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Abstract: The distributed sensor is proven to be a powerful tool for civil structural and material
process monitoring. Brillouin scattering in fiber can be used as point sensors or distributed sensors
for measurement of temperature, strain, birefringence and vibration over centimeters (Brillouin
grating length) for point sensor or the pulse length for the distributed sensor. Simultaneous strain and
temperature measurement with a spatial resolution of 20 cm is demonstrated in a Panda fiber using
Brillouin grating technique with the temperature accuracy and strain accuracy of 0.4 °C and 9 pe.
This technique can also be used for distributed birefringence measurement. For Brillouin optical time
domain analysis (BOTDA), we have developed a new technique to measure differential Brillouin
gain instead of Brillouin gain itself. This technique allows high precision temperature and strain
measurement over long sensing length with sub-meter spatial resolution: 50-cm spatial resolution for
50-km length, using return-to-zero coded optical pulses of BOTDA with the temperature resolution
of 0.7 °C, which is equivalent to strain accuracy of 12 pe. For over 50-km sensing length, we
proposed and demonstrated frequency-division-multiplexing (FDM) and time-division-multiplexing
(TDM) based BOTDA technique for 75-km and 100-km sensing length without inline amplification
within the sensing length. The spatial resolution of 2m (100 km) and Brillouin frequency shift
accuracy of 1.5 MHz have been obtained for TDM based BOTDA and 1-m resolution (75 km) with
Brillouin frequency shift accuracy of 1 MHz using FDM based BOTDA. The civil structural health
monitoring with BOTDA technique has been demonstrated.
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1. Distributed fiber sensors based on generated sound waves, and such thermal agitation

Brillouin scattering is capable of scattering incident lightwaves with

shifted frequencies. Stimulated Brillouin scattering

For over two decades, distributed optical fiber
sensors based on Brillouin scattering have gained
much interest for their potential capabilities of
monitoring temperature [1] and strain [2] in civil and
structural engineering, environmental monitoring,
and geotechnical engineering. Brillouin scattering
occurs as a result of refractive-index fluctuations

caused by acoustic waves resulted from thermally
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(SBS) enhances the Brillouin scattering in a
Brillouin optical time domain analysis (BOTDA)
[3-8] with and better

resolution comparing with a spontaneous scattering

intense signal spatial
based Brillouin optical time domain reflectometry
(BOTDR) [9-11]. At present, there are two schemes
to realize a BOTDA, including Brillouin gain [3-5]

and Brillouin loss [6—8]. In a Brillouin-gain-based
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sensor, the pulsed light is used as a pump and has a
higher frequency over continuous-wave (CW) light,
so that the CW light (Stokes wave) experiences gain
through SBS process; on the contrary, in the case of
Brillouin loss, the CW light used as a pump
experiences loss after propagating in the sensing
fiber and the pulsed light gains energy whose
frequency is lower than that of the CW light.

In the experiment, two lightwaves, the pump and
the probe signals, are launched into a fiber in a
counter-propagating configuration. The simultaneous
presence of Stokes and the pump waves generates a
beat signal that reinforces acoustic wave in the fiber
when light beam frequency difference equals to
Brillouin frequency. The scattering of the pump is
then enhanced, leading to its depletion and the input
probe beam is amplified. The probe wave is also
called Stokes wave as it corresponds to the
frequency downshifted signal. Brillouin spectrum
can be recorded by tuning the frequency difference
between the pump and Stokes waves.

For a short-range fiber, with low pump depletion
in Brillouin gain and small excess amplification on
the probe pulse in the Brillouin loss, two techniques
give the similar results. However, in a long-ranged
BOTDA system via Brillouin gain, the maximum
input power of CW light is severely limited by the
pump depletion of pulsed pump light due to SBS
threshold, which decreases Brillouin signal and also
induces measurement errors at the far end of the fiber,
and thus shortens the measureable sensing length. In a
Brillouin-loss-based system, the excess amplification
on the probe pulse induced by CW pump can also
distort Brillouin spectrum and produce measurement
errors at the far end of the sensing fiber. However,
increasing the probe pulse power aggravates much
less on excess amplification effect than that induced
by higher pump power, so that a high-power probe
pulse could be used to improve the signal-to-noise
ratio (SNR) with minimum pump power. As the CW
is detected in DC (direct current) mode with high

contrast due to the low pump power and low DC
offset, hence the broadband detection maintains the
high spatial resolution.

2. Performance parameters

Various parameters need to be considered when
comparing Brillouin sensor systems. First, one has
to keep in mind that the sensor must be implemented
in the field. It must then be simple to install and fast
in the sensing operation. Second, all of the sensor
performance parameters are critical. Those are the
spatial resolution, which indicates the smallest
detectable event size over the fiber length, the
frequency resolution, which is the smallest Brillouin
frequency shift that can be measured (here we refer
the temperature or strain resolution), and the
measurement range, which is the longest length over
which the sensor can make an accurate data
acquisition. Typical distributed sensor based on
Brillouin scattering has the spatial resolution of 1 m
which is limited by phonon lifetime [12, 17].

