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ABSTRACT
The energy transfer between the two interacting optical waves in a distributed sensor based on stimulated Brillouin
scattering can lead to a non-uniform spectral distribution of the pumping power after a long propagation. This results in a
spectrally distorted gain that biases the determination of the maximum gain frequency. A quantitative analytical model
gives an expression for the tolerable pump power change keeping the maximum bias within a given accuracy.
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1. INTRODUCTION
Distributed Brillouin fiber sensors have proved their capabilities to realize distributed measurements of temperature and
strain over several tens of kilometers with a meter spatial resolution since the first demonstration in the late 1980’s1.
They are now considered as a maturing technology with recent progresses towards centimeter spatial resolution2 and
over an extended distance range that is gradually reaching 100 km3,4,5.
The increased distance range raises new challenges caused by effects that have a negligible impact on short
distances, but build up and turn extremely detrimental over long distances. Among these effects, the spectral transfers
due to stimulated Raman scattering6 and modulation instability7 were identified several years ago. These two effects lead
to a total extinction of the pump wave and an evidently observable absence of Brillouin gain after a critical distance
directly scaled by the peak pump power. The other effect resulting from the gradual power transfer from the higher
frequency wave to the lower frequency wave has not been considered so far as a major concern by the community since
it is more insidious and does not prevent the basic operation of the sensor. However, its detrimental impact has been
rightfully mentioned at a relatively early stage during the development of Brillouin sensing8,9. As a result of the increased
range and accuracy, some recent reports have clearly focused on this effect by proposing a correction procedure based on
an algorithm10, by explicitly checking its absence of negative impact through a proper scaling of the signal powers3,5 or
by showing and evaluating experimentally its biasing effect11.
We propose in this paper to further develop and complete the work performed in Ref. 8&9 by building a full model
that addresses the impact of the power transfer between the pump and the signal in the case of a BOTDA sensor. The
analytical model not only can be used to evaluate the error on the determination of the maximum gain frequency in a
given experimental configuration, but also defines the worst case condition with the maximal error. In addition, this
model reveals the tolerable power transfer for a given maximum error. In the situation addressed by the model, a pulse
and a CW wave counterpropagate in the fiber and interact through stimulated Brillouin scattering. The fiber sensor is
defined to be in a gain configuration if the pulse frequency is higher than the CW wave frequency, otherwise in a loss
configuration. The tiny CW wave intensity change observed in the time domain gives a measure of the interaction
intensity at the crossing point of the pulse and the CW wave. This distributed intensity change actually is entirely
compensated by an equivalent cumulated energy change in the pulse wave. The effect on the pulse amplitude can be
quite massive with two identical power waves interacting over a long length, so that a clever design always employs an
intense pump pulse and a weak CW wave to minimize the relative impact on the pulse amplitude. A significant change
of the pulse power is detrimental because this power not only scales the strength of the interaction but also affects the
response at the far end of the fiber. More concretely the output pulse power varies when the frequency difference
between the two interacting waves is scanned. The variation inevitably leads to a spectral distortion of the gain spectrum
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Fig.1: After propagation in a long uniform fiber a too strong CW signal will deplete the pump that will show a power drop when the frequency
difference between pump and signal correspond to the Brillouin shift of this long fiber, following a power distribution as shown on the top left curve. If
such a pump interrogates a segment with a gain spectrum shifted by a small amount δν, as shown on left, the actual measured gain spectrum shows a
distorted skew distribution with a slightly shifted peak position, as shown on right. The thin line represents the real gain spectrum.

at a given position. It must be mentioned that both the gain and the loss configurations lead to an equally distorted gain
spectrum, so that none of these configurations can be claimed to offer a decisive advantage. This conclusion is fully
supported by the results of our model, so we shall address hereafter the case of a gain configuration without loss of
generality. The power transfer from the pulse to the CW wave will now be designated as pump depletion. The pump
pulse is chosen to be launched at the near end of the fiber ( z=0), the CW wave entering at the far end (z=L).
The common sense shows that the worst case is the situation of a uniform fiber showing a constant Brillouin shift,
albeit presenting a short section at the far end with different environmental conditions9,11, so that the cumulated depletion
effect on the pulse is maximized at the maximum gain frequency. If ever the short section at the far end presents a gain
spectrum that is slightly shifted with respect to the long uniform preceding section, it will be spectrally scanned by a
pump with a frequency varying power as shown in Fig. 1. This results in a measured skew spectrum in the short section
and the determination of the peak gain frequency will be biased. In this paper we shall only consider this worst case, all
other situations leading to a less severe error.

