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Abstract—We demonstrate, for the first time to our
knowledge, the extension of the measurement rangé Brillouin
distributed sensors (BDS) by using a distributed BHouin
amplifier (DBA) to compensate the attenuation of tk sensor's
pump pulses. The technique is based on injecting aaxtra DBA
pump wave in the fiber to generate an additional Biflouin
interaction to that used for sensing. Moreover, thédandwidth of
the DBA is tailored to fit that of the pump pulsesby deploying a
wavelength modulation of the DBA pump that is synctonized to
the pump. Experimental proof-of-concept results demastrate a
fivefold enhancement of the measurement range of BDS, from
10.36 km to more than 50 km in this particular caseMoreover, it
is found that the use of the DBA does not introduceany
significant penalty in the detection signal-to-noie ratio,
highlighting the potential of the technique to prowde much larger
sensing lengths.
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. INTRODUCTION

Brillouin distributed fiber optic sensors, partiady of the
Brillouin optical time-domain analysis (BOTDA) typare a
powerful tool for the monitoring of large structareFor
instance, they find application in civil and gedieical
engineering structures, in the oil and gas industoy the
monitoring of large pipelines, or in the electricaid, for the
assessment of aerial and underground high voltagkes All
these fields require long measurements lengths.

However, fiber attenuation establishes a fundanhdinté
to the length of fiber that can be sensed in a BA&2nsor
because the amplitude of the pump pulses is redasdtiey
propagate along the fiber, which leads to smallidrin gain
at distant locations. As a consequence, the signabise ratio
(SNR) of the detected probe signal becomes too |stoal
provide measurements with the required precisidre SNR
reduction can be compensated to some degree bysthef
signal averaging, but at the cost of increasingneasurement
time, which becomes impractically large. Moreovéhjs
deterioration of performance cannot be counteradgd
indefinitely increasing the pulse power becauses tig
ultimately limited by the onset of nonlinear effetuch as
modulation instability and Raman scattering [1].

The obvious solution is to amplify the pulses tmmpensate
the attenuation of the fiber. This has been demaiest by the

repeaters along the fiber length [2]. However,aistEDFAs
need to be powered, whereas an all-passive senstagrk is
much more attractive and practical. A more eleganition is
to use distributed Raman amplification (DRA) byeitting a
Raman pump in the sensing fiber [3] [4]. Howevés tlequires
the use of very high power (of the order of Waittshhe fiber,
which can become an eye-safety concern in thellamista and
operation of real systems. Moreover, with DRA tledative
intensity noise of the Raman pump laser is traegdldbd the
detected signal, significantly degrading
performance [4].

In this work we demonstrate, for the first time dor
knowledge, an alternative and more efficient apgnoshe use
of distributed Brillouin amplification (DBA) to antify the
pump pulses as they travel along the fiber. This tize
advantage of requiring much lower pump power thath w
DRA, because stimulated Brillouin scattering isrigically
much more efficient than stimulated Raman scatjerimith
just milliwatts of pump power required to obtaimgea gain in
typical lengths of fiber. Moreover, we introducemethod to
precisely tailor the generated gain bandwidth spectto the
pulse that is being amplified. This contrasts @ tlse of DRA,
which provides a large gain bandwidth (typicallyndeof
nanometers) that is largely wasted in this appbicato provide
gain to BOTDA pump pulses that are narrowband.

. FUNDAMENTALS OF THE TECHNIQUE

Fig. 1 schematically depicts the fundamentals of th

technique. This is illustrated with a conventioraDTDA
setup that uses a single laser to generate the pulsps and

measureémen

the CW probe wave. However, the method is perfectly

applicable to BOTDA schemes using other configored]

such as those based on using two separated lasgenérate
pump and probe [2]. In the particular setup of Higa pulse
generator and optical switch are used in the uppanch to
generate the pump pulses. In the lower branch,
tunable-wavelength probe is generated using theutation

sidebands obtained by driving a Mach-Zehnder elemtic

modulator with the signal from a microwave generdtat

outputs frequencies close to the Brillouin frequesiaift (BFS)

of the sensing fiber.

The only addition to this well-known scheme thateguired
by our technique is the incorporation of an addaiolaser
(DBA amplification pump) whose output is also caglinto

use of erbium-doped fiber amplifiers (EDFA) as puls the sensing fiber and counter-propagated to theppuutses.
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Fig. 1. Fundamentals of the technique.

Fig. 2(a) highlights the spectra of the optical emthat are
simultaneously present in the sensing fiber. Notitat we
have two simultaneous Brillouin interactions: tlweentional
BOTDA interaction between the pump pulses and thg C
probe wave, and an additional interaction betwdenDBA
pump and the pump pulses. The latter is responéibl¢he
amplification of the pump pulses as they travehglthe fiber.
This requires that the DBA pump wave is offset frilva pump
pulse by an optical frequency difference that isuad the
mean Brillouin frequency shift (BFS) of the sensiitgr.

