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In order to achieve accurate modeling and simulation of sonar reverberation signals, four types of multi-path underwater reverberation models are established considering Doppler effect under the condition of separating the sound source and hydrophone. The simulation of underwater reverberation signals under static or uniform linear motion conditions is carried out for single point for the separating the sound source and hydrophone transceiver, as well as horizontal linear array. The non-stop-and-hop model of reverberation signals is presented. And the underwater reverberation signals in the array element domain and beam domain are obtained. From the simulation results of the improved model, it can be seen that the spatiotemporal two-dimensional characteristics and Doppler expansion are consistent with theoretical analysis. The frequency shift of the horizontal linear array reverberation signal is approximately sinusoidal with the directionality angle of the linear array. Comparing the simulation results of the improved model with traditional models, the improved model can more accurately simulate sonar reverberation signals.
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1 Introduction

Ocean reverberation refers to the acoustic signal generated at the receiving point caused by the scattering of a large number of random inhomogeneous bodies in the undulating sea surface, uneven seabed, and seawater medium during the propagation of sound waves (Yangang et al., 2020). Consequently, a sonar reverberation signal will have a negative impact on the precise reception and identification of the target underwater acoustic signal (Bing et al., 2016). In addition, the movement of the signal transceiver will inevitably introduce a frequency shift in the ocean reverberation signal caused by the Doppler effect (Yuliang, 2020). Therefore, it is important to introduce a more accurate model of ocean reverberation signals. The present study establishes four types of multipath sound rays, which are then modeled and simulated under the consideration of the Doppler effect (Yulu et al., 2017).




2 Models and methods

When it comes to simulating the ocean reverberation signal, reference (Danping, 2020) followed four distinct steps to obtain the simulated reverberation: a) start from the shallow sea environment, b) adopt the normal mode propagation model, c) introduce the probability density function of Rayleigh distribution, and d) accumulate the reverberation generated by each scatterer at different distances. In contrast, Zhou et al. (2020) based their method on the ray-normal mode analogy, using the normal mode to simulate the reverberation field in shallow water (Zhou et al., 2020). In both studies, the reverberation is simulated under the condition that both the sound source and the hydrophone are placed close to each other (Liya, 2018). established the attenuation model of deep seabed reverberation intensity with time and the model of seabed reverberation signal based on the principles of statistical physics. In reference (Yangang et al., 2020), the reverberation sequence signal was obtained by convoluting the equivalent reverberation scattering sequence with the transmitted signal. Lijun et al. (2021) used the small slope approximation and the ray theory sound field algorithm to evaluate the scattering effect of the rough interface in the full grazing angle range, and the multipath factor was then employed to establish the reverberation intensity model of the sea surface and seabed. Based on the ray acoustic model, reference (Teng et al., 2021) used the channel convolution method and the echo signal to derive the echo signal in the ideal environment and the shallow water environment, respectively, with reverberation interference. In reference (Runze et al., 2021), the interface reverberation was described as the incoherent superposition result of different multipath reverberation fading processes, and a reverberation intensity model was established, using the physical parameters of the sea surface and seabed as variables. However, a limiting factor of these studies was that they did not consider the influence of the Doppler effect.

Siwei et al (Kou et al., 2021). proposed that when the sonar platform moves, the reverberation and echo entering the sonar array from different incidence cone angles have different Doppler frequency shifts; however, this study only examined the case of direct incidence of the receiver through the first scattering on the seabed. In addition, the ocean multipath factor was not taken into consideration. In reference (Sibo, 2018), three-dimensional bistatic multipath reverberation signals were modeled and simulated, while at the same time, the authors analyzed the space-time characteristics of bistatic reverberation, including Doppler frequency shift and reverberation directivity. In addition, that study investigated the suppression of reverberation signals using the space-time optimal processing method. However, the influence of the Doppler stretching effect on the pulse width of the reverberation signal was still not regarded.

Therefore, it becomes evident that current research on simulating ocean reverberation signals tends to ignore the Doppler stretching effect on the pulse width of the reverberation signal. Furthermore, several research studies have not considered the influence of the Doppler frequency shift on the reverberation signal, while others have not considered the multipath factor of the ocean. Consequently, to realize the accurate modeling and simulation of sonar reverberation signals, based on the ray acoustics theory and the principle of sound field superposition (Jun et al., 2012; Tao, 2007), the influence of the Doppler stretching effect on the signal pulse width has been analyzed under the condition that the sound source and the hydrophone are separated. As a result, four types of ocean reverberation models considering the Doppler effect have been established. On this basis, the reverberation model of the sonar signal is simulated, the single-point transceiver is extended to the horizontal towed linear array, and the seafloor reverberation signals in the array element space and beam space are obtained (Jincheng, 2019). The space-time two-dimensional characteristics and Doppler spread in the simulation results are consistent with the theoretical analysis. Comparing the simulation results of the improved model and the traditional model, the improved model can simulate the sonar reverberation signal more accurately.



