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Abstract

:

A sinusoidal phase modulation laser interferometer is proposed to detect water surface acoustic waves excited by underwater acoustic radiation, and an improved PGC-Arctan demodulation algorithm that combines prenormalization and Lissajous ellipse fitting is proposed to demodulate detection signals. In this paper, the effects of phase modulation depth, carrier phase delay, and interference signal visibility on the Lissajous figure formed by quadrature interference components are analyzed. The demodulation algorithm first uses the amplitudes of multiple Fourier spectral components of an interference signal to calculate the phase modulation depth C, and calculation of the carrier phase delay Vc is achieved through the introduction of a quadrature carrier signal. Then, certain coefficients regarding C and Vc are constructed for prenormalization of the two quadrature interference signal components to eliminate the local nonuniform widening phenomenon of Lissajous ellipse. Next, the outer and the inner contours are extracted from a uniformly widened Lissajous ellipse resulting from light intensity disturbance, and the axial ratio of the ellipse is obtained, which is used to correct the ratio of the quadrature interference signal to eliminate the effect of filter gain coefficients. At last, through the combination of an Arctan algorithm and a phase-unwrapping algorithm, high-precision demodulation of the interference signal is realized. A sinusoidal phase modulation interferometer was set up to detect water surface acoustic waves, and a series of detection experiments were carried out. The experiment results show that the detection method and demodulation algorithm described in this paper can accurately realize the measurement of weak water surface acoustic waves. The proposed algorithm shows less distortion in demodulation results, and its signal-to-noise distortion ratio is less than 20 dB at 500 Hz, which is significantly better than traditional algorithms. The experimental results demonstrate the effectiveness and accuracy of water surface acoustic wave detection using sinusoidal phase modulation interferometer.
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1. Introduction


After an underwater acoustic wave reaches the water–air interface, a surface wave with the same frequency is formed due to the large difference in acoustic impedance between water and air, and is called a water surface acoustic wave [1,2]. A water surface acoustic wave excited by underwater acoustic radiation contains information of the underwater radiation source, and its propagation characteristics are intimately linked with the viscosity of water medium and the surface tension of water. Therefore, detection of such water surface acoustic waves is of great significance. The amplitude of a water surface acoustic wave is generally on nanometer level, and laser is the best carrier to detect such weak nanometer-scale displacement as it has a working wavelength in the submicron to micron range.



Currently, the optical detection methods of such weak water surface waves are mainly divided into optical intensity modulation method [3], light scattering method [4], laser Doppler interference method [5,6,7,8], and optical diffraction method [9,10,11]. Some of these detection methods have been applied to the detection of physical properties of media, such as in the study of surface tension, viscosity of medium, and molecular motion; some have been used in the detection of underwater acoustic information. The laser Doppler interference method, due to its advantages of high speed and high resolution, has gained increasing attention from researchers and has become a mainstream technique for water surface acoustic wave detection. For example, Antonelli and Blackmon [12,13,14] first proposed the use of a laser Doppler vibrometer based on the principle of laser interferometry for the detection of water surface acoustic waves, and achieved underwater signal acquisition in a laboratory setting. Farrant et al. [15] used a quadrature homodyne interferometer to detect water surface acoustic waves in a large swimming pool and applied it to water bathymetry. Zhao et al. [16] conducted detection experiments on water surface acoustic waves induced by underwater acoustic radiation using a Michelson interferometer and analyzed the time–frequency characteristics of signals using wavelet transforms and Wigner–Ville distributions. We [17] also proposed a demodulation approach based on turning-point local signal processing using a homodyne laser interferometer for the detection of water surface acoustic waves. At present, use of the laser Doppler interferometer method is limited to the detection of frequency information of underwater acoustic waves in most cases. Because of fluctuations of light echo power, it is a difficult task to realize accurate demodulation of underwater acoustical intensity.



The action of nanoscale surface waves on laser beams is manifested as a weak phase modulation effect. Hence, it is necessary to use laser Doppler interferometer to detect water surface acoustic waves and to achieve high-resolution and stable phase demodulation of interference signals. Combining a sinusoidal phase modulation laser interferometer with a PGC demodulation algorithm to realize phase demodulation of interference signals has proven to be a very effective method to measure weak displacements in recent years. PGC demodulation methods are mainly divided into two types: arctan phase demodulation [18] and differential cross-multiplication (DCM) demodulation [19]. In all these PGC-based demodulation algorithms, a carrier signal and its second harmonic signal are mixed with the original interference signal. Then, through low-pass filtering, two quadrature interference signal components are generated. Subsequently, restoration of the measurement information is realized by applying different phase demodulation techniques to the two components. These two types of demodulation algorithms both have their own advantages: the PGC-Arctan algorithm is not affected by the visibility of interference fringes, but its demodulation results have relatively high harmonic distortion; the PGC-DCM algorithm, as the earliest phase demodulation algorithm, has lower harmonic distortion in demodulation results, but is relatively sensitive to factors such as light intensity disturbances. PGC demodulation often causes nonlinear errors because of variation of laser interference signal parameters, such as visibility of interference fringes, light intensity disturbance, instability of phase modulation depth, and carrier phase delay. To address these problems, more and more PGC demodulation algorithms have been developed by scholars. For example, a PGC-RCM algorithm based on DCM phase demodulation that can eliminate the effect of light intensity disturbance was proposed by Zhang et al. [20], and to eliminate the effect of phase modulation depth on phase demodulation, they proposed another algorithm called PGC-AD-RCM [21]. He et al. [22] proposed a PGC-DSM-DCM algorithm with low harmonic distortion and high stability. Yu et al. [23] proposed a PGC-SDD algorithm to address the demodulation distortion problem caused by light intensity disturbance and deviation of phase modulation depth.



In this paper, a sinusoidal phase modulation laser interferometer is applied to the detection of water surface acoustic waves excited by underwater acoustic waves. Due to the existence of various fluctuations of different mechanisms, scales, and wavelengths on natural water surface, the echo power of the detection light of a laser interferometer is always characterized by significant fluctuations, which in turn cause variations of interference signal visibility. In addition to variations of signal visibility, the variations of phase modulation depth and other factors will result in large phase demodulation errors in conventional PGC demodulation, which is unfavorable to the demodulation of underwater acoustic wave intensity information. In this paper, we propose a quadrature interference signal pair prenormalization method based on the extraction of axial length ratio of a Lissajous ellipse. The use of normalized quadrature interference signal pairs enables accurate phase demodulation of interference signals, so as to realize the detection of acoustic waves on water surface.




