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We performed numerical simulations to obtain statistical and spectral characteristics of stimulated Brillouin
scattering (SBS) initiated by Gaussian noise in single-mode optical fibers. Recently published experimental
spectra of SBS power [e.g., Phys. Rev. Lett. 85, 1879 (2000)] are explained completely by a one-dimensional
SBS model. We give a clear physical insight into the problem and, for what is to our knowledge the first
time, reveal how the probability function of Stokes power, the power-correlation function, and the SBS spectra
evolve as key parameters of the model vary, leading to a modification of Stokes field statistics. © 2002
Optical Society of America
OCIS codes: 290.5900, 190.4370, 060.4370, 030.6600.

Stimulated Brillouin scattering (SBS) in optical fibers,
a nonlinear process initiated by spontaneous scattering of a pump wave on occasional hypersound waves
caused by thermal noise, exhibits complicated dynamic
behavior1 – 12 that can be employed in applications.
Stochastic properties of SBS in f ibers are usually described in terms of spectral and statistical
functions.13 In previous studies both the Stokes
field and the power-related functions have been
used for this purpose. For example, the studies
reported in Refs. 2–4 concentrated on determination
of the Stokes field spectrum, S共n兲, including direct
measurements of Brillouin linewidth, DnS ,3,4 where
S共n兲 苷 F 兵B共t兲其 is def ined as the Fourier transform
of the correlation function of the Stokes amplitude,
B共t兲 苷 具ES 共t兲ES ⴱ 共t 1 t兲典兾具ES 共t兲ES ⴱ 共t兲典. However, the
experiments reported in Refs. 5 and 6 were devoted to
recording the temporal behavior of the Stokes power,
PS 共t兲, and yielded a spectrum of Stokes power, SP 共n兲,
that was essentially SP 共n兲 苷 具jF 兵PS 共t兲其j典 ⬅ F 兵C共t兲其1兾2 ,
where C共t兲 苷 具PS 共t 1 t兲PS 共t兲典兾具PS 共t兲典2 2 1 is the
power-correlation function. In the high-gain limit3
below the SBS threshold, both spectra, i.e., S共n兲 and
SP 共n兲, have a Gaussian line shape and both narrow
in a similar manner as the pump power is increased.
Above threshold, spectrum S共n兲 saturates to a
Gaussian shape with a f ixed linewidth.3 Concerning
spectrum SP 共n兲, experimental results were recently
reported6 that show that the spectrum above threshold
becomes inhomogeneous, exhibiting strong broadening
and characteristic hole burning as the pump power
is increased. This phenomenon is referred to by the
authors of Ref. 6 as a feature of a three-dimensional
interaction between the pump and the Stokes waves
in a fiber waveguide.
Remaining within the frame of the one-dimensional
SBS model (i.e., completely ignoring the three-dimensional dynamics of SBS interaction), we have carried
out numerical simulations to reproduce the experimental data reported in Ref. 6. We demonstrate
in this Letter that the specific features of Stokes
power spectrum SP 共n兲 and power-correlation function
C共t兲, which was reported in early experiments,3,7
are both closely connected with a modif ication of
the Stokes f ield statistics above threshold. Until
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now, the statistics of the Stokes field has been
studied only for SBS below and near threshold and
was found to be a Gaussian stochastic process with
zero mean.8 Here the statistical properties of SBS
above threshold are presented for what is to our
knowledge the first time. Specif ically, we reveal how
the probability function of the Stokes power, W 共PS 兲,
the power-correlation function, C共t兲, and both SBS
spectra, S共n兲 and SP 共n兲, evolve as key parameters of a
one-dimensional SBS model vary, leading to a modification of the Stokes field statistics.
Simulations are based on the following equations
for complex amplitudes of pump wave EL 共z, t兲, Stokes
wave ES 共z, t兲, and hypersound wave r共z, t兲 (Refs. 3, 4,
and 9):
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where g is the SBS gain factor, T2 is the hypersound
relaxation time, S is the effective mode area, c is
the velocity of light in vacuum, n is the refractive
index, and z is the coordinate along the fiber. The
complex amplitudes EL共z, t兲 and ES 共z, t兲 are normalized such that EL ELⴱ 苷 PL and ES ES ⴱ 苷 PS , where
PL and PS are the pump and the Stokes powers,
respectively. The Langevin noise source, f 共z, t兲, is
