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100 km BOTDA temperature sensor with sub-meter resolution
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ABSTRACT

Temperature or strain sensing in long-range/Q km) Brillouin Optical Time Domain Analysis (BOTDA) below 2

meter resolution cannot be trivially achieved due to numerous matters such as fiber attenuation, self-phase modulation,
depletion, resolution-uncertainty trade-offs, etc. In this paper we show that combining Raman assistance and the
Differential Pulse-width Pair (DPP) technique sub-metrical resolution is achievable in a BOTDA over 100 km sensing
range. We successfully demonstrate the detection of a 0.5 meter hot-spot in the position of worst contrast along the fiber.

Keywords:. Brillouin scattering, distributed optic fiber sensor, differential pulse-width pair technique, Raman scattering,
distributed Raman amplification, temperature sensor.

1. INTRODUCTION

As it is widely known, the spatial resolution of a Brillouin Optical Time Analysis (BOTDA) [1], [2] sensor comes
determined by the length of the pulses employed as a pump signal. The ratio between the pulse width and the resolution
is roughly 1 meter per every 10 ns, thus pulses shorter than 10 ns should theoretically lead to sub-metrical resolutions;
however this approach has an intrinsic limitation in uncertainty. The observed Brillouin gain spectrum is obtained from
the convolution between the pulse spectrum and the natural Brillouin gain spectrum. Short pulses show broad spectra,
therefore larger uncertainties when determining the Brillouin shift. This natural limit is known as the resolution-
uncertainty trade-off [3]. In long-range systems, this trade-off is worsened by the additional detrimental effect of self-
phase modulation, which introduces an extra spectral broadening of the pulses as they travel along the fiber [4]. To avoid
the inevitable physical limitations associated to pump pulse shortening in high-resolution setups, the Differential Pulse-
width Pair (DPP) technique has been proposed [5]. This technique allows increasing the resolution of BOTDA fiber
sensors without broadening the gain spectrum and avoiding self-phase modulation issues. It bases its working principle
in the subtraction between gain traces obtained with slightly different pulse widths. The spatial resolution is then given
by the differential width between the pulses while the broadening in the gain remains bounded since the pulses used are
always much longer than the phonon lifetime (typically 4-8 times larger). The effect of self-phase modulation in these
schemes should also be residual for the typical power levels used.

In this work, we employ the DPP technique in a long-range Raman-assisted Brillouin distributed sensor [5], [7]. We
demonstrate the possibility of achieving sub-meter resolution in a 100 km range sensor.

2. EXPERIMENTAL SETUP

The experimental setup is depicted in Figure 1. It is very similar to the Raman-assisted BOTDA scheme described in [7],
except for a couple of differences. The first difference comes from the fact that the element that makes the pump pulse is
a Semiconductor Optical Amplifier (SOA) instead of an Electro-Optic Modulator (EOM) and a Nonlinear Optical Loop
Mirror (NOLM). This makes the setup easier to operate while the extinction ratio (ER) remains very high (>50 dB) [8].

It also allows reducing one amplification stage in the pump branch, which improves slightly the signal-to-noise ratio. In
addition, the high extinction ratio of these pulses helps to improve the spectral purity in the measurements done with the
DPP configuration, as predicted in the numerical results of Minardo et al. [9].

The second difference comes from the use of a sheeeelength laser (the present laser has the central wavelength at
1548.5 nm, shorter than the laser used in [7]). In essence this does not have any impact on the experiment except that the
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filtering in detection is also shifted and the Briin shift curve is up-shifted with respect to tl@ues reported in [7] for
the same fiber spools.
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Fig. 1. Experimental setup of the Raman-assistddlzlited sub-meter Brillouin sensor. LD: Laser dipB€: Polarization
Controller; SOA: Semiconductor Optical Amplifier; EB: Erbium Doped Fiber Amplifier; VOA: Variable Gpal
Attenuator; WDM: Wavelength Division Multiplexer{H: Fiber Under Test; PS: Polarization Scrambler.

Besides these novelties, the setup and the meigyltd determine the adequate power settings aetlgxhe same as
the ones employed previously in [7]. Differentialeasurements with 1 meter spatial resolution araiodd by
subtracting the traces obtained with 65 and 55umspppulses and 0.5 meter resolution subtractingr@b60 ns traces.
A simple normalization procedure ensures that @ia gubtraction is robust against small pump povegiations. This
procedure is correct as long as pump depletiorcesffean be considered negligible. In our caseptbbe power is set
below 90pW, which in the case of symmetric sidebands inghabe, ensures no depletion, even for this verg lon
length [10].

