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ABSTRACT ARTICLE HISTORY

We propose a high sensitive acoustic sensor based on Received 15 November 2021
a microfiber Mach-Zehnder interferometer (MMZI) with tapered Accepted 11 February 2022
polarization-maintaining fiber (PMF). The optical tapering tech-

KEYWORDS
nology is used to taper the PMF. Then, the MMZ| is attached to Acoustic sensor: Mach-
a wood pulp diaphragm (WPD) to form an acoustic sensor, Zehnder interferometer;
whose curvature will change with the vibration of the dia- polarization-maintaining

phragm. Two sensors with different waist diameters are made fiber; tapered fiber
for performance comparison. Experimental results show that
the acoustic sensor can achieve a wideband frequency response
range from 200 Hz to 4000 Hz. The responses are flat at fre-
quencies ranging from 200 Hz to 1500 Hz. Moreover, we find
that the sensing performance of the acoustic sensor improves
with the decrease in its waist diameter. When the waist diameter
is 25.72 um, the response sensitivity of the sensor can reach
42.4 mV/kPa at 2000 Hz, and the minimum detection pressure is
1.24 Pa/+/Hz. It provides an effective way to fabricate an acoustic
sensor, with low cost, easy integration, and high sensitivity.

1 Introduction

Acoustic sensors have been significantly developed in response to the needs of
oil exploration, national defense, medical treatment, mobile communications,
bioacoustics, and seismic monitoring [1-6]. At present, acoustic sensing
mainly depends on electromagnetic sensing. Traditional electromagnetic sen-
sing is easily affected by external electromagnetic interference. Compared with
them, optical fiber sensor has been developed rapidly due to its good stability
of resistance to electromagnetic radiation, small size, lightweight, high multi-
plexing ability [7-11]. In 1977, Bucaro et al. first proposed an acoustic sensor
by adopting a dual-optical path interferometer system based on single-mode
(SMF) and multimode fiber (MMF) [12]. After that, several acoustic sensors
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based on different structures and types of optical fiber are reported [13-21].
Among them, acoustic sensors based on optical fiber interferometers have
attracted more attention due to their simple structure and compact sizes, such
as Fabry-Pérot interferometer (FPI), Michelson interferometer, Sagnac inter-
ferometer, and Mach-Zehnder interferometer (MZI) [22-26]. In general, it is
difficult for Sagnac sensors to simplify the sensor structure while enhancing
the performance. FPI does not have the ability of temperature self-
compensation. Comparatively, MZI shows great application prospects in
acoustic sensing with the advantages of high sensitivity, fast response, and
good performance. In 2018, Lan et al. proposed a three-dimensional shaped
Mach-Zehnder optical fiber sensor that can detect ultrasonic signals in
a specific frequency response range [25]. However, the sensitivity depends
on the sensing length, which needs to be achieved by using relatively limited
space and a long optical fiber (up to several meters long). In 2020, Zhu et al.
proposed a membrane-free acoustic sensing method based on the Mach-
Zehnder interferometer [26]. The sensing principle depends on the direct
detection of the refractive index change caused by the acoustic pressure in
the open cavity. Due to the limitation by the fiber core, high-order modes were
difficult to be excited from the fundamental mode, which restricted the
improvement of the sensitivity.

In recent years, micro-fiber MZI (MMZI) has attracted wide attention
because of its low coupling loss, and high evanescent field. In 2018, Sumit
et al. proposed a compact diaphragm-free optical microphone consisting of
a tapered micro-tip in a cantilever configuration for detecting low-frequency
acoustic signals [27]. The maximum acoustical sensitivity was 10.63 mV/Pa,
and the linear frequency range was 0-400 Hz. Due to the bulky structure of the
optical cantilever, the sensor was hard to adjust the distance between the
optical fiber tip and the single-mode fiber (SMF). It prevents sensitivity
enhancement and limits the low-frequency response. In the same year, Zhao
et al. proposed an in-line fiber low-frequency acoustic sensor based on
Butterfly-Shape MZI, in which a tapered hollow-core fiber (HCF) is sand-
wiched between two single-mode fibers (SMFs) [28, 29]. However, the low
resonant frequency of the vibration platform limits the improvement of the
sensitivity. Moreover, the photoelectric demodulation in free space leads to the
non-integration of the system and the increase in production cost.

