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Abstract

We propose a multipath distributed acoustic sensing (MP-DAS) system based on phase-
sensitive optical time-domain reflectometry (®-OTDR) and frequency division multiplexing
(FDM) technigue. With FDM introduced to ®-OTDR, simultaneously monitoring of multipath
vibration is realised with flexible functionality. In the proposed MP-DAS system, the
parameters of each path can be adjusted individually according to the path’s specific monitoring
requirement. A dual path ®-OTDR system with 1 km and 22 km measurement distance is
demonstrated in the experiment. Through heterodyne detection and FDM technique, both
amplitude and phase information are obtained for event locating and vibration sensing in each
of the two paths, with a spatial resolution of 5 m and 10 m respectively. With changing optical
power and pulse width of one path, its influence on the other path is discussed and analysed.
This proposed MP-DSA system based on FDM technique provides an efficient and cost-
effective way for upgrading a conventional single DAS into an integrated DAS network, which
shows great potential in many applications such as modern city civil structure monitoring with
different demands.

Keywords: Distributed optical fibre sensor, distributed acoustic sensing, phase-sensitive OTDR,
frequency division multiplexing, coherent detection.

1. Introduction

Distributed optical fibre sensing (DOFS) systems have attracted great interests recently and
been investigated extensively in both academic and industrial fields due to its inherent
advantages of light weight, high sensitivity, compactness, immunity to electromagnetic
interference (EMI), passive remote sensing, etc. [1-10]. A wide range of sensing parameters,
such as strain, temperature and acoustic disturbance, can be measured by detecting and
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analysing different types of backscattering of light in a sensing fibre, i.e., Rayleigh
backscattering, Brillouin backscattering, and Raman backscattering [1]. As one of the most
attractive DOFS technologies for dynamic strain sensing or fast-changing parameter
monitoring, phase-sensitive optical time-domain reflectometry (®-OTDR) utilizes the
information of coherent Rayleigh backscattering in time domain, which has been seen as the
optimal implementation for the so-called distributed acoustic sensing (DAS) or distributed
vibration sensing (DVS) systems [11-23]. The DAS systems based on ®-OTDR have shown
great potential in a variety of engineering applications including border security, civil structural
health monitoring, gas or oil pipeline integrity monitoring and threat detection, geophysical
applications, railway system monitoring, etc. [2-10]. Therefore, plenty of work has been done
by researchers and engineers to investigate the fundamental theory and propose various
implementations of ®-OTDR [12-15]. To exactly extract the phase information from the
backscattering signal of ®-OTDR, various schemes have been proposed, such as a basic ®-
OTDR setup using dual pulses with certain frequency difference [16], methods based on direct
detection merging different types of interferometers [17-19], a coherent ®-OTDR scheme
based on heterodyne detection [20-22], and a coherent ®-OTDR scheme based on homodyne
detection with 1Q demodulation [23]. Meanwhile, efforts have been made to improve the
sensing performance of the ®-OTDR with longer sensing distance and higher spatial resolution
in one sensing fibre.

In the metropolitan area of a modern city, e.g., Hong Kong, various civil structures exist
jointly with urban metro system and different types of pipelines. As an example, shown in Fig.
1, for a full-view monitoring in this metropolitan scenario, proper DAS systems should be
installed to all the urban large-scale construction, the river/sea-spanning bridge and the metro
tunnel/viaduct, but with different requirements on the sensing distance, spatial resolution,
frequency response, etc. It is complicated and not cost-effective to build a single ®-OTDR for
each of them. Efficiently merging several ®-OTDR systems into one would offer the DAS extra
flexibility and versatility. There is a demand to upgrade a single DAS system to an integrated
DAS network.

