of the fiber (at 120 km distance)eTgower levels for the backward-propagating Ramamppand the
probe signal have to be carefully adjusted to akmwugh probe power at the median point of ther fibmximizing in
this way the SBS interaction along the sensing fibe. along the first half of the full opticab&r span).

The proposed method is based on the experimeritgd seown in Fig. 1. The probe signal is generatgdg a double-
sideband technique [2] based on the intensity nataul of the CW laser light by a microwave signiatt allows
scanning the BGS of the fiber. The amplificatiortted probe signal is carried out using a Raman punifpcomprising
low-RIN semiconductor lasers at 1455 nm, providingaman polarization-dependent gain (PDG) lower th& dB.
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Fig. 1. Experimental setup of the BOTDA system a&sdi®y second-order Raman amplification and opficéde coding.
LD: Laser diode; EDFA: Erbium doped-fiber amplifi@S: Polarization switch; WDM: Wavelength divisiomultiplexer;
FUT: Fiber under test; PBC: Polarization beam combiik: Semiconductor laser; FL: Fiber laser.

On the other hand, an Erbium doped-fiber amplifigDFA) followed by an intensity modulator was usedyenerate a
high-power pump signal based on 255-bit Simplexrgpdnd 50 ns pulses, resulting in a spatial régsiof 5 m. The

pulse sequences are amplified along the sensieg i second-order Raman amplification [4], usiwg epolarized
fiber Raman lasers: a low-power first-order Ramamp at 1455 nm and a second-order Raman pump &triB6 This

pumping configuration is known as “seeded Ramanlifiogiion” [8] since the low-power first-order Ran pump acts
as a “seed” which is amplified by the second-ofaman pump. Although this configuration has widefen used in
telecommunication systems [8], as far as we arearmed, it has never been applied in BOTDA sensing.

The optical fiber used in this experiment considtseveral drums of standard single-mode fiberhwittotal length of
240 km. In particular, the 120 km of sensing secfiorst fiber half) comprises 3 fiber drums (20 k&® km and 50 km)
with a similar Brillouin frequency shift (BFSlpcated between 10.66 GHz and 10.68 GHz for a leserce emitting at
1551 nm. The remaining 120 km that forms the 44 km loop has a completely different BFS (~ 10&%2) in order
to clearly visualize the end of the sensing fibiet 20 km distance. Under this condition, the coBeitlouin pump and
probe signal interact along the whole sensing fitesulting in the most critical situation éwaluate the impact of pump
depletion in the system [9]. In order to avoid piziation-dependent oscillations in the BGS measerds) polarization
diversity schemes, based on polarization switcR&),(were placed at the pump and probe brancheateAeceiver, a
linear-gain EDFA and a tunable fiber Bragg grativeye used to select one of the probe sidebandodiiter out other
unwanted frequency components (e.g. ASE noise frenEDFA, the Rayleigh signal generated by the ddgidéllouin
pump, the residual carrier of the probe and thersg¢probe sideband).



3. RESULTS

In order to avoid pump depletion and nonlinearafen the fiber, the power of the Raman pumpd]diin pump and
probe signals were carefully adjusted. In particutg knowing that the maximum Brillouin pump povesrcurs at about
30-40 km distance (as a result of the second-dr#anan amplification) and by monitoring the powertloé coded
Brillouin pump at 120 km distance, we can estintatemaximum Brillouin pump power along the fiber this way, the
power of the first- and second-order forward-prgiegy Raman pumps were adjusted in order to aviodd the
maximum Brillouin pump power exceeds the threstaflchonlinear effects. This condition was reachemhgia peak
Brillouin pump input power of 5.56 mW and forwardspagating Raman pumps of 39.5 mW &aé mW for the first-
and second-order Raman pumps respectively. Onthiee band, the backward-propagating Raman pumpadpsted
in order to provide the highest possible probe poleeel at 120 km distance but at the same timawoid pump
depletion within the sensing section. This conditwwas reached using an input probe signal of 5Q8® and a
backward-propagation Raman pump of 644 mW.

In order to verify the performance of the impleneghBOTDA sensor based on the proposed seeded seodsrd
Raman amplification and 255-bit Simplex coding, mwaments were acquired with an equivalent of 28&4€raged
traces per scanned frequency. After measuring @&BA coded traces, a linear decoding process wed tesretrieve
the single-pulse fiber response at the differeahsed frequencies [4].

Fig. 2 shows a top-view of the decoded BGS as
function of the distance, along 120 km sensing ezamg
with 5 m spatial resolution. If we observe at thacé
with the maximum Brillouin gain of the last fibepaol
(i.e. at 10.66 GHz), depicted in Fig. 3(a), we caarly
see the end of the sensing fiber (~0.03 % gain)s It
worth mentioning that the SNR at the end of theerfit
(~6.5 dB) is high enough to provide reliable tenapere-
and strain-dependent variations of the BGS. This ¢
also be verified by fitting the measured BGS atrgve o0 50 100 120

Distance [km]

fiber position, so that the BFS along the wholess® £y > pecoded BGS as a funtion of distance, alb2@ km
fiber can be obtained, as shown in Fig. 3(b). ldeorto  sensing fiber, using 5 m spatial resolution.

evaluate the uncertainty of the measurement (cblate

the temperature and strain resolution), the stahdaviation of the BFS was calculated at the ldetieters of fiber. In
this case the calculated standard deviation isVIHZ at around 120 km distance, which is equivatend temperature
and strain resolution of 1.9°C and 8, respectively. We verified that the pump depletadang the 120 km-long
sensing fiber was kept as low as 2.0%, which haesgtigible impact on the BGS and BFS measurem@its [
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Fig. 3. (a) Brillouin gain profile at 10.66 GHz wleawe can be perfectly observe the end of the sgffitier at 120 km distance.
(b) BFS profile along the 120 km-long sensing fifiee uncertainty at the end of the fiber is 1.9 NIHz

Finally, in order to check the operation of the lempented BOTDA sensor in an extreme condition, $enseof sensing
fiber from the lowest contrast region (i.e. nea® kn distance) were introduced into a hot-wateh laatd5°C, the rest of
the fiber being in a controlled room temperatur@sfC. For clarity reasons Fig. 4 shows only theperature profile
measured in the last meters of fiber; as we carergbsthe obtained temperature profile perfectlyames with the
expected result. This constitutes the first meanare reported at a real 120 km remote distance framinterrogation
unit, using a 240 km-long standard single-modecapfiber with no repeater.
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Fig. 4. Detection of a 5 m hot-spot near 120 knssendistance

4. CONCLUSION

In this work we have implemented a long-range BOT&®hsor assisted by seeded second-order Ramarfieamipin

and optical pulse coding. A proper power adjustmesd allowed distributed measurements along a phkgsical

distance of 120 km away from the sensor unit, usi2g0 km fiber loop configuration and 5 m spatisolution. As far
as we are concerned this is the first time thah suisensing distance is reached with a BOTDA sengbich we

consider is a considerable breakthrough in theibliged fiber sensors field. We believe that furtbatension of the
sensing range needs deeper investigation sincenflemented system has very little margin to inseepower levels
(including the Raman pump power).
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