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The phase-sensitive optical time-domain reflectometry (φ-OTDR) is a good candidate for distributed dynamic strain 
sensing, due to its high sensitivity and fast measurement, which has already been widely used in intrusion monitoring, 
geophysical exploration, etc. For the frequency scanning based φ-OTDR, the phase change manifests itself as a shift of 
the intensity distribution. The correlation between the reference and measured spectra is employed for relative strain 
demodulation, which has imposed the continuous measurement for the absolute strain demodulation. Fortunately, the 
Brillouin optical time domain analysis (BOTDA) allows for the absolute strain demodulation with only one measurement. 
In this work, the combination of the φ-OTDR and BOTDA has been proposed and demonstrated by using the same set of
frequency-scanning optical pulses, and the frequency-agile technique is also introduced for fast measurements. A 9.9 Hz 
vibration with a strain range of 500 nε has been measured under two different absolute strains (296.7με and 554.8 με) by
integrating the Rayleigh and Brillouin information. The sub-micro strain vibration is demonstrated by the φ-OTDR signal 
with a high sensitivity of 6.8 nε, while the absolute strain is measured by the BOTDA signal with an accuracy of 5.4 με. 
The proposed sensor allows for dynamic absolute strain measurements with a high sensitivity, thus opening a door for
new possibilities which are yet to be explored. 
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Introduction 

The fluctuations of optical properties result in light scat-
tering in the optical fiber, the mechanisms of which can 
be classified into three major categories, known as the 
Rayleigh scattering, Brillouin scattering and Raman scat-
tering1. Rayleigh scattering is a typical quasi-elastic scat-
tering resulting from the non-propagating density fluctu-
ations, introducing no frequency shift to the scattering 
wave. Brillouin scattering is the light scattering from the 
density waves (i.e. acoustic phonons), adding a Doppler 

shift to its backscattering wave. Raman scattering is 
generated by the transition of medium molecules in 
vibrational and rotational modes, which can be described 
as the scattering of light from the optical phonons. The 
optical properties in the fiber fluctuate with the 
environmental disturbances, which influence the 
intensity or frequency shift of scattering waves1. In the 
past 40 years, the scattering based optical fiber sensors 
have been widely investigated, where the common 
communication fiber allows for distributed 
measurements with low loss and high sensitivity. In 1976, 
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the first distributed optical fiber sensing scheme was re-
ported, known as the optical time-domain reflectometry 
(OTDR), which has been well commercialized and widely 
used to investigate the fiber attenuation characteristics2. 
In 1980s, a distributed optical fiber temperature sensor 
was demonstrated based on the Raman scattering3, while 
the Brillouin frequency shift (BFS) has been measured for 
distributed temperature and strain sensing4,5. At present, 
both the Rayleigh and Brillouin based sensors allow for 
the strain and temperature measurements, and their ap-
plications range from structure health monitoring to ge-
ophysical exploration. 

The phase-sensitive OTDR (φ-OTDR) and Brillouin 
optical time domain analysis (BOTDA) are typical 
time-domain systems, in which the optical pulse is em-
ployed for distributed sensing. In recent twenty years, 
great advances in devices and schemes have promoted the 
improvements on the performances of distributed optical 
fiber sensors, especially in the aspects of long range6–8, 
high spatial resolution9,10, high accuracy11,12, dynamic 
measurements13–17 and multi-parameter sensing18,19. For 
the simplest implementation of φ-OTDR, a highly co-
herent light source is pulse modulated to interrogate the 
sensing fiber20. The intensity trace of the Rayleigh scat-
tering signal is measured with a jagged shape, as a conse-
quence of the coherent interference among a large num-
ber of Rayleigh scattering centers. The temperature or 
strain variation on the sensing fiber causes the change of 
optical path between different scattering centers (i.e. 
phase changes for the light), resulting in a modification 
on the coherent superposition of Rayleigh scattering light. 
Furthermore, several promising techniques have been 
proposed for the phase recovery to enable the quantitative 
measurements, including the frequency-controlled light 
source21, Michelson interferometer22, coherent 
detection14,23,24, dual-wavelength pulses25, and chirped 
pulses26,27 etc. By using the pulse-to-pulse frequen-
cy-scanning method, the local Rayleigh spectrum can be 
mapped, where the optical phase change manifests itself 
as a frequency shift of the intensity distribution21. The 
correlation between the measured and the reference 
spectra generates a correlation peak at a frequency de-
tuning, and it is proportional to the temperature and 
strain variations21. Based on the correlation between two 
orthogonal polarization spectra, the frequency-scanning 
φ-OTDR allows for distributed birefringence and hydro-
static pressure measurements28,29. In order to realize the 
fast measurements, the wavelength scanning is enabled by 