Fig. 1. DAS scenario in the metropolitan area of a modern city

In this paper, we propose a multipath DAS (MP-DAS) system based on ®-OTDR and
frequency division multiplexing (FDM) technique. With the technique of frequency division
multiplexing and demultiplexing, ®-OTDR with different sensing parameters can be
implemented onto each individual path of sensing fibre, and the phase information from every
path due to fibre disturbance can be detected and recovered together with sharing one optical
source and signal receiving end. More than one distributed optical paths are monitored
simultaneously in this proposed scheme, so that a flexible DAS network is built. It is worth



noting that in such an MP-DAS system, the parameters of each path can be adjusted individually
according to the path’s specific monitoring requirement, and the overall cost is reduced since
only one optical source and receiver are used. In the proof-to-concept experiment, a dual path
®-OTDR system with 1 km and 22 km distance is demonstrated. The modulated light pulses
with different pulse width and repetition rate are launched into the two sensing fibres
respectively, which gives different required spatial resolutions to the two paths. The location
and vibration information of both the paths is successfully extracted. By changing the optical
power and pulse width of one path, we for the first time analyse the influence on the signal-to-
noise ratio (SNR) to the other path in detail for the MP-DAS based on FDM technique, and
discuss the possible way to increase one path’s SNR without affecting the others. The
experimental results show that even with other paths’ interference, we still locate the event and
recover the vibration signal with neglectable SNR deterioration, which shows good
performance of our proposed DAS network for multipath monitoring.

2. Principle

FDM is a technique that has been widely employed in a variety of communication systems
to massively increase data communication capacity [24]. Recently FDM technique has been
introduced to the ®-OTDR systems in order to increase the signal-to-noise ratio (SNR) [25,26],
to enlarge the frequency response range of the measured vibration [27-30], and to improve the
spatial resolution with the enhanced optical pulse compression technique based on linear
frequency modulation (LFP) [31,32]. In our proposed scheme, FDM technique is utilized to
implement ®-OTDR to multiple fibre paths based on a single optical transmitter and receiver,
but with different measurement parameters, as shown in Fig. 2. Besides FDM technique, multi-
wavelength optical lasers can also be used to achieve the same functionality. However,
considering the narrow linewidth requirement of the laser for ®-OTDR, it is more challenging
and not economy to employ a stable multi-wavelength narrow-linewidth laser other than the
FDM technique.
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Fig. 2. General schematic of the proposed MP-DAS system (NLL: narrow-linewidth laser;
SSB-SC: single-sideband suppressed-carrier modulation; LO: local oscillator; PPG: pulse
pattern generator; OC: optical circulator; OBPF: optical bandpass filter; FUT: fibre under test;
BPD: balanced photodetector.)

Fig. 2 shows a general schematic of the proposed multipath ®-OTDR system. In this system,
the lightwave from a narrow-linewidth laser is divided into N+1 fractions, in which N portions
are used as the probe lights and the last one is used as the local oscillator (LO). The electrical
field can be written as
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where E; is the scalar amplitude of the i-th probe lightwave, E,o is the scalar amplitude of the
LO lightwave, fo is the optical frequency, and ¢ stands for the initial phase term of each light
path. For each of the probe branches, the lightwave is first modulated by a frequency modulator
(e.g., undergoing single-sideband suppressed-carrier modulation (SSB-SC)) to get a certain
frequency shift Af; for the FDM, and then modulated by a high extinction ratio modulator driven
by a pulse pattern generator (PPG) to become a probe light pulse, which can be described as

E, e =EP (t)exp[j2z(f, +Af )t+4)] )
where Pj(t) is the waveform of the i-th probe pulse. In this case, the frequency shift Af; for each
path can be adjusted individually and flexibly, and the extinction ratio of the light pulse is
determined by the second modulator in this branch according to its specific demands. Assuming

that the coherence length of the laser is much larger than twice of the fibre under test (FUT),
the coherent Rayleigh backscattering (RBS) lightwave can be described as

Eress (1) = Ry (t)exp[ j@27(f, + Af )t + g, (t) +4)] A3)
where Ri(t) and ¢i(t) are the RBS amplitude and phase coefficients of the i-th probe pulse
respectively. Finally, all the RBS and the LO lightwaves are mixed together in an optical

coupler and then detected by a balanced photodetector (BPD). The detected photocurrent is
proportional to the total optical power and can be expressed as
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It should be mentioned that there are restrictions on the selection of frequency shifts of all
the paths. The largest frequency shift should be within the bandwidth of the BPD, and also out
of the frequency range of Brillouin scattering (i.e., around 10-11 GHz for Standard single mode
fibre, which is too high for our application.) to avoid additional nonlinear noise. The frequency
spacings of the two adjacent channels (i.e., Afi+; - Afi) should be large enough to suppress the
crosstalk. But too large frequency spacings will limit the total path number with a certain BPD
bandwidth B. Assuming that all the frequency spacings are same, and simply equal to the first
path frequency shift Af;, the total path number N will be limited by B/Afi, which shows the
multiplexing ability of the system. This ability of multiplexing can be strengthened when a
BPD with larger bandwidth is used, but this will increase the system cost when the bandwidth
B goes extremely high.

