
Citation: Liu, Y.; Guan, C.; Tong, Y.;

Chu, W.; Zhou, R.; Zhou, Y. SNR

Model of Optical Fiber Acoustic

Sensing System Based on F-P

Structure. Photonics 2023, 10, 676.

https://doi.org/10.3390/

photonics10060676

Received: 29 April 2023

Revised: 7 June 2023

Accepted: 9 June 2023

Published: 11 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

photonics
hv

Communication

SNR Model of Optical Fiber Acoustic Sensing System Based on
F-P Structure
Yingjie Liu 1,2, Chenggang Guan 1,3,*, Yala Tong 2,*, Wenxiu Chu 1,2, Ruling Zhou 1,2 and Yikai Zhou 1,2

1 Laboratory of Optoelectronics and Sensor (OES Lab), School of Science, Hubei University of Technology,
Wuhan 430068, China; liuyingjie@oeslab.com.cn (Y.L.)

2 School of Science, Hubei University of Technology, Wuhan 430068, China
3 AOV Energy LLC, Wuhan 430068, China
* Correspondence: guanchenggang@oeslab.com.cn (C.G.); tongyl3939@mail.hbut.edu.cn (Y.T.)

Abstract: The signal-to-noise ratio (SNR) is a crucial parameter for assessing audio transmission
quality and fiber optic acoustic sensors. This study presents a model for predicting the SNR of a fiber
optic F-P acoustic sensing system using the Fabry–Perot (F-P) cavity length modulation principle,
considering noise and line loss in the optical path. To validate the model, we constructed an F-P
acoustic sensor system and measured the SNR in a semi-anechoic room. Additionally, we used
MATLAB to simulate the SNR model and compared the results with experimental data. The model
accurately predicted the SNR of the fiber optic F-P acoustic sensor system. Our results offer valuable
guidance and theoretical support for optimizing system performance.
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1. Introduction

Compared to traditional electronic acoustic sensors, fiber optic acoustic sensors are better
suited for environments with strong electromagnetic interference and flammable/explosive
conditions due to their passive nature and anti-electromagnetic interference capabilities.
A variety of fiber optic acoustic sensor technologies have been proposed in recent years,
which can be classified as distributed and quasi-distributed sensing according to different
sensor configurations. Distributed acoustic sensors (DAS) utilize Rayleigh backscattering
(RBS) to detect the acoustic wave along the fiber optic [1]. Fiber optic Fabry–Perot acoustic
sensors are often used as quasi-distributed sensors [2], as they have a small size, simple
structure, and high sensitivity, and the probe is passive, making them ideal for audio signal
detection in special situations. The F-P sensor plays a key role in fiber optic acoustic sensing
technology applications, such as petroleum exploration and medical ultrasonic detection.

The research based on fiber optic F-P acoustic sensors has made significant progress.
For instance, the work of Yu et al. [3,4] focused on studying the F-P acoustic sensor system’s
ability to detect weak acoustic waves of partial discharge, analyzing its measurement
sensitivity, and demonstrating the passive and high-frequency response of the fiber optic
acoustic sensor. Similarly, Akkaya, Jo et al. [5,6] investigated F-P acoustic sensors utilizing
a photonic crystal film as the acoustic-sensitive film, analyzing its displacement sensitivity,
and proposing an electromechanical model for the sensor. Recently, Zhang et al. [7]
proposed a four-wavelength demodulation technology for F-P acoustic sensors, resulting in
a higher noise ratio in the demodulated signal. These studies primarily focused on sensor
and algorithm design and the front-end and back-end research in the sensing system but
rarely discussed the sensing link and its signal-to-noise ratio.

The signal-to-noise ratio is a crucial performance metric for acoustic transmission
systems [8,9]. The algorithm demodulation of the fiber optic F-P acoustic sensor system
is based on the optimization of the acoustic signal output by the system. The acoustic
signal is mainly affected by the sensing link and devices, thus forming the foundation of
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the optimization of the demodulation algorithm. Additionally, when building a fiber optic
sensor system, the impact of device parameters on the signal-to-noise ratio is often not clear,
leading to higher selection costs. Predicting the output signal-to-noise ratio level during
the selection stage can greatly reduce costs and facilitate the development of a high-cost
performance fiber optic F-P acoustic sensor system.

