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A tellurite glass fiber with a high Brillouin gain was employed for distributed strain measurement with
Brillouin optical correlation-domain reflectometry (BOCDR). First, the spatial resolution of BOCDR was
evaluated using the tellurite fiber. With the high Brillouin gain of the fiber, it was confirmed clearly in
the experiment that the spatial resolution is limited by the Rayleigh scattering-induced noise. Then,

the dependence of the Brillouin frequency shift (BFS) on strain in the tellurite fiber was investigated,
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showing a negative dependence with a coefficient of —0.023 MHz/pe. Using this tellurite fiber, the distri-
bution of the BFS around a 1-cm strain-applied section was successfully measured with BOCDR of a nom-
inal spatial resolution of 6 mm.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Brillouin optical correlation-domain reflectometry (BOCDR) [1]
can measure the distribution of strain and/or temperature along
a fiber under test (FUT) from a single end. So far, 13-mm spatial
resolution has been achieved [2]. Although this resolution is the
best ever reported in spontaneous Brillouin scattering-based
reflectometers, it was limited by the signal-to-noise (S/N) ratio in
the conventional silica fiber-based Brillouin gain spectrum (BGS)
measurement. It is expected that the spatial resolution can be im-
proved by using a specialty fiber with a large Brillouin gain coeffi-
cient as the FUT to enhance the S/N ratio.

Among various specialty fibers, tellurite glass fibers [3,4] have
been vigorously studied due to their high refractive index
(n=2.03), high nonlinearity, and broad Raman gain bandwidth,
and thus far been applied to developing optical devices, such as
ultra-wide-band Raman fiber amplifiers (RFAs) [5], efficient Tm>*-
doped tellurite fiber lasers [6], and carrier-envelope offset (CEO)-
locked frequency combs [7]. In addition to these applications, they
can also be used as the gain medium for Brillouin scattering. Abedin
[4] investigated the properties of stimulated Brillouin scattering
(SBS) and the performance of slow light generation in an Er**-doped
tellurite fiber, and showed that a tellurite fiber has a large Brillouin
gain coefficient (gg ~ 1.7 x 1071 m/W) and is suitable for slow light
generation.
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In this paper, a tellurite fiber is employed in BOCDR to realize
high-spatial-resolution distributed strain sensing. Although the
background loss (~0.02 dB/m at 1550 nm) of the tellurite fibers
is much higher than that of silica fibers (~0.0005 dB/m), making
use of their high Brillouin gain, we believe tellurite fibers can be
applied to developing short-range but high-spatial-resolution Brill-
ouin sensors. First, the spatial resolution of BOCDR using the tellu-
rite fiber is evaluated. With the high Brillouin gain of the fiber, it is
confirmed clearly in the experiment that the spatial resolution is
limited by the Rayleigh scattering-related noise. Next, the strain-
dependence of the Brillouin frequency shift (BFS) in a tellurite fiber
is investigated. It is found that, with increasing strain, the BFS in
the tellurite fiber shifts toward lower frequency with a coefficient
of —0.023 MHz/pe. This negative dependence seems to be caused
by the negative strain-dependence of the Young’s modulus of the
tellurite fiber. Then, a distributed strain measurement is performed
by using this tellurite fiber as the FUT in BOCDR with a nominal
spatial resolution of 6 mm, which is the inherent limitation as de-
scribed later.

2. Principles

Brillouin scattering occurs when light is Bragg-reflected by the
refractive index modulations produced by acoustic phonons. The
backscattered light (Stokes light) suffers a Doppler shift called
BFS, which depends on tensile strain applied to the optical fiber.
For example, in a standard silica single-mode optical fiber (SMF),
the BFS of about 11 GHz slightly varies to higher frequency in pro-
portion to the applied strain with a coefficient of +0.058 MHz/pe
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[8]. Hence, the BFS can provide the information on the strain mag-
nitude in the fiber.

BOCDR is based on spontaneous Brillouin scattering. As de-
scribed in [1], its basic principle is to generate a correlation peak
within the FUT by applying the same frequency modulation to
the pump and the reference light. The experimental setup is the
same as that reported previously [9], where a polarization scram-
bler was inserted in the reference path to suppress the polariza-
tion-dependent fluctuations of the BGS. The measurement range
dp, (distance between the correlation peaks) is given by

c

dm:m7 (1)

where c is the velocity of light in vacuum, n the refractive index, and
fm the modulation frequency of the light source. The following
expression of the spatial resolution Az was derived for BOCDA
[10,11], but it also holds well for BOCDR according to our previous
experimental results [1,2,9]:
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where Avy is the Brillouin gain bandwidth in optical fibers, and Afis
the modulation amplitude of the light source. Here, it is known that
fm higher than Avg does not contribute to the enhancement of Az in
Eq. (2) [10]. In addition, Af must be lower than a half of the BFS of
the FUT because of the behavior of Rayleigh scattering-related noise
in BOCDR as described schematically in [1]. Therefore, under the
condition of f, = Avg, the limitation of the spatial resolution Azyn,
is given, by the BFS, as
c
7tnBES (3)

In Table 1, n, BFS, and Az, of silica, bismuth oxide [12], As,Ses
chalcogenide [13], and tellurite fibers are summarized. About 6-
mm spatial resolution is expected by using a tellurite fiber.