2. RELATION BETWEEN SIGNAL POWER AND DEPLETION
As depicted in Fig. 1, the amount of depletion can be characterized by a dimensionless coefficient d:

( PPo − PP ) / PPo
(1)
where PPois the pump power in absence of Brillouin interaction (absence of gain or no signal wave) and PP is the pump
power in presence of maximum interaction at the Brillouin peak gain frequency. Assuming the effect of the interaction
has negligible impact on the power PS of the CW signal wave (small gain condition), the signal launched at the far end at
d =

z=L will only experience an exponential decay due to the linear attenuation α, so that PS ( z ) = PiS e
with PiS = PS ( L )
as the input signal power. Then the pump power distribution PP(z) can be calculated by solving the basic equation for the
Brillouin interaction, including the linear attenuation term:
g
dPP = −α PP ( z ) dz − B PP ( z ) PS ( z ) dz
(2)
Aeff
−α ( L − z )

where gB and Aeff are the Brillouin linear gain and the nonlinear effective area of the propagating mode, respectively. It
must be pointed out that gB is considered here as position-independent, since the maximal depletion effect will be
observed in the worst case scenario when the gain is maximal at any position.
By inserting Eq.(1) into Eq.(2), an exact solution PP(z) can be found under the small gain assumption, giving the
following expression for the residual output pump power PP(L) after fixing the initial condition PiP=PP(0):
PP ( L ) = PiP e

−α L

−

e

gB

α Aeff

PiS (1− e

− αL

)

= PiP e

−α L

−

e

gB
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PiS Leff

using Leff =
−α L

1 − e −α L

α

(3)

The output pump power with a zero gain interaction reads simply PPo ( L ) = PiP e , so that the depletion factor d can be
easily derived from Eq.(1) and hence the maximum input signal power PiS for a given tolerable depletion factor d:
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PiS < − ln(1 − d )

Aeff
g B Leff

L →∞

=

− ln(1 − d )

Aeff
gB

α

(4)

This result shows that the maximum CW signal power PiS is totally independent of the power PP and the pulse width
of the pump. It only depends on the fiber properties for a given depletion factor d.