3. Spatial resolution improvement to
sub-meters (<phonon lifetime)

Recent research effort has been directed towards
reducing spatial resolution to centimeters, which is
practical for structural monitoring applications. Two
solutions were successfully proposed and
demonstrated in recent years to achieve sub-meter

spatial resolution.

The first solution is to avoid spectral spreading
of Brillouin spectrum due to the broadband pulse
signal by generating a pre-pumping of the acoustic
wave using weak CW leakage (DC level of the
un-modulated pulse signal) of the pulse, then
making the interaction of pump and probe on this
pre-pumped acoustic wave [12—-16]. This solution
combines the advantage of an ideally narrow
Brillouin gain spectrum with high spatial resolution
of very short pulses. Spatial resolution down to
10cm has been demonstrated using this scheme with
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1 ns optical pulse. This is remarkable, as it was
believed that 1-m spatial resolution would be the
best that could ever be achieved due to the finite
lifetime of the acoustic phonons [17]. By using this
idea a small crack (1cm) has been detected on the
optical ground wire [14].

The second solution is to generate frequency-
dithered signals that propagate in opposite directions
[18]. If the dithering frequencies are identical, the
frequency difference between two waves is constant
only at periodic locations along the fiber. At these
points stimulated Brillouin interaction is very
efficient and localized. The position of the
interaction point can be scanned along the fiber by
although the

scanning time can be very long [19], and centimeter

varying the dithering frequency,

spatial resolution was demonstrated using this
scheme.

Most recently, a differential pulsewidth pair
Brillouin optical time-domain
(DPP-BOTDA) for high spatial resolution sensing
has been proposed [20] to measure differential

analysis

Brillouin gain instead of Brillouin gain itself. This
scheme employs two different long pulses (a few
tens of nanoseconds) with a small pulse-width
difference (1 ns or less) to map Brillouin gain
spectrum (BGS) of the sensing fiber. The differential
BGS can be obtained by subtraction between the
two BGSs, and its spatial resolution is determined
by the pulsewidth difference of two long pulses. The
DPP-BOTDA provides several advantages over
conventional BOTDA: 1) narrowband BGS (a few
tens MHz) and high spatial resolution (centimeters)
can be obtained simultaneously over tens of
kilometers and 2) differential BGS provides stronger
signal intensity and thus better SNR than that of
directly using a narrow pulse in BOTDA when the
pulse-width difference of two long pulses equals to
the narrow pulse width.

In DPP-BOTDA the differential Brillouin gain is
realized in the electronic domain, i.e. the signal is

subtracted in intensity domain, so the measurement
takes twice as long, and the large pulse introduces
the gain saturation over the long sensing length. The
further exploration of this technology in optical field
domain is based on coherent interaction of the
Brillouin gain and loss via optical differential
parametric amplification (ODPA) [21]. Because it is
not a Brillouin gain or loss as demonstrated in
DPP-BOTDA, ODPA provides a

parametric Brillouin gain spectrum and

narrowed
short
measurement time simultaneously. Because ODPA
involves Stokes wave and anti-Stokes wave, one
must be careful in handling Brillouin frequency
difference between Stokes wave and anti-Stokes

wave.

4. Stokes and anti-Stokes frequency
shift

To a very good approximation spontaneous
Brillouin scattering in the fiber describes the
phenomenon that when a laser of angular frequency
@, 1s propagating inside an optical fiber, two
resonant back scattered light waves at angular
frequencies @, + £, will be observed due to the
interaction of light wave with an acoustic wave of
speed V, , where (2 is defined as Brillouin angular
frequency. The up-shifted light @, + (2, is called
the down-shifted light

w, — £, is called Stokes wave. Aforementioned

anti-Stokes wave and
description of Brillouin scattering effect in fiber is
wide spread [22], however, it is unfortunately true
only up to the first order ratio between sound and
light speeds [23]. We can also view Brillouin
scattering on the basis of relativistic Doppler effect
[24].

Vi
ay — 3 (ay) @, + 2 ()
n

Fig. 1 Schematic diagram for the Doppler effect.
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As plotted in Fig. 1 we describe Brillouin
scattering in a view that light of angular frequency
o, 1s incident on a moving acoustic wave at speed

V. and then a head-on collision creates a reflected

light (anti-Stokes) with an angular frequency shifted
upward according to relativistic Doppler effect (to
be precise we also allow the possibility of dispersion

in refractive index n):

L 1@+ 3 @),

where n(w,) is the refractive index of the fiber at
frequency @, , and c is the speed of light in vacuum.
Similarly the tail-end collision induces a reflected
light (Stokes) with an angular frequency shifted
downward by (2).

Obviously Stokes angular

v (M

(o, + 92" (@))V,

C

frequency €2’ (®,) and anti-Stokes angular frequency
O2(w,) must be different according to the
solutions of (1) and (2). We note as well that (1) and
(2) are being written down for the first time in a

dispersive medium here.