AZmin =

3. Experiments

First, we evaluated experimentally the spatial resolution of
BOCDR using the tellurite fiber. The structure of the FUT is depicted
in Fig. 1. Since it is difficult to directly splice a tellurite fiber (5 m)
to an SMF with a good mode matching, a dispersion-compensation
fiber (DCF) (30 cm) was inserted between them. One end of the tel-
lurite fiber was connected to the DCF with a tilted V-groove con-
nection [14], and the other end was bent to suppress the Fresnel
reflection. The light-source modulation frequency f, was set to
7.8028 MHz to place a correlation peak within the tellurite fiber.

Fig. 2 shows the whole spectra of the electrical output of the
BOCDR system when Af was increased from 0.1 to 4.0 GHz. Due
to the large Brillouin gain coefficient of the tellurite fiber, along
with its strong Rayleigh scattering, the evolution of the spectra
was observed much more clearly than that in our previous exper-
iment [1]. As Af became larger, the spectrum of the Brillouin-scat-
tered light broadened in both directions for 2Af around the BGS
peak at about 8 GHz. The BGS peak frequency gives the BFS at a
specific position in the FUT selected by the light-source frequency

Table 1
n, BFS, and Az, of silica, bismuth-oxide [12], As,Se; chalcogenide [13], and tellurite
fibers.

Fiber n BFS (GHz) AZpin (Mm)
Silica 1.46 10.86 6.0
Bismuth oxide 222 8.83 4.9
Chalcogenide 2.8 7.97 4.3
Tellurite 2.03 7.95 59
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Fig. 1. Structure of the FUT.
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Fig. 2. Electrical spectra when the modulation amplitude Afwas increased from 0.1
to 4.0 GHz. Each spectrum is shifted by 35 dB. The values on the ordinate are valid
only for Af=0.1 GHz.

modulation. This is the mechanism of the distributed measure-
ment of BOCDR [1]. In Fig. 2, a large amount of noise spreading
from O Hz to 2Af is also clearly shown, which is induced by the
Rayleigh scattering. When Af was 4.0 GHz, the noise began to over-
lap the BGS peak. This result confirms experimentally that the lim-
itation of Af is a half of the BFS of the fiber, and thus the spatial
resolution must be larger than the value given in Eq. (3).

Next, the strain-dependence of the BFS in the tellurite fiber was
investigated using the same FUT. Since the tellurite fiber was short,
the measurement was conducted using BOCDR to place the mea-
surement window (the correlation peak) within the tellurite fiber
to remove the effects of other fibers. Af and f,, were set to 1 GHz
and 7.8028 MHz, respectively, which correspond to the measure-
ment range d,, of 9.47 m and the spatial resolution Az of about
3 cm according to Egs. (1) and (2). As shown in Fig. 3, Avg was
10 MHz, which is much narrower than those of more than
23 MHz reported so far [4,15] probably due to the high-gain condi-
tion and the difference in glass purity. In the tellurite fiber, differ-
ent strains were applied to a 40-cm section (5.7-6.1 m from the
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Fig. 3. Measured BGS from 5-m tellurite fiber with no strain applied.
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circulator) fixed on a translation stage using epoxy glue. The posi-
tion of the correlation peak was set to the middle of the strain-ap-
plied section, and the sampling rate of the BGS measurement was
about 2 Hz including 10-times averaging.

The strain-dependence of the BGS in the tellurite fiber is shown
in Fig. 4a. With increasing the applied strain, the BGS shifted to-
ward lower frequency. From these spectra, we can plot the
strain-dependence of the BFS as shown in Fig. 4b. The error bars
are +2.5 MHz, corresponding to the BFS fluctuations when strain
was fixed. The slope of the straight-line approximation was calcu-
lated to be —0.023 MHz/pi€. It is notable that the sign of the strain-
dependence is opposite to that of a silica SMF (+0.058 MHz/p.e [8]).