Therefore, this study analyzed the noise of the optical path components, considered the
path loss, and proposed a signal-to-noise ratio model for a fiber optic acoustic sensor system
based on the F-P cavity structure. This model can quantify the system components and
directly predict the signal-to-noise ratio, providing theoretical support and optimization
directions for the study of fiber optic F-P sensor systems. Starting from the cavity length
modulation principle of the F-P cavity, this paper addresses the influence of various factors
on the signal-to-noise ratio, providing valuable insights for future research in this field.

2. Theoretical Analysis

The fiber optic F-P acoustic sensing system (shown in Figure 1) uses an ASE laser
emitting 1550 nm light that travels through a circulator to reach the F-P acoustic sensor.
When acoustic vibration displaces the acoustic-sensitive membrane at one end of the F-P
cavity, the cavity length between the end face of the optical fiber in the F-P cavity and the
membrane is modulated. This modulation is converted into an optical signal, which is
then detected by a photodetector and demodulated to restore the sound signal. The laser,
photodetector, F-P acoustic sensor, and optical fiber line in the acoustic sensing system
collectively affect the sound transmission. However, the F-P cavity’s sound transmission
structure is the core of the system, directly affecting signal reception and modulation.
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Figure 1. Fiber optic F-P acoustic sensing system.

Figure 2 shows the schematic diagram of the fiber optic acoutisc sensor based on the
F-P structure. When there is no sound wave pressure, the sound-sensitive film remains
still, and the length of the cavity remains unchanged. The light beam undergoes multiple
reflections and transmissions within the F-P cavity, which ultimately produces interference
fringes on the spectrum. However, high-order reflections result in significant energy
loss and the end faces have low reflection coefficients; thus, the intensity of high-order
reflections can be neglected. Consequently, the interference model in the F-P cavity can be
approximated as a two-beam interference model [10]:

I(λ) = I1 + I2 + 2
√

I1 I2 cos
4πL

λ
(1)
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where I(λ) is the interference light intensity reflected to the end face of the fiber, I1 is
the reflection light intensity of the fiber end face, I2 is the reflection light intensity of the
sound-sensitive film, and L is the length of the cavity. Differentiating the above equation
considering the cavity length yields [10]:

∆I(λ) = −
8π
√

I1 I2

λ
sin

4πL
λ

∆L (2)

Equations (1) and (2) show that the deformation of the film caused by the sound wave
causes a change in cavity length ∆L, which modulates the output interference signal.
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3. Signal-to-Noise Ratio Model

The signal-to-noise ratio (SNR) is a crucial metric for measuring audio quality in
audio-related systems. In an acoustic sensor system, SNR is defined as the ratio of the
output sensitivity under a 1 kHz sinusoidal output to the A-weighted noise in the audio
frequency [11]. Based on the structural characteristics and sound sensing mechanism of the
F-P cavity discussed in the previous section, it is evident that the diaphragm sensitivity
(measured in nm/Pa) of the sound-sensitive film directly impacts the degree of cavity
length change. Furthermore, diaphragm sensitivity is also an essential parameter for
measuring the fiber optic F-P sensor. By substituting the diaphragm sensitivity into the
SNR equation, we can obtain:

SNR = 20 log10
Saco

NED
(3)

The diaphragm sensitivity of the sound-sensitive film in the F-P cavity is denoted by
Saco, and NED is the equivalent noise displacement, which represents the film displacement
equivalent to the system’s output noise. NED can be calculated based on the optical line
and optical noise, where the noise of the optical path can be expressed as the current signal
after photodiode conversion. Therefore, the current signal-to-noise ratio can be obtained
after photodiode conversion:

SNRPD =
i2s

i2shot + i2RIN
=

i2s
2qisB + 1

2 10
RIN
10 i2s B

(4)

Here, is = η·PPD represents the electrical signal obtained by converting the optical
signal reflected by the F-P cavity into an electrical signal. η is the sensitivity of the pho-
todiode (PD), while PPD represents the optical power entering the PD. The path loss of

PPD = 10
(PASE−L)

10 (mW) is mainly caused by the fiber optic F-P acoustic sensor, photoelectric
converter, and optical path loss. The effective reflectivity of the light is related to the optical
path loss, and it is affected by the film material, manufacturing process, and packaging
process of the F-P cavity probe. i2shot is the shot noise current generated by the random
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noise caused by the impact of photocarriers on the PD. i2RIN is the relative intensity noise
(RIN) current of the light source.