2. Principle of Water Surface Acoustic Wave Detection Using a Laser Interferometer


In this paper, a sinusoidal phase modulation interferometer (SPMI) based on the Michelson interferometer structure is used to detect weak water surface acoustic waves, as shown in Figure 1. A frequency-stabilized laser beam generated by a He–Ne laser passes through a polarizer (P) and a quarter-wave plate (Q) before it is divided into two beams, called measurement light and reference light, in a beam splitter (BS). Then, the reference light passes through an electro-optic phase modulator (EOM) and is reflected to the beam splitter by a reflector, and the measurement light reaches the water surface and is reflected by it to the beam splitter. The two laser beams meeting in the beam splitter generate an optical mixing signal. A photodetector converts the optical mixing signal into an electrical signal, which is then demodulated using the phase-generated carrier (PGC) demodulation algorithm to obtain a water surface acoustic wave signal. An electro-optic phase modulator is used to modulate the reference light to generate a high-frequency carrier, which is helpful for the demodulation of the detection signal.



Assuming the water surface acoustic wave is S(t) and has sinusoidal waveform:


  S  t  =  A s  sin    Ω s  t +  φ s     



(1)




where As is the amplitude of the water surface acoustic wave, Ωs is the vibration frequency of the water surface acoustic wave, and φs is the initial phase of the vibration of the water surface acoustic wave.



It is assumed that the carrier wave is sinusoidal, the phase modulation depth is C, the carrier frequency is Ωc, and the carrier initial phase is negligible. Then, the interferometric signal SI(t) output of the SPMI has the following form:


   S I   t  =  A 0  +  B 0  cos   C cos    Ω c  t   + φ  t     



(2)




where A0 is the DC component related to light intensity, which can be eliminated by mean filtering. B0 is the amplitude of the AC component of the interference signal. Usually, B0/A0 is called the visibility of the interference signal, and to facilitate description, this paper directly refers to B0 as the visibility-related coefficient. φ(t) is the phase difference of two laser beams which indicates the water surface acoustic wave and has the following form:


  φ  t  = 2 k S  t  + 2 k  A e  sin    Ω e  t +  φ e    +  L 0  .  



(3)




where k is the wave number of the laser beam; Ae, Ωe, and φe are the amplitude, frequency, and initial phase of low-frequency environmental disturbance, respectively; and L0 is the phase difference generated by the initial optical path difference between the reference arm and the measurement arm. Using the Bessel-function-related formulas and trigonometric functions, Equation (2) can be decomposed as follows:


      S I   t  =    A 0  +  B 0    cos φ  t     J 0   C  + 2   ∑  m = 1  ∞       − 1    m   J  2 m    C  cos   2 m  Ω c  t                 + sin φ  t    2   ∑  m = 1  ∞       − 1    m   J  2 m − 1    C  cos     2 m − 1    Ω c  t              



(4)




where the symbol J represents Bessel function of the first kind and m is the order of the Bessel function Jm. By mixing the interference signal with the carrier signal cos(Ωct) and the second harmonic carrier signal cos(2Ωct) followed by low-pass filtering, a pair of in-phase and quadrature interference signal components can be obtained. They have the following forms:


        Q  t  = −  E 1   B 0   J 1   C  cos    V c    sin φ  t        I  t  = −  E 2   B 0   J 2   C  cos   2  V c    cos φ  t         



(5)




where Vc is the carrier phase delay, representing the phase difference between the sampled carrier excitation signal and the actual carrier signal generated by the phase modulator. E1 and E2 are the filter gain coefficients. For the unknown parameters E1, E2, B0, C, and Vc, it is not necessary to solve them completely, and eliminating their effects will be enough. Generally speaking, the carrier phase delay Vc remains unchanged, but may also change slowly due to factors such as power fluctuations of the modulator and performance variations of electronic devices. The filter gain coefficients also vary among different filter settings. However, neglecting these factors often results in large nonlinear demodulation errors. For example, the phase modulation depth C of the interferometric signal should keep to 2.63 rad precisely to make J2(C) equal to J1(C) for the PGC-Arctan algorithm. But the influence on phase demodulation caused by nonideal signal parameters such as difference of filter gain, carrier phase delay, and the like were not taken into account in the conventional PGC-Arctan algorithm, so the quadrature interference signal components cannot have the same amplitude, which results in an obvious nonlinear demodulation error.




3. PGC-Arctan Demodulation Based on Prenormalization and Lissajous Ellipse Fitting


To eliminate nonlinear errors caused by variations in parameters such as carrier phase delay, filter gain coefficients, and phase modulation depth during phase demodulation, the Lissajous ellipse normalization method is commonly used [23]. However, this method requires the use of a pair of quadrature interference signal components with stable amplitude. When the in-phase and quadrature signal components used generate a stable Lissajous ellipse, it is easy to extract the major and minor axes’ lengths of the Lissajous figure by ellipse fitting, and then realize amplitude normalization of the quadrature interference signal components. In this paper, a sinusoidal phase modulation interferometer (SPMI) is used to detect water surface acoustic waves. Since the laser interferometer system used in this paper is made up of discrete components that employ a free-space laser beam to detect a measured surface, the measurement light is reflected from a water surface, which may cause fluctuations in optical power. Therefore, the intensity of the measurement light will inevitably fluctuate so that there are fluctuations in the interference signal visibility, that is, the visibility-related coefficient B0 of the interference signal changes greatly, making it impossible to form a normal Lissajous ellipse with the pair of quadrature components generated by such interference signal. The PGC-Arctan algorithm can eliminate the visibility-related coefficient B0 caused by optical power instability in principle because of the division operation of quadrature interference signal components. In other words, the demodulation algorithm based on PGC-Arctan can naturally eliminate the influence of optical power instability. Therefore, an improved PGC-Arctan algorithm called the prenormalized PGC-Arctan algorithm is proposed to eliminate the nonlinear error in phase demodulation caused by the carrier phase delay, variation of phase modulation depth, and filter gain coefficients. Furthermore, it can adapt to drastic changes in the visibility-related coefficient B0 of an interference signal.



