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Abstract: Distributed acoustic sensing incorporates multiple indicators, and there exists a mutually
constraining relationship among these indicators. Different application fields have varying require-
ments for indicators. Therefore, indicator testing and comprehensive evaluations are crucial for
engineering applications. In this paper, we conducted a theoretical analysis of key indicators, includ-
ing frequency response, sensitivity, spatial resolution, sensing distance, multi-point perturbation, and
temperature influence. The indicator test scheme was developed, and a test system was constructed.
The test data were analyzed and compared in the time-frequency domain. A performance evaluation
method for distributed acoustic sensing, based on the analytic hierarchy process, is proposed, and a
comprehensive evaluation example focused on high-frequency applications is presented. The results
show that the test scheme and method presented in this paper can accurately measure the upper limits
of each indicator of distributed acoustic sensing. The proposed comprehensive evaluation method
enables the assessment of sensor performance and applicability based on engineering practices. It
addresses the challenge of evaluating distributed acoustic sensing with multiple indicators and offers
an efficient approach for equipment development and engineering applications.

Keywords: distributed acoustic sensing; indicator test; indicator evaluation; ¢-OTDR system

1. Introduction

Distributed fiber optic sensing technology utilizes light as the carrier of informa-
tion and fiber optics as the medium for transmitting this information [1]. It enables the
long-distance and distributed measurement of temperature, strain, vibration, and other
parameters [2]. In the field of vibration measurement, phase-sensitive optical time-domain
reflection (p-OTDR) technology is highly regarded due to its advantages of high sensitivity,
fast response speed, and high signal-to-noise ratio [3-5]. Distributed acoustic sensing (DAS)
is one of the commercially available ¢-OTDR devices that are already being extensively
employed for diverse engineering applications. The DAS can perform the real-time de-
modulation of phase information related to the position of a disturbance [6]. This enables
it to accurately restore external disturbance signals [7]. As a result, the DAS exhibits
great promise for various applications. It is necessary to master the operation steps of
DAS devices and the basic indicators of DAS in depth. DAS has significant potential for
applications in areas such as seismic observation and perimeter security.

In recent years, scholars have applied DAS in various condition-monitoring fields and
obtained significant results. Table 1 shows the test/evaluation requirements for DAS in
different application areas. These application areas require the evaluation of indicators,
including the sensitivity and spatial resolution of DAS. DAS systems encompass a variety of
indicators, each with interdependencies and constraints. In different application domains,
indicator requirements vary. Therefore, it is crucial to assess the overall performance of DAS
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devices. However, there is currently a lack of research on the comprehensive evaluation of
DAS performance.

Table 1. Test/evaluation requirements for DAS in different application areas.

Application Area

Testing/Evaluation

. Reference
Requirements

Research Content

Oil and gas exploration and
development

(1) Coupling degree between
optical cable and the wall; [8,9]
(2) Sensitivity

Measure the dynamic strain on
Vertical Seismic Profile

Monitor long-distance train

Rail transportation position and speed Spatial resolution [10]
Submarine cable state Monitor anchor drag and anchor
o Frequency response [11]
monitoring drop faults
Perimeter security Monitor and locate invasion Sensitivity [12]

points in real-time in the desert

In 2015, E. T. Nesterov et al. concluded that modulation instability limits the maximum
optical pulse power, which, in turn, affects the sensing distance in DAS [13]. In 2019, Hugo
F. Martins et al. conducted a review on the substitution of coherent light pulses with
chirped light pulses in ¢-OTDR systems, resulting in the development of chirped ¢-OTDR
systems [14]. This modification led to a significant enhancement in both the sensing distance
and sensitivity of the system. In 2023, A.T. Turov et al. investigated the impacts of detection
pulse parameters, as well as generator and amplifier parameters, on the spatial and spectral
characteristics of DAS. This study also introduced methods aimed at reducing monitoring
costs [15]. In the same year, Boris G. Gorshkov et al. increased the sensitivity of DAS by
1.3 times, eliminating spontaneous Brillouin scattering noise [16]. The current research
mainly focuses on the influence of a certain parameter on a specific performance indicator
in the DAS. However, there is a lack of research on the measurement and evaluation of
the overall performance of DAS. In 2018, the Fiber Optic Monitoring Group disclosed the
testing methods for some indicators of DAS, including the dynamic range test, frequency
response test, fidelity test, self-noise test, spatial resolution test, and crosstalk test [17].
Building on this foundation, the paper introduces a method suitable for the on-site testing
of DAS equipment. This method places minimal demand on the equipment and offers
advantages such as low cost, simple operation, convenience, and feasibility.

