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ABSTRACT

Raman-assistance (RA) has become a promising tpohrto enhance the sensing range of standard @nill©Optical

Time Domain Analysis (BOTDA) fiber sensors duettability to amplify in a distributed way all theteracting signals
within the fiber. Unfortunately, Raman amplificatiintroduces a great amount of Relative Intensitysil (RIN) to the
detected low-frequency probe wave. This RIN trangfeblem has been widely identified as a majoitition in RA-

BOTDA. In Vector Brillouin Optical Time Domain Angsis (VBOTDA) the detected signal is transferredatbigh-

frequency carrier where the Raman RIN transferstant to be much less harmful. In this work we destiate, for the
first time to our knowledge, Raman-assistance WB®TDA. Our results show significant reduction b&tRIN transfer
effect in RA-VBOTDA compared to standard RA-BOTDaking this type of scheme particularly interestioglong

range distributed sensing.

Keywords: Brillouin scattering, distributed optic fiber sems Raman scattering, phase measurement, temperatur
sensing, strain sensing.

1. INTRODUCTION

The request for long-range (> 50 km) distributeefi optic sensors for civil structure monitoring pgogressively
increasing every day due to the availability of niefvastructures crossing large unmanned areas.dDtiee preferred
techniques for the distributed monitoring of lagel structures is Brillouin Optical Time Domainnalysis (BOTDA)

[1]. However, a standard BOTDA can only range upapproximately 50 km. To achieve longer distancasge

increasing techniques should be applied. Amongethase of the preferred techniques is Raman-assist&ither using
first-order pumping [2] or second-order pumping, [[3]. These methods can help to achieve 100 kraisgrrange [5]
and beyond [4] maintaining a considerably high ggmn (2-3 meter) without any special kind of daatment.

Unfortunately, distributed Raman amplification oduces Relative Intensity Noise (RIN) transferhte tletected signal.
This RIN transfer appears to be stronger at lonaguencies (< 200 MHz) [5], which is the frequemnegion where the
detection scheme of a standard BOTDA operatestraneferred quasi-periodic noise turns out to keeexely difficult
to completely average out in the acquisition scheane sometimes digital filtering techniques areessary for high-
performance applications [6]. Overall, RIN trandf@s been identified by many authors [7] as a mlajgtation in the
performance of long-range and high resolution Raaesisted BOTDA sensors.

Vector Brillouin Optical Time Domain Analysis (VB@A) [8], [9] transfers the detected signal to atifgequency
carrier region (> 500 MHz) where the RIN transfesnfi the Raman pump to the probe signal should tmnglly
attenuated. The origin of this RIN transfer reductiies in the large walk-off times between the Rampumps and the
BOTDA signals induced by chromatic dispersion (salvperiods of the carrier signal in VBOTDA). Thiauses any
noise perturbation in the Raman pump to slip aleegeral signal periods, amplifying the whole sigmadre
homogeneously and reducing significantly its deletes effect. So in principle this scheme can bedut strongly
reduce RIN transfer drawbacks when enhancing thgeraf a distributed fiber optic sensor.



In this work we demonstrate, for the first timeniR assistance in a VBOTDA. We provide experimeadigh showing
that RIN transfer in a VBOTDA can be reduced by entvan 10 dB over a conventional BOTDA in a bi-diienal
Raman amplification scheme. The results showntitiis the potential of this technique for long-ramgeasurements.

2. EXPERIMENTAL SETUP

A VBOTDA is very similar to a standard BOTDA: a pall pump wave interacts locally with a frequenciftesth

counter-propagating signal through Stimulated Builh Scattering (SBS). Instead of a continuousevpwbe, in
VBOTDA the probe is phase modulated (PM) to créatesidebands. The frequency arrangement is dotizas@ne of
the sidebands of the PM signal falls in the SBS gagion [8]. This causes a local conversion ofsgho amplitude
modulation (AM), that can be easily detected byghHbandwidth photo-detector. Amplitude and phadermation can
be obtained this way, even allowing real-time measments [10]. Typical modulation frequencies of B signal can
reach several hundred MHz without significant chatim dispersion impairments. As mentioned befooe, Raman
assistance this turns out to be extremely intergst avoid RIN transfer effects.

The developed experimental setup is mainly basedntioducing a first-order bi-directional Raman difigation
module to the VBOTDA developed in [8]. The employgdtem can be observed in Figure 1.
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Figure 1. Experimental setup of the VBOTDA systersisiad by first-order Raman amplification. DFB: [Distited
FeedBack Laser Diode; EDFA: Erbium Doped-Fiber Affigrli EOM: Electro-Optical Modulator; PM: Phase Mudator;
VOA: Variable Optical Attenuator; WDM: Wavelengthivision Multiplexer; FUT: Fiber Under Test; FL: F&b Laser.
Because of oscilloscope memory limitation, for a sueament over the full fiber length, the probe tiofidlight signal is
logged with a microwave spectrum analyzer in Oderpy span mode. Conversely for studying a shoet lection, we use
an oscilloscope which has a higher analysis bartiwidiscilloscope can be sometimes replaced by crsjpe analyzer.

