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Distributed forward Brillouin sensor based on local
light phase recovery

Desmond M. Chow® !, Zhisheng Yang® !, Marcelo A. Soto® 2 & Luc Thévenaz® '

The distributed fibre sensing technology based on backward stimulated Brillouin scattering
(BSBS) is experiencing a rapid development. However, all reported implementations of dis-
tributed Brillouin fibre sensors until today are restricted to detecting physical parameters
inside the fibre core. On the contrary, forward stimulated Brillouin scattering (FSBS), due to
its resonating transverse acoustic waves, is being studied recently to facilitate innovative
detections in the fibre surroundings, opening sensing domains that are impossible with BSBS.
Nevertheless, due to the co-propagating behaviour of the pump and scattered lights, it is a
challenge to position-resolve FSBS information along a fibre. Here we show a distributed FSBS
analysis based on recovering the FSBS induced phase change of the propagating light waves.
A spatial resolution of 15m is achieved over a length of 730 m and the local acoustic
impedances of water and ethanol in a 30 m-long uncoated fibre segment are measured,
agreeing well with the standard values.
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ackward stimulated Brillouin scattering (BSBS), commonly

known as stimulated Brillouin scattering (SBS), is widely

known for enabling distributed fibre sensing!-2. While the
spatial resolution, number of resolved points and real-time
sampling rate have improved greatly over the past few years,
distributed Brillouin sensing is nonetheless restricted to strain
and temperature measurements or their direct physical deriva-
tives due to the confinement of longitudinal acoustic wave inside
the fibre core, which is an inherent limit in diversifying the
options for detected parameters. On the other hand, forward SBS
(FSBS), also known as guided acoustic-wave Brillouin scattering
(GAWBS)3, is an opto-acoustic effect occurring in optical fibres
in which electrostriction-induced transverse acoustic eigenmodes
are stimulated by intense optical waves propagating in the fibre
core. Because of the cross-sectional finite dimension, the acoustic
waves resonate transversally inside the fibre. This intriguing
acoustic wave has been exploited for various innovative acoustic-
based metrologies, namely for fibre diameter estimation*, sound
velocity measurement®, strain®, temperature7’8 sensing, and more
recently for measuring the acoustic impedance of surrounding
liquid materials®. The latter sensing application allows the
mechanical properties of an external material to directly impact
the detected optical signal. Currently, the reported optical
detection schemes rely on either a Sagnac interferometer loop
configuration to convert nonreciprocal optical phase variations of
a probing signal into changes in the optical intensity for polarised
(radial) FSBS!O or a direct polarised light detection method for
depolarised (torsional) FSBS?. However, both techniques result
in measurements that are not spatially resolved®!!. Since
FSBS scatters light in forward direction only because of the
phase matching condition'?!3, neither backscattering-based
time-of-flight acquisition'# nor local correlation points!>1® can
be realised directly with the FSBS scattered light, making the
measurement of its local resonance spectrum a challenging and
non-trivial process.

In this paper, we demonstrate a technique to measure the
distributed FSBS resonance spectrum of an optical fibre for the
first time, to the best of our knowledge. The principle of our
technique is based on measuring the longitudinal phase evolution
of a guided light that is perturbed by FSBS transverse acoustic
waves. First, a long optical pulse, on which an intensity mod-
ulation is superimposed at the FSBS resonant frequency (in the
radio frequency (RF) range), is used for stimulating a transverse
acoustic wave in an optical fibre. Then, a reading optical pulse
that is in another wavelength range and follows the FSBS acti-
vating pulse will be phase modulated by the transverse acoustic
wave, thus generating multiple sidebands on the reading pulse
spectrum. As the amplitude of the oscillating phase changes
experienced by the reading pulse accumulates along the fibre, the
intensity of each sideband changes, following the corresponding
order of Bessel functions. By analysing the intensities of the
sidebands, the phase changes experienced by the reading pulse
can be retrieved.

