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Abstract: A useful method for eliminating the detrimental effect of laser frequency instability on
Brillouin signals by employing the self-heterodyne detection of Rayleigh and Brillouin scattering
is presented. From the analysis of Brillouin scattering spectra from fibers with different lengths
measured by heterodyne detection, the maximum usable pulse width immune to laser frequency
instability is obtained to be about 4 µs in a self-heterodyne detection Brillouin optical time domain
reflectometer (BOTDR) system using a broad-band laser with low frequency stability. Applying the
self-heterodyne detection of Rayleigh and Brillouin scattering in BOTDR system, we successfully
demonstrate that the detrimental effect of laser frequency instability on Brillouin signals can be
eliminated effectively. Employing the broad-band laser modulated by a 130-ns wide pulse driven
electro-optic modulator, the observed maximum errors in temperatures measured by the local
heterodyne and self-heterodyne detection BOTDR systems are 7.9 ◦C and 1.2 ◦C, respectively.

Keywords: Brillouin optical time domain reflectometer; laser frequency instability; Brillouin linewidth;
self-heterodyne detection; Rayleigh scattering

1. Introduction

Due to the merits, such as high brightness and directivity, good monochromaticity, and coherence,
lasers with high frequency and power stability have been widely used in the research of biology,
medicine, chemistry, coherent optical communication and optical fiber sensing, wind LiDAR, and
high-resolution spectroscopy [1–7]. Among these studies, optical fiber sensors based on Brillouin
scattering have attracted much attenuation due to their capability to measure the distribution of
temperature and/or strain, vibration and moisture in large civil structures, power cables, geological
disasters, and road embankments [8–13]. In general, Brillouin-based distributed sensors can be
implemented by using either stimulated Brillouin scattering (SBS) [4,12] or spontaneous Brillouin
scattering (SPBS) [8–10]. Nevertheless, in a Brillouin optical time domain reflectometer (BOTDR)
system, the round-trip delay time from launching the pulsed light to receiving the backscattered
Brillouin light at the front end of a fiber can be used to determine the scattering location, and the
frequency shift and intensity of spontaneous Brillouin light in the fiber can be used to simultaneously
measure distributed temperature and strain by accessing only one end of fiber, offering extra
advantages over the SBS-based Brillouin optical time domain analysis system.

To improve the efficiency of Brillouin scattering and extend the sensing distance of a BOTDR
system, a laser with narrow-linewidth and high frequency stability is necessary for coherent detection
of local reference and SPBS lights [10,14]. Geng et al. realized the distributed measurements of
temperature and strain by using a fiber laser with 3-dB linewidth less than 10 kHz [15]. Hao et al.
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used a fiber laser with 4-kHz linewidth and a distributed feedback laser with 3-MHz linewidth to
investigate the influence of laser linewidth on the system performance [16]. Unfortunately, the large
coherent Rayleigh noise (CRN) and low SBS threshold seriously limited the system measurement
accuracy due to the high coherence of ultra-narrow linewidth lasers. In order to reduce the CRN,
improve the SBS threshold, and reduce the cost of the laser source, De Souza utilized a broad-band
Q-switched erbium-doped fiber laser to reduce CRN and enhance the temperature resolution of a
fiber distributed temperature sensor based on the Landau-Placzek ratio [17], and Soto et al. presented
the use of multi-longitudinal mode Fabry-Perot (F-P) laser source and achieved the resolution of
~4.5 K in temperature and ~115 µε in strain at 25 km distance with a spatial resolution of 35 m [18].
By using lasers with different linewidths, the temperature and/or strain sensing have/has been
realized in diverse BOTDR configurations. However, the influence of laser frequency instability on the
performance of BOTDR system has received little attention. In a traditional local heterodyne detection
BOTDR system, a time delay between the injection time of sensing pulse and the return time of
backscattered Brillouin light from the scattering location in fiber is involved for the local reference light
from laser, therefore the frequency variation induced by laser frequency instability during the delay
time period may distort the Brillouin spectrum and cause a degradation of measurement accuracy
with the increase of fiber length.

In this paper, a BOTDR system employing the self-heterodyne detection of Rayleigh and Brillouin
scattering, which can effectively eliminate the detrimental effect of laser frequency instability on the
temperature measurement accuracy, is proposed and demonstrated. The modeling analysis of Brillouin
signals with laser frequency instability obtained by the local heterodyne and self-heterodyne detection
is conducted, and two experimental setups for Brillouin spectrum measurements with different fiber
lengths are used to determine the maximum usable pulse width immune to laser frequency instability
in the self-heterodyne detection BOTDR system using broad- band laser. Finally, we compare the
performance of BOTDR systems employing two lasers with different frequency stabilities based on the
local heterodyne and self-heterodyne detection.