In this paper, we propose a highly sensitive acoustic sensor. The polariza-
tion-maintaining fiber (PMF) is tapered to form the MMZI as the sensing
head. The MMZI with a waist diameter of 25.72 um is attached to the center of
the WPD for acoustic detection. A fiber Bragg grating (FBG) is combined to
develop an all-fiber demodulation device for demodulating the optical signals.
The acoustic sensor can achieve a broadband frequency response for acoustic
signals ranging from 200 Hz to 4000 Hz, where the sensor has a flat response in
the range of 200 Hz to 1500 Hz. When the vibration frequency of the WPD is
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2000 Hz, the maximum of the acoustical sensitivity is about 42.4 mV/kPa.
Moreover, two sensors with different waist diameters are fabricated to detect
the acoustic signals. The measurement results indicate that the smaller the
waist diameter of the optical fiber is, the better performance the sensor will
perform. This kind of all-fiber demodulated micro-optical fiber acoustic sen-
sor probably has a broad application prospects in the field of optical fiber
sensing and provides a feasible solution for the preparation of highly sensitive
and highly integrated acoustic sensors.

2 Sensing design and theoretical analysis
2.1 Sensing design

The MMZI is fabricated using optical taper technology, and the experimental
setup is shown in Figure 1. We use Panda-type PMF (THORLABS, PM1550-
XP) for the experiments, in which the diameters of the core, the stress zone,
and the cladding are 8 um, 20 pm, and 125 pm, respectively. A segment of PMF
is fused between two SMFs, and then both sides of the PMF are fixed on the
optical fiber holders. By accurately controlling the flame temperature and the
position of the translation stations, a tapered PMF can be obtained by design-
ing the control software of the hydrogen-oxygen flame tapering machine. The
moving speeds of the flame sweeping and the translation station are 2.5 mm/s
and 0.08 mm/s, respectively. In the whole tapering process, one of the SMF is
connected to an amplified spontaneous emission (ASE, Opeak LSM-ASE-C-F)
and the other is connected to an optical spectrum analyzer (OSA, Yokogawa
AQ6370B) for real-time detection of the spectrum of the MMZI.

Figure 2 shows the schematic diagrams and microscope image of each
section of the MMZI. The total length of the tapered fiber L is 2 cm, and the
waist diameter of the tapered fiber is 25.72 pm. In the initial stage of the
tapering, the two internal stress rods of the PMF are kept valid, which main-
tains good refractive index distribution and polarization characteristics. In the
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Figure 1. Schematic diagram of experimental setup for fabricating the MMZI by a hydrogen-
oxygen taper machine.
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Figure 2. (a) Schematic diagram and optical field distribution of the MMZI. (b) the microscope

image of the left SMF. (c) the microscope image of the tapered PMF. (d) the microscope image of
the right SMF.

process of tapering, the stress rods in the center of PMF are destroyed at high
temperature, thus forming a polarization-maintaining-non-polarization-
maintaining structure. Light is injected into the core of the PMF. In the
tapered region of the PMF, the diameter of the PMF decreases gradually.
When the diameter is less than the diameter of the mode field, the light
leaks from the core to the cladding of the PMF, resulting in two path transmis-
sion in the MMZI. Due to the direct fusion between the tapered PMF and the
SMF, the higher-order cladding mode and the fundamental core mode light
can couple to the core of the SMF. Therefore, the interference occurs when the
light returns to the SMF. Figure 3 shows the transmission spectrum of the

