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Abstract—We propose a single-end-access correlation-domain
distributed fiber-optic sensor based on stimulated Brillouin scat-
tering (SBS) in a polarization-maintaining optical fiber (PMF).
Frequency-modulated pump and probe waves are launched into
the same end of the PMF with orthogonal polarization states.
Assisted by a polarization beam splitter and a polarization-main-
taining isolator installed at the other end of the PMF, SBS
interaction between the reflected probe wave and the forward
pump wave is exclusively localized within the PMF. Unlike the
previously-reported method based on placing a reflector at the
far end of the fiber (Song et al., 2008), in which the measurement
range is shortened to a half of the nominal value determined by
the frequency modulation, as given in the work by Hotate and
Hasegawa (2000), our new method maintains the range as the
nominal value. Distributed sensing of temperature or strain is
experimentally demonstrated with the measurement range/the
spatial resolution of 200 m/16 cm, 56 m/5 cm, or 5.6 m/5 mm,
respectively.

Index Terms—Fiber optic sensors, polarization-maintaining
fiber, scattering measurements, stimulated Brillouin scattering
(SBS).

I. INTRODUCTION

F IBER-OPTIC distributed sensors based on Brillouin scat-
tering [1]–[6] have been extensively studied during the

past decades because they are regarded as powerful tools for
measuring temperature or strain distribution in smart materials
and smart structures. Brillouin scattering occurring in the fiber
under test or the fiber as a sensing element is physically at-
tributed to the interaction between optical photons and acoustic
phonons. The 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
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(BFS, ) and is proportional to the acoustic velocity in the
sensing fiber. Either temperature or strain change alters linearly
the acoustic velocity [7], [8], so that the temperature or strain
information can be obtained by monitoring the BFS .

To obtain the position information for distributed sensing, i.e.,
to resolve the Brillouin scattering from different positions along
the fiber, various techniques have been developed, for example,
the pulse-based technique [1]–[3] or the continuous-wave
correlation-based technique [4]–[6]. The pulse-based technique
has the advantage of long-length measurement ability ( tens of
kilometers), while the correlation-based technique has unique
features of random-access ability and high spatial resolution
(even sub-centimeter).

Both the spontaneous Brillouin scattering (SpBS) and the
stimulated Brillouin scattering (SBS) are utilized for distributed
sensing. SpBS is used to build single-end-access distributed
sensor [3], [6], called Brillouin optical time-domain reflec-
tometry (BOTDR) or Brillouin optical correlation-domain
reflectometry (BOCDR), respectively, which is more flexible
in long-length measurement application but with much weaker
signal compared to SBS-based sensors. SBS-based sensors, on
the other hand, can provide much stronger signals, but need
double-end-access to the fiber since pump and probe waves
need to counter-propagate along the fiber [1], [4], [5]. Recently,
a single-end-access SBS-based distributed sensor with con-
tinuous-wave correlation-domain technique was proposed, in
which a reflector is placed at the far end of the sensing fiber to
reflect the forward pump and probe waves back, and SBS is
generated by the interaction between the backward waves and
the forward waves [9]. The drawback of above configuration is
that, due to the two-folding of the optical path, there are two
cases of SBS interaction at different positions at a moment, and
then the usable measurement range is shortened to a half of the
nominal value of the correlation-domain technique [4].

In this paper, we propose a novel scheme of a single-end-ac-
cess correlation-domain SBS-based fiber-optic distributed
sensor. A polarization-maintaining optical fiber (PMF) is used
as the sensing element. Using the PMF allows ideal SBS inter-
action when Brillouin pump and probe waves polarized with
the same axis (slow or fast). Recently, a new concept of Bril-
louin dynamic grating in PMF was demonstrated [10], which is
attributed to the facts that the acoustic wave generated in SBS
is a longitudinal-wave and that the high birefringence of a PMF
does not differentiate the acoustic waves [11]. The Brillouin
dynamic grating in a PMF enables a complete discrimination
of strain and temperature in SBS-based distributed sensors
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[12]–[15]. It was also demonstrated that sub-meter spatial
resolution can be realized in Brillouin time-domain distributed
sensing by use of the Brillouin dynamic grating in a PMF [16],
[17]. In the proposed configuration of the single-end-access
SBS-based distributed sensor, the SBS interaction is limited
to one position of the sensing PMF at a moment, so the mea-
surement range is not halved as in previously reported scheme
based on an inline reflector [9]. The frequency modulation
depth, which determines the spatial resolution in the corre-
lation-domain technique, can far exceed a half of the BFS

in the new scheme without the necessity of the optical
filter and the sophisticated beat-lock-in detection required in
[9], and thus higher spatial resolution can be realized easier.
We demonstrate experimentally single-end-access distributed
sensing of temperature or strain with three different alternatives
of the measurement range to the spatial resolution of
200 m/16 cm, 56 m/5 cm, or 5.6 m/5 mm, respectively.