using the laser current modulation with a saw-tooth sig-
nal30.  

However, the frequency-scanning φ-OTDR is more 
suitable for high-sensitivity relative strain measurements 
rather than absolute strain demodulation. Because the 
absolute strain is obtained by accumulating the relative 
strain change between two continuous measurements, the 
monitoring process is required to be made continuously 
and start with no strain applied. Moreover, the measure-
ment errors are introduced and then accumulated during 
the data processing, which degrades the measurement 
accuracy12. Fortunately, the BOTDA can provide 
high-accuracy absolute strain information by using the 
BFS31, while it is not able to realize nano-strain measure-
ments due to its low strain resolution. For the fast 
Brillouin sensing, several impressive technologies have 
been proposed to expedite the measurement speed, such 
as the optical frequency comb technique32,33, 
slope-assisted method13,34, frequency-agile technique31, 
optical frequency division multiplexing technique35,36, and 
optical chirp chain technique37. Based on the above anal-
ysis, both the φ-OTDR and BOTDA sensors are able to 
realize the dynamic strain measurements, but the in-
tended applications are different for these two sensors. In 
2017, a space-division multiplexed hybrid φ-OTDR and 
BOTDA system has been proposed, which allows ul-
tra-high measurement resolution (0.001 ℃) and large 
dynamic range (10 ℃)38. As a result, they are comple-
mentary schemes rather than substitutes for each other, 
so that the cooperation can extend the functions and ex-
plore new application areas. However, the frequen-
cy-scanning operation is performed on two different 
modulators and the signals of BOTDA and φ-OTDR are 
collected in different cores of the multi-core fiber, which 
increases the complexity of the system.  

In this paper, we demonstrate high-sensitivity distrib-
uted dynamic strain measurements by combining the 
Rayleigh and Brillouin sensing. These two sensing signals 
are collected simultaneously with the same set of fre-
quency-scanning optical pulses. The article is organized 
in the following manner: Section 2 describes the principle 
of the proposed sensor and the experiment setup is 
shown in Section 3. Then, the performance of the pro-
posed sensor is investigated by an elaborate experiment, 
where a 9.9 Hz vibration under two absolute strains has 
been measured with a high sensitivity of 6.8 nε. The ex-
periment results and discussions are provided in Section 
4, and finally Section 5 makes the conclusion. 
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Principles 
In the φ-OTDR system, the frequency of the optical pulse 
is scanned to map the Rayleigh spectrum. Similarly, the 
frequency scanning is also the critical process in the 
BOTDA scheme to reconstruct the Brillouin gain spec-
trum (BGS). Therefore, it is feasible to simultaneously 
measure the φ-OTDR and BOTDA signals by using the 
same set of frequency-scanning optical pulses. As shown 
in Fig. 1(a), the frequency-scanning optical pulses are 
obtained by two steps. First, the frequency of the optical 
wave is scanned from ν1 to νN by using the frequen-
cy-agile technique, so that the frequency switching time 
can be ignored31,39. Moreover, the lasting time of each 
frequency wave is T, and then the optical wave is pulse 
modulated in each frequency duration. After obtaining 
the frequency-scanning optical pulses, they enter into the 
fiber under test (FUT) in sequence as depicted in Fig. 
1(b), and only one pulse travels in the FUT to avoid the 
signal overlapping. The probe wave for BOTDA sensing is 
injected from the other end of the sensing fiber, which 
travels in the same direction as the Rayleigh scattering 
signal. 