a spatially and temporally d-correlated Gaussian
random process with zero mean: 具 f 共z 0 , t0 兲f ⴱ 共z00 , t00 兲典 苷
Qd共z0 2 z00 兲d共t0 2 pt00 兲. In our calculations, noise
intensity Q 苷 320 5pxa S 2 exp共220兲兾共 g2 La T2 兲 was
chosen so that the pump-power–Stokes-power conversion eff iciency was equal to xa 苷 1% at pump-power
level Pa 苷 20S兾共 gLa 兲 for a fiber length La 苷 200 m.
The boundary conditions corresponded to the injection of a monochromatic
cw pump wave at z 苷 0,
p
i.e., EL共0, t兲 苷 P0 , ES 共L, t兲 苷 0. The other parameters in the calculations are related to SBS in
typical telecommunication fiber at pump wavelength
lL 艐 1 mm: g 苷 2.5 3 1029 cm兾W, T2 苷 10 ns, and
S 苷 25 mm2 (note that T2 ⬃ lL 2 and g ⬃ T2 兾lL2 ).10
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For any given f iber length L, the threshold power
level is referred to as Pth 苷 20S兾gL.1 Two dimensionless parameters, N 苷 P0 兾Pth 苷 T0 兾10T1 and
g 苷 T1 兾T2 , that determine the Stokes-wave dynamics
are def ined as the ratio of key temporal parameters
of the SBS process: the time that light takes to
travel through the fiber, T0 苷 nL兾c; the time associated with the effective SBS amplif ication length,
T1 苷 2nS兾cgP0 ; and the hypersound decay time, T2 .
Numerical integration of Eqs. (1) based the fourthorder Runge –Kutta algorithm, with temporal step
ht 艐 min兵T0 , T1 , T2 其兾10, was performed for a wide
range of parameters: N 苷 1 10 and g 苷 0.01 10.
For a given pair 兵N , g其, we calculated 20 different
stationary realizations of Stokes f ield time series
ES 共0, t兲, each with a duration of 20 ms. Then,
we processed these data to build functions W 共PS 兲,
B共t兲, C共t兲, and SP 共n兲, averaged over realizations.
The results of the simulations are presented in
Figs. 1– 5.
Parameter N (pump-power level P0 in units of
times above threshold) determines the degree of pump
depletion that is due to power conversion from a
pump to a Stokes wave. The conversion eff iciency,
x 苷 具PS 共0, t兲典兾P0 , grows logarithmically with N, as
shown in Fig. 1(a). As shown in Fig. 1(b), a Stokes
wave generated near threshold 共N 艐 1兲 exhibits large
stochastic power f luctuations with power deviation,
D ⬅ C共0兲 艐 60 100%. The pump depletion leads to
specific feedback that is caused by energy exchange between the counterpropagating pump and Stokes waves.
This feedback suppresses Stokes power f luctuations.
At a given value N . 1, the suppression is determined
by the parameter g. For g ,, 1, f luctuations are
quickly inhibited as pump depletion grows, whereas
for g .. 1 f luctuations remain large even under high
pump– Stokes conversion eff iciency. Figures 1(c) and
1(d) show qualitatively different behaviors of Stokes
power calculated for N 苷 10 共x 艐 87%兲 in two limit
cases: g 苷 10 共D 艐 70%兲 and g 苷 0.01 共D 艐 0.4%兲,
respectively.
Simultaneously with the suppression of Stokes
power f luctuations, the SBS statistics is modified
above threshold. The Stokes power probability function, W 共PS 兾具PS 典兲, is shown in Fig. 2, with N and g
as parameters. At any value of g near threshold,
the probability function (e.g., N 苷 1.25; curves 1) is
approximately coincident with the exponential power
distribution function, W 共PS 兾具PS 典兲 苷 exp共2PS 兾具PS 典兲,
which is equivalent to a Gaussian statistical distribution with zero mean for the Stokes field. Above
threshold, the statistics of the Stokes field remains
Gaussian only for g .. 1 [e.g., g 苷 10; see Fig. 2(a)].
However, when g , 1, the probability function is significantly modif ied above threshold [Figs. 2(b) –2(d)].
Specifically, it exhibits a maximum near PS 兾具PS 典 艐 1.
The width of the probability function is reduced as N
grows. At lower values of g, the probability function
is more densely concentrated near PS 兾具PS 典 艐 1.
We verified numerically that the drastic modification of SBS statistics shown in Fig. 2 does not
affect the Stokes field correlation function, B共t兲,
and the Stokes f ield spectrum, S共n兲. For any pair

兵N, g其, both B共t兲 and S共n兲 were found to be Gaussian,
with correlation time tc 艐 85 ns and full spectrum
width DnB 艐 7.5 MHz, respectively (widths at 1兾e
maximum). The variations of tc and DnB were less
than 610% over all 兵N, g其. This result is in quite
3,4
good agreement with
and theoretical
p experiments
2
21
estimation DnB 艐 共 20pT2 兲 .