By carefully selecting Afjand the following electrical or digital bandpass filters, all the DC
components and the second AC component in Eqg. (4) can be filtered out, so that only the first
AC component with certain frequency remains. In this way, the output signal is demultiplexed,
and the sensing signal from each branch with selected frequency Af; is mixed by cos(2zAf;) and
cos(2zAf; +7/2) respectively, then filtered by a proper low pass filter (LPF) digitally. The output
is shown as below,

{IACi: Lo I(t)COS((o(t)+(/ﬁ ¢Lo)
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Thus, the amplitude and phase coefficients of the RBS lightwave from the i-th branch can be
extracted as

{Ri (t) \l AC |+QAC i
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Finally, both the amplitude and phase information from all the sensing branches can be
demultiplexed and demodulated. The amplitude differentiation of two traces with certain
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interval can be used for fast event locating. The phase change of a certain length of fibre can
also be obtained by differentiating the phase between the corresponding distance interval.
Additional phase unwrapping algorithm is used to extend the demodulated phase range from -
7/2 to +x/2 to —oo to +oo. Based on this, the demodulated phase change can be seen in linear
with the induced strain by fibre vibration.

3. Experiment and discussion

As a poof-to-concept demonstration, we build a dual path ®-OTDR system. Fig. 3 shows
the experimental setup. A narrow-linewidth laser (Connet CoSF-SC-1550-M) with 5 kHz
linewidth is employed as the coherent optical source. Its output power is 3 dBm with the central
wavelength at 1550.1 nm. The lightwave is first split by a 95:5 coupler into two parts. 5%
lightwave is used as the LO light for the heterodyne detection. The rest 95% lightwave is then
split again by a 50:50 coupler into two branches as the probe lights. It is worth noting that for
a practical application, the coupling ratio of the fibre couplers can be selected specifically
according to the power requirement of different FUT paths. In the upper branch, the probe light
is modulated by an acousto-optic modulator (AOM) with a frequency shift of 100 MHz, which
fulfils the functions of frequency shift and pulse modulation simultaneously. An electrical pulse
from an arbitrary waveform generator (AWG, BK Precision 4065) is amplified by the AOM
driver, then drives the AOM to get the required probe light pulse, whose width is 100 ns with
a repetition rate of 2 kHz. After amplification by an erbium-doped fibre amplifier (EDFA,
Amonics AEDFA-18-M-FA) and filtering by a 100 GHz optical bandpass filter (OBPF), the
probe light pulse is launched into the first FUT with 22 km length through an optical circulator.
Along the FUT, a length of 10 m bare standard single mode fibre is coiled around a cylindrical
piezoelectric transducer (PZT) at the far end as the vibration generator. The RBS signal from
the third port of the optical circulator is then amplified by another EDFA (Amonics AEDFA-
PA-35-B-FA) and filtered by another 100 GHz OBPF to get the required power lever and SNR
for coherent detection. We should mention that the peak power of the amplified optical pulse
should be controlled, since too large power will generate Brillouin signal, and this will
introduce additional nonlinear noise. For the lower branch, the setup is similar but with different
sensing parameters, i.e., the frequency shift of the AOM is 80 MHz; the probe light pulse is
with a width of 50 ns and a repetition rate of 50 kHz. The FUT is a 1 km standard single mode
fibre with a length of 5 m spirally adhered to the surface of a sounder at the end. Finally, the
RBS traces from the two sensing paths are combined and mixed with the LO lightwave through
two fibre couplers, and the beating signal is detected by a BPD (Thorlabs PDB465C) with a
bandwidth of 200 MHz. The electrical signal from the BPD is then sampled by an oscilloscope
(Picoscope 4425) with a sample rate of 625 MS/s. All the digital signal processing work is done
with MATLAB on a personal computer. Compared with the general system structure shown in
Fig. 2, the experimental setup in Fig. 3 shows a simplified implementation. Only one AOM is
used in each branch in this simpler setup. But in this case, the frequency shifts are fixed and
determined by the characteristics of the AOMs. The extinction ratios and frequency shifts of
the AOM s should be chosen and optimized carefully, so that the crosstalk can be eased and the
paths can be monitored as many as possible.
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Fig. 3. The experimental setup of the dual path ®-OTDR system (NLL: narrow-linewidth
laser; 1SO: isolator; AWG: arbitrary waveform generator; AOM: acousto-optic modulator;
EDFA: erbium-doped fibre amplifier; OBPF: optical bandpass filter; OC: optical circulator;
PZT: piezoelectric transducer; FUT: fibre under test; BPD: balanced photodetector.)