Next, the Rayleigh and Brillouin signals are collected at 
the same end of the FUT, and the frequency relationship 
of which is shown in Fig. 2. Here, v0 is the frequency of 
the probe wave, and the frequency range of optical pulses 
is wide enough to map the Rayleigh and Brillouin spectra. 
It should be noted that the frequency offset between the 
pump pulse and probe wave should be scanned in the 
vicinity of the fiber BFS. The frequency of Rayleigh scat-
tering signals is equal to that of the optical pulse, so that it 
is able to separate Rayleigh scattering from probe signals 
according to the frequency difference. A fiber Bragg grat-
ing (FBG) is used to reflect the Rayleigh scattering signal, 

and meanwhile the probe wave passes through the FBG. 
Alternatively, it is also able to collect the Rayleigh scat-
tering through the transmission passband of the FBG, 
and the probe wave is reflected by the FBG. For this 
scheme, every set of the frequency-scanning pulses can be 
regarded as one sampling to the vibration on the fiber, 
and therefore, the sampling rate to the vibration is equiv-
alent to the repetition rate of pump pulse sequence. 
Moreover, the sensing range and spatial resolution is de-
termined by the time interval T and pulse width, respec-
tively.  

The Rayleigh spectrum is simulated with a frequency 
scanning of 1 GHz, using the one-dimensional im-
pulse-response model21. As shown in Fig. 3(a), the refer-
ence spectrum is drawn in the black short dash line, while 
the red line corresponds to the measured spectrum. Then, 
the optical frequency change Δvm can be computed using 
the cross-correlation algorithm between these two Ray-
leigh spectra. Furthermore, strain change Δε and temper-
ature change ΔT can be demodulated according to the 
following formula21,25,30:  

ε
1

εm
T

v
K K T

v


    ,            (1) 

where the Kε and KT are the stain and temperature 
coefficients in the φ-OTDR scheme, respectively. 

With the same frequency range, the Brillouin gain 
spectra of the initial and final states are plotted in Fig. 
3(b). The initial state of the strain ε0 and temperature T0 is 
given for the FUT, and the corresponding BGS is plotted 
in black short dash line. In the final state, the BGS is ex-
hibited in the red solid line, and moreover the absolute 
strain ε and temperature T can be obtained using the 
Equation (2) 40: 

   B B0 ε 0 0ε ε + Tv v C C T T    ,       (2) 

Fig. 1 | (a) Two modulation steps to obtain the frequency-scanning 

optical pulses. (b) The sequence diagram of the pump pulses and

probe wave. 
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Fig. 2 | The frequency relationship between the Rayleigh scat-

tering and Brillouin signals. 
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where vB0 and vB are the initial and final BFS of the FUT; 
Cε and CT are the strain and temperature coefficient in the 
Brillouin sensing, respectively. 

Experimental setup 

As a verification of the proposed scheme, the experiment 
setup was implemented as shown in Fig. 4. It was basically 
a classical fast-BOTDA scheme, where, in this case, an 
additional photo-detector (PD) was used to collect the 
Rayleigh scattering signal. The light source was an ul-
tra-narrow-linewidth laser (laser1), which was operated 
at the wavelength of 1550 nm. The laser output was split 
into two divisions with a 90/10 optical coupler. The 10% 
division served as the probe wave for the BOTDA meas-
urement, the power of which was adjusted by a variable 
optical attenuator (VOA) to 100 μW. The other 90% light 
was used to generate the frequency-agile modulated 
pump pulses. An electro-optic modulator (EOM1) was 
biased at the minimum transmission point to generate 
two first-order sidebands with suppressed carrier. And 
the driving microwave signal was provided by the channel 
1 (CH1) of the arbitrary waveform generator (AWG), 
sweeping from 10.6 GHz to 11.1 GHz with a frequency 
step of 4 MHz. Therefore, there were 126 frequency 
components in one temporal frame, and the lasting time 
of each frequency was 0.78 μs, which allows for a maxi-
mum measurement range of 78 m. In order to obtain a 
flat power distribution after the frequency modulation, an 
injection-locking scheme was utilized, where another 
laser (laser2) served as the slave laser. The up-
per-sideband of the input light was selected by tuning the 
current and temperature of the slave laser. Then, the 
EOM2 was also operated at the minimum transmission 
point for 20 ns pulse modulation, and the electric pulses 