3.1. The Estimation Algorithm for Phase Modulation Depth


It is very helpful to identify the value of phase modulation depth C of an interference signal to eliminate the nonlinear error of phase demodulation. The phase modulation depth is mainly determined by factors such as the half-wave voltage of the phase modulator, the intensity of the driving signal, and the amplification gain of the amplifier. In a practical system, the phase modulation depth changes slowly due to the instability of the above factors. If changes of the phase modulation depth are neglected, large phase errors may occur during PGC demodulation. By taking the quadrature interference signal component I(t) as the horizontal coordinate axis and the in-phase interference signal component Q(t) as the vertical coordinate axis, a Lissajous figure can be constructed. It is assumed that the signal-visibility-related coefficient B0 and carrier phase delay Vc are constant in Equation (5), and other parameters are determined by referring to the characteristics of measured signals. The waveforms of functions J1(C) and J2(C) in the range of independent variable C from 0 to 4 rad are shown in Figure 2a, and the effects of different phase modulation depths on the Lissajous figure are shown in Figure 2b–d.



From Figure 2b–d, it can be observed that the Lissajous ellipse shows obvious nonuniform local widening. If such widening is neglected, the PGC demodulation results will produce nonlinear errors. This local widening phenomenon is related to the properties of the Bessel function. From Figure 2a, when C is less than 2.63 rad, the value of J1(C) is greater than that of J2(C) and the major axis of the ellipse is in the Q(t) direction. When C is less than 4 rad and greater than 2.63 rad, the value of J2(C) is greater than that of J1(C) and the major axis of the ellipse is in the I(t) direction. When C is near 1.84 rad, J1(C) changes slowly. Therefore, as shown in Figure 2b, there is a broadening phenomenon in the I(t) direction. Similarly, when C is near 3.06 rad, J2(C) changes slowly. Thus, as shown in Figure 2d, there is a broadening phenomenon in the Q(t) direction. When C is around 2.63 rad, the J1(C) change is approximately the J2(C) change. Thus, as shown in Figure 2c, the I(t) direction and the Q(t) direction are broadened at the same time. If the phase modulation depth can be calculated in real time or quasi real time (since the value of C changes slowly), the amplitudes of the quadrature signal components can be easily corrected (or normalized); meanwhile, demodulation errors due to changes in phase modulation depth can be eliminated.



To eliminate the effect of the fluctuations of phase modulation depth on the demodulation results and to monitor the value of the phase modulation depth, it is necessary to develop the algorithm to accurately identify it in quasi real time. To further observe and analyze the characteristics of SPMI signal spectrum distribution, Equation (4) can be further decomposed. Let A(Ω) represent the amplitude of the frequency component Ω, and the amplitudes of components of NΩe, NΩe + Ωc, NΩe + 2Ωc, and NΩe + 3Ωc are denoted as follows:


       A   N  Ω e    = 2   cos    L 0  +  N 2  π    B 0   J 0   C   J 0     C s     J N     C e          A   N  Ω e  +  Ω c    = 2   sin    L 0  +  N 2  π    B 0   J 1   C   J 0     C s     J N     C e          A   N  Ω e  + 2  Ω c    = 2   cos    L 0  +  N 2  π    B 0   J 2   C   J 0     C s     J N     C e           A   N  Ω e  + 3  Ω c    = 2   sin    L 0  +  N 2  π    B 0   J 3   C   J 0     C s     J N     C e             



(6)




where Ce represents the phase modulation depth of low-frequency environmental disturbance in the interference signal, Cs represents the phase modulation depth of water surface acoustic waves in the interference signal, and Cs = 2kAs.



When Ce is a large number, the number of effective components in the interference signal with frequencies of NΩe, NΩe + Ωc, NΩe + 2Ωc, and NΩe + 3Ωc is relatively large. Therefore, the number of extractable components whose amplitudes can be clearly distinguished from noise is also relatively large. Assuming the number of effective frequency components is Ne, the following set of equations can be obtained:


        ∑  N = 1    N e     A   N  Ω e      = 2 | cos (  L 0  +  N 2  π )  B 0   J 0   C   J 0     C s    |   ∑  N = 1    N e     |  J N  (  C e  ) |         ∑  N = 1    N e     A   N  Ω e  +  Ω c      = 2 | sin (  L 0  +  N 2  π )  B 0   J 1   C   J 0     C s    |   ∑  N = 1    N e     |  J N  (  C e  ) |         ∑  N = 1    N e     A   N  Ω e  + 2  Ω c      = 2 | cos (  L 0  +  N 2  π )  B 0   J 2   C   J 0     C s    |   ∑  N = 1    N e     |  J N  (  C e  ) |         ∑  N = 1    N e     A   N  Ω e  + 3  Ω c      = 2 | sin (  L 0  +  N 2  π )  B 0   J 3   C   J 0     C s    |   ∑  N = 1    N e     |  J N  (  C e  ) |        



(7)







To calculate phase modulation depth C, two parameters called attenuation ratios are defined as follows:


       R 1  =     ∑  N = 1    N e     A   N  Ω e  + 2  Ω c          ∑  N = 1    N e     A   N  Ω e        =   |  J 2   C  |   |  J 0   C  |        R 2  =     ∑  N = 1    N e     A   N  Ω e  + 3  Ω c          ∑  N = 1    N e     A   N  Ω e  +  Ω c        =   |  J 3   C  |   |  J 1   C  |       .  



(8)







From Equation (8), the attenuation ratios R1 and R2 are both the function of the phase modulation depth C. If the values of the attenuation ratios can be obtained, then the phase modulation depth can be easily determined from the function relationship. According to the properties of Bessel function of the first kind, the function R1(C) is monotonically increasing in the interval [0, 2.405] and monotonically decreasing in the interval [2.405, 3.832]. Therefore, a singularity occurs in the inverse computation of the values of C by R1(C) when it is close to 2.405. On the other hand, the function R2(C) is a monotonically increasing function in the interval [0, 3.832]. However, given that the amplitude of the NΩe + 3Ωc frequency component is very small, using the function R2(C) for inverse calculation of C values may lead to significant errors. Therefore, to obtain C values more accurately, a rough estimate of the C value is first determined using R2(C). If C < 2.405, then the inverse calculation of C values is performed using R1(C) in the interval [0, 2.405]. Conversely, if C > 2.405, then the inverse calculation of C values is carried out using R1(C) in the interval [2.405, 3.832].