II. PRINCIPLES

Two different schemes of single-end-access SBS-based fiber-
optic distributed sensors, that is, the previous scheme based on
an inline reflector [9] and the novel scheme proposed in this
paper, are compared in Fig. 1. In Fig. 1(a), sinusoidally fre-
quency-modulated pump and probe waves are both launched
into a single-mode optical fiber (SMF) from one end (the near
end) [9]. One of the forward waves is reflected back by a re-
flector laid at the other end (the far end) of the SMF. The re-
flected wave encounters the other forward wave generating SBS
at a particular position corresponding to the correlation peak due
to their sinusoidal frequency modulation. There are two cases of
SBS interaction between the reflected probe (pump) and the for-
ward pump (probe) waves as shown in Fig. 1(a) [9]. This con-
dition shortens the measurement range to a half of the nominal
value of the correlation-domain technique such as that in tradi-
tional Brillouin optical correlation domain analysis (BOCDA)
system [4].

The novel scheme is depicted in Fig. 1(b). A polarization-
maintaining optical fiber (PMF) is used as the sensing element.
Sinusoidally frequency-modulated pump and probe waves are
linearly polarized with the same polarization state [ -oriented in
Fig. 1(b)]. The pump and probe waves are both incident into the
near end of the PMF through a polarization-beam splitter/com-
biner (PBS/C1) and propagate along the PMF with the orthog-
onal polarization states (pump, -oriented; probe, -oriented).
Another PBS/C (PBS/C2) is installed at the far end of the PMF.
The y-oriented probe wave enters PBS/C2, passes through a
polarization-maintaining isolator (PM-ISO), and finally returns
to PBS/C2 in -orientation. Consequently, the backward probe
wave encounters the forward pump wave with the same po-
larization state ( -oriented) and thus SBS occurs exclusively.
Since there is only one case of SBS interaction between -ori-
ented forward pump wave and -oriented backward probe wave,
the measurement range is exactly the same as the tradi-
tional two-end-access BOCDA system [4], and so is the spatial
resolution , given by

(1)

Fig. 1. Comparison of two different schemes of single-end-access SBS-based
distributed sensors based on (a) a reflector and (b) a combined PBS and PM-ISO
installed at the far end of the sensing fiber. There are two cases of SBS interac-
tion in (a) but only one in (b).

(2)

where is the light speed in vacuum, the effective
refractive index of the PMF, the Brillouin linewidth (
MHz), the modulation frequency, and the modulation
depth, respectively.

Furthermore, in the new scheme, only SBS-amplified probe
wave appears in the photo-detector, while both pump and probe
waves do in the previous reflector-based scheme [9]. Therefore,
the novel scheme simplifies the signal processing as compared
to the reflector-based scheme. Since the forward pump wave
is completely blocked by the PM-ISO, the pump wave and the
Brillouin loss at the pump frequency appearing in the output are
only related to the crosstalk of the PMF ( dB/100 m).
The detected output can be expressed by:

(3)

where m/W is the Brillouin gain coefficient
[18], m the effective area of the PMF [11], and

the input power of the probe (pump) wave, respectively.
As demonstrated in next section, a single-lock-in detection that
was employed in the traditional BOCDA system [4] is sufficient
to demodulate the Brillouin interaction (gain) signal, i.e., the
third component of the right-hand side of (3). It is not necessary
to use an optical filter to cut down the pump wave and the Bril-
louin loss signal at the frequency of the pump wave because its
influence to the Brillouin gain is negligible ( dB), which
is superior to the reflector-based scheme [9] or the SpBS-based
BOCDR [6]. It is noted that when the frequency modulation
depth exceeds a half of the BFS , the spectra
at the frequencies of the Brillouin pump and probe waves start
to overlap between different frequency components. The pump