were offered by the CH2 of the AWG. As a result, the spa-
tial resolution of 2 m was obtained for both φ-OTDR and 
BOTDA measurements. The peak power of frequen-
cy-agile modulated pump pulses was amplified to 500 
mW by EDFA1. 

The lasting time of one set of pump sequence was 98.28 
μs (126×0.78 μs) and the time interval between two pump 
sequence was elaborately designed to be 1.72 μs, resulting 
in a maximum sampling rate of 10 kHz with no averaging. 
Next, the pump pulses were injected into the polariza-
tion-maintaining (PM) fiber through an optical circulator 
(C2), so that the SBS interaction is free from the polariza-
tion induced fluctuations. The Rayleigh and the Brillouin 
signals were collected through Port3 of the C2. Then, they 
were separated by C3 and FBG, where only the Rayleigh 
scattering signal was reflected by the FBG. After the sep-
aration, the Rayleigh signal was amplified by the EDFA2, 
and the amplified spontaneous emission noise was sup-
pressed by a tunable FBG (TFBG). Next, a high-gain PD1 
with 100 MHz bandwidth was used for the detection of 
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Rayleigh signal, while a 350 MHz PD2 was employed to 
detect the Brillouin signal. Both the Rayleigh and 
Brillouin signals carried the strain information applied to 
the FUT, and the output of these two PDs was simulta-
neously recorded by a dual-channel data acquisition 
(DAQ) with 1 GSa/s sampling rate. 

Results and discussions 

In the experiment, a 2–m fiber segment of the 50–m PM 
fiber was stretched tight, which was located at the posi-
tion between 42 m and 44 m, and one end of the fiber was 
fixed on a motorized positioning system. By applying a 
relative sub-micron displacement, the distributed correla-
tion spectra along the FUT were shown in Fig. 5(a), 
which were computed by the measured Rayleigh spectra 
before and after applying the relative sub-micro strain. It 
could be seen that the frequency shift was zero at the po-
sitions with no strain change, while a frequency shift was 
measured at the position between 42 m and 44 m. Here, 
only the relative strain change was demodulated, as the 
fixed strain had already been applied before the system 
running. Fortunately, the Brillouin signals were also rec-
orded simultaneously and the top-view of 3-D BGSs were 
shown in Fig. 5(b). At the position between 42 m and 44 
m, the peak of the BGSs was moved comparing with the 
BGSs without strain, so that the pre-applied strain could 
be demodulated. In this case, the Brillouin sensing could 
provide the absolute stain as a reference. 

In order to realize the quantitative measurements, the 
strain coefficients of the Rayleigh and Brillouin sensing 
were measured, respectively. In the Rayleigh measure-
ments, the displacement of the motorized positioning 
system was moved from 0 μm to 2 μm with a step of 0.2 
μm. The Rayleigh spectra were recorded as a function of 
time, and the 3-D Rayleigh spectra were shown in Fig. 

6(a). In order to reduce the environmental disturbance 
induced noise, the whole measurement of the Rayleigh 
strain coefficient was made within 0.7 s. The frequency 
shift of the intensity distribution was provided in Fig. 6(b), 
and the linear fitting result was also plotted in red line. As 
a result, the strain coefficient Kε was obtained, the value 
of which was -148 MHz/με. For the BOTDA measure-
ments, a new positioning platform was used to provide a 
wide strain dynamic range. The BGSs were measured 
from 220 με to 3970 με, as shown in Fig. 6(c). The Lo-
rentz-curve fitting method was employed to extract the 
BFS, the result of which was drawn in Fig. 6(d). The 
Brillouin strain coefficient Cε was 0.0462 MHz/με, which 
was obtained by the linear fitting method. 