MMZI with different waist diameters. Figure 3(a) shows the transmission

spectrum of the MMZI with waist diameters of 28.4 um. Four channels are
formed in the wavelength range from 1525 nm to 1570 nm. The extinction
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Figure 3. The transmission spectrum of MMZI with different waist diameters. (a) the waist diameter
is 28.4 um. (b) the waist diameter is 25.7 um.
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ratio (ER) is 5.3 dB, and the free spectral range (FSR) is 12.4 nm. Figure 3(b)
shows the transmission spectrum of MMZI with a waist diameter of 25.7 pum,
in which six channels are formed, the ER is 5.5 dB, and the FSR is 8.16 nm.
From Figure 3, we can see that the MMZI has a good filtering function, in
which the features of the transmission spectrum can be designed by changing
the tapered fiber. The transmission spectrum of MMZI will be shifted by
changing the curvature of the MMZI. By monitoring the transmission spec-
trum of the MMZI, the curvature can be measured in real-time. Accordingly,
the external acoustic frequency can be obtained by measuring the vibration
frequency of the MMZI when the acoustic pressure transmits on the fiber.

The MMZI is connected to the WPD as the sensor head, which is shown in
Figure 4. A vibrating film is fabricated by a 55 mm thickness polyethylene
sheet with a through-hole of radius of 125 mm drilled on it. The WPD with
a thickness of 0.413 mm is attached to the polyethylene sheet with polymer-
based adhesive. The WPD acts as a diaphragm with a round hole. Then, the
MMZI is attached to the central position of the WPD. Figure 5(a) is an
experimental configuration for an acoustic sensor system based on WPD.
Figure 5(b) is the system block diagram. The acoustic sensors consisting of
the MMZI and the WPD are placed on the far side of the vibration-free
worktable. The light from the ASE is input into the acoustic sensor from
port 1 of an optic fiber circulator (OFC). The light transmits from port 2 of the
OFC and is reflected by the FBG, and then enters port 3 of the OFC when the
light satisfies the Bragg condition. The central wavelength of the FBG is
1550.26 nm. The light output from Port 3 of the OFC will be converted into
an electrical signal by a photodetector (PD, Thorlabs DET08CFC/M) and then
measured by a digital storage oscilloscope (DSO, Agilent DSO90604A).
A reference acoustic signal is generated by an audio signal generator (ASG)
from a computer, which can also be monitored by the DSO. The reference
signal and the output signal from the sensor are shown on DSO for compar-
ison and analysis. Thus, we can obtain the sensing characteristics of the
acoustic sensor. It should be illustrated that to promote the performance of
the demodulation of the vibration, a region of a linear transmission spectrum
of the MMZI is chosen as the demodulation waveband of FBG, as shown in
Figure 3 Figure 4 and (the inset figure). The reflection wavelength of FBG will
always be located in this region. When the WPD vibrates, the transmission
spectrum of the MMZI will shift. The amplitude of the reflected light from
FBG will have a better linear response to the vibrating. Therefore, when the
acoustic signal is sinusoidal, the signal output from the PD is also sinusoidal
due to the better demodulator composed of the FBG and the MMZI.

When the ASG inputs a signal to the acoustic sensor, it induces the vibra-
tion of the WDP. The wavelength spectra of the MMZI shifts, and the
amplitude of the light reflected by the FBG changes. Therefore, the acoustic
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Figure 4. Schematic diagram of the acoustic sensor composed of MMZI and WPD. Figure 5.(a)
Schematic diagram of the experimental setup of the acoustic sensor system. inset: the reflection
spectrum of FBG. (Yellow line: the transmission of optical signal; Green line: the transmission of the
electrical signal). (b) System block diagram.

sensor can detect the frequency and amplitude of the acoustic signal. In our
experiment, the two interfaces of the DSO represent the signals from the
detection of the acoustic sensor and the reference acoustic signal, respectively.