Fig. 4 shows th detected RBS traces of the dual path ®-OTDR system from the oscilloscope.
It is obvious that the speckle pattern shown in Fig. 4 is a mixed product as the superimposition
of the two conventional ®-OTDR traces from both upper and lower sensing branches. There
are in total two cycles for the 500 us trace and fifty cycles for the 20 ps trace in 1 ms time
window as shown Fig. 4, corresponding to their repetition rates of 2 kHz and 50 kHz for the
two branches with different sensing lengths respectively. These two mixed RBS signals in the
time domain will be demultiplexed and demodulated through digital filtering and frequency
mixing.
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Fig. 4. The detected Rayleigh backscattering traces of the dual path ®-OTDR system

The sampled signal is first demultiplexed by two digital 10 MHz bandpass filters centred at
100 MHz and 80 MHz respectively, then mixed by the sine and cosine signals at the
corresponding frequencies, followed by the low pass filters to suppress the high frequency AC
components. The amplitude information is calculated according to Eq. (6) for fast disturbance
locating. By differentiating two amplitude traces with certain intervals, e.g., subtracting all the
amplitude traces from the first one, the disturbance locations of both the sensing paths can be
observed, as shown in Fig. 5. Fig. 5(a) shows 50 superimposed differential amplitude traces for
the 22 km sensing path, in which a visible peak can be observed at the location of the external
vibration caused by the 10 m PZT. As the probe pulse width for this branch is 100 ns, a
theoretical spatial resolution of 10 m is achieved. As for the 1 km sensing path, Fig. 5(b) shows
50 superimposed differential amplitude traces with a spatial resolution of 5 m. A peak is found
at the location of the sounder due to the sine voice broadcasted from it. We see that the



disturbance locations for both the branches are indicated successfully in our dual path ®-OTDR
system with FDM technique.

As a comparison, separate measurements have been carried out for both the branches
individually. In the separate measurement, for the individual upper or lower branch depicted in
Fig. 3, the two EDFAs in the other branch are turned off, and all the parameter settings keep
unchanged. In this case, there is no FDM, and the standard ®-OTDR with heterodyne detection
is carried out for the two sensing paths individually. Fig. 6 shows their results as compared with
the corresponding outcomes in Fig. 5. For the upper branch with 22 km sensing path, the SNR
decreases from 15.1 dB to 13.7 dB due to the FDM interference. For the lower branch with 1
km sensing path, the SNR decreases from 22.1 dB to 18.8 dB. The SNR is deteriorated due to
the crosstalk between the two RBS signals of different frequencies. In this work, rectangular
pulses are used as the sensing probe. The sidelobes of these rectangular pulses actually
contribute to the crosstalk. To ease this issue, Gaussian-like pulses can also be used [33-35].
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Fig. 5. The detected disturbance locations for the two sensing paths with FDM and joint
demodulation, (a) for the 22 km branch, (b) for the 1 km branch.
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Fig. 6. The detected disturbance locations for the two sensing paths with separate
measurement, (a) for the 22 km branch, (b) for the 1 km branch.

The phase information is also successfully extracted. Through additional unwrapping
algorithm, the actual vibration signals can be retrieved at the vibration locations. In the
experiment, a sinusoidal signal with 5 V magnitude and 100 Hz frequency is used to drive the
10 m PZT in the 22 km sensing path. For the 1 km sensing path, a 1 kHz sinewave voice is sent
to the sounder for broadcasting and simulating the surrounding disturbance. As shown in Fig.
7, the phase signals for the both branches are extracted simultaneously. For the 22 km sensing
path, Fig. 7(a) shows the demodulated phase signal at the vibration position in time domain.
Quasi-sinusoidal signal is recovered corresponding to the driving signal to the PZT. The
undulating appearance may be due to low SNR with unwanted nonlinear effect induced.
Similarly, Fig. 7(b) shows the demodulated phase signal for the 1 km sensing path. The fibre
disturbance caused by the sounder is depicted through this phase information. Perfect sinusoidal