3. RESULTS

In this section we will show the high-resolutiosu#s that we could obtain with the DPP Raman-ts$iBOTDA. The
100 km fiber is composed by four SMF spools of 26 with an effective area of 70 |frand a similar Brillouin
Frequency Shift (BFS) located at approximately 18Hz for the laser wavelength (~1548.5 nm). Thekpgeawer of
pump and probe were 6 mW and 81 uW respectivelyh 800 mW of total Raman pump power (~250 mW p&hea
side). In terms of Brillouin pump power, we couldse the power level to a value roughly 3 timehéighan the values
used in [7] for the 2 meter configuration over sagne 100 km range. This is because the effectfgplsase modulation
scales with the inverse of the pump pulse widthc&ithe pulses are 3 times longer, the power camibed 3 times
without adding extra spectral broadening. Combirting peak power increase and the pulse width iserethe gain
values recorded in the experiments of this workratgghly 10 times larger than the ones recordef¥]inThe probe
power is also increased with respect to the sekgeribed in [7]. This obeys to a careful settingtled modulator
working point to minimize the power imbalance betwehe two side-bands. With perfectly symmetrieebathds, the
probe power can be theoretically raised up to aevallose to the SBS threshold without entering imhalesired
depletion problems. In detection, a procedure tsfguwvard to reduce the relative intensity noiséNRtransfer problem
caused by Raman pumping with a Raman Fiber Ladel)(R 1]. This procedure is based on the knowledyhe RFL
pump spectrum, which conventionally exhibit peakshe RF spectrum, spaced by the free spectrakrahghe RFL
cavity. These peaks are transferred to the sigmhhaay be strongly present even after the avergmiogedure. Peaks in
the spectrum at multiples of the Raman cavity F&Rtlaus eliminated. All these changes lead to adB0ncrease in
trace SNR over the setup described in [7]. To eddiche performance of our high-resolution longgeaBOTDA, even
in the worst conditions, we introduce a hot spaiveen the last two fiber spools (around km 75), nehile gain
contrast is minimal. 1 meter of fiber was introdtiée a water bath at 60°C (x 5°C), with a room terapure of 22°C.
Figure 2(a) shows the gain trace sweep of the acidn around the hot-spot location (km 74.343)afq@robe frequency
shift ranging from 10.66 GHz up to 10.78 GHz. Asdh be seen, the BFS of the fiber is set at appedrly 10.71 GHz
all along the 100 meter span analyzed. At the pot segion, it can be seen that the gain at 16s7educed and a
significant part of the gain is recorded at highffset frequenciesThis frequency difference can be easily translaoed
temperature by using the sensitivity of the BF$etoperature, which is 1.3 MHz/°C in our particudase [6][7], [12].
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Therefore, theeb0 MHz frequency difference in the hot spot couldthanslated as 38°C difference, which actually
matches with the expected temperature change.d-Rfl) shows the gain sweep at the exact posifidimnechot-spot. It

is noticeable a gain increase at the hot-spot &equ (~10.76 GHz) and a good extinction at the tosiof the
maximum of the rest of the fiber (~10.71 GHz), ¢oning the prediction in [9] of high spectral pyrimeasurements
with high ER pulses. Lastly, Fig. 2(c) displays tepresentation of the BF%g) with and without the RFL de-noising
procedure [11]. The rms frequency difference betweensecutive measurements is in the order of 3 Middch
ensures a maximum uncertainty of ~2.3°C. As iisthle, the simple de-noising procedure descrilmeld 1] eliminates a
substantial amount of RIN transfer and helps taiced~1.5 °C in rms uncertainty.
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Fig. 2. (a) Result of the subtraction between th@$%nd 55 ns Brillouin gain traces for the 1 matrspot (100 meter
span); (b) gain profile obtained at the positiorthef hot-spot; (c) BFS vs distance around the pot:s
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With RFL pumping, the RIN transfer problem beconies large to make useful measurements with subimete
resolution. To push further down the resolution,deeided to use Semiconductor Laser (SL) pumpintherprobe side

of our BOTDA. This type of lasers have much lowéNRalues than RFLs (typically -105 dBc/Hz for RFaed -140
dBc/Hz for SLs), and their advantageous use in Raasaisted BOTDA has already been successfullyircoad by

Soto et al. in previous works [13]. SL pumping e tprobe end minimizes the RIN transfer issueseiteation, as
justified in previous analysis [7],[13].

4. IMPROVED PERFORMANCE USING A SEMICONDUCTOR PUMP.

In this case 0.5 meter fiber length was introducetthe hot bath and differential measurements wereloped with 65
and 60 ns pulse widths. The pumping in the prolteigmone at similar power levels than in the prasicase, except
for the fact that a SL is providing the pump emtgrthrough the probe end. The Raman pump on ther sttle is left
unaltered (conventional RFL). In Figure 3(a) (100span measurement) it can be seen the subtractibveén the
obtained traces and once the de-noising procedurpplied. It is noticeable that the detection leé hot-spot is
performed properly and that in this position (~24kK8n) the gain completely switches from 10.71 GBA40.76 GHz.
The measurement quality is comparable to the chdenoeter resolution with RFLs [11]. Figure 3(b)osts the gain
sweep at the exact position of the hot-spot, aghowing spectrally pure measurements in the hat-$pd-igure 3(c)
we depict the obtained BFS curve as a function istadce around the hot-spot. By subtracting consecu
measurements we could determine that the rms @egrof the measurement is close to 2.9°C (3.8 MHz
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Fig. 3. (a) Result of the subtraction between th@$and 60 ns Brillouin gain traces for the 0.5 met#-spot (100 meter
span); (b) gain profile obtained at the positiorthef hot-spot; (c) BFS vs distance, measured arthmbot-spot.

5. CONCLUSIONS

In this work we have presented a high resolutiorgicange Raman-assisted BOTDA temperature sensedban the
DPP technique that resolves in a distributed wdyreeter hot-spots all along 100 km. This has bednesed by a

careful engineering of the sensing setup and alsidg>noising procedure that reduces the RIN tearisue in Raman-
assisted configurations, in the usual case of pugwith a fiber laser.
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1 and 0.5 meter hot-spots are clearly detected gaibd contrast, the latter using semiconductorribased Raman
pumping in the probe end. In this case, the estithains uncertainty in the measurements is in tderasf 2.9°C. The
results achieved illustrate that this technique patential to provide good results in the sub-metarge, especially
when the Raman assistance in the setup is doneswiiticonductor lasers.
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