2738 JOURNAL OF LIGHTWAVE TECHNOLOGY

Fig. 2. Experimental setup of the single-end-access SBS-based correlation-domain distributed sensor. The inset (a) shows the optical power spectrum of the
frequency-modulated laser source with a modulation depth �� �� �� GHz. All the abbreviations are explained in the text body.

wave (including the Brillouin loss signal in the reflector-based
scheme or the Rayleigh scattering in the SpBS-based BOCDR)
can not be distinguished from the overlapped spectra even by
using any optical filter. In the new scheme, due to the com-
plete isolation of the pump wave at the far end of the sensing
PMF, there is no limitation of the modulation depth, which en-
sures more achievable spatial resolution than the reflector-based
scheme [9] and also than the SpBS-based BOCDR [6].

III. EXPERIMENTAL DETAILS

A. Experimental Setup

The experimental setup is illustrated in Fig. 2. A 1549-nm dis-
tributed-feedback laser diode (DFB-LD) was used as the laser
source, and a sinsodinal frequency modulation was directly ap-
plied by a function generator (FG). The inset of Fig. 2 shows
the optical power spectrum of the frequency-modulated laser
source with the modulation depth GHz, which is
even greater than the BFS GHz of the PMF. The
output of the DFB-LD was divided by a 3-dB coupler to gen-
erate pump and probe waves, respectively. A single-sideband
modulator (SSBM) driven by a mirowave synthesizer was used
to downshift and sweep the optical frequency of the probe wave
around the BFS . Due to the sinusoidal frequency modula-
tion, a series of periodical correlation peaks were produced. A

-km SMF spool was laid in the probe arm to introduce a
higher-order correlation peak within the PMF, hence the SBS
interaction was localized at the correlation peak position. An in-
tensity modulator (IM) was employed to chop the pump power
at a frequency of 123 kHz. Pump and probe waves were am-
plified by two erbium-doped fiber amplifers (EDFAs) to
dBm and dBm, respectively. The probe and pump waves
were linearly polarized by a polarizer and a polarization-main-
taining circulator (PM-CIR), respectively. Both linearly-polar-
ized pump and probe waves were launched into the near end
of the PMF through two orthogonal ports of PBS/C1, so that
pump and probe waves propagated along the PMF with orthog-
onal polarization states. At the far end of the PMF, two ports
of PBS/C2 were spliced together with a PM-ISO. The optical
output from the PM-CIR was attenuated by a variable optical
attenuator (VOA) and detected by a photo-detector (PD). The
electrical signal was demodulated by a lock-in amplifier (LIA)

at the chopping frequency of 123 kHz. The demodulated signal
was sampled by a data acqusition card (DAQ) as a function
of the microwave frequency to collect the Brillouin gain
spectrum (BGS) at the position corresponding to the correlation
peak. By adjusting the modulation frequency , the position of
the correlation peak was shifted along the PMF to get the distri-
bution of BGS.

B. cm-Order Spatial Resolution

We set the modulation frequency to 470.
134–528.968 kHz, which corresponds to a nominal
measurement range m and a nominal spatial
resolution cm according to (1) and (2), respectively.
As schematically shown in Fig. 3(a), a 200-m-length PMF
sample was constructed, which comprises four portions (A,
B, D, and E) heated by a hot plate and two portions (C and F)
strained by two sets of -stages, respectively. All heated or
strained portions were about 16–20 cm in length.

Fig. 3(b) depicts the characterized BFS distribution
along the PMF when the temperature of the heated portions was
set to C. According to the repeatability test at a single
position, the accuracy of the BFS measurement was about