2. Modeling Analysis of Heterodyne Detection Brillouin Signals with Laser Frequency Instability

2.1. Local Heterodyne Detection

Brillouin scattering is continuously generated by the nonlinear interaction between injected optical
photons and thermally excited acoustic phonons while an optical pulse propagates through an optical
fiber. The returned Brillouin scattering with a round-trip time delay at the front end of fiber can be
given by:

EB(t) = ES(t) + EAS(t) =

{
ES exp{i{2π[v0(t0)− vB(t0 + 2nz/c)]t + φS(t0 + 2nz/c)}}+
EAS exp{i{2π[v0(t0) + vB(t0 + 2nz/c)]t + φAS(t0 + 2nz/c)}}

}
(1)

where ES and EAS are, respectively, the field intensities of backscattered Stokes and anti-Stokes lights,
t0 is the initial moment that the pulsed light injects into the fiber, v0(t0) is the frequency of the fiber
injected pulse light at moment t0, 2nz/c represents the time delay between the injection time of sensing
pulse and the return time of backscattered Brillouin light from the scattering location z in the fiber,
n is the refractive index of fiber core and c is the speed of light in vacuum, vB(t0 + 2nz/c) is the
Brillouin frequency shift (BFS) of Brillouin light returned from the scattering location z in the fiber, and
φS(t0 + 2nz/c) and φAS(t0 + 2nz/c) are, respectively, the phases of Stokes and anti-Stokes lights at the
front end of fiber.

Provided that the output power of laser source is stable, the electrical field of local reference
light from the laser source that meets and interferes with the returned Brillouin scattering light is
expressed as:

EL(t) = EL exp{i[2πv0(t0 + 2nz/c)t + φL(t0 + 2nz/c)]} (2)
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where EL is the field intensity of local reference light, v0(t0 + 2nz/c) and φL(t0 + 2nz/c) are, respectively,
the center frequency and the phase of local reference light at moment t0 + 2nz/c. Considering that ES

equals to EAS for SPBS, the heterodyne detection signal of local reference and Stokes lights can be used
to analyze the heterodyne detection signal of local reference and Brillouin lights. Assuming that the
local reference and Stokes lights have aligned polarization, and then when the two lights are mixed up
together and detected by a conventional photodetector (PD), the heterodyne detection signal can be
obtained by:

i(t) = R
[
EL(t) + ES(t)

]
[EL(t) + ES(t)]

= R

{
PL + PS + 2

√
PLPS cos

{
2πvB(t0 + 2nz/c)t + 2π[v0(t0 + 2nz/c)− v0(t0)]t+

φLS(t0 + 2nz/c)

}}
(3)

where R is the responsivity of the detector, ¯ represents the conjugate, PL and PS are, respectively, the
powers of local reference and Stokes lights, φLS(t0 + 2nz/c) that fluctuates within [0, 2π] following the
uniform random distribution is the phase difference between local reference light and Stokes light
generated at the location z. In Equation (3), the first two terms are direct current power terms, and the
third term is the time-variant term carrying BFS and Brillouin intensity information. Assuming that
the PD has a band-pass frequency characteristic, and then the obtained photocurrent corresponding to
Brillouin signal can be expressed as:

iLS(t) = 2R
√

PLPS cos{2πvB(t0 + 2nz/c)t + 2π[v0(t0 + 2nz/c)− v0(t0)]t + φLS(t0 + 2nz/c)} (4)

in which the term, v0(t0 + 2nz/c) − v0(t0), represents the frequency variation of laser source in the time
interval of [t0, t0 + 2nz/c], and is related to the sensing distance or fiber length. From Reference [10]
and Equation (4), the parameters of Brillouin signals at different scattering locations obtained by local
heterodyne detection depend not only on the laser output frequency, fiber temperature and strain, but
also on the frequency stability of laser source and the fiber length. Therefore, when the fiber keeps
at constant temperature and strain, the fluctuations of local heterodyne detection Brillouin signals
distributed along the fiber are caused not only by the thermal noise and shot noise of the detector, but
also by the frequency variation of laser source during the delay time between the injection time of
optical pulse and the meeting time of local reference light with the returned Brillouin scattering. To
reduce the measurement errors caused by laser frequency instability, a method using self-heterodyne
detection of Rayleigh and Brillouin scattering lights is proposed to obtain the temperature and strain
information along the fiber accurately.

2.2. Self-Heterodyne Detection of Rayleigh and Brillouin Scattering

When an optical pulse propagates in fiber, Rayleigh and Brillouin scattering lights generated at
the scattering location z are with the same characteristics of laser frequency, and the electrical field of
returned Rayleigh scattering signal at the front end of fiber can be given by:

ER(t) = ER exp{i[2πvR(t0 + 2nz/c)t + φR(t0 + 2nz/c)]} (5)

where ER is the field intensity of Rayleigh scattering light, vR(t0 + 2nz/c) and φR(t0 + 2nz/c) are the
frequency and phase of Rayleigh scattering light from the location z, respectively. Being unaffected
by the fiber loss, temperature, and strain, the Rayleigh frequency vR(t0 + 2nz/c) along the entire
fiber keeps equal to v0(t0) in the same input pulse period. Considering that ES equals to EAS for
SPBS, the self-heterodyne detection signal of Rayleigh and Stokes lights can be used to analyze the
heterodyne detection signal of Rayleigh and Brillouin lights. Since Rayleigh and Stokes lights occurred
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at the same location in fiber have aligned polarization, when the two lights are detected by a PD, the
self-heterodyne detection signal can be expressed as:

i(t) = R
[
ER(t) + ES(t)