_ n(wo - !235 (a)o ))Va

< 2

5. Differential Brillouin gain to achieve
centimeter spatial resolution

Different pulse pair (DPP) to form BOTDA [20]
can be realized with two different pulses of pulse
width 7 and 7+ 7 as probe wave interacts with
the pump wave to generate the Brillouin loss signal.
When the pump wave is scanned across the
Brillouin spectrum of the fiber, we can get Brillouin
loss spectrum at every fiber location for two pulse
widths. Because of small pulse width difference d7,
the difference in Brillouin loss is negligible for the
same strain or temperature. When the stress or
temperature varies at a specific fiber location the
difference of the Brillouin loss at this location will
be quite different on zero signal background. Figure
2 shows the experimental plot of Brillouin loss
spectrum with 50-ns pulse (Fig. 2(a)) and pulse pair
of 50/49 ns (Fig. 2(b)) to detect 50-cm strain section
for the rise time of 0.2 ns (equivalent to 20 cm).
Hence, the spatial resolution has been improved by a
factor of 25 with DPP-BOTDA. The uncertainty for
measuring the Brillouin frequency shift is 3 MHz,

1+ I’l((l)o _%S(wo))l/a .

C

which is equivalent to 50 micro-strain.
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12800

. 12840
s 2 860 vt
15 12880 MHz
(2)

0

” Frequenc
m 12 1286 quency
(m) 15 12880 (MHz)

(b)

Fig. 2 3D BOTDA spectra along the sensing fiber for a
0.2-m-length fiber section with 60-MHz Brillouin frequency
shift from 12,800 MHz: (a) conventional BOTDA using 50-ns
pulse light and (b) DPP-BOTDA using 50-ns and 49-ns pulse
pair [20].



106

Photonic Sensors

6. Optical differential
amplification in BOTDA

parametric

ODPA uses coherent interaction of Brillouin gain
and loss to reduce the pump depletion, instead of
using two continuous waves to perform Brillouin
gain and loss process as that in [25]. Two long
pulses with a small pulse width difference at the
Stokes and anti-Stokes frequencies respectively,
interact with a CW sensing wave through two
counter-propagating acoustic waves, creating
Brillouin gain and loss at the same position
simultaneously. At the overlapping region of two
long pulses, the gain and loss can eliminate each
other when they are well balanced, which is
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on (7) and (b) time domain signal of ODPA-BOTDA vs. BOTDA.

where « is the attenuation coefficient of fiber, and
I, is the inverse phonon lifetime. In the parametric

“similar” to the subtraction process in DPP-BOTDA
in electric domain. However, here it is realized in
coherent optical field domain via ODPA with half of
measurement time. Figure 3 shows the scheme of
ODPA-BOTDA, and the process can be described
by (3) [21] via slowly varying amplitude
approximation and adopting the same notations and
symbols as that in [22], i.e. CGS units are adapted.

Anti-Stokes: v +v,

. CW sensing wave:v
T Acoustic wave: p, <_g
>

—5
i
| i
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Fig. 3 Schematic diagram of ODPA-BOTDA.
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Fig. 4 (a) Brillouin spectrum width of BOTDA (20-60 ns pulse) and ODPA-BOTDA sensor with 20/18-60/58 ns pulse pair based

_ai n%: a7 pA, + 1 ,[7;’43_l0“41
0z c Ot 2ncp, 2ncp, 2
04, n%:zwzye TAl—laAz
oz c ot 2ncp, 2
A A4, i
o4, Zﬁ=%~z Loy 3)
0z ¢ Ot 2ncp, 2
op . N
(2Q+T)Tr (9 - ~iQr)p =144
2 yqu
(- 21!22+F) +(.Q — O —iQT)p, = AA

amplification process, the interaction between

optical fields E,, E,, and acoustic field p, is a
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Brillouin loss process. E, also interacts with E, via
acoustic field p,, which is a Brillouin gain process.
The effect of Brillouin loss process and Brillouin
gain process on optical field E, is a coherent
process of field addition rather than intensity
addition. In (3) it is clear that in equation for 4,
E, is associated with E, via 4, and E; via 4,
simultaneously. Due to the well balanced energy
transfer between Brillouin gain process and
Brillouin loss process, Brillouin spectral width is
much narrower than that in Brillouin gain or loss as
shown in Fig. 4(a).

2-m strain  section is measured with
ODPA-BOTDA technique shifted by 1.5 m that
corresponds to 15-ns pulse of 20/15-ns pulse pair
shown in Fig. 4(b). The spatial resolution of
ODPA-BOTDA sensor is 0.5 m and is much smaller
than that of BOTDA sensor with 20-ns probe and the
signal contrast is 5 times stronger than that in 5-ns
BOTDA.