MHz. One example of the three-dimensional (3-D) plot of
the distributed BGS around the input 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 BFS

distribution around all the heated portions are depicted
in the insets of Fig. 3(b). It is validated that the measurement
range of our novel scheme is kept the same as the traditional
BOCDA system. We repeated the BGS measurement along
the PMF when the temperature of the heated portions was set
to different value. The BFS distribution around the input
end of the PMF is plotted in Fig. 4(a). The small fluctuation
of the characterized BFS around the heated portions
seems to come from the bending stress when placed on the hot
plate. It is noted that the BFS distribution varies by about
20 MHz when the temperature is higher than 81 C, which
is possibly due to the irregular heating upon the fiber portions
attached to the hot plate and the heating-induced bending stress.
We extracted the BFS at the centers of the heated portions
and summarized it as a function of temperature in Fig. 4(b).
The temperature coefficient was characterized by linear fitting
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Fig. 3. (a) Prepared 200-m PMF sample with four heated portions (A, B, D,
and E) and two strained portions (C and F). (b) Measured BFS �� � distribution
when the temperature of the heated portions is � � �� C. The insets show the
results around the heated portions. The accuracy of BFS �� � measurement at a
single position was about�� MHz. (c) 3-D plot of the distributed BGS around
the near end of the PMF.

to the experimental data. The average temperature coefficient
over all the heated portions is MHz/ C, which is in
excellent agreement with the result over an entire 32-m PMF
[12]. Considering the accuracy of the BFS measurement,
the temperature accuracy was estimated to be about C.

When -% strain was applied to the C and F portions,
we measured the BGS and BFS distributions again. The
BFS distribution is depicted in Fig. 5(a) and the 3-D plot of
the distributed BGS around the near end of the PMF is shown
in Fig. 5(b). As shown in Fig. 5(b) or the inset of Fig. 5(a),
the strain-increased BFS is clearly recognized. The non-uni-
form distribution of the characterized BFS seems to come from
the mitigation effect by the bonding epoxy and the fiber jacket.
After applying different strain on the C and F portions, we char-
acterized the BFS at the center of the strained portions as a
function of strain. The experimental result at each strained por-
tion is summarized in Fig. 5(c). The average strain coefficient
( MHz/ ) matches also well with the result over an en-
tire 32-m PMF [12]. The strain accuracy was estimated to be
about .

It is noted that the interrogated BFS becomes incor-
rect when the applied strain is beyond . The inset of

Fig. 4. (a) Measured BFS �� � distribution around the near end of the PMF
when the temperature of the heated portions is set to different value. (b) Char-
acterized BFS �� � dependence on temperature at each heated portion.

Fig. 5(c) depicts an example of the measured BGS when the
applied strain is . The local BGS at the sensing (cor-
relation peak) position [see the right-hand part of the inset of
Fig. 5(c)] has a Lorentzian-shaped profile; the BGS accumu-
lated along the uncorrelated positions [see the left-hand part of
the inset of Fig. 5(c)] has two spread-out peaks due to the na-
ture of sinusoidal frequency modulation of the laser source (see
the optical spectrum depicted in the inset of Fig. 2). The local
BGS at the sensing position locates far away from the accu-
mulated BGS along the other positions due to the heavily-ap-
plied strain so that the Lorentzian-shaped profile is buried by
the two spread-out peaks. Consequently, the BFS (i.e., the ap-
plied strain) would be falsely interrogated as one of two peaks
of the accumulated BGS, as shown in the Fig. 5(c). However,
when the strain is below , the local BGS at the sensing
strain locates close to the accumulated BGS, which keeps the
measured BGS the sharp Lorentizan-shaped profile, which can
be clearly seen from Fig. 3(c) or 5(b). The above features limit
the maximum measurable strain although it can be
improved to some extent by modifying the optical spectrum of
the laser source [19].

Additionally, we demonstrated 5-cm spatial resolution by set-
ting the modulation frequency to 1813.61–1856.98 kHz.
The nominal and were estimated to be 56 m and 5 cm
according to (1) and (2), respectively. In experiment, we suc-
ceeded in measuring the strain- and temperature-induced BFS

changes in -cm portions. The accuracy of the BFS
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Fig. 5. (a) Measured BFS �� � distribution when����-% strain is applied to both C and F portions. The insets show the results around the strained portions. The
accuracy of BFS �� � measurement at a single position was about�� MHz. (b) 3-D plot of the distributed BGS around the input end of the PMF. (c) Characterized
BFS �� � dependence on strain at each strained portion. The inset shows the local BGS at the strained F portion when the strain is ����� ��.

Fig. 6. (a) Measured BFS �� � distribution along the 5-m PMF sample. The
inset shows the PMF sample with two heated portions (A and B ) and one
strained portion (C ). The accuracy of BFS �� � measurement at a single po-
sition was about �� MHz. 3-D plot of the distributed BGS around the heated
A portion (b) and the strained C portion (c).

measurement at a single position was about MHz, corre-
sponding to the strain accuracy of and the temperature
accuracy of about C, respectively.

