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Abstract: A straight-line-type Sagnac optic fiber acoustic sensing system is proposed in this paper
to adopt the application needs of no man’s plateau borderline for monitoring mechanical invasion.
The Sagnac interference fiber loop is replaced by a straight-line fiber and a 1 x 2 coupler, and the
length of the Sagnac interference fiber loop is shortened by close to 50%. The influences of delay
fiber and sensing fiber on the sensing system are analyzed by theory calculation and simulation
and the optimal lengths of delay fiber and sensing fiber were decided. The experiment system was
set, and the sensing fiber was wound into titanium alloy cylinder to compose the sensing element.
Experimental results show that the sensing system has a good response to 50—8000 Hz and 70 dB
sinusoidal acoustical signals and can well distinguish the signals of different frequencies. Using a
small-scale helicopter audio signal as the acoustical signal, the test results show that the response
curve is consistent with the simulation results and the sensitivity reaches 30.67 mV /Pa.
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1. Introduction

Optical fiber acoustic sensing technology has broad application prospects in perimeter
security, environmental noise monitoring, nondestructive monitoring, etc. [1]. Compared
with traditional electroacoustic sensors, photoacoustic sensors have the advantages of
high temperature and humidity resistance, anti-electromagnetic interference, and corrosion
resistance, which make them the hot spot of acoustic sensing technology research [2-6].
Presently, interferometric fiber optic acoustic sensors are mainly based on the principles
of Michelson interference, fiber optic Fabry—Perot interference, Mach-Zehnder interfer-
ence, and Sagnac interference [7-13]. The photoacoustic sensing system based on the
Michelson interferometer and Fabry-Perot interferometer requires high-precision machin-
ing technology and accurate alignment of components, which leads to poor environmental
adaptability and is limited to applications in harsh natural environments [14]. Mach—
Zehnder interferometric photoacoustic sensors have the disadvantages of low sensitivity
and low signal-to-noise ratio (SNR) [15-17]. The photoacoustic sensing system based on
Sagnac interference has high sensitivity, wide bandwidth, and high signal-to-noise ratio and
only uses optic fiber as the sensitive elements without any fiber structure changes, which
makes it become a cheap and reliable choice for sound detection in harsh environments,
especially when it applied in no man’s plateau borderline for monitoring the invasion of
military motor vehicles, armored cars, unmanned aerial vehicles, etc. [18-20].

When a photoacoustic sensing system based on a Sagnac interferometer is operated in
a natural environment, a large amount of non-sensing fiber of the Sagnac loop is exposed
to environmental vibration and noise [18]. The acoustic detection sensitivity, SNR, and
stability will be significantly reduced by disturbances in the non-sensing optical fiber.
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The traditional solution is to add anti-vibration and anti-wear protection for non-acoustic
sensing fiber [18]. However, this method greatly increases the application cost, especially
when the length of the signal transmission fiber is long. Meanwhile, the signal transmission
fiber with protection cannot completely eliminate the problems of sensitivity and stability
reduction. Therefore, shortening the length of signal transmission fiber becomes a good
idea for solving this problem.

2. Sensor Configuration and Theory Analysis

As shown in Figure 1, the traditional Sagnac fiber optic acoustic sensor has a long
Sagnac interference optic fiber loop. When the long optic fiber loop is exposed to the natural
environment, severe noise appears at the detector. As shown in Figure 2, a schematic
diagram of the straight-line-type Sagnac fiber optic acoustic sensing system was proposed.
Compared to the traditional Sagnac fiber optic acoustic sensor, the two light beams of
the CW (clockwise) and CCW (counterclockwise) pass coupler C; are transmitted by one
fiber. At coupler 3, the beams pass it and come back to the optic fiber again. Because
of the improvement in the Sagnac loop, one arm of the loop disappeared, which means
the transmission fiber is reduced by nearly 50%. The straight-line-type Sagnac fiber optic
acoustic sensing system shortens the lengths of the Sagnac loop and reduces the disturbance
of environments.

Delay fiber

Eﬁ Coupler '
SLD . Optic fiber acoustic pick-up

¢

ccw™

Figure 1. A schematic diagram of traditional Sagnac fiber optic acoustic sensor.

Delay fiber L,

}*/ Optic fiber
acoustic pick-up L,

Figure 2. A schematic diagram of straight-line-type Sagnac fiber optic acoustic sensor.