Fig. 1. (a) Pump – Stokes conversion eff iciency x and
(b) Stokes power deviation D as functions of N for (curves
1–4) g 苷 10, 1, 0.1, 0.01. Typical temporal behaviors of
the Stokes power, PS 共0, t兲兾P0 , are also shown for two limit
cases at N 苷 10: (c) g 苷 10, (d) g 苷 0.01.

Fig. 2. Probability functions of the Stokes power for
(a) g 苷 10, (b) g 苷 1, (c) g 苷 0.1, and (d) g 苷 0.01. Curves
1–8: N 苷 1.25, 2.5, 5, 7.5, 10, 100, 1.9, 1.5.

Fig. 3. Spectra of the Stokes power (normalized to average
power) for (a) g 苷 10, (b) g 苷 1, (c) g 苷 0.1, and (d) g 苷 0.01.
Curves 1 –5: N 苷 1.25, 2.5, 5, 7.5, 10.
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Fig. 4. Spectra SP 共n兲 and correlation functions C共t兲兾C共0兲
for (a), (c) g 苷 10 and (b), (d) 0.01 and N 苷 10. Solid
curves, calculated from Eqs. (1); dashed curves, evaluated
for Gaussian stochastic processes with the same f ield spectra S共n兲 as those of the processes under consideration; gray
curve, SP 共n兲 艐 K共n兲SP th 共n兲, from a linearized SBS model.1
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approximated by SP 共n兲 艐 K共n兲SP th 共n兲,1 where
SP th 共n兲 is the SBS spectrum near threshold and
an expression for K共n兲 is given by Ref. 11. The
correlation functions shown in Fig. 4 exhibit related features similar to those reported in previous
experiments.3,7
To justify the conclusion that the one-dimensional
model is able to explain experimental results, we performed calculations for the experimental conditions reported in Ref. 6. Very good agreement between the
experimental6 and the calculated spectra Sp 共n兲 shown
in Fig. 5 was obtained.
In conclusion, we have numerically investigated SBS
statistics in single-mode fiber above threshold. The
main spectral and statistical functions were calculated
for a wide range of parameters. We have demonstrated that hole burning and spectral broadening of
the spectrum of SBS power observed in experiments6
are well described by a one-dimensional SBS model.
However, a certain dissonance still remains. The
authors of Ref. 6 claimed that this phenomenon is
“independent of the fiber length.” According to our
results, shown in Fig. 3, this is not the case.
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Fig. 5. Spectra of the Stokes power calculated for comparison with those from Ref. 6. The fiber length is
L 苷 250 m. Curves 1 – 4: N 苷 1.1, 1.5, 5.4, 10; g 苷
nL兾共10cT2 N兲 艐 12.5兾N . Curve 0, difference between the
spectra at N 苷 1.5 and N 苷 10.

Nevertheless, the modif ication of the Stokes f ield
statistics does affect the spectrum of Stokes power,
SP 共n兲, as shown in Fig. 3. At any value of g near
threshold 共N 苷 1.25兲 or at g 苷 10 above it, when the
SBS statistics remains nearly Gaussian, the shape of
the spectrum, SP 共n兲, is Gaussian, with ⬃15-MHz width
at 1兾e maximum, which is exactly twice the width of
the Brillouin line, DnB . The obvious relation between
SP 共n兲 and S共n兲 in this case is a direct consequence of
the Gaussian statistics of the SBS field, which provides a simple relation betweenp field- and power-correlation functions, i.e., B共t兲 苷 C共t兲.13 Modif ication
of the SBS statistics caused either by a decrease in g
at a given N . 1.25 or by an increase in N at a given
g , 10 leads to broadening of the spectrum, SP 共n兲, with
modif ication of its wings. Besides, a dip appears and
grows in the center of the spectrum. At moderate values of N, the width of the dip depends slightly on N
and reaches ⬃13 MHz at g 苷 0.01.
The spectrum, SP 共n兲, displays features similar
to those reported for the gain spectrum, K共n兲,
of a saturated SBS amplif ier.1,11,12 Specific features of both spectra have the same origin as
SP 共n兲. Indeed, Fig. 4(a) shows that SP 共n兲 is well
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