]
[ER(t) + ES(t)]

= R
{

PR + PS + 2
√

PRPS cos[2πvB(t0 + 2nz/c)t + φRS(t0 + 2nz/c)]
} (6)

in which PR is the power of Rayleigh scattering light, φRS(t0 + 2nz/c) that fluctuates within [0, 2π]
following the uniform random distribution is the phase difference between Rayleigh and Stokes lights
at the front end of fiber. After the direct current terms in Equation (6) are filtered by a band-pass filter,
the self-heterodyne detection signal can be obtained as:

iRS(t) = 2R
√

PRPS cos[2πvB(t0 + 2nz/c)t + φRS(t0 + 2nz/c)] (7)

According to Equation (7), Brillouin signal obtained by the self-heterodyne detection of Rayleigh
and Brillouin scattering at the location z depends only on the laser output frequency, fiber temperature
and strain, and is not influenced by the frequency instability of laser source. However, in an actual
BOTDR sensing system, there are lots of scattering points within a single spatial resolution of
δz = cW/(2n) that corresponds to the input optical pulse width W, thus, the obtained Brillouin signal by
self-heterodyne detection contains all beat signals of Brillouin scattering light generated at any location
with Rayleigh scattering lights generated at all locations within the fiber length of a spatial resolution,
so that the self-heterodyne detection Brillouin spectra are affected by the laser frequency variation
during the pulse width. Therefore, the influences of laser frequency instability on the self-heterodyne
detection Brillouin spectra with different spatial resolutions that is equivalent to different fiber lengths
need to be studied, from which the maximum usable pulse width immune to laser frequency instability
for a broad-band laser with low frequency stability can be obtained.

3. Influence of Laser Frequency Instability on Heterodyne Detection Brillouin Spectra

In order to study the influence of laser frequency instability on the system performance,
two distributed feedback semiconductor laser diode (DFB-LD) components with different stabilities,
one narrow-band laser (TL-2020-C-102A, Santur CO., Ltd., Fremont, CA, USA) with a 3-dB linewidth
of 1.86 MHz and a center wavelength of 1550.12 nm, and another broad-band laser (OST-DFB-1550-SM,
Fby Photoelectric Technology CO., Ltd., Shenzhen, China) with a 3-dB linewidth of 55.23 MHz and a
center wavelength of 1550.08 nm were used. The frequency variations of the two lasers relative to their
own initial frequencies in about 95 min were measured every 5 min by an optical spectrum analyzer
with a resolution bandwidth of 26 MHz and shown in Figure 1. It can be seen clearly from Figure 1
that the frequency variation of the narrow-band laser is approximately 201.6 MHz, and the frequency
variation of the broad-band laser is nearly 1 GHz, thus, the frequency stability of the broad-band laser
is much lower than that of the narrow-band laser.
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To clarify the influence of laser frequency instability on Brillouin scattering spectra with different
spatial resolutions, two experimental setups for Brillouin spectrum measurement based on local
heterodyne and self-heterodyne detection with the narrow-band and broad-band lasers are constructed,
as shown in Figure 2. The output continuous lights of the two lasers were amplified by erbium doped
fiber amplifier 1 (EDFA1) with a gain of 45 dB, then launched into the fiber under test (FUT) to
generate SPBS and Rayleigh scattering signals after having filtered out the amplified spontaneous
emission (ASE) noise by fiber Bragg grating filter 1 (FBGF1) with a center wavelength of 1549.969
nm and a 3-dB bandwidth of 0.346 nm. The backscattered lights were amplified by EDFA2 with a
gain of 35 dB, and the ASE noise from EDFA2 and anti-Stokes light from the fiber were filtered out by
FBGF2 with a center wavelength of 1550.151 nm and a bandwidth of 0.25 nm. Stokes lights generated
from the fibers with different lengths that correspond to different spatial resolutions were mixed
up together with local reference lights and Rayleigh lights in a PD with a 11.9-GHz bandwidth for
local heterodyne detection and self-heterodyne detection, respectively, and the heterodyne detection
Brillouin spectra are measured by an electrical spectrum analyzer (ESA) with a resolution bandwidth
of 8 MHz. To reduce polarization-induced fading noise, a polarization scrambler (PS) was used in the
local reference light path in Figure 2a or at the front end of the fiber in Figure 2b.
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Figure 2. Experimental setups for Brillouin spectrum measurement employing narrow-band and
broad-band lasers based on (a) local heterodyne detection and (b) self-heterodyne detection.