The light emitted by a super-luminescent light-emitting diode (SLD) passes 3 X
3 coupler C; and can be divided into three beams, and then two beams enter the CW
(clockwise) and CCW (counterclockwise) optical paths through port 6 and 5. At coupler
Cy, the two beams are merged into one single beam and transmitted to optic fiber acoustic
pick-up L. At coupler Cs, the light is divided into two beams and comes back through port
2 and 3 of C3. When the two beams come back to C;, interference occurs and is detected by
the photoelectric detector (PD). During this process, there are four main optical paths, as
follows.

AZ1—6—L1—C2—L2—C3—L2—C2—L1—6—C1;

B:1—6—L1—Cz—LQ—C3—L2—C2—5—C1,‘

C:1—5—C2—L2—C3—L2—C2—L1—6—C1,'

DZ1—5—C2—L2—C3—L2—C2—5—C1.

In the four optical paths, path A is the longest, path D is the shortest, and paths B and
C are equal. When a broadband light source is used, the coherence length is very short and
only optical paths B and C can find a recognizable interference in coupler Cy.
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The interference light intensity in C; can be expressed as

- %10[1 1 cos(Ag + A)] 1)

where I is the interference light intensity, Ij is the light intensity of SLD coupled into the
optical fiber, Ag is the phase difference caused by sound pressure, and Ay is the phase
shift caused by coupler C;. The sensing light beam passes the optic fiber acoustic pick-up
L, twice, so the practical acoustic sensing fiber length is two-times the optic fiber acoustic
pick-up L;, and the sensitivity is obviously higher than the traditional Sagnac fiber optic
acoustic sensing system. The phase sensitivity of the straight-line-type Sagnac fiber optic
acoustic sensing system under 1Pa sound pressure can be expressed as

kL L
_ 8mmn 2 4 17T 1f

S A c

2

where S is the phase sensitivity, L, is the length of the optic fiber acoustic pick-up, L; is the
length of the delay fiber, n is the refractive index of silica fiber, k is the elastic coefficient
of optical fiber, f is the sound frequency, A is the optical wavelength, and c is the vacuum
speed of light. The phase sensitivity expression shows that the phase sensitivity is linear to
sensing fiber loop L, and is sinusoidal to delay fiber loop L;. For a definite sound pressure
P, the phase difference caused by the sound pressure can be calculated by

Ag = SP = [8”’;“2 sin(””flfﬂ P ®)

Substituting Equation (3) into Equation (1), the interference light intensity received by

PD is shown as
I= ;Io{l—kcos[égmj\mPsin(W) +A¢H @)

When a 3 x 3 coupler is used, the phase shift caused by the coupler is Ay = 27t/3. For
a certain sensing system and a certain invader, the initial light intensity, light wavelength,
elastic coefficient, sound pressure, and the frequency of sound are all certain. Then, the
interference light intensity received by PD will mainly be influenced by the lengths of the
sensing fiber and delay fiber.

When the system is used to monitor invasion of military motor vehicles, armored cars,
unmanned aerial vehicles, etc., at the borderline, the sound-detection frequency is focused
on 50—8000 Hz and the detection sound pressure level (SPL) range is often 50—100 dB. To
confirm the best element parameters, a series of simulations is finished. In the simulations,
Ip=13mW, A =1310nm, n = 1.456, k = 6.829 x 1072 Pa~!,c =3 x 103 m/s.

When f = 5000 Hz and L, = 20 m, the SPL is between 50 and 100 dB, and the length
of the delay fiber is set to 1 km, 2 km, and 4 km. Under the influence of the delay fiber
loop, the simulation curves of sound pressure and interference light intensity are shown
in Figure 3. The results show that the longer the delay fiber loop, the shorter period of
interference light intensity and higher sensitivity of photoacoustic detection. However, as
the length of the delay fiber loop increases, the linear detection range of sound pressure
becomes narrower. When the delay fiber loop length is 4 km, although the sensitivity is
higher, there is a crest at 98 dB and the linearity of the response curve becomes poor. When
the delay fiber loop is 1 km, the sensitivity is lower. When the delay fiber loop is 2 km,
the sensitivity is high and there is no peak and trough during 50—100 dB. Considering the
balance of sensitivity and detection range, a 2 km delay optic fiber length is the best choice.
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Figure 3. The influence of delay fiber length.