Since the reading pulse sidebands are narrowly-spaced and
forward propagating, a specific technique is needed to selectively
measure their intensity progressions. Considering the narrow
resonance linewidth and large frequency-detuning features of the
BSBS process, the intensity evolution of several reading pulse
sidebands are independently selected and measured as a function
of distance over a sensing fibre; this particular step is similar to
Brillouin optical time-domain analysis (BOTDA)!2. Both trans-
versal and longitudinal acoustic waves (activated by FSBS and
BSBS, respectively) are independently and distinctively used in
our technique without cross-interaction. Subsequently, the long-
itudinal phase evolution of the reading pulse is retrieved math-
ematically from the measured intensity progressions of several

reading pulse sidebands. Finally, the phase evolution is numeri-
cally differentiated with respect to the longitudinal distance to
obtain the local response of FSBS. The local FSBS resonance
spectrum is then reconstructed by repeating the steps while
detuning the FSBS activating frequency around the FSBS reso-
nance peak. In this work, distributed measurements of the FSBS
resonance spectrum of a 730 m single-mode fibre (SMF) are
achieved with a spatial resolution of 15 m.

The transverse acoustic wave resonating inside the optical fibre
experiences a partial reflection at the optical fibre boundary due
to the acoustic impedance mismatch between the surroundings
and the fibre material (silica). This reflection traps the transverse
acoustic wave within the cross-sectional round cavity, affecting
the decay time of the acoustic field® as well as the spectral line-
width of the FSBS resonances!”. For sensing demonstration, the
local resonance linewidth in a 30 m uncoated fibre segment is
retrieved and the acoustic impedances of water and ethanol are
locally calculated, corresponding well with the reported standard
values. The demonstrated distributed FSBS analysis is not limited
to sensing applications, but also aiming at verifying position-
dependent FSBS theoretical models'® and characterising local
ESBS in a waveguide, which are as well within the scope of this
analysis technique.

Results

Activation of the FSBS transverse acoustic wave. The cylind-
rical structure of an optical fibre supports discrete sets of
longitudinal, radial, torsional, and flexural elastic vibrations
that could be stimulated through electrostriction. The elastic
waves present in the forward light scatterings are the radial
modes and the mixed torsional-radial modes, which define
acoustic waves that propagate radially and circumferentially,
respectively. Only the pure radial transverse acoustic waves,
referred simply as transverse acoustic waves hereafter, are
considered in this work because they are reflected normally
from the surface of the fibre cladding, thus providing the
strongest response yet the simplest case for the acoustic
impedance analysis. Due to the bounded fibre cross-section, the
transverse acoustic waves are confined into eigenmodes. The
intensity of the induced transverse acoustic eigenmodes varies
across the acoustic spectrum because the modes that have larger
overlaps with the optical field will be activated more efficiently.
One of the strongest induced transverse acoustic modes, which
corresponds to the 7th mode with resonant frequency v, =
322 MHz in standard SMF, is used for the sensing demon-
stration in this work. For further details regarding the guiding
properties of the transverse acoustic resonances in standard
optical fibres, see Supplementary Note 1, Supplementary Fig-
ures 1 & 2 and Supplementary Table 1.

Via FSBS, two coherent light waves of frequencies w; and w,,
respectively, are coupled with the transverse acoustic resonance
of frequency Q@ = Aw = w;—w,. Momentum conservation
requires that the acoustic and optical wave vectors K(Q)) and
k(w,,), respectively, satisfy the phase matching relation, K(Q) =
Ak = k(w;)—k(w,). In the case of forward light scatterings, the
group velocity of the activating light v, is equivalent to the axial
phase velocity of the transverse acoustic wave V,, vy = Aw/Alk| =
Q/|K| = V, Due to the negligible group velocities of the
transverse acoustic eigenmodes for small axial wave vectors, the
same acoustic resonant frequencies maintain for a broad range of
axial phase velocities, thus relaxing the phase matching condition
and allowing the transverse acoustic wave to be stimulated by
light at any telecom wavelength. The FSBS activating light is
created by intensity modulating an incoming light with sinusoidal
signal, forming a spectrum with sidebands separated by the
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Fig. 1 Activation and reading of the transverse acoustic wave at an arbitrary fibre position. An intensity modulated optical pulse (magenta) stimulates a
transverse acoustic wave (blue) (the oscillating period has been enlarged for illustration purposes), whose spectrum is probed by the reading pulse (green)
that is time-overlapping with a short segment of the acoustic tail. The reading pulse is phase modulated by the transverse acoustic wave, thus generating
multiple spectral sidebands. The longitudinal evolution of each reading pulse sideband resulting from this phase modulation is independently mapped by
the process of backward stimulated Brillouin scattering. FSBS forward stimulated Brillouin scattering

modulation frequency vg. The beating among these spectral
components inside the optical fibre stimulates the transverse
acoustic mode that has a resonant frequency corresponding to vg.
The intensity modulated light that activates FSBS is shaped into a
long rectangular pulse to time-isolate the Kerr cross-phase
modulation (discussed in the next section). This pulse is
represented by the magenta trace in Fig. 1 and is referred to as
FSBS activating pulse hereafter.