FIBER AND INTEGRATED OPTICS (&) 7

Thpored EMY Wood pulp diaphragm

Po
ly, eth vle ne she
Ct

Figure 5. (a) Schematic diagram of the experimental setup of the acoustic sensor system. inset: the
reflection spectrum of FBG. (Yellow line: the transmission of optical signal; Green line: the
transmission of the electrical signal). (b) System block diagram. Figure 4.Schematic diagram of
the acoustic sensor composed of MMZI and WPD.

2.2 Theoretical models

The phase expression is

B 2nnl,
9= A'c

(1)

where n represents the refractive index of the light, L, represents the length of
the light, and A, represents the central wavelength of the light. The initial phase
expressions of the corresponding optical fiber cladding mode and core mode
are as follows

2‘7.[nclad,mL2
¢clud = eAC (2)
2ncorer,
gocore = /{—2 (3)
C

From the Eq. (2) and (3), the expression of the phase difference between the
cladding mode and the core mode can be obtained as follows

2n core clad7m)L _ 2ﬂAneL2

A(P = gocarrz o gDclad - A_ (ne o ne 2 /\ (4)

where ngl“d’m is the effective refractive index (ERI) of the m-order cladding
mode, n{° is the ERI of the core mode, An, is the difference between the ERI

of the cladding mode and the core mode, and L, is the interference length of
MMZI.



8 (&) X.ZHUETAL.

When the phase is equal to 2 mm, the light intensity of the optical fiber
interference spectrum will reach the maximum, and when the phase is equal to
(2 m+ 1) m, the light intensity of the optical fiber interference spectrum will
reach the minimum value (m is a positive integer).

The wavelength of the peak of the interference spectrum can be expressed as
follows:

A, = 14An.L, (5)

The wavelength of the trough of the interference spectrum can be expressed as:

2
Ay =———An,L 6
d 2m+1”2 (6)

The FSR of the interference spectrum is expressed as follows:

/\2
- Al’leLz

iy (7)

Interference spectrum ER is an important parameter to describe optical inter-
ference, which can be defined as:

ER — Imax—Imin o 2/ Icorelciad

= (8)
Imax+Imin Iclad + Icore

In the process of tapering, as the waist diameter of the fiber becomes small, the
light intensity of the cladding mode increases, and the comb spectral density
increases. When the wavelength is constant, the effective propagation constant
of the fundamental mode will also become smaller. More optical power is
distributed in the cladding, which increases the loss.

When the curvature of the MMZI changes under the influence of
acoustic pressure, the transmission spectrum will shift. This allows it to
be used as an acoustic pressure sensor for acoustic frequency detection.

When the fiber is bent, different strains occur in the core and cladding,
resulting in a change in the difference of the ERI between the core mode and
the cladding mode. The difference of the ERI can be expressed as:

Aneﬁc:An; + kAe )

where, An?_ is the difference of ERI when the fiber strain is free, and k is the
refractive index coefficient (RIC) of the strain. The strain difference between
the cladding and the core is

Ae = (10)

el
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where d is the distance between the cladding and the core, and R is the
curvature radius. The intensity of transmission reaches its valley value at the
wavelength as follow

- 2Aneﬂ L

= 11
2m—+1 (11)

m

By substituting Eq. (2) and (3) into (4), the valley wavelength of interference
fringes can be obtained as

24n] L 2kLd 1

= - 12
2m+1+2m—|—1 R (12)

m

It can be seen from Eq. (5) that due to the value of k being negative, the
interference wavelength is blue-shifted with the increase in curvature (1/R).

The curvature experimental setup is shown in Figure 6. Fix the MMZI to the
fiber clamp, and then place the clamper on the curvature measuring platform.
The curvature of MMZI can be adjusted by changing the position of the
displacement platform perpendicular to the two cylindrical axes. The displa-
cement platform is placed in the center of the MMZI, and keeping the interval
lp between the two cylindrical axes fixed, and the offset displacement is
represented by x. Then, the curvature of the MMZI varies with the movement
of the mobile station (the arrow is the moving direction). Then, the curvature
C of the MMZI can be expressed as

—=R=Z+2 (13)

where R is the radius of curvature. In this experiment, [y is 0.175 m.