When f = 5000 Hz and L; = 2 km, the SPL is between 50 and 100 dB, and the length
of the sensing fiber is set to 10 m, 20 m, and 40 m, the influence of optic fiber acoustic
pick-up to sound pressure and interference light intensity is shown in Figure 4. Similar to
the effect of delay fiber, the longer the optic fiber acoustic pick-up is, the shorter period of
interference light intensity and the higher sensitivity of photoacoustic detection are. As
the length of optic fiber acoustic pick-up increases, the sound-pressure-detection range
becomes narrower. When the sensing fiber length is 30 m, although the sensitivity is higher,
the curve is close to the crest at 100 dB and the linearity of the response curve becomes
poor. When the sensing fiber is 10 m, the sensitivity is lower. Considering the balance of
sensitivity and detection range, 20 m sensing optic fiber is the best choice.
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Figure 4. The influence of optic fiber acoustic pick-up length.

With the delay fiber is 2 km and optic fiber acoustic pick-up is 20 m, the influence of
sound frequency and SPL on the interference light intensity is shown in Figure 5. When the
sound frequency is 5000 Hz and the SPL is 50—100 dB, the relationship between interference
light intensity and sound pressure will remain near linearity and there is no interference
crest point in the sound-pressure range, which means there is no blind hearing problem.
These results show that the designed system can be used as a sensor for sound detection
with frequency 5000 Hz and SPL 50—100 dB.
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Figure 5. The simulation result of the straight-line-type Sagnac fiber optic acoustic sensor.

3. Experiments and Discussions

Figure 6 shows the experimental setup of the acoustic sensing system. An SLD
(GR1346Q-A, made by the 44th Research Institute of CETC) was used as the light source.
An InGaAs detector (GT322D, made by the 44th Research Institute of CETC) was used as
the photoelectric detector (PD) in the testing system. The delay fiber used a single-mode
silica fiber with a length of 2000 &+ 5 m. The optic fiber acoustic pick-up was composed of
titanium alloy cylinders and tightly wound single-mode silica optical fiber and the length
of the sensing fiber was 20 & 0.3 m. The interference signal acquisition and processing were
finished by preprocessing circuit and LabView platform. The main parameters of SLD, PD,
and DAQ (Data Acquisition) are shown in Table 1 and the spectrum of the source is shown
in Figure 7.

Source !

-

¥ Delay fiber loop

Figure 6. A photo of the testing system.
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Table 1. The main parameters of the experiment setup.

SLD PD DAQ
Model: GR1346Q-A model: GT322D Tvpe: UDP communication
Central wavelength: 1296.5 nm Spectral Response Range:900-1700 nm SayrrI: iin Frequency:50 MHz
Radiation power, >1 mW Responsivity: 0.7 A/w at 1310 nm Szm glin ("ll“ime'yl. 6 ms
FWHM:Typ = 35 nm —3 dB bandwidth: >1500 MHz ping tme:
LED Source Test (TrA) 12965 nm 38.3 nm LED Source Test (TrA) 1296.475 nm === nm
12365 nm WSmm 3543 dom vt A Lperpi 3545 dom

-32.98

-34.98

-36 98

-36.98

-40 98

-42 98

1246 S
0.1 nm
2.1 kHz

REF: -3

-3395

98 dBm | | | REF} -34.00 dBm

-3405

>
-34.15

-3425

-3435

-34.45
1295 134835 1294.030 1296530 1299.030
~71.96 dBm

60S ma off

0.1 nm ~74.86 dBm
2.1 kHz 604 ms off

(a) (b)

Figure 7. The tested spectrum of the source: (a) spectrum curve, (b) wavy curve around the central
wavelength.

The response curves under different frequencies were tested. A 70 dB sinusoidal acous-
tical signal was used as an acoustic source, and the sampling frequency was set as 50 MHz.
The audio signal frequencies firstly change between 500 and 8000 Hz, and the sampling
time was 16 ms which ensures that signals of different frequencies are fully displayed.
As shown in Figure 8, because the resonance frequency of the titanium alloy cylinder is
about 4000 Hz, the optic acoustic sensing system has a good response to 500—8000 Hz
acoustical signals, especially at 2000—6000 Hz, which covers the main frequency domain
of the mechanical vehicles; the maximum output signal peak-to-peak response reaches
47.65 mV. The test results show that the frequency differences can be distinguished clearly
from the curve, which means the different sounds are expected to be recognized from the
output.

i 500Hz 12 1000Hz 5 2000Hz
-12 7 8 16 2 1 8 oo 4 8 216
S T T
FMAAMAMY 2 JAAANARNL ¢ - st
24 7l 8 17 16 '24" a8 76 i 8 216
T(ms) T(ms) T(ms)
24 6000Hz b 7000Hz i 8000Hz
< JINANMNEA - MMMTADNRR) 2 - v
24 1 r(g) 12 6 2 4 T(:E) 12 7 4 T(is) 12 16

Figure 8. The responding curve of the sensing system to acoustical signals of 500—8000 Hz.
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The lower limit of frequency response was tested. Figure 9 shows that the frequency
difference between 50 Hz and 100 Hz can be distinguished, but the curve of 20 Hz becomes
indiscernible.