In general, the strain coefficient of the normalized BFS in optical
fibers is given by:

1 OE

1 0vg 10n
ﬁ%_ﬂ%’ (4)
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where E is the Young’s modulus, and p the density. The values of
each term have been determined as —0.23, 2.88, and 0.36 by Horig-
uchi et al. [8] for silica fibers with n = 1.46. Since the BFS is about
10.86 GHz in SMFs, the strain coefficient is calculated to be
+0.033 MHz/pe, which roughly matches the measured value
(+0.058 MHz/e). In order to estimate the case of tellurite fibers
with n=2.03, we make two assumptions as follows: (i) the first
term is —0.445 (=—0.23 x 2.03%/1.46%) because it is proportional
to the square of n [8], and (ii) the third term is 0.16 (=0.36 x 2.2/
5.1) because p of silica crystals is 2.2 g/cm?, while that of tellurite
crystals is 5.1 g/cm® [16]. Using the measured strain coefficient
(—0.023 MHz/pe), the second term can be calculated back to be
—2.61. This negative dependence of the Young’s modulus on strain
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Fig. 4. (a) Strain-dependence of the BGS in the tellurite fiber and (b) that of the BFS.
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Fig. 5. (a) Structure of the FUT for a distributed measurement and (b) photo of the
strain-applied section.
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Fig. 6. (a) Measured distribution of the BGS along the FUT and (b) that of the BFS.

has been observed also in soda glass fibers (silica + Na,O + CaO) by
Mallinder et al. [17], with a second term of —2.555. Thus, we pre-
sume that the negative strain-dependence of the BFS is due to the
negative dependence of the Young’s modulus on strain in the tellu-
rite fiber.

Finally, this tellurite fiber was employed as the FUT in distrib-
uted strain measurement by BOCDR to improve the S/N ratio and
thus to achieve the inherent limitation of the spatial resolution gi-
ven by Eq. (3). The modulation frequency f;,, was set to 9.972599-
9.975924 MHz (f, < Avg of the tellurite fiber), which corresponds
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to a measurement range d,, of 7.4 m according to Eq. (1). The
amplitude of the frequency modulation Af was 3.94 GHz
(Af < BFS/2), and the nominal spatial resolution Az was calculated
to be about 6 mm from Egs. (2) and (3). The structure of the FUT is
shown in Fig. 5a and b. The length of the tellurite fiber was 3.7 m,
and 0.15% strain was applied to a 1-cm section. Other conditions
concerning the FUT were the same as those for the preceding mea-
surement. Polarization scrambling was employed, and the sam-
pling rate of the measurement for a single position was 10 Hz
including 5-times averaging. The measurement was performed at
50 points sequentially for 5 s.

Fig. 6a shows the measured distribution of the BGS along the
FUT. The BGS at the strain-applied section was recognized with
much higher S/N ratio than that in our previous experiment with
an SMF as the FUT [2]. Fig. 6b shows the distribution of the BFS.
The 1-cm strain-applied section was detected with a nominal spa-
tial resolution of 6 mm, which is the inherent limitation given by
Eq. (3). The gradual variation of the BFS seems to have come from
the strain distribution inside the epoxy glue. The change of the BFS
was about —34 MHz, which corresponds to 0.148% strain. This va-
lue is in good agreement with the applied strain of 0.15%. The accu-
racy of the measurement at a single position was about +2.5 MHz,
which corresponds to a strain accuracy of +0.01% (£100 pe in this
experiment.

4. Conclusions

We employed a tellurite fiber as the FUT in BOCDR to realize a
short-range but high-spatial-resolution distributed strain mea-
surement. The spatial resolution of BOCDR was evaluated experi-
mentally using the tellurite fiber. Thanks to the high Brillouin
gain of the fiber, the behavior of Rayleigh scattering-induced noise
in BOCDR was observed clearly. This experiment confirmed that
the modulation amplitude Af of the light source is inherently lim-
ited to below a half of the BFS of the fiber, and thus the spatial res-
olution is correspondingly limited. The investigation on the
dependence of the BFS on strain in the tellurite fiber shows that
the BFS in this kind of fiber shifted toward lower frequency with
increasing strain, and its coefficient was found to be
—0.023 MHz/pe. This negative dependence seems to originate from
the negative dependence of the Young’s modulus of the tellurite fi-
ber on strain. A distributed strain measurement with BOCDR was

demonstrated using the tellurite fiber. With the high Brillouin gain
of the tellurite fiber and thus the enhanced S/N ratio in BGS mea-
surement, a 1-cm strain-applied section was successfully detected
with 6-mm nominal spatial resolution, which is the inherent limi-
tation of the fiber. This is the first demonstration of a millimeter-
order spatial resolution among one-end-access strain-sensing
reflectometers. We expect the BOCDR system to be useful not only
in strain monitoring of civil structures but also in the investigation
of internal structures of optical components because of its high-
resolution measurability.
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