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Abstract

Acoustic sensors with ultrahigh sensitivity, broadband response, and high resolution are essential for high-precision
nondestructive weak signal detection technology. In this paper, based on the size effect of an ultrahigh-quality (Q)
calcium fluoride (CaF,) resonator, a weak acoustic signal is detected by the dispersive response regime in which an
acoustic, elastic wave modulates the geometry and is converted to a resonance frequency shift. Through the structural
design of the resonator, the sensitivity reaches 11.54 V/Pa at 10 kHz in the experiment. To our knowledge, the result is
higher than that of other optical resonator acoustic sensors. We further detected a weak signal as low as 9.4 uPa/Hz'’?,
which greatly improved the detection resolution. With a good directionality of 36.4 dB and a broadband frequency
response range of 20 Hz-20 kHz, the CaF, resonator acoustic sensing system can not only acquire and reconstruct

speech signals over a long distance but also accurately identify and separate multiple voices in noisy environments.
This system shows high performance in weak sound detection, sound source localization, sleep monitoring, and many

other voice interaction applications.

Introduction

Acoustic sensing based on photon detection technology
converts optical signals into electrical signals using high-
sensitivity photon detectors, which can achieve a fast
response when external acoustic signals are coupled to
form acoustic-optical-electrical sensing logic'™*. The
extremely low noise and high sensitivity provide the
capacity for weak acoustic signal detection®®. Combined
with the advantages of high detection efficiency and time
accuracy, it has attracted wide research interest in the last
decade and has shown great potential in applications such
as industrial nondestructive testing’, natural disaster
warning®, medical and health diagnosis’, and
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photoacoustic imaging'®. The ultrahigh quality factor (Q)
and the small mode volume of the whispering-gallery-
mode (WGM) optical resonator significantly enhance the
light—matter interaction''™'*, Importantly, the ultrahigh
Q corresponds to the extremely narrow transmission
spectrum, and higher solution resolution can be obtained
either by detecting frequency shift or transmission spec-
trum broadening, theoretically making it an excellent
platform for ultrahigh sensitivity acoustic sensing'>~'”. In
addition, compared with the electrical sensor of the tra-
ditional piezoelectric effect, it also has the advantage of
anti-electromagnetic interference'®.

From the perspective of physical mechanisms, acoustic
sensing based on WGM resonators mainly originates
from two mechanisms: dispersive coupling response and
dissipative coupling response'>*, The dispersive coupling
response is that the acoustic wave modulates the refrac-
tive index and geometric morphology of the resonator
through mechanical effects, resulting in a shift in the
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resonance frequency of the resonator, and its sensitivity
reaches 280 mV/Pa". The dissipative coupling response is
the change in the coupling conditions of the resonator
through acoustic wave modulation, leading to a change in
the coupling loss, which broadens or narrows the trans-
mission spectrum linewidth. A noise equivalent pressure
(NEP) as low as 0.81 Pa at 140 kHz in the air has been
experimentally demonstrated®”. From the perspective of
detection methods, the method of using mechanical fre-
quency as a reference through the cavity optomechanical
effect can effectively suppress the noise, and the NEP at
the ultrasonic frequency can reach 8-300 uPa/Hz'/
However, the sensor can only achieve the best sensitivity
in narrow frequency windows near each mechanical
resonance, which limits the dynamic response range®.
Moreover, the inherent optomechanical coupling coeffi-
cient «1 in the resonator is a problem for achieving high
sensitivity (V/Pa). In contrast, high sensitivity can be
obtained by direct detection from the optical frequency
domain, but it is also limited by the random walk of the
resonance frequency limited by shot noise**.

High-quality speech signal acquisition and reconstruc-
tion>"2%, especially for accurate speech recognition in
noisy backgrounds, requires acoustic sensors combined
with ultrahigh sensitivity, broadband response, and low
noise. In particular, acoustic sensors have a high response
in the low-sound band, so there is an urgent need to
develop acoustic sensing technology with ultrahigh sen-
sitivity over a wide frequency range. Among all WGM
resonators, the calcium fluoride (CaF,) crystalline reso-
nator has unique advantages’*!. On the one hand, a
CaF, resonator with Q>10'"" at 1550nm has been
reported in the experiment®’, which theoretically
improves the acoustic sensitivity by several orders of
magnitude. By further flexibly adjusting the structure of
the CaF, resonator, low NEP, which is conducive to the
detection of weak acoustic signals, can be obtained. On
the other hand, the CaF, resonator supports multiple
modes with different Q, leading to fast switching with
ultrahigh sensitivity and a wide dynamic response range
by frequency locking technology™'.