By choosing the dip wavelength of 1 548.74 nm as the detection wave-
length, the transmission spectra vary with the changing of curvatures, as
shown in Figure 7. We can see that with the curvature increasing, the
transmission spectra of the MMI are blueshifted. There is also a well linear
response relationship between wavelength and curvature, as shown below:

Moving Stages

Figure 6. Diagram of experimental equipment for curvature measurement.
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Figure 7. Experiment and fitting curve of wavelength and curvature.

A= —26.25994C + 1548.73914 (14)

We chose wood pulp material to make vibration diaphragm because the
wood pulp material has a low elastic modulus (3.78 x 10° Pa), a well
steady-state vibration, and transient vibration characteristics [30]. The
curvature of the sensor mainly depends on the design of the diaphragm,
and the conventional method to study the elastic properties of the dia-
phragm is the load-deflection method [31]. In the experiment, a circular
diaphragm is chosen as the diaphragm format, in which there is no non-
linear term in the load-deflection relationship. The change of the MMZI
curvature caused by the central deformation of the diaphragm is defined
as [32]:

L 2\,4 2
31— p)r'p fn (15)

163E \/(_fnzf[ —f2)2 1 422

where, y and E are the Poisson’s ratio and Young’s modulus of the dia-
phragm material, r is the diaphragm radius, P is the external acoustic
pressure, t is the diaphragm thickness, f is the acoustic frequency, ¢ is the
damping coefficient, and f,, is the m-order intrinsic frequency of the dia-
phragm, respectively.

To obtain high acoustic sensitivity, we need to increase the external acoustic
pressure on the diaphragm to generate large deformations on the MMZI. By
increasing the ratio of diameter to thickness, as described in Eq. (15), the
diaphragm deformation can be increased for a given diaphragm material, and
the acoustic sensitivity of the sensor can be improved. The first-order natural
frequency (fo) will decrease as shown in [32]:

Ad =
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10.17¢ E
= 16
fo r? 12p(1 — u?) (16)

From Eq. (16), we can obtain the change of the first-order natural frequency of
the WPD with different radius and thicknesses as shown in Figure 8. The
calculation parameters are as follows: Poisson’s ratio () = —-0.7, Young’s
modulus € = 3.78 GPa, and material density (p) = 2188 kg/m’. From
Figure 8, we can see that the first-order natural frequency of the WPD is
2479 Hz when the radius is 30 mm and the thickness is 413 um.

We also calculate the central deformation of the diaphragm when the
applied acoustic pressure is 1 Pa. We analyze the effect of acoustic pressure
on the structure of the wood pulp diaphragm. When acoustic frequencies
change from 0 Hz to 5000 Hz, the deformations of the diaphragm are shown in
Figure 9. In the frequency range of 0 - z - 1500 Hz, the central deformations of
the diaphragm change from 0.29 um to 0.46 um, which shows that the
curvature offset is almost unchanged. When the acoustic frequency is greater
than 1500 Hz, the offset begins to increase exponentially. The maximum offset
is generated at its resonance frequency (2479 Hz) with a value of 2.4 mm.
Finally, by continually increasing the frequency, the deformations begin to
decrease from 17.09 um to 0.09 um (around 5000 Hz).

The MMZI can detect the acoustic signal due to its transmission spectrum
shifting with the curvature change. When there is no external acoustic signal,
the curvature of MMZI is constant, and the transmission spectrum does not
change. The PD outputs a stable DC signal, which is shown on the DSO screen.

Frequency (kHz)
3.10
3.03
2.86
2.68
2.51
2.33

2.16

First order natural frequency (kH2)

Figure 8. First-order natural frequency of WPD versus radius and thickness.
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Figure 9. The center deformation offset of the diaphragm relative to the initial position versus
frequency under the action of 1 Pa acoustic pressure.