At an arbitrary fibre position z, the activated transverse
acoustic wave remains oscillating locally for a certain decay time
after the FSBS activating pulse passes through, as shown in
the blue curve of Fig. 1. Through photoelastic effect, the
transverse acoustic wave periodically modifies the refractive
index of the fibre core at the modulation frequency vg.
Considering negligible fibre loss, the peak power of the FSBS
activating pulse is constant along the fibre, thus the induced
refractive index change can be expressed as:

An(vg, z,t) = ag (v, z) cos(2mvt) (1)

where agj(vg,2) is the amplitude of the refractive index changes
and represents the spectrum of the selected FSBS resonance mode
at position z, from which the local acoustic impedances of the
external materials are eventually retrieved.

The experimental configuration related to the FSBS activating
process is illustrated in the magenta path shown in Fig. 2. The
continuous wave (CW) light from a distributed feedback (DFB)
laser at 1533 nm is intensity modulated with sinusoidal signal at
the selected FSBS resonant frequency (v.s = 322 MHz) using an
electro-optic modulator (EOM), followed by shaping the
modulated light into a ~500 ns rectangular pulse using another
EOM. Approximately 160 periods of the intensity modulation are
contained within this long pulse. The FSBS activating pulse is
amplified by a high power erbium-doped fibre amplifier (EDFA)
to reach a peak power of ~35dBm so that the generated
transverse acoustic wave is sufficiently strong for the subsequent
reading process. To obtain the spectral profile of ap;(vg,z), the
modulation frequency vg is detuned around the FSBS resonant
frequency v, and is expressed as vgp = v + Avp (the scanned
frequency detuning Avg is from —7 MHz up to 7 MHz, resulting

in vg ranging from 315 MHz up to 329 MHz with an incremental
step of 0.1 MHz).

Reading the FSBS-induced phase modulation. The induced
refractive index changes represented by Eq. 1 can be probed with
a guided probing light that propagates in the same direction as
the FSBS activation pulse but in a different wavelength region, so
that the FSBS activating and reading (probing) processes are
optically isolated. To provide time-of-flight distributed measure-
ments of the FSBS-induced refractive index changes, this probing
light is shaped into a short pulse (see green trace in Fig. 1), and is
mentioned as the reading pulse. The optical field of the reading
pulse can be expressed as:

E(z,,t) = Alz,, t) expj(k,z, — wyt + ¢, + Ag)] (2)

where ¢, is the initial phase, Ag is the phase shift due to the
transverse acoustic wave, A(z,f) is the spatio-temporal profile
of the reading pulse, wy is the optical carrier frequency, z, is the
position of the reading pulse in the fibre, k, is the axial optical
wave-vector k, = 21/A, n.g is the effective refractive index and A is
the optical wavelength. Since the longitudinally phase velocity
of the transverse acoustic wave is equal to the group velocity of
the guided light, this reading pulse will follow the same acoustic
phase along the fibre, therefore each temporal point of the reading
pulse experiences the induced refractive index change associated
to the respective overlapping point with the transverse acoustic
waveform. In other words, the transverse acoustic waveform is
imprinted on the reading pulse as phase shifts Ag. This scenario is
equivalent to the reading pulse being phase modulated by the
transverse acoustic wave inside the fibre. Considering that the
reading pulse duration is much longer than the period of the FSBS
phase modulation, the phase shift Ag is given by

2 zZ, 2 zZ,

Ag(vp, z,, t) :Tﬂ/ An(vg, z,t)dz = T”cos(Zm/Ft)/ ag(Vg, 2)dz
Jo 0

(3)

The reading pulse undergoes a phase shift Ag that accumulates
over distance as it propagates along the fibre. For simplicity, we