7. Simultaneous temperature and strain
sensing using distributed Brillouin
sensor

One problem with the implementation of
Brillouin scattering based sensing systems in the
field is the sensitivity of Brillouin frequency shift to
both strain and temperature. This leads to ambiguity
in the measurement, as one does not know whether
the frequency shift is caused by the change of strain
or temperature. In a laboratory environment the
temperature is essentially constant and its effects can
generally be neglected when measuring strain. In
many field situations this is not the case.

An early solution to this problem proposed the
use of two fibers placed adjacent to one another, in
which one fiber was isolated from any strain effect
[7]. The isolated fiber would be used to monitor
temperature, while the other fiber would measure
the effect of both strain and temperature. Recent
innovative approaches to measuring strain and

temperature simultaneously have been developed.

By combining Landau-Placzek ratio with frequency
shift, temperature and strain were determined
simultaneously (in spontaneous Brillouin scattering
regime) at a spatial resolution of 40m [26]. By using
the same principle, an improved system has been
reported which achieved a temperature resolution of
4 °C, a strain resolution of 290 micro-strain, and a
spatial resolution of 10 m for a sensing length of
15 km with LEAF fiber [27]. The demonstration of
Brillouin gain for the power and Brillouin shift
provides better performance for simultaneous
temperature and strain measurement interpretation
over the standard communication fiber, it gives 3-m
spatial resolution for the temperature resolution of
3 °C and strain resolution of 180 pe [28].

Centimeter resolution has been achieved with
simultaneous temperature and strain sensing using
based distributed
polarization maintaining fibers (PMF) and photonic
crystal fibers (PCF).

Simultaneous temperature and strain sensing

Brillouin loss sensor with

using PMF can be realized with Stokes power
linewidth,

Unlike single mode fiber where the intensity

(intensity), and Brillouin frequency.
fluctuation is overwhelmed by polarization mode
dispersion induced polarization change in the fiber.
The intensity fluctuation in PMF is only caused by
light source power fluctuations. If the intensity
change of light source is negligible, the intensity
change caused by temperature and strain can be
measured accurately [29]. Therefore the dependence
of Brillouin spectrum width on the temperature and
strain can be measured accurately. Thus three
parameters (Brillouin frequency, Stokes power, and
Brillouin spectral width) can be used for temperature
and strain measurement simultaneously [30]. Table
1 gives the performance of simultaneous
temperature and strain measurement with three
kinds of PMFs using Brillouin power, linewidth, and

peak frequency.
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Table 1 Uncertainty of temperature and strain calculated
with measured Brillouin frequency represented by F, power

represented by P, and bandwidth represented by B.

Panda Bow Tie Tiger
F-P|F-B|P-B|F-P|F-B|PB|F-P
Uncertainty of temperature ('C)| 8 2 |38 4 3 38 | 16

Uncertainty of strain () 153 | 39 | 135 [237] 126 | 195 | 598
Maximum error of AT ('C) 10 | 4 |58 (12| 7 |137| 78
Maximum error of Ag(ug) | 331 | 82 | 249 [741| 490 1096|1308

rms (AT)("C) 2 2 |40 | 8| 4 | 73 | 38
Rms(A&)(1e) 221 | 43 | 149 [414] 152 | 567 | 926

Property

In PCFs with solid silica core the guiding
mechanism is the same as conventional single mode
fiber, except the effective cladding index is the
average of air and silica refractive indices. The solid
silica core with a Ge-doped center region can
increase the nonlinear refractive index of the core
and create a smaller mode field diameter. As a result,
the Brillouin spectrum of PCF shows multiple peaks
with comparable intensities [31] with the main peak
and several sub-resonance peaks due to guided
acoustic modes. The temperature coefficients for the
main resonance and a peak originating from a
higher-order guided longitudinal acoustic mode in
PCF with a partially graded Ge-doped core were
identified for simultaneous temperature and strain
measurement using their Brillouin frequency shifts
only. It allows high temperature and strain
measurement accuracy with spatial resolution of 20

cm [32].

8. Offset locking of DFB lasers and bias
control of optical modulator

Recently, a distributed Brillouin sensor based on
offset locking of two DFB lasers has been developed
to measure temperature and strain changes of large
structures [33]. In this offset locking [34] based
setup, an optical phase locked loop is applied to lock
and tune the beat frequency of pump and probe DFB
lasers. Thus, two offset locked DFB lasers can have
similar phase performance as those highly stabilized
lasers such as Nd: YAG lasers.

The offset locking technique [34] was used to
stabilize the frequency of a millimeter-wave sub
carrier, except a

PID (proportional integral

derivative) controller in hardwire was employed to
lock the beat frequency, which provided a fast
response determined by optical delay line. The
frequency tuning was achieved by tuning the delay
time of optical delay line as shown in Fig. 5. The
only limitation to the tuning frequency range was
the delay range. To keep the optical modulator at
high extinction ratio, we used a lock-in amplifier to
stabilize the bias drift at minimum DC level [35].
This technique gave signal to noise ratio of over
35dB for Brillouin frequency measurement accuracy
of 0.5 MHz for 1-m spatial resolution over 2-km
fiber length.