The phase modulation depth estimation algorithm is shown in Figure 3. The amplitude of each frequency component of the interference signal is obtained using the fast Fourier transform (FFT). The effective low-frequency components of the interference signal, including NΩe, NΩe + Ωc, NΩe + 2Ωc, and NΩe + 3Ωc, are extracted according to the spectrum threshold. The sums of their amplitudes, i.e., A(NΩe), A(NΩe + Ωc), A(NΩe + 2Ωc) and A(NΩe + 3Ωc), are calculated, so as to derive the attenuation ratios R1 and R2. Subsequently, R2(C) is used to roughly estimate the magnitude of C. Then, R1(C) is employed for precise determination of C. Finally, the variation in phase modulation depth is obtained through an iterative method.




3.2. The Estimation Algorithm for Carrier Phase Delay


In general, the carrier phase delay changes slowly and can be approximated as a constant. If the carrier phase delay is not taken into account, it will also produce errors in the demodulation results. In some cases, the carrier phase delay can change vary obviously, for example, if the carrier signal in the optical path and the sampled carrier signal are not generated by the same clock. From Equation (5), carrier phase delay Vc has a significant effect on the amplitudes of quadrature interference signal components, so it is also very important to identify its value. After obtaining the value of carrier phase delay, the carrier phase delay can be eliminated by adjusting the phase of the sampled carrier signal. It is simpler to construct cos(Vc) and cos(2Vc) directly from the obtained value of carrier phase delay, and then normalize the amplitudes of the quadrature interference signal components.



The carrier phase delay can be identified directly by the algorithm. The carrier signal cos(Ωct) is shifted by 90° to obtain the quadrature carrier signal sin(Ωct), which is then mixed with the interference signal SI(t) and receives low-pass filtering. The processed signal is thus obtained as follows:


   Q 2   t  = −  E 1   B 0   J 1   C  sin    V c    sin φ  t  .  



(9)







Combining Equations (5) and (9), the following can be obtained:


   V c  = Arc tan    Q 2   t    Q  t    .  



(10)







After dividing Q2(t) by Q(t), signal sequence Vc(t) can be derived through arctangent calculation, and median filtering can be used to eliminate outliers. In order to prevent occurrence of new filter gain coefficients, the mixed signals that generate signals Q2(t) and Q(t) must pass through the same filter.



The carrier phase delay estimation algorithm is shown in Figure 4. First, the carrier signal cos(Ωct) is phase-shifted by 90° to generate the quadrature carrier signal sin(Ωct). Then these signals are mixed with the interference signal, respectively, pass through the same low-pass filter, and are used to generate signals Q2(t) and Q(t). Finally, the carrier phase delay can be determined by arctangent calculation of the ratio of the two signals followed by median filtering.




3.3. The PGC-Arctan Demodulation Algorithm Based on Prenormalization and Lissajous Ellipse Fitting


The phase modulation depth C and the carrier phase delay Vc can be determined by using the algorithms described above, and then the quadrature interference signal components Q(t) and I(t) can be prenormalized. Let the quadrature signal component Q(t) be divided by J1(C) × cos(Vc) and the in-phase signal component I(t) be divided by J2(C) × cos(2Vc), and a pair of processed quadrature signals can be obtained as follows:


        q  t  = −  E 1   B 0  sin φ  t        i  t  = −  E 2   B 0  cos φ  t        .  



(11)







The sum of the self-multiplications of the quadrature signal components q(t) and i(t) can be expressed as


       E 1   B 0  sin φ  t     2  +      E 2   B 0  cos φ  t     2  =  v 2  .  



(12)




where v is a variable related to the size of the Lissajous ellipse. For laser interferometric detection of noncooperative targets, the optical power of measurement light always has large fluctuations, which in turn lead to significant fluctuations of the signal-visibility-related coefficient B0. As a result, the parameter v changes constantly under the joint influence of time t and the signal-visibility-related coefficient B0.



To facilitate presentation, Equation (12) is rewritten as


  (    E 1   B 0   v   ) 2  sin φ    t   2  + (    E 2   B 0   v   ) 2  cos φ    t   2  = 1  



(13)







Based on the standard elliptic equation form given in Equation (14), the lengths of the major and minor axes of the Lissajous ellipse formed by the quadrature components q(t) and i(t) can be defined with Equation (15).


       1   L a       2   x 2  +      1   L b       2   y 2  = 1 ,  



(14)






       L a  =  v   E 1   B 0         L b  =  v   E 2   B 0        .  



(15)







In theory, when the signal-visibility-related coefficient B0 is constant and the quadrature components are prenormalized to eliminate the effect of nonideal carrier phase delay and phase modulation depth, the Lissajous ellipse formed by the quadrature components can be a standard ellipse. However, in practice, the signal-visibility-related coefficient B0 fluctuates in a certain range, which causes the Lissajous figure to be an elliptic ring with a certain width, and the ring width is affected by the signal-visibility-related coefficient, as shown in Figure 5.



For PGC-Arctan-based algorithms, it is very important to know the ratio of the filter gain coefficients, denoted as E2/E1. By observing Equation (15), it can be concluded that the ratio E2/E1 is equal to the ratio La/Lb, as shown in Equation (19). That means that if the axial ratio of the Lissajous ellipse can be calculated, the ratio E2/E1 can also be determined. According to Figure 5b, the major and the minor axes’ lengths of the inner contour ellipse are proportional to those of the outer contour ellipse. The outer contour ellipse of the Lissajous figure corresponds to the maximum value of the signal-visibility-related coefficient B0, while the inner contour ellipse corresponds to the minimum value of B0. During observation, the signal-visibility-related coefficient B0 always varies in a certain range, and the signal-visibility-related coefficients corresponding to the outer contour ellipse and the inner contour ellipse remain basically unchanged. To determine the ratio La/Lb more accurately, both the outer contour ellipse and the inner contour ellipse are fitted. The general equation for an ellipse has five parameters: the ellipse’s center coordinates (i0,q0), major axis length La (horizontal coordinates by default), minor axis length Lb (vertical coordinates by default), and the angle of rotation Φ of the coordinate axes.