NATURE COMMUNICATIONS | (2018)9:2990 | DOI: 10.1038/s41467-018-05410-2 | www.nature.com/naturecommunications 3


www.nature.com/naturecommunications
www.nature.com/naturecommunications

ARTICLE

NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-05410-2

vp(") =vg— NVg + Avg @
PS

b

Laser |

A=1551 nm

( Coupler )

Acquisition

Fig. 2 Experimental setup for the distributed measurement of forward stimulated Brillouin scattering. Schematic diagram of the apparatus used to
measure the spatially resolved spectrum of forward stimulated Brillouin scattering (FSBS). The FSBS activation light is represented as the magenta path
(A=1533nm) and the probing system based on backward stimulated Brillouin scattering (BSBS) is represented as the green path (A =1551nm). The
sensing fibre is 730 m-long and consists of a 30 m uncoated segment spliced between two coated segments of 500 m and 200 m respectively. The
components are labelled as follows: EOM electro-optic modulator, I1SO isolator, PC polarisation controller, EDFA erbium-doped fibre amplifier, SOA
semiconductor optical amplifier, PS polarisation switch, PD photodetector, FBG fibre Bragg grating. The mathematical symbols are defined as follows: v es,
the selected FSBS resonant frequency, vg, frequency of the intensity modulation and Avg, scanned frequency detuning for FSBS activation; vg, Brillouin
frequency shift of BSBS; 1/}(,”), frequency of the intensity modulation and Awvg, scanned frequency detuning for BSBS probe

define a term called phase factor

f(VFazr)

2 [
= . ag; (v, z)dz (4)
which represents the amplitude of the integrated phase shift
experienced by the reading pulse as it reaches the position z, in
the fibre. Thus, the amplitude of local refractive index change
ari(ve:2) can be recovered through differentiation. By combining
Egs. 2-4, the optical field can be written as

E(Vg, 2, t) = A(z,, t) exp[j(k,z, — wot + ¢;) ]
exp[i&(vg, 2,) cos(2mupt)]

(5)

The second exponential term of Eq. 5 can be expanded via
Jacobi-Anger identity and results in:

E(vg, z,,t) = Az, t) exp[j(kzzr — wyt + <p0)]
{ > j"ln(f(VF,zr))eXP(inQFt)}

n—=-—0o0

= A(z,, t) explj(k,z + ¢)]
[ S 0, (E ) exp(—j(wy — nnpm}

n—=—00

where Qp = 27vg. Eq. 6 indicates that the spectrum of the reading
pulse consists of spectral sidebands that are offset from the optical
carrier frequency to multiples of the modulation frequency
wo £ nQp. The intensity progression associated to the nth order
spectral sideband ™= EE(,), is proportional to the square
of the ordinary Bessel function of order n, J2(¢) (see Fig. 3).
By knowing the local intensities of the reading pulse sidebands,
the phase factor &(vgz;) can be calculated mathematically
(discussed further in the phase factor recovery and data
processing section).

In the experiment, the intense FSBS activating pulse simulta-
neously generates an undesired phase modulation in the reading
pulse wavelength due to Kerr cross-phase modulation, which has
the same waveform signature but in phase quadrature. When
both FSBS and Kerr cross-phase modulation present together, the
detected spectrum shows a Fano resonance shape that

complicates the retrieval of the acoustic resonance linewidth!%:20,
Knowing the contrast between the instantaneous characteristic of
Kerr response and the slow decay of transverse acoustic wave
(typically lasting about 1 ps in an uncoated fibre”), the impact of
Kerr effect on the measurement is avoided by delaying the
reading pulse after the FSBS activating pulse. This way, the
reading pulse interacts only with the tail of the FSBS transverse
acoustic wave (blue trace in Fig. 1), which is free from the Kerr-
induced distortions. The experimental setup related to the reading
pulse is shown in the green path a in Fig. 2. Light from a DFB
laser at 1551 nm is split into two paths to create counter-
propagating pump and probe lights for BOTDA measurements
(discussed in the next section). The reading pulse, which is also
the pump pulse for the BOTDA system, is created by shaping the
incoming light into a 30 ns high-extinction ratio pulse using a
semiconductor optical amplifier (SOA). The reading pulse is then
injected into the sensing fibre through a 90:10 coupler and
synchronised by instruments to propagate with a 10 ns delay after
the FSBS activating pulse.

