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Single-ended distributed temperature or strain sensor
based on stimulated Brillouin scattering

Weiwen Zou, Zuyuan He, and Kazuo Hotate
Department of Electrical Engineering and Information Systems, The University of Tokyo
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-8656, Japan
{zou.ka,hotate } @sagnac.t.u-tokyo.ac.jp

ABSTRACT

We propose a single-ended distributed temperature or strain sensor based on stimulated Brillouin scattering (SBS) in a
polarization-maintaining (PM) optical fiber. Pump and probe waves with orthogonal polarization states enter one fiber
end and generate SBS assisted by a polarization beam splitter and a PM isolator at the other fiber end. Unlike the
previously-reported method, neither an optical filter nor a sophisticated beat-lock-in detection is necessary. Single-ended
distributed sensing of temperature or strain is experimentally demonstrated with the measurement range and the spatial
resolution of 200 m/16 cm, 56 m/5 cm, or 5.6 m/5 mm, respectively.
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1. INTRODUCTION

Fiber optic Brillouin distributed sensors [1-6] have been extensively studied during the past decades because they are
regarded as powerful tools for diagnosing temperature or strain distribution in smart materials and smart structures.
There are three important factors in Brillouin distributed sensors: (1) the interrogation of the temperature or strain
information, (2) the way to resolve the position along the fiber length, and (3) the configuration of the optical fiber under
test (FUT). All factors are related to Brillouin scattering phenomenon in the FUT, which is an interaction between light
photons with acoustic phonons. The optical frequency of the scattered (or amplified) photons is downshifted from that of
the incident (or pump) photons. The downshifted frequency is known as Brillouin frequency shift (BFS, vg) and it is
proportional to the acoustic velocity. Either temperature or strain change alters linearly the acoustic velocity, so that the
local temperature or strain information can be interrogated by monitoring the local BFS. Various laser technologies have
been utilized to revolve the position information, for example, pulse-formation technology [1-3] or continuous-wave
correlation-based technology [4-6]. The pulse-based technique has an advantage of long measurement ability (~tens of
kilometers); the correlation-based technology has unique features of random-accessible ability and high spatial resolution
(even sub-centimeter). Spontaneous Brillouin scattering (SpBS) in the FUT offers a way to build up single-ended
distributed sensors [3,6]; besides, stimulated Brillouin scattering (SBS) is used to develop double-ended distributed
sensors since pump and probe waves need to be counter-propagated [1,4-5]. The SpBS-based distributed sensors are
more flexible in long-range application but with much weaker signal compared with the SBS-based distributed sensors.

In this paper, we demonstrate a novel proposal of single-ended SBS-based distributed sensor. The novel proposal
offers several advantages over the previously-reported method based on a reflector at the far fiber end [7]. The
measurement range is not be halved; neither an optical filter nor a sophisticated beat-lock-in detection is necessary; the
frequency modulation depth is not limited to be a half of the BFS. We demonstrate experimentally single-ended
distributed sensing of temperature or strain with the measurement range (d,) and the spatial resolution (Az) of
200m/16¢cm, 56m/Scm, or 5.6m/Smm, respectively.

2. PRINCIPLES

Figure 1 compares two different schemes of single-ended SBS-based distributed sensor. In Fig. 1(a), sinusoidally
frequency-modulated pump and probe waves are launched into a single-mode optical fiber (SMF) from one end [7]. One
forward wave is reflected back by a reflector at the far end and then encounters the other forward wave. Afterwards, they
generate SBS at a particular position of the synthesized correlation peak. However, there are two similar cases of SBS
interaction as shown in Fig. 1(a), which halves the measurement range with respect to the ordinary double-ended
Brillouin optical correlation domain analysis (BOCDA) system [4].
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Fig. 1. Comparison of two different schemes of single-ended SBS-based distributed sensors based on (a) a reflector and (b) a combined PBS and
PM-ISO at the far end of the fiber under test. There is only one case of Brillouin interaction in (b) but two cases in (a).

