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Effect of the finite extinction ratio of an electro-optic
modulator on the performance of

distributed probe–pump Brillouin sensor systems
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The effect of the finite extinction ratio of an electro-optic modulator (EOM) on the Brillouin frequency mea-
surement of a distributed Brillouin-based fiber optic sensor is studied. An EOM with a finite extinction ratio
limits the application of Brillouin optical time domain analysis in a distributed Brillouin-based fiber optic
sensor. This results in confusion in specifying the location of the strained region and in error in detecting the
Brillouin frequency and hence in strain and temperature measurement. © 2003 Optical Society of America

OCIS codes: 290.5830, 060.4370, 060.2370.
Brillouin-scattering-based fiber optic sensors are
based on a nonlinear optical phenomenon called stimu-
lated Brillouin scattering. A sensor configuration
developed by Bao et al.1 monitors the interaction of
two counterpropagating laser beams, a cw pump and
a pulsed Stokes beam, through an induced acoustic
wave inside the f iber. The interaction magnif ies the
pulsed Stokes beam at the expense of depleting the
pump beam, which is then detected as a loss signal, as
shown in Fig. 1. The largest depletion of the pump
beam at a point along the fiber, i.e., at resonance,
happens when the frequency of the acoustic wave nB at
that point matches the beat frequency of the two laser
beams, i.e., np 2 ns � nB , where np and ns are the
pump and the Stokes frequencies, respectively.
The frequency of the acoustic wave, hereafter called
the Brillouin frequency, is related to the f iber proper-
ties and to the pump wavelength and varies linearly
with temperature and strain.2 By scanning Stokes
frequency ns over a range of frequencies and measur-
ing the intensity of the corresponding signal at the
detector, one obtains a Brillouin loss spectral profile.
The amount of shift in the resonance frequency of this
profile, dnB, with respect to a reference condition is
used to determine temperature or strain variations.
These distributed sensors can measure, in principle,
strain and temperature at any point along the sens-
ing f iber. Distributed sensing is possible through
Brillouin optical time-domain analysis (BOTDA). In
this method the spatial information is related to the
round-trip time by z � tc��2n�. This means that the
signal detected at time t represents the Stokes–pump
interaction at position z � tc��2n� and time t�2.
Consequently the spatial resolution is determined by
dz � cW��2n�, where W is the Stokes pulse width.

In the setup developed by Bao et al.,1 an electro-
optic modulator was used to convert a cw laser beam
into a pulsed laser beam with a controllable pulse
width. However, because the electro-optic modulator
has a finite extinction ratio, defined as Rx � �Ppulse 1
Pcw ��Pcw , the pulsed laser always contains a cw
component, which is hereafter called leakage. We
have developed a simulation model of Brillouin-based
fiber optic sensors and found that the finite extinc-
tion ratio affects the Brillouin spectral shape and
0146-9592/03/161418-03$15.00/0
limits the ability of BOTDA to obtain the spatial
information.3 Consequently, the Brillouin interac-
tion of the Stokes and the pump beams consists of
both leakage–pump and pulse–pump interactions.
The dominant interaction ultimately determines the
resultant profile shape, linewidth, and limitation in
obtaining the spatial information. In terms of the
overall Brillouin profile, the leakage–pump interac-
tion contributes a Lorentzian distribution, whereas
the pulse–pump interaction contributes a Gaussian
distribution when the pulse width approaches or
narrows below the phonon lifetime.3 In this Let-
ter we demonstrate how the finite extinction ratio
limits the capability of BOTDA and how one can
minimize this limitation by varying the leakage and
Stokes powers and the f iber length. The simulation
is based on a numerical model of stimulated Bril-
louin scattering developed by Afshaarvahid et al.,4
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that describe pump Ep, Stokes Es, and acoustic Q
fields are solved numerically. Here g1 and g2 are

Fig. 1. Geometry used for simulating Brillouin-based
fiber optic sensors. The relative Brillouin shifts of re-
gions A, B, and C are 0, 231.9, and 31.9 MHz, respectively.
© 2003 Optical Society of America
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the coupling coeff icients related to the Brillouin
signal gain through gB � 2g1g2�G1. G is a complex
value given by G � G1 1 iG2, where G1 � 1��2t�
is the damping rate and G2 � Dv � v 2 vB is
the detuning frequency. We used the geometry
shown in Fig. 1 and the following parameters in
our model: gB � 5 3 1023 cm�MW, t � 10 ns,
d � 9 mm, W � 1 ns, L � 6 m, Ppump � 5 mW, and
Ppulse � 2 mW, where t is the phonon lifetime and
d is the fiber core’s diameter. The input Stokes is
a super-Gaussian pulse with a cw leakage compo-
nent. The sensing f iber consists of three sections:
section A, 0 , z , z1, is under no strain and has no
temperature change and thus no relative Brillouin
shift; section B, z1 , z , z2, is under strain with a
relative Brillouin frequency shift of 231.9 MHz; and
section C, z2 , z , L, is under strain with a relative
Brillouin frequency shift of 31.9 MHz.