In this paper, the least-squares method [24] is used to achieve fitting of the inner and the outer contour ellipses of the Lissajous figure. First, the inner and the outer contour points are extracted from the Lissajous figure generated by the quadrature signal components, and then the least-squares method is applied to the inner and the outer contour points to achieve ellipse fitting. To improve the fitting accuracy, the distances from the contour points to the fitted ellipses can be used to determine abnormal points. The standard deviation σ of the distance values from the contour points to the ellipses is calculated, and a 3σ criterion is used to identify noise points. After the noise points are removed, the inner and outer contour ellipses are refitted.



The ellipse-fitting method used in this paper is briefly described below. In a two-dimensional coordinate system, assuming the horizontal coordinate is i and the vertical coordinate is q, a normalized parametric equation of an ellipse can be written as


   i 2  + a i q + b  q 2  + c i + d q + e = 0 .  



(16)




where, a, b, c, d, and e are the coefficients of elliptic equation. For each point (ik, qk) in the Lissajous figure, a linear equation with respect to the vector [a b c d e]T can be obtained. For n points, the equations can be written in the following matrix form:


         i 1   q 1         q 1   2       i 1       q 1     1       i 2   q 2         q 2   2       i 2       q 2     1     ⋮   ⋮   ⋮   ⋮   ⋮       i n   q n         q n   2       i n       q n     1           a     b     c     d     e      = −          i 1   2           i 2   2       ⋮         i n   2        .  



(17)







As can be seen, Equation (17) is a typical matrix equation. The solution vector [a b c d e]T can be easily obtained by the singular value decomposition method. Then, the ellipse’s center coordinates (i0,q0), the horizontal axis length La, the vertical axis length Lb, and the angle of rotation Φ of the coordinate axes can be calculated as


       i 0  =   a d − 2 b c   4 b −  a 2         q 0  =   a c − 2 d   4 b −  a 2         L a  =     2 (    i 0   2  + b    q 0   2  + a  i 0   q 0  − e )   1 + b +    a 2  +  b 2  − 2 b + 1            L b  =     2 (    i 0   2  + b    q 0   2  + a  i 0   q 0  − e )   1 + b −    a 2  +  b 2  − 2 b + 1           ϕ =  1 2  arctan (  a  1 − b   )     .  



(18)







After the inner and the outer contour ellipses are fitted, the axial length ratios of the inner and the outer contour ellipses can be obtained, taking their mean value as the best estimation of ratio La/Lb used in normalization of components I(t) and Q(t). Then, the phase modulated by the water surface acoustic waves in detection signal can be expressed as


  φ  t  = Arctan      L a  q  t     L b  i  t      .  



(19)







The improved PGC-Arctan demodulation algorithm based on prenormalization and Lissajous ellipse fitting is shown in Figure 6. In the first step, the phase modulation depth is obtained using PMDEA and the carrier phase delay is obtained using CPDEA. Then, the quadrature interference signal components Q(t) and I(t) are prenormalized to obtain the processed quadrature interference signal components q(t) and i(t) to form Lissajous figures. In the second step, the 3σ criterion is used to eliminate the noise points of the inner contour ellipse and the outer contour ellipse, and the two ellipses are fitted with the least-squares method to obtain their major and minor axis lengths, respectively. The average values of the axis lengths are taken to calculate the ratio E2/E1. Before arctangent phase demodulation, a division operation is performed on the processed quadrature interference signal components q(t) and i(t) to obtain q(t)/i(t), and a multiplication operation is then performed on the ratios E2/E1 and q(t)/i(t). Finally, the phase difference modulated by the water surface acoustic waves can be obtained with arctangent and phase-unwrapping algorithms.





4. Simulation Analysis


A series of numerical simulation analyses was carried out to verify the feasibility of the proposed algorithm and detection method. The phase modulation depth C changes relatively slowly due to reasons such as performance variations of electronic devices. The carrier phase delay Vc is a fixed value. It is assumed that the signal-visibility-related coefficient B0 changes drastically because of environmental factors. The other parameters are determined according to the characteristics of measured signals, and the main simulation parameters are designed as shown in Table 1.



The simulated interference signal is shown in Figure 7. To facilitate calculation, the sampling time is set to 1 s; hence, the frequency resolution of Fourier spectrum is 1 Hz. From Figure 7b, it can be clearly observed that the low-frequency bandwidth is about 1 kHz, and the value of parameter N is set to 1000 for calculation of the phase modulation depth, which is calculated using the PMDEA algorithm. The carrier phase delay is calculated using the CPDEA algorithm. The phase modulation depth C is calculated as shown in Figure 8. The carrier phase delay Vc is 1.2564 rad, which is equal to the simulation setting.



From Figure 8, it can be observed that the variations in phase modulation depth calculated by the PMDEA algorithm are consistent with the parameter settings, and the phase modulation depth calculated by iteration method has a certain delay. This delay has a certain effect on the demodulation of the signal, but this effect can be ignored under some specific conditions. When the phase modulation depth changes in a predictable way or at a very low frequency change, the influence of phase modulation depth calculation delay can be ignored. And in an actual interferometer system, the phase modulation depth usually changes very slowly. Although the influence of this calculation delay is ignored in the proposed algorithm, the nonlinear error in demodulation results can be still greatly reduced compared with other demodulation algorithms, which, even directly, take no account of the phase modulation depth fluctuation.



On the horizontal axis, there is a phase difference of about 0.03 rad between actual and calculated values of phase modulation depth, because the algorithm uses the calculated value in the time interval from ti. to ti+1 as an approximation of that at time node ti. In practice, the phase modulation depth C usually changes very slowly; hence, calculation results of the algorithm can be taken as close approximations to actual values.



The calculated phase modulation depth and carrier phase delay are used to prenormalize the quadrature signal components Q(t) and I(t) to produce a new pair of quadrature components q(t) and i(t). As shown in Figure 9, the two quadrature signal components form a uniformly wide elliptical ring after prenormalization. Figure 9 clearly illustrates the effectiveness of the prenormalization process, indicating that it effectively eliminates the local nonuniform widening phenomenon of the Lissajous ellipse caused by the variations in phase modulation depth. This further substantiates the accuracy of the PMDEA algorithms and demonstrates the necessity of prenormalizing the quadrature interference signal components using the phase modulation depth evaluation algorithms.