C. Sub-cm Spatial Resolution

Finally, we demonstrate distributed sensing of tempera-
ture or strain with a spatial resolution of 5 mm, which is the
highest value reported to date in all single-end-access Bril-
louin-based distributed sensors. The largest GHz
of the DFB-LD was applied; the modulation frequency was
set to 18.468–18.525 MHz near the Brillouin linewidth .
According to Eqs (1) and (2), the nominal and were
calculated to be 5.6 m and 5 mm, respectively.

As schematically illustrated in the inset of Fig. 6(a), the pre-
pared 5-m PMF sample comprises two 5-mm portions (A” and
B”) and one 5-mm strained portion (C ). The heated portions
were bended and attached on the hot plate; the strained portion
was fixed on a set of x-stages by 2-cm bonding epoxy at each
side. The measured BFS distribution along the 5-m PMF
sample when C and % is plotted in Fig. 6(a).

Fig. 7. Measured BFS �� � distribution around the heated A portion (a) and
the strained C portion (b). The accuracy of BFS �� � measurement at a single
position was about �� MHz. The insets show the magnified views around the
centers of heated and strained portions.

The BFS increments induced by the temperature increment
and the applied strain are obviously visible. The BGS distribu-
tions around the two ends of the PMF are depicted in Figs. 6(b)
and (c), respectively.

When different or was applied, we repeated the dis-
tributed measurements. The experimental results of the BFS

distributions around the A” and C” portions are summa-
rized in Fig. 7(a) and (b), respectively. The accuracy of the BFS
measurement at a single position was about MHz, corre-
sponding to the strain accuracy of and the temperature
accuracy of about C. It is shown that different BFS change
induced by different or can be clearly derived.

It is observed that a triangle-shaped distribution of the BFS is
slightly asymmetric in each measurement [see Fig. 7(a)], which
possibly originates from the asymmetric bending effect around
the heated portions. A triangle-shaped distribution of the BFS
is also observed in Fig. 7(b). This is because the applied strain
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on the 5-mm fiber portion is gradually released along both sides
of the bonding epoxy. The BFS at the nominal 0 is below
the baseline level around the strained portion, which is possibly
attributed to the compressed stress by two bonding epoxy when
x-stages are set at the nominal 0 . The insets are the magni-
fied views around the centers of the heated and strained portions.
Gradual but distinctive variations of the BFS can be seen near
the heated portion (illustrated by dashed lines), which substan-
tially shows the spatial resolution of about 5 mm.

IV. CONCLUSION

We have demonstrated a novel single-end-access SBS-based
distributed sensor. By combining a PMF with two PBS/C’s and
one PM-ISO as a sensing unit, both pump and probe waves are
input into the same end of the PMF to obtain the distributed tem-
perature or strain information. Superior to the previously-pro-
posed method based on a reflector [9], the measurement range
of the new scheme is kept the same as the traditional BOCDA
system; neither an optical filter nor a beat-lock-in detection is
necessary for demodulation of the amplified probe signal; the
frequency modulation depth can be larger than a half of the
BFS ensuring higher spatial resolution. By setting different
modulation frequency to the laser source, we have exper-
imentally demonstrated distributed sensing with three different
alternatives of the measurement range to the spatial resolution

of 200 m/16 cm, 56 m/5 cm, and 5.6 m/5 mm, re-
spectively. Further combination with our recent proposed com-
plete discrimination of strain and temperature based on a PMF
[12] will provide a technique of single-end-access distributed
discriminative sensing of strain and temperature, which is now
in the plan.

The utilization of a PMF as the sensing fiber offers ideal
SBS interaction between Brillouin pump and probe waves with
the same polarization states ( -oriented in this study) while the
system based on a PMF needs a higher cost than that based on
a SMF. The current demonstration is limited to a measurement
range of 200 m at 16-cm spatial resolution although the ratio
of is expectable to be further improved by employing
a laser diode with a broader modulation depth [5] or by using
a temporal-gating technique [20]. However, considering the in-
creased crosstalk of the PMF, the measurement range is hardly
achievable to be more than 1 km.
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