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A dual-source distributed optical fiber sensor system with combined Raman and Brillouin scatterings
is designed for simultaneous temperature and strain measurements. The optimal Raman and Brillouin
signals can be separately obtained by adjusting the powers of the two sources using an optical switch. The
temperature and strain can be determined by processing the optimal Raman and Brillouin signals. The
experimental result shows that 1.7 °C temperature resolution and 60-ue strain resolution can be achieved

at a 24.7-km distance.
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Recently, intensive research has been aimed at the de-
velopment of distributed optical fiber sensors (DOFSs)
because of their notable advantages such as continuous
strain and temperature measurements, and strong re-
sistance to electromagnetic interference and corrosion.
Some primary applications have been made in monitor-
ing large structures such as dams, tunnels, pipelines, oil
wells, bridges, landslides, etc!). In the DOFS system
based on the Brillouin optical time domain reflectometry
(BOTDR) technique, temperature and strain variations
can be measured using the Brillouin frequency shift com-
bined with a change in Brillouin intensity. However, the
accuracy of the intensity measurement limits the perfor-
mance of long-range combined temperature and strain
sensorsl?. The Brillouin frequency shift is dependent on
both temperature and strain, whereas the Raman signal
is only sensitive to temperature. Moreover, the intensity
of the Raman signal exhibits more sensitivity to temper-
ature (~0.8%/°C)I*! than the anti-Stokes Brillouin signal
(~0.36%/°C)[2l. Thus, the Brillouin intensity can be re-
placed by the Raman intensity. The temperature along
the fiber can be determined using the Raman intensity,
whereas the strain can be computed using the Brillouin
frequency shift. Commercial Raman distributed temper-
ature sensors can now readily achieve 1 °C temperature
resolution for a 30-km distancel*. Therefore, the temper-
ature resolution and strain would be greatly improved if
the Raman distributed temperature sensor is combined
with Brillouin frequency measurement. In this letter, we
propose a method for measuring the anti-Stokes Raman
intensity and Brillouin frequency shift generated from
dual sources with optimal output optical power to ob-
tain the temperature and strain along the fiber.

The DOFS system for simultaneous temperature and
strain measurements is shown in Fig. 1. The seed laser
light radiated from the distributed feedback laser diode
(DFB-LD) is split using a 90/10 coupler, with 10% of
the power used to produce the local oscillator (LO) for
coherent detection and 90% of the power amplified by
the erbium-doped fiber amplifiers (EDFAs). The contin-
uous light is converted to pulse light using the acousto-
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optic modulator (AOM) and amplified using EDFA2. Af-
ter passing through the circulator (C1), the pulse light
is launched into the fiber for measurement. The po-
larization scrambler (PS) is used to reduce polarization
noisel”). The spontaneous Raman and Brillouin backscat-
tered signals generated along the fiber is fed back through
C1 and launched into the wavelength-division multiplexer
(WDM), which divides the two backscattered signals.
The separated anti-Stokes Raman signal is received by
the direct detection system, whereas the anti-Stokes Bril-
louin backscattered signal is amplified using EDFA3.
The amplified spontaneous emission (ASE) and Rayleigh
noises are eliminated from the Brillouin backscattered
signal using the filter composed of a fiber Bragg grat-
ing (FBG) and circulator (C2)1%. The filtered Brillouin
backscattered signal and LO are launched into the 50/50
coupler. The interaction between the Brillouin backscat-
tered signal and LO generates a Brillouin-shifted fre-
quency signal, which is detected by the coherent detec-
tion system. The anti-Stokes Raman signal is only sen-
sitive to temperature, and the Raman intensity change
is proportional to the temperature changel®. Thus, the
anti-Stokes Raman intensity change obtained from the
direct detection system can be expressed as

AIr(L) = CF ATR(L), (1)
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Fig. 1. Experimental setup for measuring both Raman inten-
sity and Brillouin frequency shifts.
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where L is the distance along the fiber, ATgr(L) is
the temperature variation, and C’FT{ is the temperature
coefficient of the Raman intensity change. The value of
CE is taken to be 0.76%/°C.

In the coherent detection system, the Brillouin fre-
quency shift can be obtained as

Avg(L) = Cf ATr(L) + Cj Ae(L), (2)

where Ae(L) is the strain variation, and Cf and Cf are
the temperature and strain coefficients, respectively, for
the Brillouin frequency shift!®?). These two coefficients
are ~1.2 MHz/°C and ~0.04 MHz/ e, respectivelyl”).
The temperature variation ATg (L) can be obtained us-
ing the Raman anti-Stokes intensity change in Eq. (1) as

ATR(L) = AIOL}TEL).