100Hz

Mww ! ' 20Hz

e ) | 24 - T T T
=

=

=) f [ 14

0 10

20

1.2+ | | Q
30 20 50 l . h ‘ |
T(ms) |

0 10

20

50H %U | ‘
50Hz ‘g’ I V

MNMWJUM\\J -12 , ! | \ '
3.0 4.(] 50 b I |

T(ms) T(ms)

Figure 9. The responding curve of the sensor to acoustical signals of 100, 50, and 20 Hz.

All of the test results show that when the sound-pressure level is 70 dB, the peak-to-
peak response of the sensing system to the pure sinusoidal acoustical signal of 50—8000 Hz
is between 6.29 and 50.35 mV, and the interferential curve of the sound signal of different
frequencies can be well distinguishable. The results also show that the response of the
system under 50 Hz is very poor. The main reason is that the resonance frequency of the
titanium alloy cylinder is about 4000 Hz, and when sound frequency is less than 50 Hz,
the vibration of the titanium alloy cylinder becomes very weak. When the frequencies are
more than 8000 Hz, the same problem will also appear on the system. However, in the
application conditions of this paper, the frequencies of the military motor vehicles, armored
cars, and unmanned aerial vehicles are often between 500 and 8000 Hz, so the system can
meet application requirements well.

A test of the sensitivity of the sensing system was finished. An audio signal from a
small-scale helicopter was used as the signal source and the SPL changed between 50 and
95 dB. The responding curve of the different SPL is tested and the statistical results of the
test data are shown in Table 2. As shown in Figure 10, the test curve is matched with the
simulation results, which are shown in Figures 3-5.

Table 2. Statistical table of the system response to sound data under different decibels.

SPL(dB)

50 55 60 65 70 75 80 85 90 95

Sound Pressure (Pa)
Data Points Number
Output Voltage (mV)

0.0063 0.011 0.02 0.036 0.063 0.11 0.2 0.36 0.63 2
171 201 269 293 367 517 749 1266 2056 3543
1.72 1.97 2.58 2.73 3.51 5.07 7.54 12.56 20.99 35.87
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Figure 10. The response curve of SPL and output voltage.

As shown in Figure 11, the relationship between sound pressure and the output
voltage was acquired, and the fitting curve was obtained using the least-square method.
The equation of the fitting curve is

V =30.67 x P+ 1.64 (5)

where V is the output voltage of the sensing system and P is the sound pressure of the
acoustical signal. The fitted equation shows that the equivalent output voltage varies
linearly with the sound pressure, and the sensitivity of sound pressure detection is 30.67
mV /Pa in the linear responding region. The experimental results show that the system can
accurately reflect the change in sound intensity, and the experimental results are in good
agreement with the simulation results. The system has an application prospect in sound
detection in harsh environments, such as no man’s borderline.

40

w w
< ]

[ 3
]

ot
]

Output Voltage (mV)
=S S

0 il 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1 1.2

Sound Pressure(Pa)

Figure 11. The test curve of sound pressure and output voltage.

4. Conclusions

In summary, a straight-line-type Sagnac fiber optic acoustic sensing system based
on the Sagnac interference loop was proposed, which is utilized for sound detection and
recognition of invading mechanical vehicles in harsh environments, such as the plateau
borderline. The suitable lengths of delay fiber and sensing fiber were decided by theoretical
calculation and simulation. In the experiment setup, the sensing fiber was tightly wound
with titanium alloy cylinders to work as the acoustic sensing element. The test results show
that the sensing system has a good response to the 50—8000 Hz acoustical signal at 70 dB
and the acoustical signal can be distinguished by the interference curve. However, since
the resonance frequency of the elastomer cylinder is around 4000 Hz, the system has a
weak response to the acoustic signal, lower than 50 Hz and higher than 8000 Hz. When a
small-scale helicopter audio signal is used as the signal source, the sensing system has a
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good response in 50—100 dB, the output voltage varies linearly with sound pressure, and
the sensitivity of sound pressure detection reaches 30.67 mV /Pa. The straight-line-type
Sagnac fiber optic acoustic sensing system has obviously shortened the length of the Sagnac
interference fiber loop and provides an available method for noise monitoring, perimeter
security, and nondestructive monitoring. This work aimed to be applied on sound detection
and identification in harsh work environments.
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