Laser2 I

Delay line

Photodiodes

Current PID
controller controller

Fig. 5 Laser frequency offset locking system.

9. Long range distributed sensor with
BOTDA

The sensing length is limited by Brillouin gain
saturation which limits the pump power and probe
power to the sensing fiber, hence a large pulse width
has been used for the long sensing length in order to
maintain signal to noise ratio (SNR) above 20 dB for
high strain resolution of about 20 pe. By using
DPP-BOTDA technique over 25-km sensing length,
sub-meter (50 cm) spatial resolution is demonstrated
for the first time [36] with the strain resolution of
20 pe as shown in Fig. 6. The results were achieved
with single pulse; limitation of the sensing length is
the modulation instability (MI) [36]. As probe
power of 400 mW is used, pump power has dropped
to 0.1 mW for 25-km dispersion shifted fiber. The
spatial resolution is limited by broadband electronic
noise and strain or temperature resolution is limited
by gain saturation caused by SBS in DPP signal (Fig.
6). This means an optimal SNR can be achieved
with a specific pulse pair to achieve maximum
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differential Brillouin gain over the entire sensing

length.
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Fig. 6 Differential Brillouin loss signals for different pulses

pairs (40/38 ns—40/30 ns) [35].

10. RZ coded BOTDA to detect two
closely located strain sections

To achieve longer sensing length (>30km), the
coded pulse must be considered and it must be
combined with DPP-BOTDA technique. Coding
techniques have already been used for BOTDR
[37-39] and BOTDA [40, 41]. All of them have
used non-return-to-zero (NRZ) coded pulse which
has strong pattern dependence due to nonlinear
amplification of stimulated Brillouin scattering from
continuous “1”’s, as the signals do not return to zero
in every bit, unlike return-to-zero (RZ) coded pulse
which returns to zero in every bit. Because of the
optical filter effect from nonlinear amplification of
different frequency components of optical pulses,
NRZ signal tends to produce error in the form of
broadening the stress length at the falling edge of
time domain waveform, which causes the difficulty
in identifying two closely located stress sections, as
well as enlarging small stress length. While the RZ
coded pulse returns to zero in every bit, it preserves
the input pulse shape due to twice bandwidth of that
in NRZ and measures small stress length and
consecutive stress sections. Because of small
distortion in RZ-BOTDA waveform, we can use
DPP-BOTDA
resolution to centimetres over 50-km LEAF fiber at
low Brillouin gain [42, 43]. We stretched two 2.3-m

sections separated by 1.5-m loose fiber as shown in

technique to improve spatial

Fig. 7. The pulse width is 40 ns. Figure 8 shows the
measured Brillouin frequency shift (BFS) versus
position for RZ coded pulse of 512 bits (Fig. 8(b))
and NRZ coded pulse of 512 bits (Fig. 8(a))
respectively. Two strained sections are clearly
distinguished in RZ coded pulses, which is not in the
case of NRZ coded pulse. The pulse broadening in
NRZ results in a smeared boundary, which makes
the falling edge have less dependence on Brillouin
frequency change to Brillouin loss, while RZ
maintains the pulse shape, the spatial resolution and
less cross talk between boundaries of two different

strain or temperature sections.
Stress section

Fig. 7 Spatial distribution of two stress sections at the end of

fiber.
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Fig. 8 Two stress sections of 2.3 m with 1.5-m separation for
NRZ (a) and RZ pulse (b) of BOTDA [43].

The best spatial resolution achieved with RZ
coded pulse is illustrated in Fig. 9 [42], and 50-cm
spatial resolution with strain resolution of 8 g,
which is equivalent to a 0.7-MHz Brillouin
frequency shift. This is the Ist sub-meter spatial
resolution with sub-MHz strain resolution over

50-km length.
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Fig. 9 Differential Brillouin spectrum of 5-ns RZ coded

pulses for 50-cm stress length [43].
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1. Frequency- and time-

division-multiplexing for BOTDA

For the fiber length of 100 km the dynamic range
of Brillouin gain or loss signal is 40 dB, which
includes fiber loss of 20 dB. True signal change due
to pump wave and probe wave in BOTDA is only
20 dB. This means detectable change is 0.2dB/km
and 0.002dB/10m. For any change induced on
100-m spatial resolution, the detect ability must be
better than 4.6x10™, which means SNR must be
better than 40dB. It is about 1-°C temperature
resolution. Even if we add erbium doped fiber
amplifier (EDFA) or Raman amplifier, the signal to
noise ratio will not be improved, as those amplifiers
only increase signal level at the cost of adding

additional noise to sensor system.
A

RN
A

4

L=0 20km 100km
Im 100m

Fig. 10 Enlarged dynamic range over effective sensing
length.