The extraction of ellipse parameters from the Lissajous elliptical rings yields the following results: For the outer contour ellipse, the center coordinates are (−0.012, −0.018), the major axis length is 1.604, and the minor axis length is 1.603. For the inner contour ellipse, the center coordinates are (−0.012, −0.012), the major axis length is 1.397, and the minor axis length is 1.396. It can be seen that the inner ellipse and the outer ellipse have the very close axial ratio of 1.0006, which equals the ratio of the filter gain coefficients E2 and E1.



The improved PGC-Arctan algorithm based on prenormalization and Lissajous ellipse fitting proposed in this paper is used to demodulate the simulated interference signal. The demodulation result is shown in Figure 10. It can be seen that the demodulated phase difference is composed of low-frequency perturbations and measured vibrations. The vibration frequency of the water surface acoustic wave is 200 Hz, which is consistent with the parameter set in the simulation. Low-frequency disturbances can be effectively eliminated by using a high-pass filter.



The simulation signals are demodulated by the conventional PGC-Arctan algorithm, PGC-DCM algorithm, and the proposed prenormalized PGC-Arctan algorithm, respectively, and the demodulation results after high-pass filtering (in a partial time interval) are shown in Figure 11. It can be seen that the demodulation result obtained by the proposed algorithm is obviously closer to the simulation set signal than those obtained by the conventional algorithms, which proves that the proposed algorithm can better suppress the nonlinear error compared with the conventional PGC demodulation algorithms.




5. Water Surface Acoustic Wave Detection Experiment


To investigate the accuracy of the improved PGC-Arctan algorithm combining prenormalization and Lissajous ellipse fitting, actual water surface acoustic wave detection experiments were carried out. The schematic diagram of the experimental setup is shown in Figure 12, and the principles of the detection optical path are explained in Chapter 2. In this experimental system, the function signal generator outputs signals with specified waveform to the high-voltage amplifier and the power amplifier separately. The high-voltage amplifier drives the electro-optic carrier modulator to generate a designated high-frequency carrier for the reference light phase. Simultaneously, the power amplifier drives the electroacoustic transducer to induce vibrations on the water surface with the same signal. A data acquisition (DAQ) card collects the interference signals converted by the photodetector and the drive signal generated by the signal generator.



The experimental platform is shown in Figure 13. The laser source is a narrow width frequency stabilized He–Ne laser (HRS015B, Thorlabs) with an operating wavelength of 632.8 nm. The carrier frequency of the electro-optic phase modulator (EO-PM-PR-C1, Thorlabs) is 60 kHz. The sampling rate of the data acquisition card (USB-61210, JYTEK) is 1 MHz.



5.1. Stable-Frequency and Stable-Amplitude Water Surface Acoustic Wave Detection Experiment


To prove the accuracy of the prenormalized PGC-Arctan algorithm proposed in this paper and the feasibility of the experimental system, the signal generator generated a sinusoidal wave signal with a specified amplitude at the frequency of 60 kHz for the high-voltage amplifier and a sinusoidal wave signal with a specified amplitude at the frequency of 500 Hz for the power amplifier. The sampling time was set to 1 s. Water surface acoustic wave detection experiments were conducted on the above experimental platform, and the proposed algorithm was used for demodulation. The interference signals of the stable-frequency and stable-amplitude water surface acoustic wave detection experiment are shown in Figure 14. From Figure 14b, it can be observed that there are dense spectral lines in the frequency range below 250 Hz, which are caused by low-frequency environmental disturbances. At 500 Hz, dense spectral lines also appear, but with lower signal intensity, which are attributed to the water surface acoustic waves. Therefore, the bandwidth of the spectral lines in the low-frequency range is approximately 750 Hz. Since the spectral resolution is 1 Hz, the value of N for calculating the phase modulation depth is 750.



The PMDEA algorithm is used to calculate the phase modulation depth and the CPDEA algorithm is used to calculate the carrier phase delay; the calculation results of phase modulation depth are shown in Figure 15, and the carrier phase delay Vc is 0.3638 rad. It can be observed that the phase modulation depth exhibits small fluctuations within a narrow range. Therefore, the calculated values of phase modulation depth can be considered as close approximations to the actual values.



Using the above calculated results, prenormalization was performed on the orthogonal interference signals Q(t) and I(t). Then, an ellipse pattern known as Lissajous figure was constructed with q(t) as the x-axis and i(t) as the y-axis. Subsequently, ellipse fitting was performed, and the results before and after prenormalization are shown in Figure 16. In the Lissajous figure before prenormalization, it is obviously can be observed that the width of the Lissajous ellipse performs an uneven and abnormal broadening phenomena. In this paper, the outliers of the inner and outer contour ellipses were removed using the 3σ criterion. Then, the parameters of the two ellipses were obtained through the least-squares approach. The ellipse center coordinates of the outer contour are (0.0001, 0.0004), the length of the major axis is 0.0253, the length of the minor axis is 0.0246, and the rotation angle of the coordinate axes is 0.032°. The ellipse center coordinates of the inner contour are (0.0003, 0.0003), the length of the major axis is 0.0143, the length of the minor axis is 0.0138, and the rotation angle of the coordinate axes is 0.017°. Based on the axial ratio, the ratio of the filter gain coefficient E2 to E1 is derived, which is equal to 1.02. The inner contour ellipse is proportional to the outer contour ellipse, which further proves the correctness of the theory described in this paper.



Using traditional PGC-Arctan and PGC-DCM algorithms and the prenormalized PGC-Arctan algorithm proposed in this paper, the interferometric detection signals from the stable-frequency and stable-amplitude water surface acoustic wave detection experiment were demodulated. The demodulation results are shown in Figure 17. From Figure 17c,d, it can be observed that the demodulation results of the traditional PGC-Arctan algorithm contain very noticeable noise due to the influence of interference signal visibility variations, phase modulation depth fluctuation, and other nonideal factors. In Figure 17e,f, it can be seen that the demodulation results of the traditional PGC-DCM algorithm have lost the intensity information of the water surface acoustic waves due to drastic changes in interference signal visibility. Figure 17a,b show that the prenormalized PGC-Arctan algorithm can better restore the water surface acoustic waves. Through calculations, the signal-to-noise distortion ratio is 16.25 dB in the demodulation results of the conventional PGC-Arctan algorithm, 15.44 dB in the demodulation results of the conventional PGC-DCM algorithm, and 28.88 dB in the demodulation results of the prenormalized PGC-Arctan algorithm. Therefore, compared to conventional demodulation algorithms, the proposed algorithm provides better demodulation for stable-frequency and stable-amplitude water surface acoustic waves, and significantly improves the demodulation performance in harmonic distortion and signal-to-noise ratio.