Figure 2 shows the frequency profile that cor-
responds to the middle of section B for several
extinction ratios. The Rx � ` (cw leakage is zero)
curve shows a broad Gaussian profile as a result
of a short �W � 1 ns , t� pulse–pump interaction.
The other profiles, however, show twofold spec-
tral profiles that consist of the Gaussian profile of
Rx � `, indicating their pulse–pump interaction,
plus a narrower Lorentzian profile, representing their
cw leakage–pump interaction. Therefore the total
spectral shape and linewidth of any Stokes–pump
interaction are determined by the dominant process
of the pulse–pump or leakage–pump interactions. A
dominant pulse–pump or leakage–pump interaction
makes the Brillouin spectral profile become more
Gaussian with a large linewidth or more Lorentzian
with a narrower linewidth, respectively. This twofold
structure has been observed experimentally and has
led to a new spectral f itting method6 in which a
combination of Gaussian and Lorentzian profiles with
different linewidths is used to fit the experimental
data. Zooming in on the central part of Fig. 2 reveals
(see Fig. 3) that, although the profile corresponds
to the middle of section B and hence should present
only one peak at the Brillouin frequency shift of
231.9 MHz (peak 1), it presents three peaks, at
231.9, 0, and 31.9 MHz, corresponding to the Bril-
louin frequency shifts of all three sections. This
causes confusion in determining the true Brillouin
frequency shift of strained section B and errors when
the Brillouin frequency shifts of neighboring sections
are close to that of this section. The concept of
BOTDA is based on the fact that the signal detected
at time t represents the Stokes–pump interaction at
time t�2 and position z � tc��2n� (assume that z is in
region B). An electro-optic modulator with a finite
extinction ratio permits cw leakage in every section of
the f iber, which complicates the BOTDA measurement
in two ways: First, before the Stokes–pump interac-
tion at t�2 and z � tc��2n�, the pump is depleted by
the cw leakage during time interval �0, t�2�. Hence
it carries information on the Brillouin interaction in
region C. Second, after the pulse–pump interaction
at z, the depleted pump continues to interact with the
cw leakage component as it propagates in region A
toward the detector. Therefore the signal detected at
time t carries the Brillouin interaction information of
position z as well as of regions A and C.

The strength of these extra leakage–pump inter-
actions decreases as the leakage power decreases or
the pulse power increases (i.e., the extinction ratio in-
creases). This can be seen from Figs. 3 and 4, where
we have compared the spectral profiles for several
extinction ratios that we obtained by changing the
leakage or pulse powers, respectively. We have
also compared the height of the Brillouin peak that
corresponds to strained section B (peak 1 in Figs. 3
and 4) with those of neighboring peaks 2 and 3 for
different extinction ratios. Figure 5 shows that, as
the extinction ratio increases, the relative height of
peak 1 with respect to those of peaks 2 and 3 increases,
resulting in better suppression of peaks 2 and 3. The
strength of leakage–pump interactions in regions A
and C also depends on the lengths of these regions.

Fig. 2. Brillouin spectral profiles of signals corresponding
to the middle of region B for extinction ratios 30, 40, and
50 dB and `.

Fig. 3. For all profiles except Rx � ` there are three
peaks, at 231.9, 0, and 31.9 MHz. These peaks represent
the Brillouin frequency shifts of regions B, A, and C,
respectively.
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Fig. 4. Brillouin prof iles of region B for several extinction
ratios that we obtained by varying the pulse component of
the Stokes beam.

Fig. 5. Relative heights of peak 1–peak 2 and peak 1–
peak 3 for several extinction ratios that we achieved by
varying the leakage or pulse powers.

Thus the capability of our sensing system to detect
the true Brillouin frequency shift of a strained region
(e.g., region B) depends on the region’s length relative
to those of other f iber sections. Figure 6 shows that
the height of the true Brillouin peak of strained
region B decreases relative to those of regions A and
C as their lengths are increased. Therefore, smaller
Fig. 6. Brillouin profile for three fiber lengths. The
length of region B is constant at 55 cm.

relative lengths LB�LA and LB�LC lead to greater
diff iculty in detecting the true Brillouin frequency
shift. This means that the best achievable spatial
resolution of the sensor system is limited by the fiber
length as a result of the extra leakage–pump inter-
actions in regions A and C. As a result, the spatial
resolution should be determined by the minimum
detectable strain–temperature section rather than
by the 10–90% rise time of the pulse, as normally
defined in the distributed sensor field.

S. Afshar V.’s e-mail address is safshar@uottawa.ca.
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