3. RELATION BETWEEN DEPLETION AND ERROR ON THE PEAK GAIN FREQUENCY
Let consider the Brillouin gain spectrum in a short section at the far end of the fiber to be:
1
(5)
g (ν ′)= g B
2
1+ ⎡⎣(ν ′−ν B ) Δν /2 ⎤⎦
where νB is the Brillouin shift corresponding to the maximal gain in the short section and Δν the FWHM width of this
gain spectrum. To make it simpler, the frequency scale is shifted to ν= ν ′- νB, (maximum gain at the frequency origin).
If the maximal Brillouin gain frequency in the long uniform segment is shifted by δν and the FWHM width Δν is
identical to the short segment, the pump intensity follows this distribution when the effect of depletion is small (d<0.2):
d
⎡
⎤
I p (ν )=I Pis ⎢ 1−
(6)
2 ⎥
⎣
⎛ ν −δν ⎞ ⎦
1+⎜
⎟
⎝ Δν / 2 ⎠
Assuming a very small gain in the percent range during the interaction over the pulse width T, the net signal gain
can be reasonably expressed by a first order expansion (Vg: group velocity) of the exponential amplification:
Vg T
Vg T
1
d
⎤
⎡
(7)
G (ν ) =1+ g (ν ) I P (ν )
I Pis
1−
=1+ g B
2 ⎢
2 ⎥
2
2
⎛ ν ⎞ ⎣
⎛ ν −δν ⎞ ⎦
1+ ⎜
1
+
⎟
⎜
⎟
⎝ Δν / 2 ⎠
⎝ Δν / 2 ⎠
This distribution is represented in Fig.1 and presents a maximum that is shifted with respect to the d=0 situation.
The amount of shifting depends on the magnitude of the depletion d and the relative shift δν of the maximum gain
frequencies of the two segments. The gain FWHM width Δν is just a scaling factor and all results can be expressed as
normalized to Δν. The error is found by calculating ν giving the maximum of the expression in Equ.(7). The solution
turns out to be the root of a 5th order polynomial that cannot be extracted analytically9. Some approximations have to be
carried out and a first order solution can be obtained with the assumption that the error is much smaller than Δν:
d δν
νe ≅−
(8)
2 2
⎛ ⎛ δν ⎞ ⎞
⎛ ⎛ δν ⎞ 2 ⎞
⎜⎜ 1+ ⎜
⎟ ⎟⎟ − d ⎜⎜ 2 + ⎜
⎟ ⎟⎟
⎝ ⎝ Δν / 2 ⎠ ⎠
⎝ ⎝ Δν / 2 ⎠ ⎠
The minus sign indicates the maximum gain is logically shifted to higher frequencies when the long segment presents
a peak gain at lower frequencies than in the short segment (as depicted in Fig.1). This expression is maximal when:
d + 2 Δν
for a small depletion d
(9)
δν = Δν
≈
24
3
This result simply means that the error is maximal when the shift between the peaks of the two segments spectra is a
third of the full width, while the error vanishes if there is no shift or a shift much larger than the gain spectral width (no
more overlap). Inserting (9) into (8) leaves the following inequality:
27 d Δν
νe < −
(10)
≈ 0.16 d Δν
169 − 484d
An interesting result would be to determine the tolerable amount of depletion that would ensure that the error will
never exceed a given value νe. Fortunately the 5th order polynomial shows a linear dependence on the parameter d, so an
exact solution can be extracted. The expression is quite lengthy, but a robust 2nd order approximation is given here:
(1+ e2 ) ⎡⎣4ey 2 −(1+ e2 ) y ⎤⎦
ν
δν
d max =
with e =
and y = e
(11)
2
2
Δν / 2
Δν / 2
3ey − ( 2 + e ) y + e
It must be mentioned that all results shown above equally applies for a loss configuration. In that case a negative
value for the depletion factor d has to be inserted in all expressions, leading to similar errors for small d.
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4. DISCUSSION
0.25

Maximal tolerable depletion d

A common accuracy claimed in most reports and commercialized
instruments is 1 MHz on the peak gain frequency. Assuming a FWHM
0.2
gain linewidth of Δν=30 MHz and the worst case situation
δν=Δν/3=10 MHz, we find that the maximum depletion factor must be
dmax=0.17 (-0.8 dB) by Eq.11 and as graphed in Fig.2. Inserting this value
0.15
into Eq.4 and taking realistic values for a standard fiber (Aeff=80 μm2,
gB=1.5 10-11 m/W, α -1=22 km), we can determine that the CW signal
0.1
power Pis must not exceed 45 μW (-14 dBm) to ensure that the depletion
never exceeds 0.17 in a very long fiber (L>Leff=22 km). This value is
0.05
fairly low and is actually far from being proved to be met in the vast
majority of publications and commercial instruments. They are thus all
potentially subject to biasing errors related to depletion, errors that are
0
0
0.01
0.02
0.03
0.04
0.05
only rarely observed since the worst case situation is very unlikely to
Error νe/Δν
occur in real conditions.
In conclusion we have pushed the modeling of the pump depletion Fig.2: Maximum tolerable depletion d to ensure an
effect to obtain analytical expressions that are useful for the proper design error on the determination of the Brillouin shift not
of a BOTDA sensor and for the determination of its immunity to the exceeding νe in the worst case situation.
depletion. This model is informative on the conditions maximizing the
depletion effect; therefore a standard configuration can be defined to test the immunity of a set-up to depletion, made of
a long uniform fiber having a length equivalent to the claimed range. The Brillouin frequency at the far end of this fiber
is shifted by locally modifying the temperature or the applied strain over a short section, albeit longer than the spatial
resolution. The amount of shift must be δν=Δν/3 and the measured Brillouin shift must correspond to the real value that
can be obtained by measuring the short segment only.
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