Intensity progression of the reading pulse sidebands. To obtain
the longitudinal phase evolution, the intensity progressions
i (z,) of a few reading pulse sidebands have to be individually
measured (see the next section for further details). BSBS is
exploited for this measurement since the linewidth of the Bril-
louin gain spectrum (BGS) (~30 MHz) is much narrower than the
separation between reading pulse sidebands vr. Through BSBS,
the pump wave transfers energy proportional to its intensity to
a counter-propagating probe wave that is red-shifted by the
Brillouin frequency shift (BFS) (vg = 10.86 GHz in standard
optical fibre). As the frequency difference between one of
the reading pulse sidebands and the probe wave is equal to the
BES, the sideband under interrogation will map its intensity
variation efficiently to the probe wave during propagation in the
fibre21:22,

The BSBS measurement technique used here to retrieve i (z,)
is similar to BOTDA (see the Methods section). The individual
sideband of the reading pulse acts as the pump pulse for the
BOTDA system whereas the CW probe wave is created by
intensity modulating the incoming light with a sinusoidal signal

(n)

at frequency vp ' = vy — np using an EOM (see green path b of
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Fig. 3 Simulated longitudinal evolution of the reading pulse spectrum. a The reading pulse spectrum changes along the fibre as it is being phase modulated
by the transverse acoustic wave of forward stimulated Brillouin scattering (FSBS). (For illustration purpose, we assume that the fibre surroundings is
uniform along the fibre, i.e., the phase factor £(vf,z,) increases linearly with respect to the reading pulse location z,. The spectrum is normalised by the input
intensity of the reading pulse at its central frequency). b The intensity progression of the Oth, 1st and 2nd order spectral sidebands (each one proportional
to Jé, 112 and 2, respectively) of the reading pulse as a function of the z-dependent phase factor &(uf,z,). € The reading pulse spectrum at an arbitrary
position. Note that the local spectral sidebands are separated by the modulation frequency of FSBS activation
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Fig. 4 Measured intensity progressions of the reading pulse sidebands. Intensity Iﬁ"

)(up,zr) of the a Oth, b Ist, and ¢ 2nd order reading pulse sidebands

(each one is proportional to J3, /2, and J3, respectively), measured at each scanning frequency v¢ (detuned within Avg around vyes). Experimental results are

obtained when the 30 m uncoated fibre segment is exposed to air

Fig. 2), so that the probe frequency coincides with the BGS peak
of the nth order reading pulse sideband. Since the CW probe
wave and the FSBS activating pulse are counter-propagating, the
refractive index perturbation induced on the probe wave averages
to zero, thus the probe wave is independent from the FSBS
activation process. Nevertheless, the BFS in reality is not uniform
along the fibre due to the inherent material inhomogeneity,
external temperature perturbations and strain variations, which
would affect the precise measurement of the sideband intensity
progression. To overcome this problem, the peak gain of the BGS
has to be determined by detuning Vé") around the BFS, l/l(,n) =
vy — nvp + Avy (the frequency detuning Avg is from —25 to 25
MHz). Then, a quadratic fitting is applied to the local BGS to
obtain the peak gain, which proportionally represents the local
intensity of the interrogated reading pulse sideband. Here, the

BGS scanning to obtain 1 (z,) is repeated for all detuned
frequencies Avg around the FSBS resonant frequency Vies and

again repeated for other two higher-order sidebands, IS ( .) and
S (z,); the results are shown in Fig. 4.

Phase factor recovery and data processing. The intensity pro-
gression of nth order reading pulse spectral sideband ™ (z,) isa
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function of phase factor &(vgz,) and is proportional to
P (E(v, z,), written as I (z,) = 1" (E(v, 2,)) = 12 (E (v, 2,))-
In_principle, to retrieve &(vgz,), the inverse function of
Ir(")(f (Vp, %)) has to be determined. Although the non-invertible
functions ]ﬁ(f(l/}:,zr)) can be made invertible by limiting the
domain and range to the regions that are injective, using a single
sideband to measure &(vg,z,) is nevertheless unreliable because the
longitudinal intensity progression can be easily affected by
external perturbations, such as fibre bending or local losses. A
more robust approach, which avoids the detrimental impact of
local losses, is using the recurrence properties of Bessel functions
to recover &(vpz.). In particular, a simple form of the Bessel
recurrence relation® is given as