Our novel scheme is shown in Fig. 1(b). A polarization-maintaining optical fiber (PMF) is used as the sensing FUT.
Sinusoidally frequency-modulated pump and probe waves are linearly polarized with orthogonal x-polarized and y-
polarized states, respectively. The two waves are launched into a PMF through a polarization-beam splitter (PBS1). At
the far end of the PMF, the two waves are divided by an additional PBS2. With the assistance of a polarization-
maintaining isolator (PM-ISO), only the probe wave (y-polarized) is rotated back to the PMF with the orthogonal x-
polarized state. Consequently, the probe wave encounters the pump wave with the same polarization state (x-polarized)
and SBS occurs at the synthesized correlation peak. Since there is only one case of SBS interaction, the measurement
range (d,,) and the spatial resolution (Az) are exactly the same as the ordinary BOCDA system [4], given by following:

_ Ae=d AVs Ye)
"o 2n,f, ANf

where ¢ is the light speed in vacuum, n.; (~1.446) is the effective refractive index of the fiber, Avg is the Brillouin
linewidth (~30 MHz), and f;, (Af) is the modulation frequency (depth).

Furthermore, the novel configuration proposed in this paper [depicted in Fig. 1(b)] simplifies signal processing when
compared to the scheme in Fig. 1(a). Since the forward pump wave is completely blocked by the PM-ISO, the pump
wave and the Brillouin loss signal appearing in the output are only related to the cross-talk of the PMF (a<-25 dB/100m).
The detected signal (P,) of the novel proposal can be approximately expressed by:

P, =P +a(P,—¢""*)= P +aP,+(1-a)gP,PAz, (3)
where g is a normalized Brillouin gain coefficient, and P (P,) is the optical power of the probe (pump) wave,
respectively. A single lock-in detection as employed in the ordinary BOCDA system [4] is sufficient to demodulate the
Brillouin interaction (gain) signal, i.e., the third component of the right hand side of Eq. (3). Eq. (3) further shows that it
is not necessary to use any optical filter to cut down the Brillouin loss signal. Because of this, the modulation depth (Af)
can far exceed the half of the BFS (vg), which offers significant advantage over the SpBS-based single-ended distributed
sensor [6].

c

3. EXPERIMENT AND RESULTS

The experimental setup is illustrated in Fig. 2. A 1549-nm distributed-feedback laser diode (DFB-LD) is used as a
light source, and a sinsodinal frequency modulation is directly applied by a function generator. The inset of Fig. 2 shows
the modulation depth Af=~12 GHz, which is even greater than the BFS vp=~10.9 GHz of the PMF. The output of the
DFB-LD is divided by a 3-dB coupler to generate pump and probe waves, respectively. A single-sideband modulator
(SSBM) is used to downshift the optical frequency of the probe wave. The downshifted frequency around the BFS vy is
swept by a mirowave synthesizer. A ~3-km SMF spool is laid in the probe arm to introduce a higher-order correlation
peak in the PMF under test. Besides, an intensity modulator (IM) is employed to chop the pump power at a frequency of
123 kHz. Pump and probe waves are amplified by two erbium-doped fiber amplifers (EDFAs) to ~24 dBm and ~7 dBm,
respectively. The probe wave is linearly polarized by a polarizer; the pump wave is also linearly polarized after passing a
PM circulator (PM-CIR). Both linearly-polarized pump and probe waves are launched into the PMF through two
orthogonal ports of a PBS1, so that pump and probe waves propagate along the PMF with orthogonal polarization states.

Proc. of SPIE Vol. 7503 75036B-2
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Fig. 2. Experimental setup of the novel single-ended SBS-based distributed temperature or strain sensor. The inset shows the optical power
spectrum of the laser source with a modulation depth Af'=~12 GHz.

Optical frequency [THz]

At the far PMF end, two ports of the PBS2 are spliced together with a PM-ISO. The output from the PM-CIR is
attenuated by a variable optical attenuator (VOA) and detected by a photo-detector (PD). The electronic signal is
demodulated by a lock-in amplifier (LIA) at the chopping frequency of 123 kHz. The demodulated signal is sampled by
a data acqusition card (DAQ) as a function of the microwave frequency (v) to collect the Brillouin gain spectrum (BGS).