One can separate the dynamic range of 40 dB in
frequency domain and time domain over the limited
sensing length for the measurement. In frequency
domain it is frequency-division-multiplexing (FDM)
BOTDA for different sections of the fibers and at
one measurement, the sensing range is much shorter
than entire sensing length. This means Brillouin
interaction happens only within the sensing section
with maximum Brillouin gain, while the remaining
sections are only subjected to fiber loss. In this way
the spatial resolution and the strain or temperature
resolution are determined by the measured fiber
section and among 100 m it is much easier to detect
a 1-m change instead of detecting a 1-m change over
100 km as shown in two scales of Fig. 10. The total
sensing length will be the combination of multiple

series of effective lengths which are added in
frequency domain or time domain via time-division
multiplexing (TDM).

11.1 FDM based BOTDA

FDM-BOTDA is based on different types of
fibers with different Brillouin frequencies, so that
Brillouin gain in each fiber section can be
maximized instead of being minimized in BOTDA
approach, and the effective fiber length has been
reduced to that section of the fiber rather than entire
sensing length. When the frequency difference of
pump wave and probe wave matches Brillouin
frequency of that section fiber, differential Brillouin
loss spectrum can be measured, and the improved
spatial resolution can be realized at high SNR. By
mapping the entire Brillouin frequency ranges of all
fiber sections for their BOTDA, so called FDM, we
can get the distributed sensing of strain or
temperature. The original idea is based on variable
Brillouin frequency in fiber to cover a pulse
spectrum [44] and Brillouin gain is formed along
entire fiber across entire pulse spectrum [45] as
shown in Fig. 11. The difference in FDM-BOTDA is
that Brillouin gain is only formed at a specific length
for a specific Brillouin frequency as shown in Fig. 12.
1.6 |
11.75

11.8 :

1.9

120 g
1217
122 i%gﬁ
123 E i

124+

Brillouin frequency (GHz)

14 24 34 4.4 5.4
Distanc e(km)

Fig. 11 Brillouin gain spectrum distribution over a fiber
[45].

In the experiment, non-uniform fiber with
different Brillouin frequency shifts reduces the
effective Brillouin amplification length to one
resonant Brillouin frequency segment rather than
entire sensing fiber, and thus a moderate pump wave
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can be used to enhance Brillouin interaction in an
individual segment without pump pulse depletion or
excess amplification of probe pulse due to the short
Brillouin interaction length for a specific segment.
Because of relative short fiber length for the
effective sensing fiber length, true Brillouin gain in
the section is in fact larger than that over entire
sensing length. By wusing this concept we
demonstrated a 75-km BOTDA with three types of
25-km fiber for a spatial resolution of 1.1 m and an
accuracy of 1°C/20ue at the end of 75 km, and a
spatial resolution of 0.5 m and an accuracy of 0.7°C
/14pe at the end of 50 km. In addition, another
75-km leading fiber also composed of three types of
25-km fiber (listed in Table 2) are used to deliver
CW pump to the far end of the sensing fiber, which
makes the realization of actual 75-km sensing range,
which, to the best of our knowledge, provides the
best performance reported so far [46].

80
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20
— 0 T T T T T T T T T T T T T T T T 1
Elso 10 20 30 40 50 60 70 80
g 12 (®) ——10867 MHz
= 06
5 3
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@ 0 10 20 30 40 50 60 70 80
g (c) - 10645 MHz
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0

E) l'O 2'0 3'0 4:0 5'0 6'0 7'0 8'0
Distance (km)
Fig. 12 Illustration time traces of section 1 (a), 2 (b), and 3(c)
by FDM [45].

Table 2 75-km sensing fibers composed of 3 sections.

Fiber 8s/ A BFS Dispersion
1 1
type W m )*‘ (MHz) (ps/(nm-km))
MetroCor 0.1669 10518 —10~—1
LEAF 0.0892 10645 26
SMF-28 0.1281 10867 16~19

a. This is average gain with scrambling the polarization state
of probe wave.

b. The values of the dispersion are from datasheet of fibers.

11.2 TDM based BOTDA

Here we propose a novel high-performance

long-range BOTDA based on TDM, where the
sensing range can be extended by multiple
of different
delay-controlled pump pulse.

measurements sections  through
Furthermore, the
system still keeps simple structure without using
in-line optical amplifier.

In the proposed scheme two pulses, i.e. a probe
pulse and a pump pulse are used to perform the
measurement. The spatial resolution is still defined
by probe pulse width, while the sensing length is
determined by pump pulse width. The delay
between the probe pulse and the pump pulse can be
changed to select sensing section where the probe
with the

measurement of entire sensing fiber is realized by

pulse interacts pump pulse. The
implementing measurement for each sensing section
through changing the delay between two pulses,
which is named as time-division multiplexing of
different fiber sections. Because the interaction
length is only determined by the pump pulse width
instead of entire fiber, the pump power can be
increased to enhance Brillouin interaction in
individual section to improve SNR without excess

amplification on the probe pulse.

o=

| Long fiber with two short stress sections ‘

A

4 L

[Low power pump pulses: 7,=1-500us |

‘lerll ILstz‘ |L357-3||L4,T4

I ]

High power probe pulses:
71=55ns, =50ns, S7=5ns

Fig. 13 Time-division-multiplexing for 100-km sensing
length.