In this work, we present the sensing principle of ¢-OTDR systems. The fundamental
indicators of DAS in commercial ¢-OTDR devices can provide a basis for proposing
methods and conducting experiments to systematically assess DAS indicators. The DAS
underwent a series of tests to evaluate its performance in various aspects. These tests
included the frequency response test, amplitude test, spatial resolution test, sensing distance
test, multi-point perturbation test, and temperature influence test. A comprehensive
performance evaluation method for DAS based on the hierarchical analysis process (AHP)
is designed to systematically and comprehensively assess the performance of DAS devices.

In the application of DAS systems, two main types of optical fibers are commonly cho-
sen as sensing fibers: the ordinary single-mode fiber (SMF) and fiber Bragg grating (WFBG)
array or Rayleigh-enhanced points. In 2019, Peng Zhu et al. integrated a wFBG array into
the @-OTDR system to detect, in a quasi-distributed way, the partial discharge ultrasonic
signal of the cable joint [18]. The detection signal covered a frequency range of 9-15 kHz. In
2022, Qirui Wang et al. successfully fabricated Rayleigh-enhanced points in the fiber under
test (FUT) using the ¢-OTDR system to detect guided wave ultrasounds [19]. This approach
led to improvements in the performance and effectiveness of ultrasonic nondestructive
monitoring. At the same time, this system, combined with a convolutional neural network,
successfully monitored and identified internal pipeline defects with different damage de-
grees [20]. By employing a wFBG array or Rayleigh-enhanced points as the sensing fiber,
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significant improvements were observed in sensitivity, the signal-to-noise ratio, and other
performance indicators. However, this shift transformed the system from distributed to
quasi-distributed. The fabrication process of a wFBG array or Rayleigh-enhanced points
is complex, and the associated costs are high, making it more suitable for short-distance
condition monitoring. As this study involves the testing of the sensing distance indicator
and is more inclined to analyze the performance indicators of distributed fiber sensing
technology, ordinary SMF is selected as the sensing fiber.

2. Fundamental Theory
2.1. The Working Principle of 9-OTDR Coherent Detection System

The narrow linewidth laser (PL-NLWM-1550-C-2-SA-A-M) from LD-PD INC SINGA-
PORE generates continuous light with a narrow linewidth of <3 kHz, a wavelength of
1550 nm and a power of 60 mW. The continuous light is divided into two parts by the 90/10
coupler. The 90% part of it enters the acoustic-optic modulator (AOM, SGTF100-1550-1P)
to modulate into a pulse signal with a frequency shift of Af = 100 MHz [21,22]. The AOM
is driven by an arbitrary waveform generator (AWG) to generate repetitive laser pulses.
After being amplified by an erbium-doped fiber amplifier (EDFA), it enters the sensing fiber
through an optical circulator (CIR) and undergoes Rayleigh scattering. The other 10% of the
light passes through a polarizer scrambler (PS) and is used as the principal oscillator light
with the backscatter Rayleigh (RBS) returning from the CIR to produce a beat-frequency
signal in a 3 dB coupler. It is detected using a photodetector (PD, MBD-200M-AM) with
a bandwidth of 200 MHz and converted into a high-gain electrical signal. The system
schematic diagram is illustrated in Figure 1a. The voltage V(t) of the PD output beat signal
can be simply expressed as follows:

V(t) o< A(t) cos[2mAft + ¢4 (t)]
A(t) = Arps(t)AL(t)

— ) i i)
sensing

fiber Tsin(Z;rAf 1)
Signals from PD
—’.

¢EOS(2ﬁAf )
3dB

)

Coupler b—® LPE ——-0(1)
(a) (b)
Figure 1. Schematic diagram of (a) coherent detection ¢-OTDR system and (b) IQ phase demodulation.

Here, Aj (t) represents the amplitude of the local oscillator. ¢;(t) represents the phase
information that contains the vibration signal. In this process, several factors can influence
the spatial resolution, sensitivity, and frequency response of the system, including the
line width of the laser, the stability of the light source, the optical pulse width, and the
bandwidth range of the PD. There are several demodulation methods available for ¢-
OTDR systems. Among them, the adoption of a digital in-phase and quadrature (IQ)
demodulation scheme [23] can truly achieve phase demodulation, enabling the precise
restoration of vibration signals and improving the signal-to-noise ratio (SNR) of the system.
The demodulation schematic diagram is depicted in Figure 1b. The PD output signal
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performs IQ phase demodulation. After passing through a low-pass filter (LPF), the
demodulated components, I(t) and Q(t) can be represented as follows:

I(t) = =3 A(t) sin[gi(t)]
Q(t) = 3A(t) cos[gu(1)]

The amplitude A(t) and phase ¢;(t) of the vibration signal can be represented as

A(t) o /I3 (t) + Q%(t)
@(t) = arctan[I(t)/Q(t)] + 2kt

According to the above formula, the phase ¢;(t) of RBS can be obtained. Given that
the range of the arctangent function is (—7/2, t/2), the result needs to be transformed
into a range (—7t, 7r) based on the quadrants where I and Q are located. Through phase
unwrapping, the final phase result can be achieved. The DAS tested in this paper was
provided by Wuxi BuLiYuan Electronic Technology Co., Ltd., located in Wuxi, China,
with the model identified as BLY pDAS-100P. The corresponding detection parameters are
outlined in Table 2.