A low-noise ~500 kHz Distributed-FeedBack (DFB)dasliode emitting at 1550 nm is split to obtainfbpump and
probe waves. The pump wave is achieved by puldiagcbntinuous output of the DFB with 200 ns pul& meter
resolution) and afterwards amplified through aniatbDoped Fiber Amplifier (EDFA) to obtain pulsegthv~3.5 mW
peak power. On the probe wave side, two phase ratmalare employed. The first one, labeled as gl Oscillator
(FLo) , the detected frequency, is fixed at 750 MHzichlhis far enough from the RIN transfer region. Thieer one can
be tuned in the 10 GHz range and allows to scam the Brillouin Gain Spectrum (BGS). These two miatlrs
develop a probe spectrum for the BGS scatFats= HF <+F o). By tuning the Efrequency so th&zgs frequency is
located around the BGSkggs will be located in the gain regime while-gs will be in the loss regime [11]. This
unbalance will disrupt the phase modulation eqrilitn provoking an amplitude beat note at thg frequency. This
frequency can be detected in the high-bandwidtealet and demodulated, providing information oftbgain and
phase of the BGS. The probe signal power is alspliied in this case to obtain a power level ~d/. This level
ensures a good signal level at the detection sibigevetill avoiding undesired non-linear effects wsll as pump
depletion. The distributed Raman amplification é&eloped through a FL emitting at 1455 nm which Efiep all the
signals within the fiber. These lasers are nowadhgsones that can provide enough power in ordeprawide a
considerable range extension, although, as sttteg,introduce a great amount of RIN transfer (RfNhe FL is -110
dBc/Hz).

Besides confirming the RIN transfer reduction, shetem was also tested as a temperature sensokrdhf fiber were
monitored, formed by three spools spanning 40 k&5 &m and 2 km respectively. All three reels hadhaximum

Brillouin Frequency Shift (BFS) of 10.866 GHz at 2Q. The resolution of the system, set at 20 metees

considerably low due to system limitations, althioiigis not a significant drawback in this work sinthe reduction of
RIN transfer can be equally tested under theseitions (it mainly affects the probe detection).



3. RESULTS

The verification of the RIN transfer reduction wdsveloped by measuring the whole frequency spectiuthe probe
signal with and without the distributed Raman afigdtion. As a simple test, the bi-directional Ranremplification
was set at 550 mW, which means 275 mW of Ramanificapibn on the probe side. Figure 2 shows the FEguared
Fast Fourier Transform) representation of the deteprobe wave RIN noise as a function of frequersyit can be
clearly seen, at low frequencies (< 200 MHz), whestandard BOTDA operates, the probe RIN levakiases around
30 dB when the Raman pump is turned ON (blue trd&g)setting the probe wave at 750 MHz it can bensihat the
noise increase given by Raman pumping is reducébdaindB, which implies a 10 dB reduction in terofstransferred
noise. As long as the frequency increases the risiseduced even more (15 dB reduction at 1 GHz)higher
frequencies the chromatic dispersion effect intoedua non-negligible PM-AM conversion in the preigmal [11], and
would therefore restricts the VBOTDA dynamic raregeordingly. Therefore, it is necessary to findraper trade-off
between the RIN reduction achieved and the dynamige reduction caused by chromatic dispersion. tRer
experimental settings, we have Bgp = 750 MHz.
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Figure 2. Comparison of the RIN transfer to the prelave when the Raman pump is OFF (red trace) anah ilie
amplification is set at 550 mw in a bi-directioahfiguration (275 mW for the probe signal).

Once the RIN transfer reduction was proved andcesde750 MHz as the proper modulation for our pegso the
performance of the Raman-assisted VBOTDA as a sems® tested. In order to do that, the last 2 krtheftotal 84.5
km were introduced in a temperature controlled ovére first 82.5 km of fiber were kept at 20 °C stamt controlled
temperature, which generated a maximum BFS at 608z, while the heated fiber was set at 60 °C. 206C
temperature difference is translated as approxim&2 MHz of frequency shift (1.3 MHz/°C)[8]; thusje expect at
82.5 km a 20 meter gain transition from 10.866 GHtl 10.918 GHz.
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Figure 3. Whole trace measurement (spectrum amlyze
for 10.866 GHz (red trace) and 10.92 GHz (bluedyac
At the expected location (82.5 km) a clear gaingiton

is observed, and the maximum gain at the fiber isnd
shifted as expected.

Figure 4. 200 meter zoom (oscilloscope) at the dukat
fiber transition zone. A 20 meter transition cansben at
the expected location from 10.866 GHz until 10.918
GHz, which corresponds to the 40 °C difference (0300
GHz/°C).



In Figure 3, it can be seen the whole 84.5 km §488.5 km + 2 km) at the frequencies of 10.866 @hid 10.918 GHz
(corresponding to the BG shift at 20 °C and 60 9®g acquisition is done with 500 averages. A ctgan shift in the
end of the fiber is noticeable, and the contrasivbéen the heated and non-heated section is verg.gs® it can be
observed, no RIN transfer is noticeable even withrelatively low number of employed averages. faitksd sweep of
the transition between the heated and non-heatdibise is seen in Figure 4. A complete switch &f ¢fain position can
be seen around the position of 82.5 km. Visible tdomplete gain switch is achieved in 20 metersficning the

aforementioned resolution values. This measuremvastdeveloped in a 200 meter span through anl@semipe. The
measurement was developed trying to obtain a maaé twith the minimum number of averages possixdeas to
illustrate the good RIN transfer capabilities of getup. In this case 512 averages were employed.

4. CONCLUSIONS

In this work we have demonstrated for the firstdifinst-order Raman assistance in a VBOTDA. Compémea standard
BOTDA, the VBOTDA uses a high-frequency (> 500 MHzddulated probe wave. In terms of Raman assistahice
allows reducing considerably the RIN transfer dffiecthe detected amplified probe wave, which ie of the major
limitations in Raman-assisted Brillouin distributsdnsors. The measured noise reduction can beagesda 10 dB.
Further reduction could be achieved at higher feegies; however a trade-off remains to be foundbse chromatic
dispersion will at the end cause some undesireddRMzonversion in the probe wave and reduces theuhjo range of
the measurement. The performance of the setupsasisor was neatly verified with furthermore verw laveraging
(~500) compared to a standard BOTDA, proving themptal of this technique in long-range distributadasurements.
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