However, the Brillouin gain spectrum generated bW
DBA pump would be very narrow, just around the 3612V
(~0.3 pm) intrinsic Brillouin linewidth, which, foinstance,
would not be enough to amplify the pump pulses irequfor
1-m spatial resolution. This pulses would have adod0-ns
duration and a spectral bandwidth of a few hundreelgahertz
depending on the pulse shape.

Therefore, there is a need to increase the DBA \iitid
beyond the natural Brillouin linewidth to propedynplify all
optical spectral components of the pump pulse. Ur o
technique we achieve this by modulating the wagtteof the
DBA pump wave, as it is schematically depicted ig. R(a).
This modulation is performed by directly drivingetlturrent
applied to the semiconductor laser used to gené¢natédBA
pump, so as to take advantage of the laser’'s chitpch
translates this direct current modulation into cgitifrequency
modulation. The current modulation is provided by a
electrical waveform generator, which is synchrodize the
pulse generator driving the optical switch to gatethe pump
pulses of the BOTDA.

The net result of this modulation of the DBA punspthat
along the fiber the pump pulses experience
position-dependent Brillouin gain generated by@BA pump.
Fig. 2(a) schematically depicts this situation. Mmevelength
modulation of the DBA pump makes the wavelengttation
of the Brillouin gain spectrum to vary over time.oMover,
this time change translates into a change of thédo&in
spectrum detuning along the fiber as the DBA pump
propagates. Indeed, the detuning of the pump pudselength
from the center of the Brillouin gain spectrufy, at each
position along the fiber is given by:

AV(2)=vp—V(2)-BFS2) D

wherevp is the wavelength of the pump pulses ands the
local wavelength of the DBA pump. Note that theteat
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changes due to the wavelength modulation that ressed
upon its laser source. Moreover, each pulse alwagsriences
the same Brillouin spectrum detuning at each paetic
location due to the fact that the DBA pump wavetang
modulation and the pump pulses generation are synized.
Fig. 2(b) depicts the calculated local Brillouiresfrum that is
experienced by the pump pulses at each locatiom B@-km
fiber for a triangular modulation of the DBA pumpthva
frequency of 80 KHz and a peak frequency deviatifn
125 MHz. A zoom of the z axis showing just thetflsskm of
the fiber is used in Fig. 2(b) to highlight thaetprofile of the
detuning of the Brillouin spectrum along the fibiedeed
follows the same triangular profile of the moddati
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Fig. 2. (a) Spectra of optical waves in the fiber. (b) UoBaillouin gain

experienced by the pump pulses at each locatiorf@ridtal gain experienced
by the pulses in their propagation for each loeatig, is the wavelength of
the DBA pump when no modulation is applied. Sinmolds parameters are:
Brillouin gain 1.1 1¢'m/W, Brillouin linewidth 30MHz, effective area is

10"m? and the injected optical pump and probe power l&f@mwW and

Tmw



Note that a uniform BFS fiber is assumed in thedeutations.
Fig. 2(c) depicts the total gain accumulated bypthep pulses
from their entry in the fiber (at z=0) as they pagpte to each
particular position. This total gain is the resuf the

integration of the position dependent gain providad the

Brillouin spectrum at each z. These simulationseh&een

performed by solving the coupled differential edqurag that

govern Brillouin interaction in the fiber assumistgady-state
conditions (pulse duration>10ns) and typical patansefor

Brillouin interaction in the fiber (see captionkif. 2) [5].

Finally, notice that the choice of wavelength madioin
shape and frequency impacts the bandwidth and ghetral
flatness of the resulting gain spectrum of the Df8A each
location. A triangular shape has been applied wvige a
convenient response that amplifies all spectralpmments of
the BOTDA pump pulses without adding distortion.

[ll.  EXPERIMENTAL DEMONSTRATION
The basic setup described in Fig. 1 was assemisied a

fiber gradually reduce their amplitude due to thmegpessive
attenuation of the pump pulse as it propagatesyaioa fiber.
In contrast, when the DBA is on, the spectra amqditinitially

decays but then starts to recover by mid-span.iShise to the
effect of the gain generated by the DBA pump sigrtio

kick-in. The latter is injected into the end of tileer opposite
to the entrance of the pump pulses and the gairitthenerates
is proportional to its power. Therefore, the pumpsps find

amplification where they need it most: at the fisragment of
the fiber where they have experienced more atte@ruat

The effect of the DBA is even more apparent in Hg.
where two BOTDA traces are compared. A logarithsaiale is
deployed, hence the conventional BOTDA trace isnsee
linearly fall with a slope given by the fiber's eattiation
coefficient (0.184 dB/km). Therefore, at 50 km tthetected
signal falls by 9.2 dB. Considering that detectedRSis
proportional to the square of the detected ammditude SNR
degradation at the end of the fiber compared tostaet is
double the value in decibels of the extra atteouatf the
pulse, i.e., 18.4 dB. With the DBA-assisted BOTD tworst