Table 2. Judgment matrix of each factor in the middle layer relative to the target layer.

. . Spatial Frequency . . Measurement
Sensing Distance Sampling Interval Response Response Time Fiber Type Channel
0-10 km 1.25m <40 kHz 1s SMF 1-channel

2.2. DAS Indicators
2.2.1. Frequency Response

The frequency response of a system is defined as the maximum signal frequency that
the system can accurately detect or reproduce [24]. Following Nyquist’s sampling theorem,
the frequency response can be expressed as

fre - %ﬂ (1)

Here, f;. denotes the frequency response of the system, and f;;; denotes the repetition
frequency of the injected pulsed light. The frequency response of the system is determined
by the repetition frequency of the injected pulsed light. At any given moment, only a single
pulse of light can be transmitted within the fiber to generate effective optical interference.
Therefore, the repetition frequency of the pulsed light is limited by the length of the fiber.
This constraint can be expressed as follows:

c

fm = ﬁ (2)

Here, the length of the fiber is represented by L, the speed of light in a vacuum is
denoted by c, and the refractive index of the fiber’s core is denoted by #. When the length
of the fiber is 2 km, the theoretical maximum limit for the pulse repetition frequency is
50 kHz, and the theoretical maximum limit for the frequency response is 25 kHz.

2.2.2. Sensitivity

Sensitivity is a measure used to indicate the ability of a system to effectively respond to
weak signals [25]. A higher sensitivity corresponds to a system that is capable of detecting
smaller signal amplitudes, which indicates the better performance of the system. This
paper evaluates the sensitivity of the DAS by conducting tests on the amplitude response.
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2.2.3. Spatial Resolution

Spatial resolution refers to the minimum distance at which a system can distinguish
and resolve adjacent perturbations. It can be expressed as follows:

Ty
2n

= )

Here, the spatial resolution is denoted by z, and the optical pulse width is represented
by Ty. When the optical pulse width is 100 ns, the system achieves a spatial resolution
of 10 m. In this spatial resolution test, the optical pulse width of the DAS device remains
constant, while the length of the optical fiber in the sensing section varies.

2.2.4. Sensing Distance

The sensing distance denotes the maximum length of fiber that the system can accu-
rately detect and monitor effectively. The dynamic range [26], denoted as R, represents
the primary limiting factor for the sensing distance. It can be mathematically expressed
as follows:

R = 5lg(=%) (4)

Here, P, denotes the Rayleigh-scattered light power at the first end, while P, represents
the Rayleigh-scattered light power at the tail end. The length of the sensing distance of a
system tends to increase as the dynamic range becomes larger. The sensing distance can be
determined by analyzing whether a stable vibration signal is measured at the end of the
fiber. The characteristics of vibration signals primarily include frequency and amplitude.
The frequency response test of Equation (2) can also be utilized to evaluate the sensing
distance indicator. When the same fiber length is used, a more effective sensing distance
test can be achieved when the measured frequency response closely matches the theoretical
limit value.

In addition to testing the key indicators mentioned above, it is important to con-
sider the impact of multi-point simultaneous perturbations and temperature variations
on the sensing performance of DAS devices. This requires testing specific indicators and
conducting a thorough analysis of the results.

2.3. The Performance Evaluation of Indicators

DAS devices involve numerous indicators, and these indicators are interrelated, which
can lead to confusion for users in different application fields when selecting and using DAS.
Conducting a comprehensive evaluation of DAS performance is crucial to provide users
with a reference that meets their specific requirements.

The evaluation of DAS performance, indeed, requires both quantitative and qualitative
analysis. This evaluation approach aligns with the concept of AHP [27], which is commonly
used to evaluate comprehensive and complex problems. The AHP is a comprehensive
evaluation approach that incorporates both quantitative and qualitative analysis. It is
employed to tackle complex evaluation problems by breaking them down into multiple
levels and elements. Within each level, the elements are compared, assessed, and computed
against one another. By utilizing analytical methods, the weight parameters of each level
can be determined [28]. This methodology provides a solution to the systemic problems
encountered in scenarios involving multiple objectives, multiple levels, and challenges that
cannot be entirely evaluated through quantitative methods.