3)
Thus, the strain of the fiber Ae(L) can be computed us-
ing the Brillouin frequency shift Avg(L) with ATg(L)
obtained as

Avg(L) — CF ATwr(L
re(ry = oD = CRATH(E)
Bu

(4)

An improved signal-to-noise ratio (SNR), which is
achieved by increasing the intensity of the spontaneous
Raman and Brillouin scattering signals, improves the
resolution of the sensors. The power of the light sources
should be adjusted near the stimulated scattering thresh-
old to obtain the optimal Raman and Brillouin signals.
However, the threshold of stimulated Brillouin scattering
(SBS)®! is much smaller than that of stimulated Raman
scattering (SRS). Thus, these two optimal scattered sig-
nals cannot be obtained simultaneously using a single
laser source. As shown in Fig. 1, an additional LD is
used in the DOFS system. The power of the DFB-LD
is tuned to the SBS threshold, whereas the power of
the LD is tuned to the SRS threshold. Using the opti-
cal switch, the system is controlled to work alternately
in two modes. In the direct detection mode, the laser
beam radiated from the LD passes through the optical
switch, whereas the direct detection system detects the
Raman anti-Stokes signal. Considering that the LD is
operating in the power near the SRS threshold, the op-
timal Raman anti-Stokes signal can be obtained using
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Fig. 2. Raman anti-Stokes intensity trace along the sensing
fiber.
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Fig. 3. Raman normalized power profile along the sensing
fiber.
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Fig. 4. Temperature profile around the heated and strained
parts.

the direct detection system with which the temperature
variation ATR(L) can be calculated. In the coherent de-
tection mode, the laser beam radiated from the DFB-LD
passes through the optical switch, whereas the coherent
detection system detects the Brillouin frequency shift sig-
nal. Considering that the DFB-LD is fixed in the power
near the SBS threshold, the optimal Brillouin scattered
signal can be obtained using the coherent detection sys-
tem. With the calculated result of AT (L) in the direct
detection mode, the strain of the fiber Ae(L) can be de-
termined.

The DFB-LD is an approximately 1 543.7-nm optical-
fiber DFB laser, with a line width of less than 100 kHz.
The probe light with 100-ns pulsewidth and 2-kHz rep-
etition rate generated by the AOM in conjunction with
EDFA1 and EDFA2 is amplified to 75 mW near the SBS
threshold. The LD is a high-speed pulsed light source
with a 1 547.1-nm wavelength and 3-MHz line width. The
power of the probe pulse light with 100-ns pulsewidth and
2-kHz repetition rate generated by the LD is 0.9 W near
the SRS threshold. The center wavelength of the FBG
with 98% reflectivity and 3-dB bandwidth at 0.09 nm was
tuned to about 1 543.6 nm and fixed around the Brillouin
frequency. The fiber measured is a 24.7-km single-mode
fiber (SMF) composed of five parts, as shown in Fig. 1.
The first 24.6 km remained in a loose state on the origi-
nal spools at room temperature (27 °C). The subsequent
20 m was passed around four pairs of pulleys and loaded
with weights. The next 100 m was subject to room tem-
perature and zero strain as a reference. The following
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Fig. 5. Brillouin frequency shifts around the heated and
strained parts normalized to room temperature and zero
strain.
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Fig. 6. Strain profile around the heated and strained parts.

25 m was placed in an oven at 85 °C%, and the remain-
ing 20 m was used to prevent end-face reflection.

In the coherent detection system, the Brillouin spec-
tra were obtained by taking time-domain backscattering
traces for a series of beat frequencies, covering the ex-
pected Brillouin frequency shifts[!?. After each set of
spectra was obtained, the frequency shift of the Brillouin
backscatter was determined for each point of interest
along the fiber by fitting each individual spectrum to
a Lorentzian curve, considering that the spontaneous
Brillouin line is known to be of this shape. These spec-
tra were obtained by taking a series of 60 different
backscatter traces, each separated by 2.5 MHz, start-
ing at 10.87 GHz. Each trace was averaged 4 096 times.
In the direct detection system, the Raman signal was
averaged 250 000 times. The signal was acquired using
a digital-to-analog converter called PCI-ADD (Shanghai
Transient Electronics Technology Co. Ltd).

Figure 2 shows the plot of the Raman backscatter in-
tensity measurement at 1 450 nm over the entire sensing
length. The heated part is visible near 24.7 km. The
inset of Fig. 2 shows an enlarged scale of the Raman
intensity near the heated and strained parts.

Figure 3 shows the trace of the normalized Raman
power, which is normalized by using a trace obtained
before the fiber is heated.

Then, the temperature trace along the fiber was de-
termined by the normalized Raman intensity change in

Eq. (3). Figure 4 shows the temperature profile along
the sensing fiber. The RMS temperature resolution at
the heated part was calculated as 1.7 °C.

Figure 5 shows the Brillouin frequency shift for both
heated and strained parts relative to the loose fiber at
room temperature. The RMS resolution of the Brillouin
frequency shift at the unheated and unstrained parts is
less than 0.8 MHz, which is equivalent to a temperature
error of less than 0.7 °C or a strain error of less than
20 pe.

Although the temperature along the fiber is known,
the strain is determined using Eq. (4). Figure 6 shows
the strain profile around the heated and strained parts.
The RMS resolution at the strained part was calculated
as 60 pe.

The noise in the temperature and strain measurements
is due to both the circuit noise and the contamination of
the Raman signal with coherent Rayleigh noise. Noise
can be reduced in several ways. One method is by in-
creasing the averaging times, and another is by improving
the filtering process and further attenuating the Rayleigh
contamination. Wavelet denoising is also a reasonable
and promising way to reduce noise.

In conclusion, a dual-source DOFS for the simulta-
neous temperature and strain measurements based on
Raman and Brillouin scattering is demonstrated. The
temperature along the sensing fiber is determined us-
ing the optimal Raman signal, which is independent of
strain, whereas the strain is obtained using the Brillouin
frequency shift. By using accumulative averaging and
by obtaining the optimal Raman and Brillouin signals,
a RMS temperature resolution of ~1.7 °C and a RMS
strain resolution of ~60 ue for a distance of 24.7 km are
achieved.
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