The test fibers are standard single-mode fibers with each end being angle polished to avoid
the undesired Fresnel reflection at the connectors, and the fiber lengths used in measuring Brillouin
spectra are given in Table 1. The power of local reference light is set to be about 814.9 µW, giving a PD
input power of 394.3 µW, and remains constant for the test fibers with different lengths in the local
heterodyne detection system, and the PD input powers are approximately equal to 177.6 µW for all
test fibers in the self-heterodyne detection system. In the heterodyne detection systems with different
lasers, the Brillouin spectrum widths are obtained by fitting the Brillouin spectra under different fiber
lengths measured by the two setups for three times with a Lorentzian curve, and the averaged Brillouin
spectrum width versus fiber length is depicted in Figure 3.

Table 1. Fiber lengths used in Brillouin spectrum measurement.

Fiber length [km] 0.2 0.4 0.6 1.0 1.4 1.8
2.2 2.7 3.4 4.5 9.5
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Figure 3. Brillouin spectrum width versus fiber length with different lasers: (a) local heterodyne
detection and (b) self-heterodyne detection.

In Figure 3, it is seen that, with the increase of fiber length, Brillouin spectrum widths detected
by the two systems remain first almost constant, then increase slowly when employing the narrow-
band laser with high frequency stability. From the Brillouin spectra of 0.4 km and 9.5 km long fibers
shown in Figure 4 measured by the two systems using different lasers, the Brillouin spectra with the
narrow-band laser obey the Lorentzian distribution, and the fitted Brillouin spectrum widths are,
respectively, 31.1 MHz, 27.5 MHz, 36.4 MHz, and 31.7 MHz, which indicates that the influence of
laser frequency instability on Brillouin spectra is relatively small in the two systems when using a
narrow-band laser. For the laser source with low frequency stability, however, the returned Brillouin
spectrum is superposed by Brillouin spectra from different locations with different center frequencies
and different round trip delay times, which may result in the broadening and distortion of the
heterodyne detection Brillouin spectra. As shown in Figure 3a, Brillouin spectrum width measured by
the local heterodyne detection broadens rapidly in a linear relation with the increase of fiber length
longer than 0.4 km. Compared to the Brillouin spectrum of 0.4 km long fiber that obeys Lorentzian
distribution and has a spectrum width of 30.2 MHz, the Brillouin spectrum of 9.5 km long fiber shown
in Figure 4a manifests serious distortion and the fitted spectrum width with a Lorentzian curve is
70.5 MHz; therefore, the influence of laser frequency instability in the local heterodyne detection
system is inevitable and non-negligible.
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Figure 4. Brillouin spectra of 0.4 km and 9.5 km long fibers with different lasers: (a) local heterodyne
detection and (b) self-heterodyne detection.

In the self-heterodyne detection system, since Rayleigh and Brillouin lights scattered from the
same location have uniform characteristics of laser frequency, the effect of laser frequency instability
on Brillouin signal can be eliminated as described in Equation (7). However, for the broad-band laser
based system, Rayleigh and Brillouin lights from different locations are affected by laser frequency
instability and interfere between different components, thereby resulting in the Brillouin spectrum
broadening rapidly in a nearly quadratic polynomial relation with the increase of fiber length longer
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than 0.4 km, as shown in Figure 3b. As depicted in Figure 4b, the self-heterodyne detection Brillouin
spectrum of 9.5 km long fiber also presents a relatively small distortion and has a fitted spectrum width
of 51.93 MHz. It is interesting to note that when the fiber length is shorter than 0.4 km, the Brillouin
spectra measured by the two systems using broad-band laser obey the Lorentzian distribution and
the fitted spectrum width almost keeps unchanged with the increase of fiber length, and has a value
smaller than that from the narrow-band laser based systems as shown in Figure 3, which indicates that
the detrimental effect of laser frequency instability on system performance can be effectively eliminated
for the input pulse width narrower than 4 µs in the BOTDR system with the broad-band laser based on
self-heterodyne detection of Rayleigh and Brillouin scattering, and for the local heterodyne detection
based system using a sensing fiber not longer than 0.4 km.

It should be mentioned that due to the distribution of inversed population at different energy
band in the active layer of DFB-LD, the laser output is composed of frequency discrete and amplitude
time-variant spectral lines in a single longitudinal mode spectrum [19]. According to reference [20],
the heterodyne detection Brillouin spectrum with broad-band laser composed of independent
ultra-narrow spectral lines is the superposed Brillouin spectrum from different spectral lines, and since
the dependence of BFS on probe light wavelength is only 7 MHz/nm around 1550 nm, the Brillouin
spectrum width depends mainly on the linewidth of a single spectral line. Therefore, the heterodyne
detection Brillouin spectrum widths shown in Figure 3 are narrower than those when employing the
narrow-band laser for short fibers.

4. Experiment and Discussion

To demonstrate the detrimental effect elimination of laser frequency instability on Brillouin
signals experimentally by the self-heterodyne detection of Rayleigh and Brillouin scattering, the
experimental setups based on local heterodyne detection and self-heterodyne detection BOTDR
techniques are constructed.