Under the acoustic pressure, the intensity of the reflected light from FBG will
change accordingly with the vibration of the WPD. The vibration signal from
WPD satisfies:

E=Asin(27ft) (17)

where A is the amplitude of vibration and fis the acoustic frequency.

When the acoustic signal acts on the MMZI through the diaphragm, the
MMZI is subjected to radial stress because the sound is a longitudinal wave.
Taking the diameter of the optical fiber D into consideration, the radial stress
causes the curvature change and the phase change of the MMZI is expressed by:

D 0 1
A(p:koﬂLz ko—n£—5n2(P11 +P12) &1 (18)

where ky is the wavenumber of light in vacuum, df /0D is the change of
propagation constant, Py; and P;, are the photoelastic coefficients of the
optical fiber, and ¢, is the transverse strain of the optical fiber.

When there is stress, replace AA into the Eq. (18), the offset of the peak value
of the transmission spectrum of the MMZI is obtained by:

22 Ag
MN=—F—— 1
A Anel, 2m (19)

The micro-deformation of the MMZI should satisfy the same vibration func-
tion as the acoustic signal. When the acoustic signal is the sinusoidal format,
the phase change of MMZI can be expressed as:
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D 0, 1 .
A(P:kol’le |:k0—na_g — E I’lz(Pll + PIZ):| &1 sm(Zﬂft) (20)

If the Bragg reflection peak wavelength of FBG is Ag, then the light intensity of
MMZI at wavelength A is:

Iv=I + I,
2 1, 1, ,
+ 2+ 1,1, cos /\_nLM & —5n (P11 + Prp)ey — Tk Py&; | sin(27ft)
F
(21)
The reflectivity of FBG is:
kk*sinh?(yL

sinh”(yLp) 22)

R= > 2 2. 12
y2cosh”(yLg) + 8°sinh”(yLg)

where I, is the fundamental mode light field, I, is the mode light intensity in

the cladding, Ly is the length of the light passing through the PMF, &; is the

longitudinal strain of the fiber, and § represents the initial phase of the light.
Then, the light intensity detected by the photodetector is:

I, = IyR (23)

From Eq. (23), we can see that the sensitivity of the signal can be improved by
changing the parameters of the fiber, such as increasing the transverse strain &,
by reducing the diameter of the fiber. Therefore, it is easier for our acoustic
sensor systems to detect the high frequency and weak signals due to the
curvature sensitivity of the MMZI.

3 Experimental results and analysis

By fixing the output power of the ASG at 25 W, we use the acoustic sensor for
detecting the sinusoidal signals generated from ASG with different frequen-
cies, as shown in Figure 10. In Figure 10, the “Input” represents the reference
signal. The “Output” is the detected signal from the acoustic sensor. From
Figure 10(a), we can see that the initial frequency of the standard sinusoidal
signal generated from ASG is 200 Hz. The detected signal generated from the
acoustic sensor is also a standard sinusoidal signal consistent with the ASG, as
shown in Figure 10a(ii). Figure 10a(iii) is the frequency after Fourier trans-
forms from the detecting signal. We can see that the frequency distribution
after Fourier transform is a singularity. The peak frequency is 200 Hz that is
corresponding to the frequency of the ASG. When the frequency increases
from 200 Hz to 4000 Hz, the acoustic sensor also responds well to the signals
generated by ASG, as shown in Figure 10(b-d). Comparing the inputs and
outputs, we find that the detected signals are consistent with the reference
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Figure 10. Comparison of the signals detecting from the acoustic sensor and the ASG with
different frequencies. (a) f = 200 Hz. (b) f = 500 Hz. (c) f = 2 400 Hz. (d) f = 4 000 Hz. (i) represent
the detected signals from the ASG. (i) express the signals detected by the acoustic sensors based
on the MMZI. (iii) are the Fourier transform of the signal detected from the acoustic sensor in the
frequency domain.

signals, which shows that the acoustic detection system fabricated by the
MMZI has a good capability of signal demodulation and audio vibration
response.