Assuming the diaphragm displacement is d, the signal-to-noise ratio produced by the
diaphragm deformation can be expressed as follows:

SNRd = SNRPD·
(

2d
λ

)2
(5)

Based on the concept of equivalent noise, when the signal and noise are equal, the
signal can be equivalent to the noise output, so that SNRd = 1 can be deduced from
NED as:

NED =
λ

2
√

SNRPD
(6)

By combining Equations (3)–(5), the signal-to-noise ratio can be expressed as:

SNR = 20log10
2·is·Saco

λ

√
2qisB + 1

2 10
RIN
10 i2s B

(7)

4. Experimental Results and Discussion
4.1. Experiments Setup

In Figure 3, a schematic diagram of the experimental setup for the fiber optic F-P
acoustic sensing system is presented. Acoustic testing requires a strict anechoic environ-
ment [11] to ensure accurate signal-to-noise ratio measurements. To avoid external noise
interference, the experiment was conducted in a semi-anechoic chamber (ABTEC, 15 dB),
with the speakers (GENELEC, SAM8040), acoustic transducers, and standard electrical
microphones (ABTEC, AX-MIX 01) placed inside. The sound field emitted by the speaker
was hemispherical, and the fiber optic F-P acoustic sensor was placed at the same dis-
tance from the speaker as the standard electrical microphone. Both were symmetrical
along the speaker’s central axis to ensure consistent sound pressure measurements. The
signal-to-noise ratio experimental test system consisted of an ASE wide-spectrum light
source, a circulator, a photoelectric converter, and a fiber optic F-P acoustic sensor. The
light emitted by the light source entered the fiber optic F-P acoustic sensor through the
circulator. After the acoustic wave was modulated by the sensor, the returned interference
light was converted into an electrical signal by the photoelectric converter and connected
to the audio analyzer for measurement and analysis.

In acoustic testing, a sine standard signal of 1 kHz is usually used. To measure the
signal-to-noise ratio, first the signal generator (SG) that controls the stereo is turned on.
Next, the output voltage of the system is recorded at different sound pressures, and the
acoustic response sensitivity Svol is obtained within the linear range. Then, the SG is turned
off, the system’s noise voltage output Vn is recorded, and finally, the values are substituted
into the following equation to obtain the signal-to-noise ratio:

SNR = 20log10
Svol
Vn

(8)

From Equation (7), it is known that different optical powers lead to different system
signal-to-noise ratio outputs for a fixed device. The optical power was adjusted during the
test to facilitate comparison with the model simulation results.

Figure 4 depicts the output voltage of the fiber optic F-P acoustic sensing system at
11 different laser powers, compared to a standard electrical microphone with a sensitivity
of 45 mV/Pa. When increasing the sound pressure, if the voltage no longer increases
or even decreases, it indicates that the system output is out of the linear range and this
part of the output should not be taken into account. It is evident that as the input optical
power increased, the acoustic response sensitivity Svol also increased. However, the linear
range became smaller at high optical powers. Figure 5 shows the output voltage of the
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sensing system when there is no sound, which can be considered as the inherent noise Vn
of the system. Increasing the optical power also led to an increase in scattered noise, which
increased the overall system noise [12]. After substitution into Equation (8), the obtained
signal-to-noise ratio was compared with the model simulation results in Figure 6.
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The acoustic response sensitivity was also used to determine the membrane sensi-
tivity of the fiber optic F-P acoustic sensor. The fiber optic F-P acoustic sensor used here
approximates a double-beam interferometer. In this case, the measured acoustic response
sensitivity can be expressed by the following equation [4,13]:

Svol = <·I0·S·Saco (9)

where < is the responsivity of the photoelectric converter, I0 is the optical power of the light
source entering the photoelectric converter at the operating point, Saco is the membrane
sensitivity that changes under the influence of sound pressure, and S is the normalized
intensity change generated by membrane vibration [13], which can be expressed as:

S =
d(I/I0)

dL
= 2

√
R1R2

4π

λ
(10)

In the acoustic test system, the sensor used in this paper is a MEMS silica diagram, a
1.9 × 1.9 mm square diaphragm with a film thickness of 400 nm and a 5-ring sensitization
structure. R1 = 2.1% is the reflectance of the fiber end and R2 = 5.9% is the reflectance of
the membrane; the responsivity of the photoelectric converter is < = 8.4× 105 V/W, and
the path loss from the light source to the photoelectric converter is 17 dB. The membrane
sensitivity calculated from the acoustic response sensitivity under different light source
power outputs is shown in Table 1.
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Table 1. Results of membrane sensitivity test.

P (dBm) Svol (V/Pa) Saco (nm/Pa)

3.04 4.8223 250.3405
2.18 3.5056 236.6855
1.335 2.7953 237.4239
0.51 2.1402 245.7801
−1.49 1.5261 251.2925
−2.25 1.2625 246.6651
−3.59 0.9357 248.5624
−4.68 0.7248 246.2618
−5.56 0.5979 248.3989
−6.61 0.4718 250.2916
−7.627 0.3752 251.5058

Taking the average of 11 sets of membrane sensitivity values, the actual membrane
sensitivity of the fiber optic F-P acoustic sensor probe was determined to be 246.6553
nm/Pa. This result represents the actual performance of the sensor.

4.2. Comparison of SNR Model to Experiment

According to Equation (7), we know that the device main parameters originate from
the ASE laser, the F-P acoustic sensor, and the PD. The key parameters of the fiber optic
acoustic sensor, Saco, and the loss of the optical path were given as test results in the
previous section. The parameters of the light source and PD can be obtained by testing
with professional instruments, and the specific parameters are shown in Table 2.

Table 2. Simulation parameters.

Parameter Symbol Value

Wavelength λ 1550 nm
Relative Intensity Noise RIN −125 dBc/Hz
Membrane Sensitivity Saco 246.66 nm/Pa

Detector Sensitivity η 1 A/W
Bandwidth B 50 kHz

Elementary Charge q 1.6× 10−19C
Loss L 17 dB

To verify the correctness of the model, a MATLAB simulation was performed by
substituting the parameters of the signal-to-noise ratio measurement system into the
model with the light source output power as the variable, and the simulation results
were compared with the actual experimental results.

The fiber optic F-P acoustic sensing system showed consistent signal-to-noise ratios
between the experimental and simulated results within a specific light power range. The
maximum error observed was 2.52% at 2.05 dBm, with a minimum difference of only
0.06 dB and a maximum difference of 0.35 dB. However, as the light power increased,
the signal-to-noise ratio improvement gradually decreased. The photodiode was found
to be in a saturation state at the maximum light power, resulting in increased nonlinear
noise with further light power input. This led to decreased output signal-to-noise ratios.
Due to the experimental environment’s limitations, the semi-anechoic chamber could not
eliminate noise completely. Therefore, acoustic measurements require a strictly silent envi-
ronment, and the sensor’s sensitivity is affected by the fluctuation caused by environmental
influences [14,15].

5. Conclusions

This study conducted a theoretical analysis of the structure of a fiber optic F-P acoustic
sensor and established a signal-to-noise ratio model based on the F-P cavity and the sensing
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component. The experimental results of the signal-to-noise ratio are in good agreement with
the simulation results of the model, which has been optimized. The maximum error of the
signal-to-noise ratio model was only 2.52%, and it can effectively predict the signal-to-noise
ratio of the fiber optic F-P acoustic sensing system.

The signal-to-noise ratio model developed in this study provides a better understand-
ing of the bottlenecks in signal transmission so that methods of optimization can be found.
When building or optimizing an optical fiber F-P acoustic sensing system and using this
model for prediction, people can choose devices with a higher signal-to-noise ratio or
more cost-effective light sources, PDs, etc. when considering the cost. In further research,
the noise brought by the amplification gain after PD and the more complex system link
can be considered. The model can also be further refined by analyzing the parameters of
different components.
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