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Abstract Using a stochastic model, we simulate the spontaneously initiated Brillouin scattering in a
single-mode optical fiber. In comparing our model with measurements, we find that the model success-
fully reproduces both the characteristics of the stochastic time traces and the resulting spectra.
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Introduction

Understanding Brillouin scattering in optical fibers
is important for many applications such as fiber
lasers, optical nonlinear signal processing and
sensing. Within distributed optical fiber sensors,
Brillouin scattering is used for monitoring temper-
ature and strain along a fibert™. In Brillouin optical
time domain reflectometers (BOTDR), the back-
ward travelling Brillouin scattered electric field is
spontaneously initiated by the thermal acoustic
field when a forward travelling probe electric field
is launched into the fiber. Stochastic models
are needed to describe the time-dynamics of the
spontaneously initiated Brillouin scattering. Such
stochastic models on Brillouin scattering in optical
waveguides have already been developed2Hl,
However, the models are rarely applied in the con-
text of distributed fiber optic sensing. Introducing
such a model for fiber-optic sensing allows for in-
vestigations on how the Brillouin field depends on
e.g. pulse shapes, pulse lengths, input power and
laser noise. In addition, nonlinear effects such as
self phase modulation can easily be incorporated
in the model, and the model can be expanded to
include many acoustic and optical modes.

In this paper, we apply a stochastic propagation
model® on a single-mode optical fiber with the
goal of verifying the model to experimental data.
We show that the model describes well the time
dynamics and spectrum of the Brillouin scattering
without fitting any physical parameters.

Simulations

The Brillouin scattering process is modelled us-
ing the following system of stochastic differential

equationsi2hi4l
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where A, (z,t), Ay(z,t) are the envelope electric
field amplitudes (units W) of the forward travel-
ling probe and backward travelling Brillouin scat-
tered field, and B(z,t) is the envelope acoustic
field amplitude (unit vW). |A4,,|?, |A?| and |B|?
are powers in the electric and acoustic fields. The
envelope fields are related to the scalar electric
fields E (unit V/m) and the longitudinal acoustic
displacement field U (unit m) asi#

Epr = Apr(2, 1) Epp(, y)etFor=wert) e (2a)
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U = B(z,t)Fac(a,y)e!Facs=) 4 cc (2¢)

where F,,.(z,y), Fy(z,y) and F,.(z,y) are the
modal distributions of the electric and acoustic
fields. R(z,t) is a normally distributed stochas-
tic variable with zero mean and unity variance,
R(z,t) ~ N(0,1), which is uncorrelated in space
and time (R(z,t)R*(2',t')) = 6(t — ¢')d(z — 2').
o = kT, is the strength of the thermal noise.
vy and v, are the optical and acoustic group ve-
locities, and «, «,. are the corresponding fiber
losses. wyr, wp @and Q = w,,. — w;, are the an-
gular frequencies of the fields, and @ is related
to the Brillouin gain factor go (unit 1/(W-km)) as®
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Fig. 1: The experimental setup. A, is the amplitude of the CW probe field which we launch into the fiber. A, is the amplitude of
the backward travelling Brillouin scattered electric field. The power meter after the 20 dB coupler is used to monitor the probe
power launched into the fiber. The power meter before the 3 dB coupler is used to measure the reflected power from the fiber.

The termination fiber is used to avoid reflections from the end facet of the sensing fiber.

go = 4wpQ|Q|*/aa.. The gain factor gy and the
acoustic loss factor «,. are found using an in-
house developed acoustic mode solverl”l. For
simplicity, the current model takes into account
only the interaction between the electric fields
and a single acoustic mode. However, the fiber
concerned in this work guides several acoustic
modes, and thus only the acoustic mode giving
the largest Brillouin gain factor is included in the
model. In addition, the model assumes linearly
and co-polarized electric fields along the fiber, al-
though this is not realistic in real non-polarization
maintaining fibers.

The equations Eq. are solved numerically
using the Euler-Mayurama schemel®.