](nfl)(g(ylﬁ r)) +]n+l (E(VF? r)) = 2n )]n(g(ylhzr)) (7)

E(vr. )

where 7 is the Bessel function order. Using Eq. 7, &(vg,z;) can be
reliably determined from the intensities of three consecutive
orders of spectral sidebands. Here, we select the Oth, 1st, and 2nd
order sidebands to maximise the signal-to-noise ratio (SNR) of
the measurements as they have the highest intensities as com-
pared to the other higher-order sidebands. &(vg,z,) is obtained
from Eq. 7 with n =1, and is related to the measured intensities
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Fig. 5 Data processing steps to obtain the local response of forward
stimulated Brillouin scattering. a The measured intensity /" (z,) of the Oth,
1st, and 2nd order spectral sidebands versus distance z,, obtained at the
FSBS peak resonant frequency v,es. b Phase factor &(z,) retrieved by using
the Bessel recurrence relation in Eq. 8. ¢ The local amplitude of refractive
index changes ag|(z) (unitless) that is obtained by using segmental
differentiation

of the sidebands I" (£ (Vg 2,)), as given below:

_ 1 v2)
v z) = 2(fu<e<uFfzr>>+’Jz(:(up,z,»)

1 (Ewez)

—2
(\/1£°)<s(1/p7z,)>+¢ )

)forO < &(vp, z,) < 2.4048

(8)

Note that all Ir(”)(f (vg, 2,)) in the numerator and denominator
of Eq. 8 are of the same degree, thus any power loss affecting the
reading pulse, which scales all ™ (&(vg, 2,)) equally, does not
change &(vg,z,). Since Eq. 8 involves taking the square root of
I" (E(vg, z,)), the signs of ],(é(vg,z,)) cannot be recovered, which
restricts the equation’s validity to the regions where Jo({(vp.2,)),
J1(é(ve,z,), and J(é(vez,)) are positives. To overcome this
problem, we limit the operation to the first valid region, which
begins at &(vg,z,) = 0 and ends at the first zero of Jo({(vk.2,)), i.e., &
(vp:z;) = 2.4048. In practice, the intensity of the FSBS activating
pulse, which affects the phase factor &(vg,z.), is controlled
carefully so that 1 (Vp, z,)) does not exceed the first minimum
at the end of the fibre and &(vg,z,) remains in the valid region.
Nevertheless, it must be mentioned that limiting &(vg,z,) is a
simplified solution for demonstration purpose. Extending the
calculation to all regions is possible as &(vg,z,) is a monotonic
function, which implies the changes of signs for J,,({(vg,z,)) follow

a definite sequence, thus allowing &(vpz,) to be retrieved
successively along the distance according to the progress of
E(VF>Zr)-

The measurement results of 1"’ (z,) as shown in Fig. 4 are
stored in a computer and processed trace by trace for each
scanning frequency vp within the measurement range. To
describe the data processing steps, only the traces measured at
the FSBS resonant frequency v, are detailed. Iﬁ")(zr) of the Oth,
Ist, and 2nd order spectral sidebands are plotted in Fig. 5a. &(z,) is
obtained by applying Eq. 8 pointwise at each location z,, the result
is shown in Fig. 5b. The retrieved &(z,) is a linearly increasing
trace with a steep slope at the air-exposed region where &(z,)
increases faster due to the larger FSBS induced local refractive
index change. In the initial part of the optical fibre, where (z,) is
the lowest, J2(&(z,)) is the highest while J?(£(z,)) and J2(&(z,))
are the lowest (see Fig. 3b). This indicates that the SNR for &(z,)
deduced from Eq. 8 is dominated by J?({(z,)) and thus the SNR
at the beginning of the retrieved &(z,) is always low (Fig. 5b).