4.1. Local Heterodyne Detection BOTDR System

The experimental setup of temperature sensing based on local heterodyne detection BOTDR
technique is shown in Figure 5. The output lights of the narrow-band and broad-band lasers were
divided into two beams, one beam was modulated to optical pulse with a width of 130 ns and a peak
power of 27.8 dBm by an electro-optic modulator (EOM) as probe beam, and the other beam was used
as a local reference light. The optical pulse was amplified by EDFA1 with a gain of 35 dB, filtered by
FBGF1, and adjusted by a variable optical attenuator (VOA), and then launched into the FUT through
an optical circulator to generate SPBS light. The Brillouin light was amplified by EDFA2, and the ASE
noise and anti-Stokes light from EDFA2 output were filtered out by FBGF2. The filtered backscattered
Stokes light with a round trip delay time of 2nz/c beats with local reference light in a PD with 11.9 GHz
bandwidth, and the PD input power was about 403 µW.
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BOTDR technique.

In Figure 5, a 9.5 km long single-mode fiber was used as sensing fiber and the measurements
were performed at room temperature of 21.7 ◦C. The 100 m long fiber near the far end was wound
with no tension to avoid any strain and heated to a temperature of 40 ◦C–70 ◦C by a thermostatic
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water bath with a temperature accuracy of ±0.01 ◦C. The ESA with a resolution bandwidth of 8 MHz
operated in the “zero-span” mode was used to acquire the power traces along the sensing fiber at
different beat frequencies. The beat frequency was adjusted from 10.7515 GHz to 10.9835 GHz by a
step of 8 MHz and each trace was averaged for 5000 times. The obtained 3D power spectra of the local
heterodyne detection Brillouin signals with narrow-band and broad-band lasers are shown in Figure 6.
The spectrum parameters are obtained by fitting the measured spectra with a Lorentzian curve, and
the comparison of all spectrum parameters and demodulated temperatures is made between the
narrow-band laser and broad-band laser measurements, as shown in Figure 7. For convenience of
comparison, we normalized the peak power traces obtained from the systems with different lasers.Sensors 2017, 17, 634 8 of 13 
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Figure 6. 3D power spectra of the local heterodyne detection Brillouin signals with (a) narrow-band
laser and (b) broad-band laser. The temperature of the thermostatic water bath is set at 50 ◦C.
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local heterodyne detection system: (a) Brillouin frequency shift; (b) Brillouin linewidth; (c) Brillouin
peak power; and (d) temperature.
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In the local heterodyne detection system, the measured Brillouin signals from different scattering
locations depend not only on the laser output frequency, fiber temperature, and strain, but also on
the frequency variation of laser source and the distances from input end to scattering locations of the
fiber. As shown in Figure 7a, when the fiber sensing distance is short, the detrimental effect of laser
frequency instability on BFS is small, and the measured BFSs are approximately equal in use of the two
lasers. Compared to the system employing the narrow-band laser with high frequency stability, with
the increase of sensing distance, the frequency instability of laser source results in the BFS along the
unheated fiber increasing slowly to an averaged value of 10.8487 GHz when employing the broad-band
laser. The averaged BFSs and averaged temperatures demodulated from the BFSs by the calibrated
fiber temperature coefficient of 1.07 MHz/◦C for the 100 m heated fiber placed in the thermostatic
water bath at different temperatures in the range of 40 ◦C–70 ◦C are given in Table 2. From Table 2,
the maximum temperature measurement error is 7.9 ◦C among the four temperatures. As shown in
Figure 7b, since the broad-band laser with low frequency stability is composed of independent and
ultra-narrow spectral lines, the measured Brillouin linewidths with broad-band laser near the fiber
initial end are almost the same as that using the narrow-band laser, and almost remain constant for the
fiber distance shorter than 0.4 km, which is well in accordance with the results in Section 3. Due to the
frequency instability of the broad-band laser, the coherence between the returned Brillouin scattering
from the location z and the local reference light meeting with the returned Brillouin scattering at
moment t0 + 2nz/c becomes worse, resulting in the Brillouin linewidth increasing quickly to a constant
before slowly decreasing, with the increase of sensing distance. Meanwhile, the normalized Brillouin
peak power along the fiber presents a trend of rapid decline to a relatively small value as shown in
Figure 7c, which causes the large measurement error of 7.9 ◦C.

Table 2. Measured averaged BFS and demodulated temperature of the heated fiber at different
thermostatic water bath temperatures.

Temperature [◦C]
Measured Averaged BFS [GHz] Demodulated Temperature [◦C]

Narrow-Band Laser Broad-Band Laser Narrow-Band Laser Broad-Band Laser

40 10.8594 10.8643 38.0 36.3
50 10.8686 10.8733 46.6 44.7
60 10.8782 10.8825 55.5 53.3
70 10.8880 10.8919 64.7 62.1