In our experiment, we have fabricated two acoustic sensors with different
waist diameters of tapered PMF: Sensor-1 and Sensor-2. The original length of
PMFs are 20 mm; then, Sensor-1 is tapered 10.493 mm with waist diameter
25.72 um, and Sensor-2 is tapered 9.458 mm with waist diameter 28.39 um.
Figure 11 shows the output signals of the two sensors recorded by the DSO
when a reference acoustic signal is 1000 Hz and an acoustic signal of 71 Pa.
The corresponding frequency responses are recorded by Fourier transform as
shown in Figure 12. It can be observed that the noise floor of Sensor-1 and
Sensor-2 at 1000 Hz are about —88.62 dB and -85.41 dB, respectively. Under
an external acoustic pressure of 71 Pa, the signal-to-noise ratios (SNRs) of
Sensor-1 and Sensor-2 are 58.32 dB and 46.2 dB, respectively.

Taking Sensor-1 as an example, we study the performance of the proposed
sensors under different acoustic pressures. Two signals with different inten-
sities act on Sensor-1 to measure the responses with the same frequency of
2000 Hz as shown in Figure 13. When the external acoustic pressures increase
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Figure 11. Time domain response to the external acoustic signal at 1000 Hz of Sensor-1 and

Sensor-2. (a) Sensor-1. (b) Sensor-2.
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Figure 12. Frequency domain response to the external acoustic signal at 1000 Hz of Sensor-1 and

Sensor-2. (a) Sensor-1. (b) Sensor-2.

from 42 Pa to 96 Pa, the amplitude of Sensor-1 increases from 1.8 to 4.2. The
amplitude response of the sensor is proportional to the intensity of the

external acoustic pressure.
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Figure 13. Time domain response of Sensor-1 to acoustic signals with different intensities of
2000 Hz.

We also test the relationship between the acoustic sensitivity and the fre-
quency response of Sensor 1 and Sensor 2 as shown in Figure 14. From
Figure 14, we can see that both frequency responses of the sensors are relatively
uniform and flat in the range from 200 Hz to 1500 Hz. The sensitivities of both
sensors begin to quickly increase after 1500 Hz and reach a maximum at
a frequency of 2500 Hz, in which the frequency of the maximum sensitivity is
equivalent to the first-order natural frequency of WPD. This is to say that there
is a linear relationship between the output signal and the applied acoustic
pressure. By repeating similar experiments on the sensors, the results comply

N
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Figure 14. Relationship between the acoustic sensitivities and frequency responses of the sensors.
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with the linear relationship and are also consistent with the theory of Eq. (16).
When the acoustic signal is 2000 Hz, the acoustic sensitivities of Sensor-1 and
Sensor-2 are 42.4 mV/kPa and 29.8 mV/kPa by calculating.

In order to study the features of the sensor under different acoustic pres-
sures, we measure the sensitivities of the MMZI with various intensities in
2500 Hz acoustic signals. The time domain responses of sensor-1 are shown in
Figure 15(a). With the increase in the external acoustic pressure, the vibration
amplitude of the response signal also increases. The relationship between the
output voltage and the applied acoustic pressure is shown in Figure 15(b). The
sensitivity of sensor-1 determined by the slope of the linear fitting curve at
2500 Hz is 370 mV/kPa.

To analyze the noise level of both sensors, the noise signals of the PD
without any external acoustic signal are shown in Figure 16. The noise signals
of Sensor-1 and Sensor-2 are 0.053 mV and 0.037 mV, respectively. After the
calculation, the minimum detection pressure of Sensor-1 and Sensor-2 is
1.24 Pa/\Hz and 1.26 Pa/VHz, respectively. It should be emphasized that the
enhanced performance of this acoustic sensor can be used as a hydrophone in
the detection at lower frequencies.