TDM-BOTDA is most effective on the same
fiber type, for instance, SMF28. The effective
sensing length is selected by a large pump pulse
width as explained in Fig. 13, and differential
Brillouin gain spectrum is measured with two
smaller pulse widths of probe waves, so that high
spatial and temperature resolution can be obtained
over entire sensing length. Based on this new
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technique, 0.6-m spatial resolution is achieved at
75-km location and 2-m spatial resolution at 100 km
for Brillion frequency shift measurement accuracy
of 1.5 MHz. The key to this technique is to maintain
equal gain along entire fiber length [47]. Note no
inline optical amplifier is used within 100-km
sensing length.

12. Brillouin grating as a point sensor

Brillouin scattering based fiber sensors can also
work as a point sensor. To form a point sensor, one
can write a transient Brillouin grating (TBG)
[48-51] via two identical optical pulses of frequency
difference matching the Brillouin resonance
counter-propagating in one of the axes of a PMF.
Their overlapping region forms a grating, which can
be set at any position in the fiber determined by
relative time delay of two pulses, and the size of
grating is determined by pulse length. The lifetime
of this Brillouin grating is limited by phonon
lifetime (10 ns). The grating spectrum is a
convolution of pulse spectrum and Brillouin gain
spectrum. Such a Brillouin grating can be probed
with a 3rd pulse launched on the orthogonal axis; the
optimum frequency of the 3rd pulse is related with
local birefringence between two axes of PMF. This
means the grating feature is affected by temperature
and strain reflected in Brillouin frequency and local
birefringence from two axes of PMF, and this local
TBG can be used for the purpose of sensing. When
we change relative delay between two pump pulses
a distributed sensing can be realized for entire fiber.
Because large frequency shift associated with
birefringence change is of the order of 40-50 GHz,
the measurement accuracy of temperature and strain
can be much higher than that in direct Brillouin gain
spectrum measurement. It has been reported that
0.08 'C and 3 pe can be achieved with continuous
wave (without location information) [51]. In terms
of temperature and strain measurement as a point
sensor, TBG is similar to fiber Bragg grating (FBQG)

sensor, except FBG sensor is a permanent grating,

while TBG has a lifetime of 10 ns with variable
length and position determined by writing process
and it is a moving grating.

The perturbation of refractive index associated
with an acoustic wave can be expressed by

An=<0n>[l1+Kkcos(£,t+ 277[2)] 4)

where <odn> is average index, and x is fringe
visibility of index change, {25 is Brillouin frequency,
A=A2n is and A is
wavelength of pump wave, 7 is fiber refractive index.

grating period, vacuum
This equation is similar to that of fiber Bragg

grating except the moving grating term

(cos(.QBtizfz)) [49]. For the case of Brillouin

grating [53], we have the following equation:

gOCTyezEPES
2n )

where E,and E;are electric fields of pump and

K<on>=

Stokes waves respectively, y, is electrostriction

e

constant, and Cr is compressibility. For a weak

Brillouin grating (xk <An> << % ), the bandwidth

of Brillouin grating is independent of Brillouin

_c_ :
oL’ which has the

same relation as that of the Bragg grating. Figure 14

scattering linewidth, Av

shows the Brillouin grating and its formation by two
pump waves with the frequency difference of
Brillouin frequency shift. The spectral width of
Brillouin grating is illustrated in Fig. 15. In the
x-axis, two pump pulses of creating gratings are 7,

and 7).
Pumpl ndow Pump?2 nye
- — ¢ ﬂ Probe nasw
—5

o

Brillouin grating

Fig. 14 Brillouin grating generation and reading process.

The moving Brillouin grating and the static fiber
Bragg grating follow almost the same theory. The
Brillouin grating is created through electrostriction
effect and can only be sustained by keeping two
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pump waves. After removing the pump waves, the
Brillouin grating will exponentially decay, which
characterizes an intrinsic Lorentzian Brillouin gain
spectrum. However if the pulse width of pump wave
is smaller than the phonon lifetime, the grating
spectrum follows Gaussian shape, which reflects the

apodization of Brillouin grating feature.

Length of Bragg grating (m)

550 0.20 0.25 0.30 0.35 0.40
< 500 4 ‘\‘ = 6ns
as) N 8 ns )
= 4504 Theory of Bragg grating
= S
3 400
Z 350 S
g =
3 300 -
=3 —=
“ 250

200

020 025 030 035 040
(tp1+tp2)c/4n (m)

Fig. 15 The intrinsic Brillouin grating spectral width as a

function of length [53].