In this paper, based on the ultrahigh-Q CaF, resonator,
the weak acoustic signal is detected by the dispersive
response regime in which the acoustic, elastic wave
modulates the geometry and is converted to a resonance
shift. Combined with the actual processing technology, a
CaF, resonator with a radius of 5.0 mm and a thickness of
0.1 mm is obtained by structural design and verification.
In the experiment, using the frequency locking technique,
the sensitivity reaches 11.54 V/Pa at 10 kHz frequency
when Q is selected as 1.02 x 10%. To the best of our
knowledge, the result is higher than that of other optical
resonator acoustic sensors. Meanwhile, the minimum
detectable acoustic pressure level of the system is as low

Page 2 of 11

as 9.4 uPa/Hz'?, which greatly improves the detection
resolution. With a good directionality of 36.4dB and
broadband frequency response range of 20 Hz—20 kHz,
the sensor system can not only achieve long-distance
(9 m) speech signal acquisition and reconstruction with
the wall as an obstacle but also accurately identify and
separate multiple voices in noisy environments. This
system performs well with regard to weak sound detec-
tion, sound source localization, sleep monitoring, and
many other voice interaction applications.

Theoretical analysis and discussion

In the CaF, resonator, light is coupled into the reso-
nator and circulates along the resonator’s circumference.
In the sensing system with a CaF, resonator as the sen-
sitive unit, the acoustic pressure causes mechanical
deformation of the resonator, and the radius and effective
refractive index of the resonator change, resulting in a
resonance shift. This is different from the conventional
mechanism of enhanced optomechanical interaction
between the optical radiation field and the mechanical
vibration modes by confining the optical field within the
resonator”>, To obtain an acoustic sensor with vector
properties, a CaF, resonator with a 7-shaped structure is
fabricated (Supplementary Figs. S15 and S16). The reso-
nator structure is optimized by the simulation to obtain
the optimal structural parameters. The basic material
properties are shown in Supplementary Table S1. By using
finite element method (FEM) simulation (Supplementary
Tables S2 and S3), when an acoustic pressure of 1Pa is
applied to the upper surface of the 7-shaped CaF, reso-
nator, the changes in radius and strain at different radii
(R) and thicknesses (H) are analyzed in Fig. 1la, b,
respectively. With increasing R and decreasing H, the
variations in the resonator radius and strain increase
rapidly. When R is 5.0 mm, and H is 0.1 mm, the varia-
tions in the radius and strain are the largest, which are
1.13x 10 "mm/Pa and 3.97x10 °Pa ', respectively.
The influence of the strain is negligible since the variation
in the radius is an order of magnitude greater than the
variation in the strain?'. Thus, the shaped variable of the
sensor system can be improved remarkably by thinning
the CaF, resonator with a larger radius.

To analyze the frequency response characteristics of
the CaF, resonator, the simulation of the displacement
at different resonance frequencies is calculated by the
FEM and shown in Fig. 1c. In the 20 Hz-10kHz fre-
quency band, the displacement shows an overall
increasing trend, and the maximum displacement is
10 kHz. After 10 kHz, the displacement generally tends
to decrease as it moves away from the mechanical
resonance frequency. It can be clearly seen that the
response appears to have an envelope shape, indicating a
higher response effect in this region (1-10kHz). The
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corresponding displacement pattern diagram is shown
in Supplementary Fig. S3. It is worth noting that the
frequency response can continue up to 20kHz with
broadband response characteristics, although the
response of this frequency band is not as strong.
Moreover, the frequency response is adjustable. If the
structure of the CaF, resonator is changed, the corre-
sponding frequency response is also different. There-
fore, it can meet the requirements of different
applications.