To investigate the demodulation performance of different algorithms in sensitiveness to the phase modulation depth, more detection experiments were carried out using a sinusoidal phase modulation interferometer with different phase modulation depths, and the conventional PGC-Arctan, PGC-DCM, and the improved algorithm proposed in this paper were, respectively, used in signal demodulation. The total harmonic distortion (THD) and the signal to noise and distortion (SINAD) were taken as the evaluation index, and the comparison results of the three demodulation algorithms are shown in Figure 18. Experimental results show that the proposed algorithm has the best demodulation performance that is insensitive to the phase modulation depth.




5.2. Experiment on Amplitude Detection of Water Surface Acoustic Waves


In order to further prove that proposed demodulation algorithm and the experimental system described in this paper can accurately demodulate amplitude information of water surface acoustic waves, more detection experiments for different amplitude surface waves driven by different intensity signals were carried out. The prenormalized PGC-Arctan algorithm was employed to demodulate the water surface acoustic waves. The amplitude of the driving signal and that of the water surface acoustic waves demodulated by the proposed algorithm are shown in Figure 19a. The results indicate that for the same frequency of water surface acoustic wave, the larger the driving signal amplitude (i.e., the more intense the driving signal), the larger the amplitude of the water surface acoustic waves. There is an approximate linear relationship between the amplitude of the water surface acoustic wave and the amplitude of the driving signal. In addition, detection experiments for the water surface acoustic waves were driven by different frequency sinusoidal signals at a fixed driving amplitude of 75 mVpp, 100 mVpp, and 125 mVpp, respectively. The amplitude demodulation results are shown in Figure 19b, and in this figure the amplitude of drive signal is received by the monitor of the power amplifier. It can be observed that the amplitude of the water surface acoustic waves is inversely proportional to the frequency of the driving signals; this is consistent with the theoretical mechanism of water surface acoustic waves.



The actual values of water surface acoustic wave amplitudes is difficult to obtain, but the relationship between water surface acoustic wave amplitudes and driving signal intensity shown in Figure 19a,b is in line with theoretical analysis (an expression of the relationship between the three parameters is provided in Reference [25]). This proves the accuracy and effectiveness of the sinusoidal phase modulation interferometer and the prenormalized PGC-Arctan algorithm in water surface acoustic wave detection.



The water surface acoustic waves driven by the same frequency at 500 Hz and different amplitude signals were detected and demodulated using the conventional PGC-Arctan and PGC-DCM algorithms and the prenormalized PGC-Arctan algorithm, respectively, as well as the water surface acoustic waves driven by the same amplitude at 100 mVpp and different frequency signals. The total harmonic distortion and signal-to-noise distortion ratios of demodulation results are shown in Figure 20. In Figure 20, the total harmonic distortion of demodulation result using the prenormalized PGC-Arctan algorithm is lower than using the conventional PGC-Arctan and PGC-DCM algorithms, but the signal-to-noise ratio using the proposed algorithm is higher than using the other two algorithms, which further proves the better demodulation performance of the proposed demodulation algorithm.




5.3. Amplitude Modulated Water Surface Acoustic Wave Detection Experiment


In order to further prove that the prenormalized PGC-Arctan algorithm and the experimental system described in this paper are capable of accurately acquiring vibration information of water surface acoustic waves, an amplitude modulated water surface acoustic wave detection experiment was conducted. In the experiment, an amplitude modulated signal with an 80% modulation depth was used to drive the electroacoustic transducer to produce amplitude modulated acoustic waves. The fundamental frequency of this drive signal is 500 Hz, and the amplitude modulation frequency is 3 Hz. The experiment system shown in Figure 13 was used to detect the water surface acoustic waves, and the interference signal was demodulated, respectively, using the conventional PGC-Arctan and PGC-DCM algorithms and the prenormalized PGC-Arctan algorithm. The demodulation results are shown in Figure 21.



Similarly, from Figure 21c, it can be observed that, due to factors such as interference signal visibility variation and phase modulation depth variation, the traditional PGC-Arctan algorithm exhibits noticeable local noise. Figure 21e reveals that the traditional PGC-DCM algorithm is unable to demodulate the intensity information of water surface acoustic waves due to the drastic changes in the interference signal visibility. By contrast, in Figure 21a, the prenormalized PGC-Arctan algorithm demonstrates the capability to stably demodulate the intensity information of water surface acoustic waves. Furthermore, Figure 21b indicates that the signal’s primary frequency is 500 Hz, with all sideband components exhibiting a frequency shift of 3Hz, which is consistent with the experimental setup. In summary, the proposed prenormalized PGC-Arctan algorithm can accurately demodulate water surface acoustic waves.





6. Conclusions


In this paper, we investigated a method for detecting water surface acoustic waves induced by underwater acoustic radiation. The method utilizes a sinusoidal phase modulation interferometer combined with an improved PGC-Arctan demodulation algorithm to measure weak water surface acoustic waves. The research delved into the principles and characteristics of using a sinusoidal phase modulation laser interferometer to detect water surface acoustic waves. It analyzed the influence of variations in parameters such as signal visibility and phase modulation depth on the demodulation of interference signals from a Lissajous ellipse perspective. On this basis, a new PGC-Arctan demodulation algorithm combining prenormalization and Lissajous ellipse fitting was proposed. Experimental detection of water surface acoustic waves induced by underwater acoustic radiation was conducted under laboratory conditions. In summary, the main conclusions of this study are as follows:




	(1)

	
Due to the nonideality on interferometric signal parameters, such as the gain difference between two low-pass filters and the nonideal phase modulation depth, the Lissajous figure generated by an actual interferometric detection signal of water surface acoustic waves may not be a normal circle or ellipse, but, rather, an ellipse with unequal major and minor axes. The fluctuation of the depth of phase modulation causes local nonuniform widening of the Lissajous ellipse. Changes in interference signal visibility lead to uniform widening of the Lissajous ellipse; consequently, the inner and outer envelope ellipses of the Lissajous figure have the same axial ratio.