In this paper, a set of AHP steps is designed specifically based on the characteristics of
DAS indicators and engineering requirements. These steps are outlined as follows:

First, construct a hierarchical model. The comprehensive evaluation model of DAS
performance is divided into the following three layers: the top layer (H), the middle layer
(M), and the bottom layer (L). In the context of evaluating DAS indicators, the top layer is
defined as the target layer. The target layer sets only one factor, which is typically referred
to as the “DAS performance evaluation”. The middle layer consists of six factors that are
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crucial to consider, including M; frequency response, M, sensitivity, M3 spatial resolution,
M, sensing distance, M5 multi-point perturbation, and Mg temperature influence. The
bottom layer, also referred to as the criterion layer, establishes the following three factors:
K; (excellent), K, (fair), and K3 (poor). The AHP model, as illustrated in Figure 2, is
designed to illustrate the evaluation process.

the
target
layer

the
middle
layer

the
bottom
layer

Frequency Spatial Sensing Multi-point Temperature
response resolution distance perturbation influence

Excellent

Figure 2. Hierarchical model.

Next, the judgment matrix is constructed for a factor concerning the subsequent layer
of associated factors. Let us take the construction of the judgment matrix for the target
layer and the middle layer as an example. In this process, we compare two factors, Mi and
Mj, from the middle layer at a time. The resulting judgment matrix is as follows:

A= (aij)7><7 (5)

Here, the relative importance of the factors Mi and Mj in the middle layer concerning the
target layer is represented by the comparison scale 4;;. The quantization method in reference [20]
was used to determine the value of ;. The value 4;; was determined simultaneously according
to the given conditions: a;; > 0, aj; = 1/a;; (i # j), a; = 1(, j = 1,2, ..., n).

We constructed judgment matrices B, C, D, E, F, G, and H to evaluate M; frequency
response, M; sensitivity, M3 spatial resolution, My sensing distance, M5 multi-point per-
turbation, and Mg temperature influence concerning the criterion layer. The order of this
judgment matrix was 3, indicating that it is a square matrix with dimensions of 3 rows and
3 columns.

After constructing the judgment matrices, we proceed with hierarchical single ranking
and conduct a consistency test. To solve for the eigenvalues A and eigenvectors W, of
the judgment matrix A according to Equation (6), we needed to perform the following
calculations. The weight value W4 represents the weight value of all factors in the middle
layer concerning the target layer.

{|A —AE| =0 ©)
AW = AWy

Similarly, the eigenvalues and eigenvectors of the judgment matrices B, C, D, E, E G,
and H can be determined to complete the hierarchical single-sorting process.

A consistency check of the judgment matrix is necessary after the hierarchical single-
sorting process. To calculate the stochastic consistency ratio CR, we can use Equation (7).

Cr =371
_ )
Cr=C;/R;

Here, the variable Cr represents the consistency indicator, n denotes the order of the
judgment matrix, and R; represents the average random consistency indicator. When the
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order of the judgment matrix is three, the consistency indicator is represented by R; as a
value of 0.58. However, when the order is seven, the consistency indicator changes to a
value of 1.32.

If the consistency indicator Cj is less than 0.10, the consistency test of the judgment
matrix is considered successful. However, if the C; exceeds 0.10, the judgment matrix needs
to be readjusted until the C; is less than 0.10.

Finally, a hierarchical total ranking was performed. The weight values of all factors in
the middle level and the criterion level, relative to the top level, were calculated separately
to complete the hierarchical total ranking process. This process considers the importance
of each factor at different levels and combines them to determine the DAS performance
evaluation results.

3. Indicator Testing and Result Analysis
3.1. Frequency Response Test and Analysis

To assess the frequency response of DAS, this study utilizes the nominal maximum
pulse repetition rate and minimum pulse width specified by the device, which are 26.64 kHz
and 100 ns, respectively. A frequency response test optical path is constructed, as illustrated
in Figure 3a, while the corresponding test setup is depicted in Figure 3b. A sheathed fiber
with a diameter of 900 pm, measuring 2090 m in length, is connected to the DAS unit
using an FC/APC connector. The L1 segment serves as a jumper connecting to the test
optical fiber. To minimize the impact of environmental disturbances during the system
testing, the L, and L3 segments of the fiber were enclosed in sealed cartons to isolate air
vibrations. Additionally, the foam was used to isolate the fiber segments from vibrations on
the tabletop. The dimensions of the carton used were 470 mm in length, 390 mm in width,
and 315 mm in height. The L, and L3 optical fibers were coiled into optical fiber discs with
a diameter of 180 mm and a height of 20 mm. Subsequently, they were affixed to the surface
of the carton. The sound source was positioned in the center between the two optical fiber
discs, maintaining a distance of 50 mm from the surface of the optical fibers. The sound
had a frequency range spanning from 130 Hz to 18 kHz (£3 dB). The system signal-to-noise
ratio (SNR) of >80 dB ensured a high-quality signal. Additionally, the distortion degree
was maintained at less than 0.1%, ensuring signal fidelity. The system had an output power
of 3 W. By controlling the COOL Edit Pro software 2.1, the sound generated sinusoidal
signals with an amplitude of 0 dB and frequency of 8, 10, 12, and 13 kHz, respectively.
These signals propagate through the air in the form of sound waves. The L, and L3 fibers
are positioned along the signal propagation path, resulting in a change in the phase of the
backscattered light from L, and L3. The device shown in Figure 3¢ remained unaltered.