Using coupled-mode theory, the optical mode ampli-
tude a is expressed by

da(t)
dt

. ) K
= (i(4A + Gsin(wut)) — E)a(t) + /Kellin (1)
where A = w; — w, is the detuning of the laser from the
optical resonance, G represents the resonance shift due to
the acoustic pressure, « is the overall intensity decay rate,

K. represents the input coupling losses, aj, is the input
optical field into the resonator, and w,, is the acoustic
frequency.

According to the resonance wavelength equation, the

resonance wavelength shift becomes
dr, _ Ardh Ar dR
dP  dP 1, ~dPR

(2)

The sensitivity of the CaF, resonator acoustic sensor
system can be defined as

~dT _d).dT A, dRdT 3
~dP  dPd), dPRd), )
where T is the transmission, P is the acoustic pressure, and
A, is the resonance wavelength. The first term (d\,/dP) is
the acoustic wave-induced resonance wavelength shift,
which can be divided into (1,/dP) and (dR/R). (dR/dP)(1/R)
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Fig. 2 Theoretical performance evaluation of the sensor system.
a The theoretical sensitivity at different radii and thicknesses. b The
relationship between the sensitivity and the maximum detectable
acoustic pressure (P at different Q

represents the change rate of the CaF, resonator radius
under acoustic pressure. The second term d7/dA, is the
slope of the resonance spectrum, which is related to the Q
and the photodetector (PD). The saturation power of the
PD is 360 uW/, and the conversion gain is 10* V/W.

Different resonator sizes correspond to different sensitiv-
ities, so we analyze the effect of the size on the response
sensitivity, which is illustrated in Fig. 2a. When the radius of
the CaF; resonator is greater than 4.0 mm, and the thickness
is less than 0.2 mm, the curve changes rapidly, representing
that this is the most sensitive region. In addition, the
changes in other parts are very small, and the sensitivity is
relatively low. The higher the Q of the resonator is, the
greater the sensitivity at the same size. When Q is selected as
10%, the sensitivity can be as high as 11 V/Pa. Moreover,
when Q is selected as 10°, the sensitivity can exceed 100 V/
Pa. Increasing the resonator radius improves sensitivity, but
it also limits the maximum detectable acoustic pressure, as
shown in Fig. 2b. The maximum detectable acoustic
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pressure is calculated from the relationship between the full
width at the half maximum (AA) and the shift in the reso-
nance wavelength. When Q is selected as 10%, the sensitivity
can be as high as 11.54 V/Pa, but the maximum detection
acoustic pressure (Pp,.y) is only 0.44 Pa (87 dB). When Q is
selected as 10° the sensitivity is only 90 mV/Pa, but the Py,
can be 48.8 Pa (128 dB). The Q of the CaF, resonator pre-
pared by our experiment can reach 10°, but the Py, is only
0.05Pa (68dB). Therefore, the sensitivity and Py, for
Q= 10’ are not plotted in Fig. 2b. In conclusion, the larger
the radius of the CaF, resonator is, the thinner the thickness,
and the correspondingly higher the sensitivity is with the
same Q factor. The larger Q is, the higher the sensitivity, and
the smaller the Q is, the wider the dynamic response range.

Experimental setup and method

Figure 3a schematically shows the 7-shaped CaF,
resonator acoustic sensor system to characterize the
performance, which includes a tunable laser, an isolator, a
PD, a signal generator (SG), a power amplifier (PA), an
oscilloscope (OSC), a PID controller and a lock-in
amplifier (LIA). The tunable laser has a center wave-
length of 1550 nm, and it is scanned with a triangular
wave at a frequency of 10 Hz and an amplitude of 3 V. The
isolator blocks the light returning to the laser. The CaF,
resonator with a radius of 5.0 mm and a thickness of
0.1 mm is fabricated by a single-point diamond cutting
and mechanical polishing method. The radius of the
tapered fiber is 1.8 um (Supplementary Fig. S2), and the
tapered length is 2.0 cm to form evanescent field coupling.
The coupling between the tapered fiber and the resonator
is covered with a transparent cover to reduce external
environmental interference. The light from the tapered
fiber is connected to the PD for conversion between
optical and electrical signals and then connected to the
OSC for data acquisition and processing. In the experi-
ment, the tapered fiber is attached to the surface of the
CaF, resonator, which not only avoids the influence of
environmental fluctuation noise but also eliminates the
influence of the dissipative response regime (Supple-
mentary Fig. S1).