The local response of FSBS is represented by agy(vg,z). From
Eq. 4, ari(vp,2) is determined from the differentiation of the phase
factor &(z,). To mitigate the impact of the measurement noise on
the numerical differentiation, the process begins by segmenting
the data points of &(z,) into lengths of Az and calculating the
average value ((z,)) for the respective segment. Az defines the
final spatial resolution, which is set as 15 m in this experiment to
achieve a good balance between the number of resolved points
and the SNR. Based on Eq. 4, ari(vp,z) can be retrieved via
numerical differentiation:

A (=) — (§(z — Az)) (9)

ag(z) = P Az

The retrieved ag;(vg,2) is shown in Fig. 5¢c. The noise source of
ari(ve,2) is mainly attributed to the inhomogeneity of the BGS
peak amplitude that could arise from several factors including
strain variations along the optical fibre due to coiling and an
imperfect compensation of the BSBS probe light polarisation
fading in the traces.

Demonstration of local acoustic impedance sensing. Local
acoustic impedance sensing is demonstrated by placing the 30 m
uncoated optical fibre segment in three different outer environ-
ments (air, ethanol and water). The distributed FSBS spectra of
the 730 m sensing fibre with air, ethanol, and water exposures are
shown in Fig. 6. The exposed region could be clearly identified in
the FSBS distributed spectra maps because of the strong reso-
nance from the efficient transverse acoustic wave reflection at the
fibre boundary especially when exposed to air. The rest of the
sensing fibre keeps its original acrylate coating, which reduces
significantly the acoustic wave reflection. The local FSBS spectral
response in the coated segments can be nevertheless observed,
though with a much reduced amplitude contrast.

The FSBS resonance spectra at the exposed fibre segment are
shown in Fig. 7. In the presence of different outer media, the FSBS
resonance linewidth changes in an inverse proportion to the
resonance peak intensity; i.e. as the resonance linewidth broadens,
the resonance peak intensity decreases. The FSBS spectrum of the
normal acrylate-coated fibre segment (Fig. 7, cyan) are plotted
alongside as reference for comparison. The FSBS resonance
linewidth of each liquid sample!” is related to the acoustic
impedances Z, of the outer material and Z; of the fibre material
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Fig. 6 Results of the distributed measurements of forward stimulated Brillouin scattering. Distributed spectra of forward stimulated Brillouin scattering
(FSBS) measured over the 730 m-long sensing fibre when the 30 m uncoated fibre segment is exposed to a air, b ethanol, and ¢ water. The FSBS responses
represented by the local amplitudes of refractive index changes ag(z) could be clearly observed in the exposed fibre regions (0.5 km)
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Fig. 7 Spectra of forward stimulated Brillouin scattering at the sensing point.
The spectra of forward stimulated Brillouin scattering (FSBS) measured at a
given fibre position inside the 30 m fibre segment (magenta) exposed to a
air, b ethanol, and ¢ water. The FSBS spectra measured at an arbitrary
position in the normal coated fibre segment (with acrylate polymer coating)
are plotted in cyan. dvpwhm is the full width at half maximum (FWHM) of
the measured spectrum at the sensing point (convolution of the pulse
spectrum and FSBS resonance spectrum) and v, is the recovered original
linewidth of FSBS resonance at the corresponding position

where v, is the measured FSBS linewidth, dv, is the intrinsic
FSBS linewidth of the silica fibre, and Av, =48 MHz is the
average frequency separation between the chosen v,s = 322 MHz
and the two adjacent FSBS spectral resonances®. Z; is given by the
acoustic impedance?? of silica (13.1 x 100 kg m—2s1).

The intrinsic acoustic loss defining dv; is estimated from the
resonance linewidth when the uncoated fibre section is exposed
to air, since under this condition nearly perfect acoustic
reflection at the optical fibre boundary is obtained owing to the
large acoustic impedance mismatch. The intrinsic linewidth &,
is considered in this case as solely due to the bulk viscous
damping of silica?®?> (~100 kHz). The measured full width at
half maximum (FWHM) O&vgwum of the FSBS resonance
spectrum for air, ethanol, and water are respectively 1.81
MHz, 2.86 MHz, and 4.12 MHz. However, because of the
finite duration of the FSBS activating pulse, the measured
FSBS spectrum is a convolution of the pulse spectrum (sinc
function) and the original FSBS resonance spectrum (Lorent-
zian function). Therefore, a full analytical expression of the
broadened gain spectrum for a given activating pulse duration?®
is used here to fit the measured FSBS spectrum. The original
ESBS resonance linewidth vy, successfully retrieved from the
fittings are 0.10 MHz, 2.25MHz, and 3.57 MHz for air,
ethanol, and water exposures, respectively. For the case of air,
the spectral response is nearly entirely given by the pulse
spectrum. Since according to references?®?> the intrinsic
linewidth due to bulk viscous damping of silica dv is about
0.1 MHz and this value is compatible with our retrieved &v;
from the measurement result, we shall reasonably use it for
the rest of our calculations. The corresponding acoustic
impedances of the outer materials at the exposed fibre segment
are then calculated based on Eq. 10, resulting in 1.49 x 10° kg m
257! for water, and 0.93 x 10 kg m~2 s~! for ethanol. These
results agree well with the reported standard acoustic
impedance values** of water: 1.483x10°kgm~=2s~!, and
ethanol: 0.93 x 106 kgm—2s~ L.