First, we set the modulation frequency f, to 478.134 — 521.968 kHz, which corresponds to a nominal measurement
range d,, = ~200 m and a nominal spatial resolution Az =16 cm according to Egs. (1) and (2). A 200-m PMF sample is
prepared as shown in Fig. 3(a), which comprises four portions (A, B, D, and E) heated by a hot plate and two portions (C
and F) strained by a set of x-stages. All heated or strained portions are ~16 — 20 cm in length. Fig. 3(b) depicts the
characterized BFS distribution along the PMF when the temperature of the heated portions is set to 7 = 81°C. One
example of 3-D plot of the distributed BGS around one end of the PMF is shown in Fig. 3(c) where the increased BFS in
the heated D and E portions can be clearly seen. The magnified views of the heat-induced BFS are shown in the insets of
Fig. 3(b). When ~0.3-% strain is applied to C and F portions, we measure the BFS distribution again, which is depicted
in Fig. 4(a). 3-D plot of the distributed BGS around one end of the PMF is shown in Fig. 4(b) where the strain-increased
BES can be clearly recognized. The detailed views of the strain-induced BFS are included in the insets of Fig. 4(a).
Additionally, we can realize 5-cm spatial resolution by setting the modulation frequency f;, to 1813.61 — 1856.98 kHz.
The nominal d,,, and Az are calculated to be 56 m and 5 cm, respectively; experimentally, we succeed in measuring the
strain- and temperature-induced BFS changes in ~5-cm portions.

Finally, we demonstrate distributed sensing of temperature or strain with the highest spatial resolution of 5 mm
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Fig. 3. (a) Prepared 200-m PMF sample with four heated portions (A, B, D, and  Fig. 4. (a) Measured BFS distributions when ~0.3-% strain is
E) and two strained portions (C and F). (b) Measured BFS distribution when the  applied to the C and F portions. The insets show the results
temperature of the heated portions is 7=81°C. The insets show the results around the strained portions. (b) 3-D plot of the distributed BGS
around the heated portions. (c) 3-D plot of the distributed BGS around one end  around one end of the PMF.
of the PMF.

Proc. of SPIE Vol. 7503 75036B-3



A T=87°C
--O--T=63"C
——T=24C

034 036 0.38 0.40
A 22400 pe

BFS, v, [GHz]

Position [m] | Position [m]
(a) (b)

Fig. 5. (a) Measured BFS distributions along the 5-m PMF. The inset shows the PMF structure with two heated portions (A” and B”) and one
strained portion (C”). (b) Magnified plots of the BFS distributions around the heated A” portion (top) and the strained C” portion (bottom).

reported in all single-ended sensors to date. The largest A=~12 GHz of the DFB-LD is applied; the modulation
frequency fy, is set to 18.476 — 18.516 MHz near the Brillouin linewidth Avg. The nominal d, and Az are calculated to be
5.6 m and 5 mm, respectively. The prepared 5-m PMF sample with two 5-mm heated portions (A” and B”) and one 5-
mm strained portion (C”) are shown in the inset of Fig. 5(a). The BFS distribution along the entire 5-m PMF is measured
when T=87°C and A&=0.24%, which is plotted in Fig. 5(a). The BFS increments are obviously visible. When different
AT or Aeis applied, we repeat the measurements. The experimental results around the A” and C” portions are
summarized in Fig. 5(b), from which different BFS change induced by different AT or Ag can be clearly derived.

4. CONCLUSIONS

We have demonstrated a novel single-ended SBS-based distributed sensor. By combining a PMF with two PBS and
one PM-ISO as a FUT, both pump and probe waves can access the same end of the FUT to diagnose distributed
temperature or strain information. Unlike the previously-proposed method [7], neither an optical filter nor a beat-lock-in
detection is necessary; the frequency modulation depth can be larger than the half of the BFS. The measurement range is
the same as the traditional BODDA system. We have experimentally demonstrated distributed sensing with d,,/Az of
200m/16¢cm, 56m/5cm, or 5.6m/5mm, respectively. In addition, the ratio of d,/Az can be enlarged by employing a laser
diode with a broader modulation depth or by using a temporal-gating technique. Further combination with our recent
proposal of discrimination of strain and temperature [8] will enable potential application in single-ended distributed and
discriminative sensing of strain and temperature.

This work was supported by the “Grant-in-Aid for Creative Scientific Research” and the “Global Center of Excellence
Program” from the Ministry of Education, Culture, Sports, Science and Technology, Japan.
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