The SG outputs sinusoidal signals with different fre-
quencies and amplitudes to the PA, which outputs voltage
signals to control the frequency and amplitude of the
acoustic source. The source signal is connected to the OSC
along with the voltage signal from the resonator. Since the
loaded acoustic wave propagates in the gas medium, the
loudspeaker is located 10 cm away from the resonator sen-
sing system, and the acoustic wave loses energy in the
process of propagation. By comparison, the voltage signal
received by the resonator is 13.4 times lower than that of the
loudspeaker source signal, as shown in Fig. 3b. According to
the input—output relationship, the normalized transmission
changes with the acoustic pressure, as shown in Fig. 3c.
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Fig. 3 Performance characterization of the CaF, resonator acoustic sensor. a Schematic measurement setup of the CaF, resonator acoustic
sensor system. b The voltage signal received by the loudspeaker and the resonator. ¢ The shift of the resonance spectrum changes with the acoustic

Laser detuning (MHz)

J

(Supplementary Fig. S7). Traditional detection by frequency
shift is affected by the environment. To improve the
detection accuracy, an acoustic signal is detected by locking
the laser frequency on the resonance point of the CaF,
resonator. According to the relationship between the
demodulated curve and the resonance curve, the demodu-
lated signal is used as an error signal for feedback control of
the laser frequency to achieve frequency locking through the
PID controller. Therefore, the resonance frequency shift
corresponds to the offset of the response amplitude related
to the locking point.

Sensitivity and minimum detectable acoustic
pressure

Acoustic signals at different frequencies (0.7, 6, and
10 kHz) with varying intensities (from 0.01 to 0.44 Pa) are
applied to the coupling system. The output of the sound
level meter and the response amplitude of the OSC are
collected separately and fitted linearly, as shown in Fig. 4a.
The error bars are added to the sensitivity fitting graph
(Supplementary Tables S4, 5, and 6). However, since the
error is relatively small and the response voltage ampli-
tude is relatively large, the error is not obvious in the
figure (Supplementary Figs. S10, 11, and 12). Due to the
parameter limits of the PD, the maximum response
amplitude is 3.6 V. The results show that the deformation
of the CaF, resonator acoustic sensing structure increases
linearly with increasing acoustic pressure at different
frequencies before reaching the saturation voltage, and
the deformation is the largest at 10 kHz. The transmission

intensity is modulated by the acoustic pressure and shows
a sinusoidal waveform in the time domain (Supplemen-
tary Fig. S8). A linear fit of the acoustic pressure and the
response amplitude shows a linear response, and the slope
is the acoustic pressure sensitivity of 11.54 V/Pa with a
linearity error of 0.03%. The sensitivity at different fre-
quencies is shown in Supplementary Fig. S9.

The minimum detectable acoustic pressure (MDP) is
calculated based on the following equation.

MDP = A\ aNn SN X Papplled

where 7 is the signal duration time, BW is the spectrum
analyzer resolution bandwidth, and SNR is the signal-to-
noise ratio.

(4)

By varying the acoustic pressure (Phppiiea) and the
reference BW, different SNRs and MDPs can be obtained,
as shown in the inset of Fig. 4b (Supplementary Table S7).
The noise floor of the system is shown as the red line in
Fig. 4b, and the blue line is the response signal on the ESA
when P,ppjieq is 0.31 Pa. When the SNR is 56.4 dB, and the
BW is 50 Hz, the MDP for the resonator is calculated to
be 9.4 uPa/Hz"% With reference to an acoustic pressure
of 20 uPa/Hz” 2 in air, the minimum detectable acoustic
pressure is —6.56 dB. When Q is 1.02 x 10%, the maximum
detectable acoustic pressure is 0.31 Pa, which is equivalent
to an acoustic pressure of 83.86 dB. Consequently, the
dynamic response range of the proposed sensor is
90.41 dB.
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When the loaded signal disappears, the CaF, resonator
does not immediately return to its original state but still
continues to vibrate for a period of time, similar to a tra-
ditional tuning fork. The reasons are mainly divided into the
following two aspects. On the one hand, the loaded signal
collides with air molecules during oscillation, resulting in a
viscous damping loss. On the other hand, it is caused by the
clamping loss of its own structure. Presumably, the second
cause contributes more to our sensing system. The response
curves of the loudspeaker source and the CaF, resonator are
recorded simultaneously by OSC at 10 kHz, as shown in the
blue and red lines of Fig. 4c, respectively. When the loaded
signal disappears, the loudspeaker shuts off immediately
without any delay, but the intensity of the CaF, resonator
gradually weakens with time until it finally disappears. This
represents a ring-down shape, indicating the delay phe-
nomenon of the resonator. The delay curve of the resonator
is fitted with exponential decay, and the delay time (7) is