	(2)

	
The proposed demodulation algorithm utilizes the intensity information in multiple spectral bands of interference signals to calculate the phase modulation depth C. By introducing quadrature carrier signals, it achieves estimation of the carrier phase delay Vc. Furthermore, the algorithm constructs coefficients J1(C)cos(Vc) and J2(C)cos(2Vc) for prenormalization of quadrature interference signal components. This method effectively eliminates the phenomenon of local nonuniform or abnormal widening of the Lissajous ellipse. By extracting and fitting the outer contour ellipse and inner contour ellipse of a Lissajous figure, the axial ratio is obtained. Numerical simulation results demonstrate that using this ratio for completely normalizing quadrature interference signals effectively eliminates nonlinear errors caused by different filter gain factors in arctan phase demodulation.




	(3)

	
Utilizing a sinusoidal phase modulation laser interferometer and the proposed demodulation algorithm, experiments were conducted to detect multiple sets of water surface acoustic waves induced by underwater acoustic radiation. The typical value of signal-to-noise distortion ratio of the demodulation results can reach 20 dB at 500 Hz. The experimental results demonstrate that the proposed method and system can effectively and accurately measure weak water surface acoustic waves. The prenormalized PGC-Arctan demodulation algorithm proposed in this paper exhibits significant advantages in signal-to-noise distortion ratio compared to traditional demodulation algorithms, and shows the benefit of combined use of prenormalization and Lissajous ellipse fitting for demodulation.
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Figure 1. Typical SPMI detection optical path scheme. 
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Figure 2. (a) The changes in the values of the Bessel functions. (b–d) Effect of different phase modulation depths on the Lissajous figure. (b) C = 1.2 + 0.1 sin(0.2t) rad; (c) C = 2.3 + 0.1 sin(0.2t) rad; (d) C = 3.1 + 0.1 sin(0.2t) rad. 
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Figure 3. The flowchart of phase modulation depth estimation algorithm (PMDEA). 
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Figure 4. The flowchart carrier phase delay estimation algorithm (CPDEA). 
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Figure 5. Effect of signal-visibility-related coefficient on the width of elliptic ring. (a) B0 = 0.5; (b) B0 = 0.5 + 0.1 sin(20πt). 
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Figure 6. The flowchart of PGC-Arctan demodulation algorithm based on prenormalization and Lissajous ellipse fitting. 






Figure 6. The flowchart of PGC-Arctan demodulation algorithm based on prenormalization and Lissajous ellipse fitting.



[image: Photonics 11 00200 g006]







[image: Photonics 11 00200 g007] 





Figure 7. (a) Simulated interference signal in time domain. (b) Simulated interference signal in frequency domain. 
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Figure 8. Calculation results of phase modulation depth in simulation. 
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Figure 9. (a) Lissajous figure before prenormalization; (b) Lissajous figure after prenormalization and ellipse fitting results. 
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Figure 10. (a) Phase difference of the simulated water surface acoustic waves in time domain. (b) Phase difference of the simulated water surface acoustic waves in frequency domain. 
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Figure 11. Comparison of demodulation results of three algorithms. 
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Figure 12. Schematic diagram of the experimental setup. 
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Figure 13. Experimental setup. 
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Figure 14. (a) Experimental interference signal of stable-frequency and stable-amplitude water surface acoustic wave detection experiment in time domain. (b) Experimental interference signal of stable-frequency and stable-amplitude water surface acoustic wave detection experiment in frequency domain. 
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Figure 15. Variations of phase modulation depth in stable-frequency and stable-amplitude water surface acoustic wave detection experiment. 
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Figure 16. (a) Lissajous figure before prenormalization; (b) Lissajous figure after prenormalization and ellipse fitting results. 
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Figure 17. Demodulation results of stable-frequency and stable-amplitude water surface acoustic wave detection experiment signals. (a) Time-domain distribution of demodulation results using the prenormalized PGC-Arctan algorithm. (b) Frequency-domain distribution of demodulation results using the prenormalized PGC-Arctan algorithm. (c) Time-domain distribution of demodulation results using the conventional PGC-Arctan algorithm. (d) Frequency-domain distribution of demodulation results using the conventional PGC-Arctan algorithm. (e) Time-domain distribution of demodulation results using the conventional PGC-DCM algorithm. (f) Frequency-domain distribution of demodulation results using the conventional PGC-DCM algorithm. 
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Figure 18. Demodulation performance comparison of 3 different algorithms when modulation depth C changes: (a) THD values; (b) SINAD values. 
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Figure 19. (a) Amplitude measurement results of water surface acoustic waves with the same frequency but different sound intensities. (b) Amplitude measurement results of water surface acoustic waves with the same sound intensity but different frequencies. 
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Figure 20. (a) The total harmonic distortion of demodulation results for water surface acoustic waves at the same frequency but different sound intensities. (b) The total harmonic distortion of demodulation results for water surface acoustic waves at the same sound intensity but different frequencies. (c) The signal-to-noise distortion ratios of demodulation results for water surface acoustic waves at the same frequency but different sound intensities. (d) The signal-to-noise distortion ratios of demodulation results for water surface acoustic waves at the same sound intensity but different frequencies. 
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Figure 21. Demodulation results of amplitude modulation water surface acoustic wave detection experiment. (a) Time-domain distribution of demodulation results of the prenormalized PGC-Arctan algorithm. (b) Frequency-domain distribution of demodulation results of the prenormalized PGC-Arctan algorithm. (c) Time-domain distribution of demodulation results of traditional PGC- Arctan algorithm. (d) Frequency-domain distribution of demodulation results of traditional PGC- Arctan algorithm. (e) Time-domain distribution of demodulation results of traditional PGC-DCM algorithm. (f) Frequency-domain distribution of demodulation results of traditional PGC-DCM algorithm. 
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Table 1. Main simulation parameters.






Table 1. Main simulation parameters.





	No.
	Parameter
	Value





	1
	fs
	1,000,000 Hz



	2
	Ωc
	60,000π rad



	3
	k
	0.0099 rad/nm



	4
	C
	1.5 + 0.1sin(0.2πt) rad



	5
	Vc
	0.4π rad



	6
	B0
	1.5 + 0.1sin(20πt)



	7
	Cs
	200k rad



	8
	Ωs
	400π rad



	9
	φs
	0.35 rad



	10
	Ce
	4000k rad



	11
	Ωe
	2π rad



	12
	L0
	0.25π rad
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