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Long-range vibration sensing is an important tool for real-
time structural health monitoring. A new, to the best of our
knowledge, design of a distributed fiber-optic vibration sen-
sor is introduced and experimentally demonstrated in this
study. The proposed system utilizes the transmission of light
in the forward direction for sensing, and a self-interference
method for laser source simplification. To extract vibra-
tion information from phase modulation of light, two
Mach—Zehnder interferometers (MZIs) are employed with
a 3 x 3 coupler-based differential cross multiplication algo-
rithm for phase calculation. A folded double-ended detection
configuration allows the time-of-flight difference via cross
correlation (CC) to provide vibration positioning. Experi-
mental results demonstrate a sensing range of up to ~80 km
without optical amplification, accompanied by a position
accuracy of 336 m. © 2023 Optica Publishing Group

https://doi.org/10.1364/0OL.500587

Distributed fiber-optic acoustic/vibration sensors are widely
used along railways, dams, and mountains, and in coal and oil
extraction sites. Within the frequency range of several hundred
hertz, vibration sensing technology can be widely applied in
railway transportation, such as for real-time monitoring of rail-
way line vibration. Such long-range sensing systems are able
to effectively monitor the structural health of both natural and
man-made structures. Through continuous monitoring, it is pos-
sible to rapidly identify irregularities and effectively mitigate
potential accidents.

Optical fiber-based sensors are gaining popularity due to
the many advantages offered by optical fibers compared to
traditional electrical sensors, such as sensitivity, resilience to
electromagnetic interference (EMI), and resistance to heat. Dis-
tributed fiber-optic sensors [1] possess advantages such as high
sensitivity, wide dynamic range, reliability, spatially resolved
information-gathering ability, and resistance to EMI. Therefore,
they are one of the few suitable technologies for monitor-
ing hazardous and remote environments on land and on the
seabed. Optical frequency domain reflectometry (OFDR) [2,3]
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is designed for short sensing range and high spatial resolu-
tion. Polarization optical time-domain reflectometry (P-OTDR)
[4] can be used for vibration detection, with the advantage
of low temperature cross-sensitivity. Phase-sensitive optical
time-domain reflectometry [5-9] (¢-OTDR, also known as dis-
tributed acoustic sensing or DAS), is the widely used distributed
fiber-optic vibration sensing technology that relies on detection
of Rayleigh backscattered light. DAS is designed for medium
sensing ranges and medium spatial resolution, with a typical
maximum range of 40-50 km without deploying optical ampli-
fiers. Sensing systems with much longer sensing distances are
highly sought after as they can significantly reduce the resources
and maintenance required by avoiding the need for enroute signal
boosting.

Forward transmission sensing is an emerging distributed
sensing method that is fundamentally different from optical
reflectometry methods such as @-OTDR. This is because the
propagation direction of optical signals is the same as that
of optical communication. The benefits typically include sim-
pler installation and maintenance in both remote and hazardous
environments. Existing designs of such forward transmission
sensors are typically based on classic Sagnac loops [10]
or Mach-Zehnder interferometers (MZIs) [11,12]. Moreover,
hybrid sensor designs employing @-OTDR and Mach—Zehnder
interferometry were also reported by Zhao et al. in Ref. [13].
However, existing designs rely on expensive highly coherent
laser sources and complex system layouts.

To address these issues, we proposed a new forward transmis-
sion fiber-optic acoustic/vibration sensor based on a dual-ended
self-interference MZI demodulation that can achieve a sensing
range of at least 80 km without an optical amplifier. The pro-
posed design applies signal processing techniques to extract the
optical phase in order to analyze distance-resolved vibration
signals, along with vibration amplitude and frequency.

There are multiple advantages of forward transmission sens-
ing. These include: (a) higher SNR (optical power is several
orders of magnitude higher than backscattering light), unaf-
fected by Rayleigh backscattering noise; (b) fewer nonlinear
effects (continuous wave light); (c) longer sensing distances to
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Fig. 1. Schematic of distributed sensing system. LD: laser diode,
PC: polarization controller, and DAQ: data acquisition module.

avoid optical amplifiers (easier installation and maintenance);
(d) vibration positioning and spatial resolution to mitigate
dispersion effects (allowing individual optimization without
trade-offs); (e) spatial resolution not directly related to the sens-
ing range (allowing individual optimization without trade-offs);
and (f) unlike double-ended OTDR systems, there is no weak
SNR region in the middle of the sensing fiber.