0.04's, as shown in Fig. 4d. The inset is the phase diagram,
which plots the first-time derivative of the transmission as a
function of the transmission. This represents a state that
gradually stabilizes with time. Similarly, we recorded and
fitted the other frequencies accordingly and obtained the
decay times at frequencies of 1-10 kHz, as shown in Sup-
plementary Figs. S13 and S14 and Table S8. The results
show that there are differences in the delay time at different
frequencies, but the time is between 20 and 40 ms.

Vectoriality and frequency response range
The vectorial of the 7-shaped CaF, acoustic sensor can
be expressed as:
G

K=20lg & (5)

where G’ and G are the maximum and minimum values
measured in the directivity of the vector acoustic sensor,
respectively.
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Vectoriality is characteristic that the sensitivity of the
acoustic sensor changes with the direction of the acoustic
wave, which is usually represented by a directivity dia-
gram, and it is also a unique feature that distinguishes the
vector acoustic sensor from the scalar acoustic sensor.
When measuring the directional characteristics of the
vector acoustic sensor, the rotating device drives the
loudspeaker to rotate 360° along the horizontal axis,
simultaneously measures the sensitivity of the vector
sensor in all directions, and finally obtains the directional
diagram of the vector sensor.

Figure 5a shows the schematic setup of the vector
acoustic sensing system. An acoustic signal at 10 kHz is
used as the excitation source, and the loudspeaker is
located on the side of the 7-shaped CaF, resonator cou-
pling system at 0°. We first use the FEM to simulate the
vector property of the system, as shown on the left of
Fig. 5b, and the directivity is calculated to be 40.94 dB.
Different frequencies (900 Hz, 1kHz, and 6kHz) are

shown in Supplementary Fig. S17. The loudspeaker is
rotated around the vertical axis of the center of the CaF,
resonator at 10° increments, and the incident angle and
the sensitivity are recorded in the experiment, as illu-
strated in the red line of Fig. 5b. The measured directional
map shows that the proposed sensor has a vectorial
property of 36.4dB in the range of 0-360° at 10 kHz.
There are certain errors between the experimental results
and the simulation results. The main reason is that in the
experimental test, the accuracy of the rotating device and
various fixed devices is not sufficient, and various
instruments and environmental noise also affect the
experimental results. However, the changing trend of the
experimental directionality of the acoustic sensor system
is consistent with the simulation results.

Sensitivity can only show the response amplitude of the
resonator to different acoustic pressure signals but cannot
measure the frequency range of the 7-shaped CaF, reso-
nator. Therefore, it is necessary to test the frequency
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response range of the 7-shaped CaF, resonator. Acoustic
signals with fixed amplitude and frequencies between
20Hz and 20kHz produced by the loudspeaker are
applied to the sensor, while the sensitivity of the acoustic
signal response at different frequencies is recorded. Figure
5c shows the sensor frequency response over the range
from 20 Hz to 20 kHz, which exhibits a dominant reso-
nance peak at approximately 10 kHz. Figure 5d—g corre-
sponds to the circles in Fig. 5c, and the frequencies are
20 Hz, 1 kHz, 10 kHz, and 20 kHz, respectively, where the
depth of the color represents the magnitude of the
amplitude. In the spectrum domain, a sideband appears
on each side of the center frequency, which is 120 Hz
different from the center frequency. This should be
caused by the sinusoidal modulation of the system by the
phase modulator, which needs to be further studied.