As shown in Figure 7a–c measured by the system with narrow-band laser, BFSs fluctuate from
10.8352 GHz to 10.8442 GHz around an averaged BFS value of 10.842 GHz, Brillouin spectrum widths
almost remain constant and the normalized Brillouin peak power decreases exponentially along the
unheated fiber. From the averaged BFSs and averaged temperatures for the heated fiber given in
Table 2, the maximum measurement error is 5.3 ◦C for different thermostatic water bath temperatures.
From Figure 7d, the system spatial resolutions obtained by calculating the 10% to 90% response
distance are both to be about 13 m for the two lasers. It is worthy to be mentioned that the abrupt
increase of BFSs, decrease of Brillouin spectrum widths and increase of normalized peak powers for
the heated fiber with broad-band and narrow-band lasers shown in Figure 7a–c are accorded well with
the previously reported results by Nikles et al. [21] and/or Soto et al. [18] in different systems and/or
by different lasers. It is concluded that the laser source with high frequency stability can overcome
the disadvantages of a broad-band laser caused by the low frequency stability, but the achieved
measurement error of 5.3 ◦C is still far from the requirement for accurate distributed temperature
information in real applications.

4.2. Self-Heterodyne Detection BOTDR System

In order to eliminate the detrimental effect of laser frequency instability on Brillouin signals
in the local heterodyne detection system, a useful method for measuring Brillouin signals by the



Sensors 2017, 17, 634 10 of 13

self-heterodyne detection of Rayleigh and Brillouin scattering lights is proposed, and the BOTDR
experimental setup based on the proposed method is shown in Figure 8. The output lights of the
narrow-band and broad-band lasers were modulated by EOM to optical pulse with a width of 130
ns and a peak power of 27.8 dBm as probe beam. The optical pulse was passed through the EDFA1
and FBGF1, then launched into the FUT through an optical circulator to generate Rayleigh scattering
and SPBS lights. The two weak lights were amplified by EDFA2, and the ASE noise and anti-Stokes
light were filtered out by FBGF2. The Stokes light beats with Rayleigh light in a PD with a 11.9-GHz
bandwidth, and the PD input power was set at about 402.7 µW. To reduce the polarization-induced
fading noise and increase the SBS threshold limited fiber input power, a PS was used at the front end
of the fiber.
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Figure 8. Experimental setup of temperature sensing based on the self-heterodyne detection
BOTDR technique.

Again, the ESA with a 8-MHz resolution bandwidth operated in the “zero-span” mode was used
to acquire the power traces along the sensing fiber at different beat frequencies. The beat frequency
was adjusted from 10.7529 GHz to 10.9849 GHz with a 8-MHz step and each trace was averaged for
5000 times, and the obtained 3D power spectra of self-heterodyne detection Brillouin signals with the
two lasers are depicted in Figure 9. The spectrum parameters are obtained by fitting the measured
spectra with a Lorentzian curve, and the comparison of all spectrum parameters and demodulated
temperatures is made between the narrow-band and broad-band laser measurements, as shown in
Figure 10. For convenience of comparison, we normalized the peak power traces obtained from the
system with different lasers.
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Figure 9. 3D power spectra of the self-heterodyne detection Brillouin signals with a (a) narrow-band
laser and (b) broad-band laser. The temperature of the thermostatic water bath is set at 50 ◦C.
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Figure 10. Distribution of Brillouin signals and demodulated temperature along the fiber based on
the self-heterodyne detection: (a) Brillouin frequency shift; (b) Brillouin linewidth; (c) Brillouin peak
power; and (d) temperature.

From Figure 10a–c, it is clearly seen that the parameters of Brillouin signals along the fiber obtained
by the setup using a broad-band laser are in good accordance with those using a narrow- band laser,
which are much different from the results in Figure 7 obtained by the setup given in Figure 5. Since the
Rayleigh and Brillouin scattering from the same scattering location are with the same characteristics of
laser frequency, aligned polarization, and are highly coherent, the detrimental effect of laser frequency
instability on the measured Brillouin signals is eliminated by the self-heterodyne detection. Although
the averaged BFSs of the unheated fiber measured by the systems employing the narrow-band and
broad-band lasers are both about 10.8411 GHz, the root mean square (RMS) error of the BFS with the
narrow-band laser is 2.5 MHz that is much larger than the achieved RMS error of 1.5 MHz with the
broad-band laser due to the much larger CRN. As a result, the achieved maximum measurement errors
among four averaged temperatures demodulated from the averaged BFSs for the 100 m heated fiber
at different thermostatic water bath temperatures are 2.4 ◦C and 1.2 ◦C, respectively, when using the
narrow-band and broad-band lasers, as is given in Table 3.

Table 3. Measured averaged BFS and demodulated temperature of the heated fiber at different
thermostatic water bath temperatures.