1550-nm 10-mW laser source, a semiconductor opticghcation in terms of attenuation is around mid-span

amplifier as switch to generate 15-ns pump pulses, Neyertheless, the maximum attenuation at that itmcais
Mach-Zehnder electro-optic modulator and a 125-MHZgquced to 2.95 dB and hence, the maximum SNR datioa

photodetector. The Mach-Zehnder modulator was driwe a
microwave synthesizer and biased at minimum tragsion in
order to generate a double-sideband suppressadrcsignal.
This provides a double probe wave, which has beews to
greatly compensate non-local effects [6]. Eachheké probe
waves is launched in the fiber with a power of Brd The
peak pulse power injected into the fiber was 22Bmd
Furthermore, a polarization switch was also added,t is
customary in BOTDA setups, to eliminate the
polarization-dependent response of Brillouin int&om.
Before detecting the optical signal, the doublebprvave was
filtered out to operate in gain mode and the result
component was pre-amplified by an EDFA. The depldteer
was a 50-km spool of standard single mode fiber.

In addition to the basic components of the BOTDA
enumerated above, extra components were addedptenrant
our technique for range extension using DBA: a D&&er to
serve as DBA pump and a signal generator to criee
wavelength modulation. Note that the optical filigsed to
retain just one of the received probe sidebands, fiters out
the remaining of the DBA laser power. The pump pofoe
DBA injected in the fiber was 4.7mW. Moreover, th@rent
of the DBA pump laser wavelength was modulated veith
triangular electrical signal with a frequency of BBz and an
amplitude adjusted to obtain a peak optical frequeteviation
of 125 MHz. The resultant wavelength modulation voas
perfectly triangular, but was slightly deformed dte the
characteristics of the laser chirp [7]. This cobll improved
employing well-known methods to linearize the chiggponse

[7], but this was not necessary for the experimenttined
here.

Fig. 3 compares the distributed Brillouin gain speoneasured
along the fiber when the DBA laser is switched (6fily. 3(a)),
and hence the system is a conventional BOTDA, dmehvit is
switched on

(Fig. 3(b)). With the DBA off the spectra measuaddng the

to 5.9 dB.

Nonetheless, the most significant improvement olethi

with the presented technique is observed at tte¢ §ection of
the fiber, where the conventional BOTDA techniqbéains
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to become a Brillouin-assisted BOTDAFig' 3. Measured distribution of the Brillouin spectra wh#ére DBA is
turned off (a) and on (b).



the worst results. Figure 5 compares the measurdidui
spectra at the first and final sections of the rfibging the
DBA-assisted BOTDA. Notice that the measured Builto
gain at the final section is similar in amplitudetihat measured
at the first km. For this particular measuremems, pulse gain
along the fiber was set to 8.9 dB.

Furthermore, if we compare the measured specttheat
first and last sections with the DBA on, it is ¢léhat there is
not
measurements, as both have almost the same anapiudi
noise level. This is confirmed in Fig. 6, where &wlution of
the SNR was measured for both the conventional thed
DBA-assisted BOTDA. Moreover, note that the mea$ 8ER
at the start of the fiber is identical turning ardaoff the DBA
(both measurements were performed with the saméauof
averages at the oscilloscope). As a consequenagnitbe
concluded that for these experiments the use ob®& does
not lead to any significant SNR penalty. At thertstaf the
fiber, the SNR for both systems is identical. Hoerwnce the
pump pulse is amplified by the DBA, the SNR growstéad
of linearly decaying along the fiber as it happensthe
conventional system.

Finally, we would like to remark that the use of DBreatly
extends the measurement range of the sensor. Tist S8R
for the 50-km DBA-assisted BOTDA is 32.13 dB. Taab

noticeable degradation of the SNR between both
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Fig. 6. SNR evolution for the DBA-assisted technique (btaokd line) and
the conventional BOTDA sensor (red-dashed line).

IV. CONCLUSIONS

In this work, we have presented a novel technique t
increase the measurement range of conventional BOTD
sensors. It is based on the amplification of thenppulses
used to interrogate the sensing fiber by deplogirdistributed
Brillouin amplifier. The technique has been theoaly
studied and proof-of-concept experiments have ooefi a
fivefold extension of the measurement range conthbtoethe
conventional BOTDA. In addition, the study of theFS points
out that the deployment the DBA-assisted BOTDA tegphe

this same SNR value with the conventional BOTDA thed0€s not introduce extra noise sources into thected probe

sensing distance needs to be limited to just 1886 This

wave, solving one of the fundamental limits of teehnique

means that the DBA-assisted BOTDA brings a fivefold®@sed on DRA.

improvement in the measurement range for idensesisor
performance.
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Fig. 4. Measured BOTDA traces when DBA is switched on (bisalid line)
and off (red-dashed line).
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Fig. 5. Measured Brillouin spectra at the first (black-doline) and final
(red-dashed line) location of the fiber using tH@ARassisted technique.
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