To demonstrate the sensor capability of high-sensitivity 
dynamic strain measurements, a vibration was applied to 
the FUT by changing the motorized positioning system 
between the two positions periodically, and the relative 
displacement was 1 μm, corresponding to 500 nε. More-
over, a fixed large strain was applied in advance, and two 
groups of experiments were made with the same vibra-
tion under different absolute strains. In order to increase 
the recording time to 1 s, the repetition rate of one set of 
optical pulses was reduced to 1 kHz. As shown in Fig. 7(a), 
the Brillouin demodulation results of these two groups 
were provided with 5 moving average, while the fiber 
without strain was used as a reference. It could be seen 
that the Brillouin signals showed the absolute strain 
change between two groups of measurements, but the 
sub-micro strain vibration was failed to be measured due 
to the relative low strain resolution. The average absolute 
strains of these two groups were 296.7 με and 554.8 με, 
respectively. The measurement accuracy of the absolute 
strain was about 5.4 με, computed by the standard devia-
tion of reference fiber BFS. The φ-OTDR demodulation 

Fig. 5 | (a) The cross-correlation between Rayleigh spectra along the FUT containing the relative sub-micro strain information. (b) The meas-

ured 3-D BGSs along the FUT, showing the pre-applied strain information. 
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results were shown in Figs. 7(b) and 7(c) with no averag-
ing, and the frequency resolution of the correlation was 
improved to 1 MHz by using the interpolation approach30. 
A 9.9 Hz vibration with a peak-to-peak value of 500 nε 
was obtained, but these two dynamic strain results were 
similar containing only the information of relative strain 
variations. By combining the Rayleigh and Brillouin 
measurement results, the dynamic strain changed in the 
range from 296.45 με to 296.95 με periodically, as dis-
played by the right y-coordinate of Fig. 7(b). Similarly, the 
dynamic strain of Group2 varied between 554.55 με and 
555.05 με. The standard deviation of the fiber correlation 
spectra with no strain was less than half of the frequency 
resolution, so that it was safe to define the sensor relative 
strain accuracy to be 6.8 nε by the frequency resolution (1 
MHz). It could be seen that the proposed sensor was able 
to provide a high-sensitivity (6.8 nε) dynamic absolute 
strain results by combining the Rayleigh and Brillouin 
information.  

Besides, the Rayleigh and Brillouin signals are obtained 
simultaneously using the same set of frequency-scanning 

pulses, which does not increase the complexity of the 
proposed sensor. 

Conclusion 

In this work, the high-sensitivity distributed dynamic 
strain measurements have been experimentally demon-
strated by combining the Rayleigh and Brillouin sensing, 
the signals of which are collected simultaneously with the 
same set of frequency-scanning optical pulses. In the ex-
periment, a vibration of ±250 nε has been measured twice 
under different absolute strain (296.7με and 554.8 με). 
The sub-micro strain vibration is demonstrated by the 
φ-OTDR signal with a high sensitivity of 6.8 nε, while the 
absolute strain change is measured by the BOTDA signal 
with 5.4 με measurement accuracy. Both the φ-OTDR 
and BOTDA sensors are not able to finish this work alone, 
while the proposed sensor allows for high-sensitivity dy-
namic strain measurements. Furthermore, the research of 
dual-mechanism (Rayleigh and Brillouin) sensing is only 
in its infancy, so more possibilities and applications are 
expected in the future.  

Fig. 6 | (a) The measured Rayleigh spectra recording a 1000 nε relative strain change with a step of 100 nε. (b) The frequency shift in different

relative strain change and its linear fitting result. (c) The measured BGSs at different strains from 220 με to 3970 με. (d) The BFS in different

strains and its linear fitting result. 
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