Temperature [◦C]
Measured Averaged BFS [GHz] Demodulated Temperature [◦C]

Narrow-Band Laser Broad-Band Laser Narrow-Band Laser Broad-Band Laser

40 10.8585 10.8596 38.0 39.0
50 10.8688 10.8701 47.6 48.8
60 10.8801 10.8818 58.1 59.7
70 10.8909 10.8927 68.2 69.9

As shown in Figure 10b, the greater volatility of the fitted Brillouin linewidths observed for
the narrow-band laser also comes, mainly, from the greater amplitude fluctuations of the Rayleigh
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scattering signal induced by the larger CRN, and the RMS errors of Brillouin linewidths for the
unheated fiber with the narrow-band and broad-band lasers are 7.6 MHz and 4.3 MHz, respectively.
As the Rayleigh and Brillouin signals generated from a single spatial resolution are with the similar
features of laser frequency, polarization and coherence, the spectral broadening due to the frequency
instability of laser source is eliminated effectively by employing the self-heterodyne detection of
Rayleigh and Brillouin scattering, so that the degradation of measurement accuracy at the fiber end
can be avoided. Meanwhile, the normalized Brillouin peak powers along the unheated fiber obtained
by the two different lasers decrease together exponentially with the increase of sensing distance, and
the RMS errors of them are 0.096 and 0.071, respectively. As shown in Figure 10d, the system spatial
resolutions obtained by calculating the 10% to 90% response distance are both about 13 m for the
two lasers. On the basis of the above results, in the systems based on the self-heterodyne detection
of Rayleigh and Brillouin scattering, thanks to the greatly-reduced CRN by using the broad-band
laser, the RMS errors of Brillouin signals and the measurement error of temperatures have been
reduced effectively.

Compared to the local heterodyne detection system with narrow-band laser, the fluctuations
of BFSs, linewidths and peak powers along the fiber measured by the self-heterodyne detection of
Rayleigh and Brillouin scattering becomes larger as a result of the existence of coherent Rayleigh noise
in the self-heterodyne detection BOTDR system, which can be reduced by using a multi-wavelength
laser source or a multi-longitudinal mode F-P laser source.

5. Conclusions

A BOTDR sensor system for eliminating the detrimental effect of laser frequency instability
on Brillouin signals, based on the self-heterodyne detection of Rayleigh and Brillouin scattering,
has been proposed and demonstrated. We analyzed and compared the Brillouin scattering spectra
from fibers with different lengths obtained by the local heterodyne and self-heterodyne detection
systems employing two lasers with different frequency stabilities, and the results show that the
detrimental effect of laser frequency instability on the system performance can be effectively eliminated
for the pulse widths narrower than 4 µs in the self-heterodyne detection BOTDR system using a
broad-band laser. The BOTDR systems based on the local heterodyne and self-heterodyne detection
employing different lasers are constructed. The experiments using the self-heterodyne detection
BOTDR system have demonstrated the feasibility of the proposed method. Compared with the
observed maximum temperature errors of 5.3 ◦C and 7.9 ◦C measured by the local heterodyne detection
with the narrow-band and broad-band lasers, the maximum temperature errors obtained by the
narrow-band and broad-band laser measurements based on the self- heterodyne detection are reduced
to 2.4 ◦C and 1.2 ◦C, respectively. The results show that the temperature accuracy is improved
effectively by eliminating the influence of laser frequency instability and reducing the CRN by the use
of self-heterodyne detection and broad-band laser in BOTDR system, and the spatial resolution and
measurable range could in principle be further improved.

Acknowledgments: This work was supported by the National Natural Science Foundation of China under Grant
No. 61377088, the Natural Science Foundation of Hebei Province under Grant Nos. F2014502098 and F2015502059.

Author Contributions: Yongqian Li and Xiaojuan Li conceived and designed the experiments; Xiaojuan Li, Qi An,
and Lixin Zhang performed the experiments; Xiaojuan Li analyzed the data and wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Letokhov, V.S. Laser biology and medicine. Nature 1985, 316, 325–330. [CrossRef] [PubMed]
2. Balanarayan, P.; Moiseyev, N. Chemistry in high-frequency strong laser fields: The story of HeS molecule.

Mol. Phys. 2013, 111, 1814–1822. [CrossRef]

http://dx.doi.org/10.1038/316325a0
http://www.ncbi.nlm.nih.gov/pubmed/3894977
http://dx.doi.org/10.1080/00268976.2013.798438


Sensors 2017, 17, 634 13 of 13

3. Kikuchi, K. Frequency and phase control of light in coherent optical communication systems.
Electron. Commun. Jpn. Part 2 Electron. 1991, 74, 1–10. [CrossRef]

4. Hong, J.G.; Song, K.Y. Simplified BOTDA system based on direct modulation of a laser diode with an
extended measurement range. J. Lightwave Technol. 2015, 33, 1979–1984. [CrossRef]

5. Kim, S.; Kwon, H.; Yang, I.; Lee, S.; Kim, J.; Kang, S. Performance of a distributed simultaneous strain and
temperature sensor based on a Fabry-Perot laser diode and a dual-stage FBG optical demultiplexer. Sensors
2013, 13, 15452–15464. [CrossRef] [PubMed]

6. Gordienko, V.M.; Koryabin, A.V.; Kravtsov, N.V.; Firsov, V.V. Wind Doppler lidar with 1.5 µm fiber laser.
Laser Phys. Lett. 2008, 5, 390–393. [CrossRef]

7. Vassen, W.; Zimmermann, C.; Kallenbach, R.; Hansch, T.W. A frequency-stabilized titanium sapphire laser
for high-resolution spectroscopy. Opt. Commun. 1990, 75, 435–440. [CrossRef]