The phase data at a distance of 1831 m along the sensing fiber were extracted, and
its time-domain waveform was plotted, as depicted in Figure 4. When the applied signal
frequency is 8 kHz, it is difficult to observe the waveform of the sine wave signal in
Figure 4b. This is primarily because only 3.33125 points can be sampled within one cycle.
Moreover, failures occur in the phase unwrapping process for certain points. At a signal
frequency of 13 kHz, merely 2.05 points can be captured within one cycle. Moreover,
failures occur in the phase unwrapping process for certain points. This results in the severe
distortion of the demodulation waveform.

The spectrum was obtained through an FFT, as illustrated in Figure 5.

As observed in Figure 5, the FFT measurements accurately capture the frequency
values of the signal being measured, particularly when the signal frequency does not
exceed 12 kHz. When the frequency of the signal being measured surpasses 12 kHz,
the FFT may not effectively identify or capture the signal within this frequency range.
Therefore, the determined frequency response of the device is 12 kHz when the length of
the sensing fiber is 2090 m. This value approaches the theoretical limit but does not reach
the theoretical limit of 26.64/2 kHz.
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Figure 3. Frequency response testing. (a) Frequency response testing optical path; (b) frequency
response testing device; and (c) geometric diagram of optical fiber and sound source.
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Figure 4. Time domain waveform obtained from frequency response testing. (a) Global time—domain
waveform; (b) local time—domain waveform of 8 kHz and 13 kHz.
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Figure 5. Spectrogram obtained from frequency response testing. (a) When the applied frequency
was 4, 6, 8, 10, 12 kHz, respectively; (b) and when the applied frequency was 13 kHz.

3.2. Magnitude Response Test and Analysis

In practical applications of the ¢-OTDR system, the amplitude response plays a crucial
role in determining the sensing performance of the sensor. A system that can measure
smaller amplitudes indicates higher sensitivity and better sensing performance. The optical
path for the amplitude response test of the DAS is designed according to the configuration
illustrated in Figure 3a. The parameters of the DAS device are set to match those used in the
frequency response test. By controlling the COOL Edit Pro software, the sound produces
sinusoidal signals with a frequency of 1 kHz and amplitude of 0, —10, —20, —30, —40,
and —50 dB, respectively. These signals propagate through the air in the form of sound
waves. The L, and L; fibers are positioned along the signal propagation path, resulting
in a change in the phase of the backscattered light from L, and L3. The device shown in
Figure 3¢ remains unaltered.

The phase data at a distance of 1831 m along the sensing fiber were extracted. To
minimize the impact of external disturbances on the amplitude response test results, the
acquired phase data were divided into six groups. An FFT was applied to determine the
amplitude of each 1 kHz signal. The curve shown in Figure 6 was generated by averaging
the results from the six sets of data.

e
S s
O
T

—O— curve fitting
*  raw data

I o
oS W
wm W W

o
=
5

e
o @2

Average amplitude of the 1 kHz component/rad

-50 -40 -30 -20 -10 0
Ampliude of the applied signal/dB

Figure 6. Amplitude response test results.

The obtained curve was fitted using exponential functions, and the fitted expression is
as follows:
y =0.4154 exp(0.08515x) 8)
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In formula (8), the variable x represents the input signal amplitude in decibels (dB),
while the variable y represents the average value obtained from the six sets of 1 kHz signals.
The goodness-of-fit value was 0.9949, which is close to 1, indicating a good fit between
the fitted curve and the actual data. When the applied signal amplitude was greater than
or equal to —40 dB, a clear 1 kHz signal could be observed in the spectrogram. However,
when the applied signal amplitude was —50 dB, the signal collected by the fiber was
overwhelmed by noise, making it impossible to identify the 1 kHz signal. Therefore, based
on this analysis, the determined amplitude response of the device was —40 dB when the
length of the sensing fiber was 2090 m.