When the grating is formed in one axis of PMF,
the probe wave in the other axis can detect Brillouin
grating response to temperature and strain via
birefringence induced frequency shift between fast
and slow axes, so that simultaneous temperature and
strain can be realized by Brillouin frequency shift in
one axis and birefringence change in the other axis.
We realized simultaneous strain and temperature
measurement with a high spatial resolution in time
domain [50], and a high spatial resolution of 20 cm
is achieved with temperature and strain accuracy of
0.4 °C and 9 pg and their range up to 700 C and
14 me.

13. Dynamic measurement capability
with Brillouin scattering

So far distributed Brillouin sensor has been
limited to static strain measurement. In fact one can
use polarization dependence of Brillouin gain to
measure vibration [54, 55] or dynamic heating
process [56] without the need of sweeping Brillouin
frequency of the spectrum. Laboratory test has
demonstrated distributed measurement of a 13-Hz

vibration frequency with 2-m spatial resolution over
a 100-m sensing fiber, while for point sensor
detection, the maximum vibration frequency of
10 kHz is possible. Such a vibration sensor has been
used in the field [54]. Long measurement time of
traditional distributed Brillouin sensors is avoided
by eliminating frequency sweep of the pump and
probe lasers and replaced by locking them at a single
beat frequency corresponding to static strain of the
structure in which the fiber is embedded. This
unique sensor allows distributed measurement of
vibration frequencies along a sensing fiber of 300 m
and spatial resolution of 2 m.

14. Structural health monitoring with
distributed sensor based on Brillouin
scattering

Distributed Brillouin sensor is one of the most
promising diagnostic tools that could help improve
the structural health monitoring process and the first
structural strain monitoring using distributed
1999 [57].

Structural health monitoring (SHM) has been used

Brillouin sensor was reported in
to identify early signs of potential problems of civil
structures to prevent disasters, and conduct needed
repairs at appropriate time to avoid unnecessary
costs and reduce economic burden. Thus it is
important to have accurate and real time monitoring
on safety assessment of civil structures, such as
bridges, dams, and pipelines. The key is to prevent
potential disasters. Currently such evaluations are
carried out by engineers trained in visual inspection
at the risk of sometimes inaccuracy due to personal
experience differences on the safety condition
assessment generated by this practice. To increase
the inspection efficiency and accuracy, fiber optic
sensor is one of the most promising candidates due
to its features of durability, stability, small sizes, and
insensitivity to external perturbations, which makes
it ideal for long-term health assessment of civil
structures with distributed fiber sensors. Optical

fibers can cover large areas of civil structures and
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access the safety and status of the structures. This
kind of sensor has the advantages of a long sensing
range and the capability of providing strain or
temperature at every spatial resolution over entire
sensing fiber imbedded in or attached to the
structures by using fiber itself as sensing medium
[58, 59].

Recent studies have been conducted to monitor
structural strain of composite and concrete beams
under limited load, i.e. the structure responds to the
load linearly with average strain over the spatial
resolution being monitored [59]. The extraction of
average strain is carried with single peak fitting or
centroid method (integrated spectrum area method)
[58-61]. Those
processing to identify large strain points, while

methods provide fast signal
multiple peak detection [62] provides better strain
accuracy with a compromise of long processing time
which makes it difficult for dynamic detection and
strain or

disaster prevention. If the dynamic

temperature monitoring 1is required, intensity
detection at fixed Brillouin scattering could be used
which

reduces the measurement time significantly. The

without scanning Brillouin spectrum [53],

first few civil structural applications were under
elastic working region with the purpose of verifying
distributed Brillouin sensor for strain monitoring, in
which no deformation happened during loading
process. Most of recent research on distributed
sensor has been focused on using distributed
Brillouin sensor as a tool to correlate the strains to
civil structural condition, such as cracks and
deformation [57-62], as well as prediction of
cracking of concretes and buckling in pipelines
using special signal processing schemes via detailed
studies of Brillouin spectrum shape change, such as
asymmetry broadening in addition to peak change
[57, 63], as well as cure monitoring of composite
materials [64].

Structural health monitoring requires engineers
and scientists from different fields to work together

to ensure that our civil structures are safe,
comfortable and convenient. It is just one of many
applications that will benefit the society in terms of

the safety of our structures and quality of our lives.

15. Conclusions

Fiber sensor based on Brillouin scattering has
proven to be a powerful tool for distributed
measurements of strain and temperature, and it has
been found a number of applications in practice as
outlined in previous section. 100-km sensing range
is made possible without in-line amplifier inside the
sensing length, and for longer distance (>100km),
the inline amplifiers, such as Raman or EDFA must
be considered to compensate fiber loss [65, 66]. The
best spatial resolution is only limited by the
resolution of digitizer, for the state of art technology;
the time resolution is 50 ps, which is equivalent to
20 GHz and 1-cm spatial resolution. The trade-off is
low strain or temperature resolution and sensing
length, unless current proposed TDM and FDM
based BOTDA is employed.
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