The proposed system shown in Fig. 1 uses a linearly polar-
ized laser source (Thorlabs SFL1550S) at 1550 nm that serves
as the probe light, with an optical output power of approximately
5 mW and a linewidth of 50 kHz. Initially, the laser beam passes
through an optical isolator (ISO) and a polarization controller
(PC) to optimize the state of polarization for improved signal sta-
bility. Subsequently, the laser beam is split into two equal-power
beams using a 1 X 2 coupler. These two beams then propagate
through another 1x2 coupler, and both are coupled into the
same single-mode sensing fiber. Along the sensing fiber, the
two beams of light propagate in opposite directions and traverse
the entire fiber before entering the phase demodulation stage,
which deviates from the conventional approach.

One path in the second 1 X 2 coupler features a delay line, such
that the same optical signal at different time instances interfere
at a 3x3 coupler [14], and thus the phase difference is rela-
tive to a time/distance-shifted version of itself (gauge length).
This elegant approach offers significant advantages, including
a substantial reduction in optical fiber consumption, minimal
polarization changes at the detection end, and it no longer needs
an expensive narrow linewidth laser source for high coherence.
It is important to note that the delay fiber lengths are 5 m at
both receiving ends. The 3 X 3 coupler outputs three optical sig-
nals (coupler imperfection has negligible impact), which are
subsequently converted into electrical signals by a photodetec-
tor (Thorlabs DETO8CFC/M) with a bandwidth of 5 GHz, and
digital signals by an USB oscilloscope (Picoscope 5444D). The
sampling rate is 12.5 MHz in order to balance smooth opera-
tion and high sampling rate. This conversion allows for further
processing and analysis by a LabVIEW program.

When vibration is applied to the sensing fiber, interference
occurs at the 3 X 3 coupler between phase-modulated light and
its delayed version. The interference result is divided into three
optical signals with a phase difference of 120° between each
output [15]:

2
I, =A+ Bcos[p(t) + (n—1) X §7r], (1)
where A is the average light intensity, B is the interference fringe

amplitude, n = 1,2,3 represent three optical outputs, and ¢() is
the phase difference between two positions. The value of ¢(f) can
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Fig. 2. Differential cross multiplication algorithm for phase
derivation.

be demodulated by a differential cross multiplication algorithm,
as shown in Fig. 2.

The difference in arrival time between the two vibration-
modulated optical signals can be calculated by the cross
correlation (CC) algorithm, which allows the vibration posi-
tion to be deduced from the time difference. Assuming that a
vibration source affects the sensing fiber across a length L, the
distance from the perturbation to the system front-end coupler
is unknown, denoted by x. The known fiber effective index is #,
the light speed in vacuum is ¢, the time point for detector A to
collect the disturbance interference signal in the counterclock-
wise direction is 4, and the time point for detector B to collect
the disturbance interference signal in the clockwise direction is
tz. The following expressions can be derived:

= G
n
. 2
2L—x=% ()
n

The time difference between two interference beams received
by each detection end is

n(2L — x) _nx

_ 2y, 3)
C C c

At=tzg—ty =
The distance to be determined is denoted by x:

x=L—-—. 4
> (4)

It can be seen from the above equation that the positioning error

d is only related to the measurement error Az, of the time delay:

d=<(Ar-Ar), (5)
2n

where At can be determined by applying the CC algorithm to
the pair of counter-propagating signals.

Nevertheless, the efficiency of CC is subject to certain limi-
tations. For instance, when the signal frequency is significantly
lower than the sampling frequency, the frequency domain spec-
trum of the signal is concentrated around the fundamental signal
frequency. Consequently, the CC outcomes are directly linked
to the fundamental frequency and its octave components present
in the received signal. With an increasing signal bandwidth, the
frequency domain encompasses a greater number of frequency
components, thereby causing the CC results to be increasingly
influenced by the frequency components present within the
bandwidth.
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Fig. 3. (a) Simulation of a pair of received signals; (b) CC result
as a function of signal periods; (c) CC result changing with the
initial phase of the two signals under a fixed phase difference; (d)
signal truncation followed by zero padding; (e) CC result of the
truncated signal.

For the purpose of improving vibration positioning accuracy,
a pre-processing method was used to convert a continuous peri-
odic signal into a finite-length periodic signal. A pair of signals
with a fixed time delay were simulated in Fig. 3(a), and CC
was performed. The number of periods for each signal was
increased while maintaining a constant delay. The calculated CC
results are shown in Fig. 3(b), where the result converge toward
a steady-state value. However, a large quantity of data points is a
significant computational burden. Also, it was found that alter-
ing the initial phase of both signals while keeping a constant
phase difference would result in an oscillation of the CC result,
as depicted in Fig. 3(c). Hence, CC of raw signals has room
for improvement. A solution to this problem is to augment the
raw signal in order to yield more precise CC outcomes. There-
fore, signal processing was performed on the original waveform,
starting with identifying two zero-crossing positions and zero
padding both sides of the central block of data, as illustrated in
Fig. 3(d). Subsequently, CC directly resulted in the true value,
as demonstrated in Fig. 3(e).