Discussion

We demonstrate a technique to measure the distributed
ESBS spectrum and retrieve the local acoustic impedance of
the surrounding materials. In particular, the acoustic impe-
dances of water and ethanol obtained by this technique
agree well with the reported standard values. Experimental
results prove that the distributed acoustic impedance mea-
surements of a material are possible using the FSBS opto-
acoustic interaction without direct interaction between light
and the external material, which brings crucial advantages in
terms of reliability and ease of implementation. The achieved
spatial resolution Az=15m is determined by the length of
averaging segment in numerical differentiation. It is set to
balance between the number of resolved points and the noise of
differentiation. Further developments aiming at reducing the
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noise sources, in particular the amplitude fluctuation of BGS
peak along the fibre, could improve the spatial resolution down
to the reading pulse width.

The stripping of the fibre acrylate coating in this work is to
simplify the acoustic impedance analysis so that the focus of this
work - distributed FSBS spectrum measurement could be
emphasised. This technique operates with similar performance
using optical fibres coated with a thin layer of polymer, e.g.
polyimide. Thin polymer coating allows the transverse acoustic
waves to penetrate with lower acoustic damping while maintains
the same mechanical strength of fibre as the standard coated
fibre. To demonstrate the feasibility of using thin polymer coated
fibre for sensing, we have experimentally measure the acoustic
impedance of ethanol and water using a commercial 80 pm-dia-
meter SMF coated with 8 pm-thickness polyimide layer, the
results are presented in Supplementary Note 2 and Supplemen-
tary Figures 3 & 4.

In addition, this technique could be deployed to characterise
local FSBS spectrum inside a waveguide, thus having potential
applications not only in sensing but also in quality control of
hybrid photonic-phononic waveguide fabrication, where the
overall acoustic gain response is sensitive to small variations in
the local waveguide geometry?>?8. Even though the present
technique is clearing the way by proving the feasibility for dis-
tributed measurements, a margin for improvement in terms of
noise reduction remains. The countless sophisticated possibilities
to retrieve distributed information along an optical fibre make the
authors confident that improved configurations will soon emerge
and they believe that this proposed technique is a starting point
opening new class of position-resolved sensors by taking
full advantage of the distributed sensing potentiality of optical
fibres.

Methods

Brillouin optical time domain analysis. Brillouin optical time domain analysis
(BOTDA) is a time-of-flight measurement technique that maps the resonance
spectrum of SBS along an optical fibre. In the standard scheme, the technique
involves using an optical pump pulse to interact with a CW counter-propagating
probe light that is instrumentally red-shifted by a frequency that is within the
variation range of BES of an optical fibre. By detuning this pump-probe frequency
offset around the BFS, the local Lorentzian-shaped BGS can be reconstructed.
Under small gain approximation, the optical power at the central frequency of the
local BGS, P,, can be expressed as?:

Pc(2) = guPy(2)Az (11)
where gg is Brillouin gain coefficient and Az is spatial resolution. Since g and Az
are parameters independent of z for the same type of fibre and duration of pump
pulse, P.(2) is therefore linearly proportional to the peak power of pump pulse at
each fibre position. The full temporal trace of the probe represents the power
evolution of the propagating pump pulse. This local light intensity interrogation
technique based on BOTDA has previously been used to monitor 4-wave mixing
signals with the aim of obtaining the position-resolved value of chromatic
dispersion?1:22,

Data availability. The data that support the findings of this study are available
from the corresponding author on request.
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