3.3. Spatial Resolution Test and Analysis

To assess the spatial resolution indicator of DAS, a test optical path was designed
according to the configuration depicted in Figure 7a. The light pulse repetition frequency
was configured to be 26.64 kHz, while the pulse width was adjusted to 100 ns. Using
Equation (3), the spatial resolution was calculated to be 10 m. Starting at 1088 m, the fiber
was wound inward for 5 m, 10 m, and 20 m to ensure that the endpoint of the applied
vibration signal was the same. These wound fibers were placed separately on a vibration
platform, while the rest were sealed in a carton. The vibration platform comprised an
aluminum plate, sound, and square tube, as shown in Figure 7b. The physical photograph
of the vibration platform is shown in Figure 7c. The computer-controlled sound system
produced a sinusoidal signal with a frequency of 1 kHz and an amplitude of 0 dB. The
vibration signal was sensed using an optical fiber mounted on the insulated rigid plate,
which acted as a vibration sensor. This fiber optic sensor captured the vibration signal. The
resulting data were then visualized in the form of a waterfall diagram, also known as a
position-time—energy image. This diagram, labeled as Figure 8, displays the distribution of
the position, time, and energy of the measured vibrations over a specific period.

Sound Source Computer

Controlling
QR
QJJ
=

FC/APC
DAS
L Fiber Coil

Ly
A
vy

<
-«

1088 m
(@)
/ zg Fiber coi/

T /" Aluminum plate

|

Jocemmaemeas . square tube
Foo - L
§ Sound E
i | F

/
(b) (c)

Figure 7. Spatial resolution testing. (a) Optical path; (b) vibration platform diagram; and (c) the
physical photograph of the vibration platform.
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Figure 8. Waterfall plot of spatial resolution testing at (a)5 m; (b) 10 m; and (c) 20 m.

As the length of the sensing fiber increased, the width of the signal on the waterfall
map became broader, denser, and more intense. When the length of the sensing fiber
was 5 m, the signal width on the waterfall map became narrower, and the signal became
intermittent, making it impossible to collect data continuously. When the sensing fiber’s
length was 20 m, it became evident that the signal acquisition effect was improved when
observed through the waterfall diagram.

3.4. Sensing Distance Test and Analysis

The sensing distance test optical path of the DAS sensor is shown in Figure 9. The
fibers used in this test were all G652D single-mode bare fibers. The length of L, was set to
4988.5 m and 9988.5 m, respectively. To eliminate the effect of Fresnel reflections, the end of
the test fiber L3 was placed 10 m away from the end of the fiber, and the end of the fiber
was knotted.

Computer
—>
Controlling
Vibratiqh plaltform
FC/APC O
DAS 2 : !O !
L L, Ly L
1.5m 110m!10m

Figure 9. Sensing distance testing optical path.

The length of L, was set to 4988.5 m. The pulse repetition frequency of the DAS system
was 13.32 kHz, and the pulse width was 100 ns. The L1, Ly, and L4 segments of optical
fibers were placed in sealed cartons. The computer-controlled sound system produced
sinusoidal signals with an amplitude of 0 dB and frequencies of 1 kHz, 3 kHz, 5 kHz, and
6 kHz, respectively. The fiber optic on the insulated rigid plate sensed the vibration signal
and performed the measurement. The measurement results are shown in Figure 10.
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Figure 10. Frequency response testing results when the sensing distance is 5 km. (a) Spectrogram at 1,
3, and 5 kHz, respectively; (b) spectrogram at the applied frequency of 6 kHz.

The length of L, was set to 9988.5 m. The pulse repetition frequency of the DAS system
was 9.99 kHz, and the pulse width was 100 ns.

The Ly, Ly, and L4 segments of optical fibers were placed in sealed cartons. The
computer-controlled sound system produces sinusoidal signals with an amplitude of 0 dB
and frequencies of 1 kHz and 2 kHz, respectively. The fiber optic on the insulated rigid
plate senses the vibration signal and performs the measurement. The measurement results
are shown in Figure 11.
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Figure 11. Frequency response testing results when the sensing distance is 10 km. (a) Spectrogram at
the applied frequency of 1 kHz; (b) spectrogram at the applied frequency of 2 kHz.

The DAS device can effectively measure the signal at a distance of 10 m from the end of
the fiber when the length of the sensing fiber is 10 km. Therefore, the sensing distance of the
system is no less than 10 km. However, according to Equation (2), when the length of the
sensing fiber is 5 km, the theoretical upper limit of the pulse repetition frequency is 20 kHz,
and the frequency response limit that the system can measure is 10 kHz. According to the
pulse repetition frequency and Nyquist’s sampling theorem, the system can measure a
frequency response limit of 13.32/2 kHz. However, in actual measurements, the frequency
response is only 5 kHz.
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When the length of the sensing fiber is 10 km, according to Equation (2), the theoretical
upper limit of the pulse repetition frequency is 7.992 kHz, and the frequency response
limit that the system can measure is 5 kHz. However, according to Equation (1), the
limit of frequency response that can be measured by the system is 7.992/2 kHz, and the
actual measured frequency response is only 1 kHz. The ability of the device has room for
improvement in terms of the signal-to-noise ratio and pulse repetition frequency. At the
same time, the sensor distance measured to this DAS is only 10 km, and the sensor distance
indicator needs to be improved.