Experimental Setup

In order to validate the model, we have measured
the Birillouin scattered field from a 5 km Corning
LEAF optical fiber. The specific fiber was chosen
since it is single-moded and since it was avail-
able at the time of measurements. The measure-
ment setup is shown in Figure A CW probe
field is launched into the fiber, and the reflected
Brillouin field is mixed with a local oscillator and
sampled on a 40 GHz oscilloscope. The de-
tected optical power in the heterodyne detection
is Popi(t) o< (Epo + Ey)® = E} + E2 5 + 2EL0Ey
where Ep ¢ is the local oscillator electric field. Let-
ting Ero(t) = EYo(t)e “rt + c.c. and Ey(t) =
EY(t)e~ vt 4c.c., where E9,(t) and EJ(t) are the
envelope fields, the beat term E o E, becomes

EpoEy =E} o Eje Wit

. 3

+ E%OEg*e*ZQt + c.c., )
where 2 = wy, —w;,. From this expression, we ex-
tract the term EY , E2* e~ in the digital post pro-
cessing through filtering. In order to extract the

Brillouin envelope field E¢(t), we assume that the
local oscillator is an ideal CW field with linewidth
much smaller than the width of the Brillouin spec-
trum. This means that EY, is approximately a
constant. From this assumption, we attribute the
time dependence of the beat term to EJ (t)e~.
The average power level of the Brillouin scattered
field has been measured on a power meter before
the mixing with the local oscillator. This allows
us to scale the measured time trace in the digi-
tal post processing such that the average power
of the time trace corresponds to the measured
average power. Since we apply no filter on this
power meter, the measured power has contribu-
tions both from Rayleigh and Brillouin scattering.
We measured the Brillouin threshold to be 12.2
dBm, which we define as the probe power where
the powers in the Brillouin and Rayleigh fields are
equal.

Results and Discussion

We simulated and measured the time traces of
the Brillouin scattered field for two different probe
input powers, P,.(z = 0) = 15.8dBmand P,,.(z =
0) = 12.1 dBm. The results are shown in Figure
We use the following model parameters for the
simulations: gy = 13.6 1/(W-km), v, = 2.07 - 10°
m/s, a = 0.19 dB/km, A,. =~ X\, = 1550 nm,
Vae = D708 M/S, age = 4.2 -10* 1/m, T = 295
K. For the model boundary conditions, we use
Apr(z = 0,t > 0) = /Py and Ay(z = L,t) = 0.
We also let A,,(z,t = 0) = A(z,t =0) =0
and run the simulation until steady-state has been
achieved. All parameters used in the model are
extracted from data sheets or from our numerical
mode solver, meaning that no fitting parameters
have been used.

We see good agreement between simulations
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Fig. 2: (a) and (b) show the simulated and measured time traces of the power of the Brillouin field, |A,(z = 0, t)|2. The power
levels on the measured time traces have been adjusted such that the average power corresponds to the average power
measured using the power meter in Figure[i] (c) and (d) show the corresponding spectra of A, (z = 0,t). All spectra are

obtained by applying Welch’s method(®l on single time traces (which are longer than the time traces shown in (a) and (b)) and

normalized such that the areas under the curves seen on the figures are unity.

and measurements, both when considering the
time traces and the spectra. For the P, =12.13
dBm spectrum in Figure [2[c), the detector noise
floor is visible and is the reason for the discrep-
ancy at the tails of the spectrum. The width of
the Brillouin spectrum is known to depend on the
probe powerl¥, and the effect is also seen when
comparing the spectra on Figure [2(c) and Figure
[2(d).

From the time traces, we see that the power
levels of the measurements and simulations devi-
ate significantly. Our model assumes linear and
co-polarized electric fields in the fiber but in real-
ity the polarization state changes along the fiber
which leads to a reduction of the total Brillouin
gain.

Notice from Figure [2(c-d) that the fluctuations
on the spectra are similar for simulations and
measurements. The ability to model the noise
on the spectra can be useful in distributed optical
fiber sensing, where the peak frequency contains
information of the temperature and strain of the
fiber. Low signal to noise ratio on the spectrum is
desirable for accurate determination of the peak
frequency.

Conclusion

We have simulated and measured the sponta-
neously initiated Brillouin scattering in a Corning
LEAF single-mode fiber. We find good agree-
ment when comparing both the simulated/mea-
sured time traces and spectra. The model may
be an important tool for simulation of distributed
fiber optic sensors since it allows for further in-
vestigations on how e.g. laser noise and pulse
shapes influence the Brillouin scattered field. In
addition, it is possible to expand the model to in-
clude nonlinear effects like self phase modulation
and to include several optical and acoustic modes
for application in multi-mode fiber based sensing.
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