Acquisition and reconstruction of speech signals

Due to the vector property of the proposed sensor
system, the response of the sensor is different at various
angles. To ensure consistency at different positions, the
audio clip of the sentences “1, 2, 3, 4, 5, 6, 7” in Chinese is
recorded, which is almost the same as the decibel of a

human speaking voice. The audio is applied at 30°
increments in the horizontal plane, as illustrated in the
inset of Fig. 6a. The sensor responses are recorded and
plotted at various angles in Fig. 6b. The response ampli-
tude is the largest at 90°, and as the angle gradually
decreases, the voltage amplitude response also gradually
decreases. The experimental result of the measured
directional map in Fig. 6b shows that the proposed sensor
is effectively directional.

To evaluate the weak signal detection capability of the
proposed acoustic sensing system, the audio is broadcast at
10cm and 9m (including the effect of the wall as an
obstacle) from the center of the system, corresponding to
near-field and far-field tests, respectively. The acoustic
response data of the sensor system at different distances are
collected, as shown in Fig. 6a. The experiment is carried out
in a clean room to reduce the interference of the external
environment, such as dust and noise, so that the prepared
CaF, resonator can be stored for a long time, and the Q
does not drop significantly. In the experiment, the
recording duration is 10s, and the recorded data of the
sensor at different distances are reconstructed. Figure 6c¢, d
shows the time-domain and spectrogram diagrams of the
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reconstructed acoustic signal, respectively. Due to the
ultrahigh sensitivity and SNR, good linearity, and broad-
band frequency of the sensor system, the reconstructed
audio signal can correspond to each beat of the analog
sound signal, and the sensor system can still clearly display
the music characteristics at a distance of 9 m. The experi-
mental results fully verify the ultrahigh sensitivity and weak
signal detection capability of the system.

Precise speech recognition and separation

The CaF, resonator acoustic sensor system can not only
detect weak signals but also accurately identify and
separate multiple sounds. Specifically, two different music
pieces act simultaneously on the center of the sensing
system to verify its ability to separate different sound
signals. Figure 7a shows the case of the simultaneous

playing of music segments with different frequencies, one
of which is mainly concentrated in ® (100—1000 Hz) and
the other in @ (1-10kHz). The frequency response dia-
gram collected by the CaF, resonator sensing system is
shown in Fig. 7b. The relatively low frequency is gener-
ated by @, while the signal with a relatively high frequency
is generated by ®. Therefore, the two simultaneous
sounds can be identified and separated.

The CaF, resonator sensor system shows better sensi-
tivity to high-frequency sound than lower-frequency
sound, which is convenient for using different voltage
responses for separation. Our experiment is completed in
an ultraclean room, which contains a variety of different
sound sources, including (i) the working noise of various
instruments, (ii) the sound of air conditioning, and (iii) the
sound of a relatively high-frequency rain signal, as shown
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in Fig. 7c. Since the rain signal is much greater than the
background noise, the voltage can be used to separate the
signal from the environmental noise. The time-domain
signal obtained after separation is shown in Fig. 7d, and
the signal voice is approximately 15 times larger than the
environmental noise. Thus, we verify that in a laboratory
with background noise, the CaF, resonator sensor system
can still complete the separation of multiple sound
sources.

Conclusion

In this work, we demonstrate an ultrahigh-sensitivity
acoustic sensor system based on an ultrahigh-Q CaF,
resonator. When the radius of the resonator is changed
from 2.0 to 5.0 mm, and the thickness is reduced from 1.0
to 0.1 mm, the change in the resonator radius caused by
the acoustic pressure increases to 1.13 x 10~ mm/Pa. The
corresponding resonance wavelength shift is also
increased by more than two orders of magnitude, which is
3.5 x 10° nm/Pa. Combined with the frequency locking
technique, the sensitivity can easily reach 11.54 V/Pa at a
frequency of 10 kHz when Q is selected to be 1.02 x 107,
which is higher than that of other optical resonator
acoustic sensors. Meanwhile, the minimum detectable
acoustic pressure level of the proposed system is as low as
9.4 pPa/Hz"?, which greatly improves the detection
resolution. With a good directionality of 36.4dB and
broadband frequency response range of 20 Hz—20 kHz,
the sensor system can not only achieve long-distance
(9 m) speech signal acquisition and reconstruction with a
wall as an obstacle but also accurately identify and sepa-
rate multiple voices in noisy environments. The excellent
performance of the device will have great application
potential in weak signal detection.
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