shape is recovered for this branch, which indicates that this branch can be used for sound
tracking. In general, it can be seen that two sinusoidal curves with 100 Hz and 1 kHz
frequencies are obtained, indicating successful measurement of fibre vibration for the both
branches.
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To study the interference effect between the two branches, two experiments are further
arranged. In the first experiment, we change the received optical power for the 1 km sensing
fibre by adjusting the output of EDFA4, and keep the other branch’s power unchanged. Then
the averaged SNRs for the both branches are measured. Fig. 8(a) shows the results as the
received power for the 1 km sensing fibre increasing from -23.3 dBm to -11.1 dBm. Due to this
power increase, the SNR for this branch increases from 9.44 dB to 19.88 dB. But the SNR for
the other branch with 22 km sensing fibre decreases from 18.51 dB to 13.11 dB due to the
interference. Thus, to get an optimized SNR for every branch, a trade-off should be made for
the optical power of every branch. In the second experiment, we change the optical pulse width
for the 22 km sensing path from 50 ns to 350 ns, and keep the other branch unchanged. Fig.
8(b) shows the measured SNRs for the both branches in this situation. We can see that as the
pulse width for the 22 km sensing path increases, the SNR for this branch drastically increases
from 10.24 dB to 24.19 dB, and the SNR for the other branch seems to be maintained in the
same level. In a practical MP-DAS system, it may be required to increase the SNR for the long
sensing path. One method is to amplify the optical power of this branch, but this will bring
interference and decrease the SNRs for the other branches. Another possible method is to
increase the pulse width of this branch. This will not significantly decrease the SNRs for the
other branches, however, the spatial resolution is sacrificed.



Further, we record a sound of hammer hitting and send it to the sounder to imitate the
realistic scenario. The original sound shape and its corresponding short-time Fourier transform
(STFT) are shown in Fig. 9(al) and (bl). Fig. 9(a2) and (b2) show the information of the
recovered phase signal for the separate measurement, and Fig. 9 (a3) and (b3) show that with
two-path monitoring as discussed above. We can see that the retrieved phase signal is recovered
successfully for both the two-path and separate monitoring situations. Due to the lower SNR
for the two-path monitoring situation, we observe stronger noise in both time and frequency
domain, as shown in Fig. 9(a3) and (3). Despite this, the audio can be easily recovered. All
these three audio files (i.e., one original hammer sound and two recovered audio files) are
uploaded as the supplementary materials. The background noise is found for the recovered
signals, but there is no big difference between the audios for separate monitoring and two-path
monitoring situations. People can easily recognize the hammer sound, which indicates that our
proposed MP-DAS works well for different application demands.
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Fig. 9. The phase information of hammer hitting in time domain and its corresponding STFT,
(al), (b1) for the original hammer soundtrack; (a2), (b2) for the recovered signal with separate
measurement; (a3), (b3) for the recovered signal with two-path monitoring.

4. Conclusion

In summary, we propose a MP-DAS system by introducing FDM technique to the ®-OTDR
with heterodyne detection. With the FDM technique, the single narrow-linewidth optical source
and signal receiving end can be shared to all the sensing fibre paths with different requirements
on the sensing distance, spatial resolution, frequency response, etc. It should be mentioned that
for each sensing path, we still need the individual modulator and amplifiers, and to support this
DAS network, we may need to increase the laser power, enlarge the BPD bandwidth, and
upgrade the acquisition system. With the increase of monitoring paths, the overall cost may be
reduced compared with using multiple single-channel DAS systems. In the experiment, a dual
path ®-OTDR system with 22 km and 1 km sensing distances is demonstrated. The amplitude
and phase information of the two sensing paths are demodulated simultaneously for the




disturbance locating and dynamic vibration detection. To increase the SNR for a certain sensing
path, a good approach is increasing the pulse width of this branch rather than directly
amplifying its optical power. This mitigates the SNR’s decrease for the other branches, but
sacrifices the spatial resolution. We imitate different scenarios by using PZT vibration and
sounder broadcasting, which shows our MP-DAS is suitable and subservient in the applications
for multipath monitoring in complicated environment.
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