In order to highlight the advantages of our sensors, the performance of several
types of other sensors and our designed ones are shown in Table 1. The sensor of
the cantilever structure is bulky and hard to integrate [27, 33]. The diaphragm
sensor has the drawback of complex fabrication and demodulation without an all-
fiber format [34]. The other sensors reported are insufficient either in the dynamic
response range or in sensitivity [15, 28, 35]. Therefore, our proposed acoustic
sensor based on the MMZI that we proposed has the advantages of simple
structure, convenient demodulation, high sensitivity, and a broad response range.
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40
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R=0.999 8

[ B
(=] (=]
W
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Figure 15. Acoustic pressure sensitivity at 2500 Hz. (a) The time domain response of sensor-1 to
the external sound signal with a frequency of 2500 Hz and different acoustic pressure. (b)
Response and linear fitting of sensor-1 to different acoustic pressure.
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Figure 16. Noise signal of both sensors without any external acoustic signal. (a) Sensor-1. (b)

Sensor-2.

Table 1. Comparison of optical fiber acoustic sensors.

Acoustic Response

sensor Structure range Sensitivity Practicability

Diaphragm- Cantilever tapered tip 0 Hz- 10.63 mV/ The structure of cantilever
free optical 400 Hz Pa beam is bulky, and the
microphone response at low frequency
[27] is limited.

Butterfly- Fusion of tapered hollow fiber 0.1w-05w 135dB/w The demodulation is
Shape MZI between two single-mode fibers complex and the cost is
[28] high.

Fiber optic Flexible FP cavity made of Up to 0.088 mV/ The structure is complex and
Fabry-Perot polydimethylsiloxane and compact 20 kHz mPa has high requirements for
acoustic optical fiber cantilever beam with the process.
sensor [33] low moment of inertia

Nitrile Tapered optical fiber structure 200 Hz- 36 mV/kPa Low sensitivity
diaphragm attached to nitrile-butadiene 5000 Hz
acoustic polymer base film
sensor [34]

All-optical fiber Single mode-few mode-single mode 110 Hz- 4.5 mV/Pa Small measuring range
acoustic offset splicing 230 Hz
sensor [35]

Hollow core Two tapered plugs are connected in 200 Hz- Sensitive It requires precise operation
optical fiber the hollow optical fiber segment by 1200 Hz response  and high cost.
acoustic welding.
sensor [15]

bionic Piezoelectric function Design based 1 Hz- 2.21 mV/Pa Not easy to integrate
piezoelectric ~ on genetic algorithm 500 Hz
hair sensor
(36]

AIN diaphragm a circular aluminum nitride and silicon 10 Hz- 1.87 uV/Pa  Low sensitivity
acoustic nitride unimorph diaphragm and 50 kHz-
transducer an encapsulated air-filled back
[371 cavity

Proposed Tapered PMF 200 Hz-  42.4 mV/ High sensitivity, simple
sensor 4000 Hz kPa structure, low cost and

easy integration
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4 Conclusion

We designed and demonstrated a high sensitive acoustic sensor based on the
MMZI with tapered PMF. Using the optical fiber tapering technology, the PMF
was made by gradually changing the MMZI. The transmission spectrum of
MMZI will shift with the change of curvature. By attaching the MMZI to the
WPD, when an external acoustic pressure worked, it leads to the deformation
and vibration of the WPD. The acoustic frequency can be measured in real-time
by detecting the vibrating states of the MMZI. The acoustic sensor has a broad
frequency response in the range of 200 Hz to 4000 Hz. In the experiments, two
sensors were fabricated with different waist diameters of 25.72 um and
28.39 um, respectively. The sensitivities of Sensor-1 and Sensor-2 were
42.4 mV/kPa and 29.8 mV/kPa at the frequency of 2000 Hz, respectively. The
minimum detectable pressures of Sensor-1 and Sensor-2 were 1.24 Pa/YHz and
1.26 Pa/VHz, respectively. The acoustic sensor had the advantages of simple
manufacturing, high performance, and low cost, which can be used in fields
with high acoustic signal strength requirements, such as monitoring workplace
noise in manufacturing, iron and steel, and other industrial applications.
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