3.5. Multi-Point Simultaneous Disturbance Test and Analysis

During vibration condition monitoring, simultaneous disturbances at multiple points
often occur. Therefore, for practical condition monitoring applications, it is highly signifi-
cant to carry out multi-point simultaneous perturbation tests. The design of an optical path
for multi-point simultaneous perturbation testing is depicted in Figure 12. The light pulse
repetition frequency was configured to be 10 kHz, while the pulse width was adjusted to
100 ns. The fiber segments, L, and L3 were enclosed within two sealed containers. The
box positioned at the L3 location was lightly tapped to observe the changes in the waterfall
graph within the DAS software V0.6.10. The test results are depicted in Figure 13.

FC/APC - :
. ; ap i
DAS |p— : E Fiber
% L, L; E
N > >
1.5m 1100m ' 1650m
Figure 12. Multi-point simultaneous perturbation testing optical path.
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Figure 13. Multi-point simultaneous perturbation testing results. (a) Waterfall plot chart when no
signal is applied; (b) waterfall plot when clapping the second box.
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DAS

In Figure 13a of the waterfall diagram, when no signal is applied, a signal emerges
at the position marked by the red box. This signal is a result of the influence of the flange
at 60 m and the Fresnel reflection at 2750 m. When only the rear disc fiber is clapped, a
signal is observed, as depicted in Figure 13b. Apart from the signal at the position indicated
by the red box in Figure 13a, a significant vibration signal was detected in the waterfall
diagram precisely 1100 m backward from the tapping location (i.e., the starting position of
the second tray of fibers). This observation perfectly matches the actual tapping position.
These findings demonstrate that the device successfully meets the requirements for the
multi-point simultaneous perturbation measurement.

3.6. Temperature Influence Test and Analysis

In principle, the measurement results of the @-OTDR system are relatively immune
to temperature variations. To explore the impact of temperature variations on the sensing
performance of the DAS device, a test optical path was designed, as depicted in Figure 14a.
The corresponding test setup is illustrated in Figure 14b. The light pulse repetition fre-
quency was configured to be 26.64 kHz, while the pulse width was adjusted to 100 ns. The
fiber section L, was placed in a thermostatic water bath, while L and L3 were enclosed in
the sealed carton.

Place it in a thermostatic

water bath
FC/APC . .
| | H
Ll E L2 E L3 5
P> :
2040m "18m 32m '
Thermostatic water bath
(@) (b)

Figure 14. Temperature influence testing. (a) Optical path; (b) device.

The initial water temperature of the thermostatic water bath was set to 50 °C, and
the temperature was increased in 10 °C intervals using internal circulation until it reached
100 °C. Once the water temperature stabilized at 100 °C, the internal circulation was utilized
to decrease the temperature in 10 °C intervals until reaching 70 °C.

The DAS device has a data storage capacity of only 1.25 s. The phase data for 1 s
were intercepted, resulting in a total of 333,000 data points being captured. The wavelet
packet algorithm was employed to decompose the data into eight layers using the dB3
wavelet as the basis function. This process generated a total of 256 sub-bands, with a
frequency interval of 650.4 Hz between each sub-band. The energy of the first 10 sub-bands,
specifically nodes (8, 0), (8, 1), (8, 2), (8, 3), (8, 4), (8, 5), (8, 6), (8,7), (8, 8), and (8, 9), were
extracted. The frequency range covered by the first 10 sub-bands was from 0 to 6504 Hz.
The energy variation curves with temperature for these ten nodes are plotted and illustrated
in Figure 15.

During the process of warming and cooling operations, the internal circulation mode
generated a low-frequency random vibration signal. Moreover, the remaining nodes located
in the high-frequency range (greater than 1 kHz) were not impacted by this vibration
signal. Their energy levels were low and remained constant regardless of temperature
variations. This indicates that the measurement results of this DAS device are not affected
by temperature, demonstrating excellent performance.
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Figure 15. Variation in sub-band energy with temperature (a) at node (8, 0); (b) at other nodes.
3.7. Example of Performance Evaluation

This paper aims to utilize DAS for high-frequency small signal measurements. The
application under the test exhibits a vibration frequency greater than 10 kHz and a small
vibration amplitude. This paper utilizes a comprehensive evaluation approach for the DAS
system by incorporating the AHP method.

First, the judgment matrix is constructed for each factor in the middle layer concern-
ing the target layer. The DAS is designed to measure high-frequency vibration signals,
which typically have small amplitudes. The measurement should prioritize the frequency
response and sensitivity indicators. Therefore, when constructing the judgment matrix,
the importance of frequency response and sensitivity is given more weight. The judgment
matrix is constructed, as shown in Table 3.