To test the positioning algorithm, a fiber-coiled piezoelec-
tric transducer (PZT) was placed at ~82 km from one end of
the sensing fiber. The demodulated phase signals are shown in
Fig. 4(a). A waveform window containing 350,000 data points
was used. After the zero padding processing, the truncated sig-
nals are shown in Fig. 4(b). It is necessary to ensure that at least
five signal periods are retained to reduce positioning errors.
Multiple vibration signals of different frequencies are possi-
ble, which can be separately analyzed using the Fast Fourier
Transform. These signals were subsequently subjected to CC
analysis, presented in Fig. 4(c). The spectral shift quality (SSQ)
of CC improved from 6.01E-8 to 3.55E-7 after zero padding.
The positioning result is illustrated in Fig. 4(d), displaying a
deviation of approximately 200 m from the actual value. Under
experimental conditions, employing the zero-filling algorithm
for the processing of the initial signal led to the generation of CC
outcomes that exhibited enhanced accuracy compared to those
obtained without any processing (7.68-us or 795-m positioning
error).

The drive voltage and displacement characteristics of the PZT,
as well as the estimated strain imposed on the sensing fiber,
are shown in Table 1. To evaluate the sensitivity of the sys-
tem, a stepwise approach was employed where the drive voltage
applied to the PZT was incrementally increased and the corre-
sponding demodulated phase recorded. Subsequently, these data
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Fig. 4. (a) Original counter-propagating phase signals; (b) phase
signals after truncation and zero padding; (c) CC processing; (d)
vibration position calculated from time difference.

Table 1. Relationship between PZT Drive Voltage and
Strain

Drive Voltage (V) 15 30 45 60 75

Radial displacement (um) 2.5 5 7.5 10 12.5
Strain (ue) 320 64.1 962 1282 160.3
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Fig. 5. (a) Relationship between phase and strain, yielding the
sensitivity; (b) frequency response of sensitivity and LoD.

points were plotted with a linear fit, as depicted in Fig. 5(a). The
gradient deduces the sensitivity as 3.0 mrad/pe.

To investigate the frequency response of the sensing system, a
series of measurements were carried out at different PZT vibra-
tion frequencies, and the corresponding sensitivity and limit
of detection (LoD) as a function of vibration frequency were
studied. As anticipated, due to the nature of self-interference
with a specific delay fiber length (gauge length), it was observed
that the sensitivity increased and LoD decreased with higher
vibration frequencies (larger phase difference). This observa-
tion is supported by the experiment results plotted in Fig. 5(b).
The frequency response was characterized within the range of
100 Hz to 600 Hz, limited by the characteristics of the PZT used
in the experiment.

The repeatability of positioning accuracy was studied via
the collection and analysis of 100 measurements, as shown in
Fig. 6(a). The histogram of the measurement results is plotted
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Fig. 6. (a) Vibration positions from 100 measurements; (b) his-
togram of the measurement results, displaying the probability
distribution of Z,,.

in Fig. 6(b), showing the probability distribution of the meas-
ured vibration positions, with a root mean square (RMS) error
of 336 m, corresponding to the position accuracy. The peak of
the Gaussian fitting curve appears at 20.3 km, which is in good
agreement with the PZT position.

In conclusion, this study introduces an unconventional dis-
tributed fiber-optic acoustic/vibration sensor that utilizes a
double-ended forward transmission MZI, offering a promising
solution for long-range amplifier-free sensing applications. The
experiment results demonstrate the ability to accurately deter-
mine vibration amplitude, frequency, and position over long
distances. To lower the coherence requirements of the laser
source and mitigate cost concerns as well as unwanted phase
noise, a self-interference technique is employed. One significant
challenge encountered in traditional CC algorithms is the inac-
curate estimation of time delay. This issue is effectively resolved
through the implementation of truncation and zero padding. The
sensitivity was measured to be 3 mrad/pe at 500 Hz, the sensing
range in excess of 80 km, and the positioning RMS error 336 m.
Vibrations were detectable within a frequency range spanning
100 Hz to 600 Hz, limited by the available PZT. Future improve-
ments to the sensor’s performance are expected by upgrading the
photodetectors to avalanche or single-photon detectors, enabling
an extension of the maximum sensing distance. The laser source
can be downgraded in terms of broader linewidth (~MHz)
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to yield the bare minimum coherence length, which helps to
reduce phase noise. Additionally, minimizing the position error
can be achieved through the adoption of more advanced sig-
nal delay algorithms, such as the Time Shifting Deviation
method [16].
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