8. Maughan, S.M.; Kee, H.H.; Newson, T.P. Simultaneous distributed fibre temperature and strain sensor using
microwave coherent detection of spontaneous Brillouin backscatter. Meas. Sci. Technol. 2001, 12, 834–842.
[CrossRef]

9. Tu, G.; Zhang, X.; Zhang, Y.; Ying, Z.; Lv, L. Strain variation measurement with short-time Fourier
transform-based Brillouin optical time-domain reflectometry sensing system. Electron. Lett. 2014, 50,
1624–1626. [CrossRef]

10. Ohno, H.; Naruse, H.; Kihara, M.; Shimada, A. Industrial applications of the BOTDR optical fiber strain
sensor. Opt. Fiber Technol. 2001, 7, 45–64. [CrossRef]

11. Adachi, S. Distributed optical fiber sensors and their applications. Proc. SICE Annu. Conf. 2008, 329–333.
[CrossRef]

12. Feng, X.; Wu, W.; Li, X.; Zhang, X.; Zhou, J. Experimental investigations on detecting lateral buckling for
subsea pipelines with distributed fiber optic sensors. Smart. Struct. Syst. 2015, 15, 245–258. [CrossRef]

13. Texier, S.; Pamukcu, S.; Toulouse, J. Advances in subsurface water-content measurement with a distributed
Brillouin scattering fibre-optic sensor. Proc. SPIE-Int. Soc. Opt. Eng. 2005, 5855, 555–558.

14. Wang, R.; Zhou, L.; Zhang, X. Performance of Brillouin optical time domain reflectometer with erbium
doped fiber amplifier. Optik 2014, 125, 4864–4867. [CrossRef]

15. Geng, J.; Staines, S.; Blake, M.; Jiang, S. Distributed fiber temperature and strain sensor using coherent
radio-frequency detection of spontaneous Brillouin scattering. Appl. Opt. 2007, 46, 5928–5932. [CrossRef]
[PubMed]

16. Hao, Y.; Ye, Q.; Pan, Z.; Cai, H.; Qu, R. Influence of laser linewidth on performance of brillouin optical time
domain reflectometry. Chin. Phys. B 2013, 22, 074214. [CrossRef]

17. De Souza, K. Significance of coherent Rayleigh noise in fibre-optic distributed temperature sensing based on
spontaneous Brillouin scattering. Meas. Sci. Technol. 2006, 17, 1065–1069. [CrossRef]

18. Soto, M.A.; Bolognini, G.; Di Pasquale, F. Distributed optical fibre sensors based on spontaneous Brillouin
scattering employing multimode Fabry-Perot lasers. Electron. Lett. 2009, 45, 1071–1072. [CrossRef]

19. Mandel, L.; Wolf, E. Optical Coherence and Quantum Optics; Cambridge University Press: Cambridge, UK,
1995; pp. 900–972.

20. Li, C.; Lu, Y.; Zhang, X. SNR enhancement in Brillouin optical time domain reflectometer using
multi-wavelength coherent detection. Electron. Lett. 2012, 48, 1139–1141. [CrossRef]

21. Nikles, M.; Thevenaz, L.; Robert, P.A. Brillouin gain spectrum characterization in single-mode optical fibers.
J. Lightwave Technol. 1997, 15, 1842–1851. [CrossRef]

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/ecjb.4420740901
http://dx.doi.org/10.1109/JLT.2015.2394433
http://dx.doi.org/10.3390/s131115452
http://www.ncbi.nlm.nih.gov/pubmed/24284773
http://dx.doi.org/10.1002/lapl.200710136
http://dx.doi.org/10.1016/0030-4018(90)90209-C
http://dx.doi.org/10.1088/0957-0233/12/7/315
http://dx.doi.org/10.1049/el.2014.2470
http://dx.doi.org/10.1006/ofte.2000.0344
http://dx.doi.org/10.1109/SICE.2008.4654674
http://dx.doi.org/10.12989/sss.2015.15.2.245
http://dx.doi.org/10.1016/j.ijleo.2014.04.040
http://dx.doi.org/10.1364/AO.46.005928
http://www.ncbi.nlm.nih.gov/pubmed/17694145
http://dx.doi.org/10.1088/1674-1056/22/7/074214
http://dx.doi.org/10.1088/0957-0233/17/5/S21
http://dx.doi.org/10.1049/el.2009.2381
http://dx.doi.org/10.1049/el.2012.1248
http://dx.doi.org/10.1109/50.633570
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Modeling Analysis of Heterodyne Detection Brillouin Signals with Laser Frequency Instability 
	Local Heterodyne Detection 
	Self-Heterodyne Detection of Rayleigh and Brillouin Scattering 

	Influence of Laser Frequency Instability on Heterodyne Detection Brillouin Spectra 
	Experiment and Discussion 
	Local Heterodyne Detection BOTDR System 
	Self-Heterodyne Detection BOTDR System 

	Conclusions 