Table 3. Judgment matrix of each factor in the middle layer relative to the target layer.
DAS Frequency pe s Spatial Sensing Multi-Point
Performance Sensitivity . . . Temperature
Evaluation Response Resolution Distance Perturbation
frequency 1 1 5 2 4 8
response
sensitivity 1 1 2 2 4 8
il z : : : :
g 1/2 1/2 1 1 2 4
p‘gr“tﬁlrg’a‘?ig; 1/4 1/4 1/2 1/2 1 2
temperature 1/8 1/8 1/4 1/4 1/2 1

Using Equations (6) and (7), the calculation yields the following results: A, = 6.00001,
Cr =0.000003, Ry = 1.24, Cr = 0.0000023 < 0.1. Therefore, this judgment matrix satisfies the
consistency test requirements. The relative weight values for frequency response, sensitivity,
spatial resolution, sensing distance, multi-point perturbation, and temperature influence
are determined to be 0.2963, 0.2963, 0.1481, 0.1487, 0.0741, and 0.0370, respectively.

Similarly, based on the test results of each indicator and the principle of the AHP, the
comparative judgment matrix of the criterion layer (excellent, fair, poor) relative to the
intermediate layer (frequency response, sensitivity) is presented in Table 4. Likewise, the
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assessments for spatial resolution, multi-point perturbation, and temperature influence are
detailed in Table 5, while the sensing distance evaluations are provided in Table 6.

Table 4. Judgment matrix of the criterion layer relative to the middle layer (frequency response
and sensitivity).

Excellent Fair Poor
excellent 1 2 9
fair 1/2 1 7
poor 1/9 1/7 1

Table 5. Judgment matrix of the criterion layer relative to the middle layer (spatial resolution,
multi-point perturbation and temperature influence).

Excellent Fair Poor
excellent 1 9 9
fair 1/9 1 1
poor 1/9 1 1

Table 6. Judgment matrix of the criterion layer relative to the middle layer (sensing distance).

Excellent Fair Poor

excellent 1 1/4 1/8

fair 4 1 1/4
poor 8 4 1

The weight calculation results of each judgment matrix were obtained. The judgment
matrix for evaluating the performance of the DAS was derived. The hierarchical ranking
process was completed, and the resulting judgment matrix is presented in Table 7.

Table 7. Judgment matrix of the criterion layer relative to the middle layer (sensing distance).

Factors The Target Layer Weight Excellent Weight Fair Weight Poor Weight
frequency response 0.2963 0.5955 0.3468 0.0577
sensitivity 0.2963 0.5955 0.3468 0.0577
spatial resolution 0.1481 0.8182 0.0909 0.0909
sensing distance 0.1487 0.0718 0.2267 0.7015
multi-point 0.0741 0.8182 0.0909 0.0909
perturbation
temperature 0.0370 0.8182 0.0909 0.0909
final weights 0.5757 0.2628 0.1621

The final weights obtained for DAS were 0.5757 for the “excellent” factor, 0.2628 for
the “fair” factor, and 0.1621 for the “poor” factor. The weight for the “excellent” factor was
the highest among the three.

4. Conclusions

Based on the ¢-OTDR vibration sensing principle, this paper conducts both theoretical
analysis and experimental studies to investigate the indicator testing method for distributed
acoustic sensors. A performance evaluation method based on the AHP method is proposed
for assessing the sensing performance of DAS. The following conclusions can be drawn:

(1) Evaluating the performance of DAS involves the consideration of various factors
such as frequency response, sensitivity, spatial resolution, sensing distance, multi-
point perturbation, and temperature influence. These indicators are interconnected
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and mutually affect each other, leading to constraints and interdependencies in the
evaluation process. As the amplitude of the applied vibration signal increases, the
detected signal amplitude on the fiber tends to increase exponentially. @-OTDR
enables multi-point simultaneous positioning, and its measurement results remain
unaffected by temperature variations. However, as the sensing distance increases,
the actual measured frequency response of the fiber deviates from the theoretical
limit value.

(2) DAS indicators are analyzed qualitatively and quantitatively. The analytic hierar-
chy process (AHP) is adopted to evaluate complex problems. The above indicators
are categorized into the following three levels: excellent, fair, and poor, for compre-
hensive evaluation. The weight parameters of each level are determined using the
AHP method. The specific implementation process of this evaluation method is illus-
trated through a comprehensive evaluation example focused on high frequency. This
example demonstrates the convenience and effectiveness of the evaluation method.

(3) The proposed method for testing the indicators of DAS effectively captures the ac-
tual limit values of each indicator. The comprehensive evaluation method can de-
rive performance and applicability evaluation results based on practical engineering
applications. It addresses the challenge of evaluating multiple indicators of DAS
concerning each other and provides an effective approach for device development
and engineering applications.
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