2.1 Ocean multipath model for reverberation signal simulation

In the present study, the marine environment refers to the environment in which the depth of the seawater is much lower than the length of the sound propagation path in the seawater. In this environment, reverberation in the seawater stems largely from the scattering of sound waves on the seafloor, and the intensity of seafloor reverberation is mainly contributed by four types of multipath sound rays (Minghui, 2011). Hence, the simulation of seafloor reverberation signals mainly considers four types of multipath sound rays, as shown in Figure 1 (Sibo and Song, 2016).




Figure 1 | The four types of multipath sound rays contributing to the intensity of seafloor reverberation.



In this figure, H represents the depth of the sea. The paths of these four types of sound rays involve the following: a) sound source, scattering at the bottom surface, and hydrophone; b) sound source, scattering at the bottom surface, sea surface reflection, and hydrophone; c) sound source, sea surface reflection, scattering at the bottom surface, and hydrophone; d) sound source, sea surface reflection, scattering at the bottom surface, second sea surface reflection, and hydrophone.

In general, the combined transmitter and receiver can be regarded as a special case of a separated transmitter and receiver. Therefore, considering that the towed linear array sonar to be analyzed is a separated transmitter and receiver, the present study investigated the establishment of a sonar reverberation simulation model under the condition of a separated sound source and hydrophone.




2.2 Reverberation signal model considering the Doppler effect

The model in this paper is based on the following three hypotheses:

	Hypothesis 1: Sound waves propagate in the form of spherical waves.

	Hypothesis 2: The absorption of sound waves is neglected, and thus scattering is calculated at the sea bottom, and reflection is calculated at the sea surface.

	Hypothesis 3: Scattering of the sea bottom is uniform.



The influence of the Doppler effect on sonar reverberation signal mainly affects signal frequency and signal pulse width.



2.2.1 Doppler effect on signal frequency

Let us consider a sinusoidal signal where the signal (Jian, 2019) source moves at a radial rate v relative to the hydrophone. Let the velocity of the sound source close to the hydrophone be positive and the velocity of the sound source far away from the hydrophone negative. If the frequency of the signal is f, the wavelength is λ, and the propagation speed of the signal in the medium is c, the frequency of the signal after the Doppler effect becomes f′, and the wavelength becomes λ′. Consequently (Xianwen et al., 2022), the Doppler shift is given by Δf = f′-f or

 

In the rectangular coordinate system, a sound source is assumed to be moving with a velocity vt, the hydrophone moves with a velocity vr, and the bottom scatterer dA is static, whereas all other environmental conditions remain unchanged. The Doppler shift models of four types of multipath sound rays are discussed respectively in the following.



2.2.1.1 Doppler shift model of the first type of sound ray

As shown in Figure 2-1, SS represents the sound source, RE is the receiving element,   is the propagation vector of the first segment of the sound ray, and r2 is the propagation vector of the second segment of the sound ray. Furthermore, φ is the scattering azimuth angle, θI is the grazing angle of the incident sound ray, θs is the grazing angle of the scattered sound ray, and n is a scattering element serial number (Sheng and Xucheng, 2010).




Figure 2 | Four types of sound line.



First, we investigate the section of the first type of sound ray from the sound source SS to the bottom scatterer dA. Let the frequency shift of the signal received by the seafloor scatterer be Δf1t. In accordance with the physical meaning of the vector dot product, the radial velocity vt on r1 can be expressed as

 

If we substitute the relevant parameters of the first type of sound ray into Equation (1), the variation of the signal frequency Δf1t of the first type of sound ray transmitted from the sound source to the scattering element dA can be obtained as follows (Zhongchen et al., 2013):

 

If we substitute Equation (2) into Equation (3), we can obtain the frequency shift of the sound source as it hits the seafloor scattering element via r1:

 

Similarly, considering the propagation of the first type of sound ray from the scattering element dA through r2 to the hydrophone RE, we can assume that the frequency of the signal scattered by the first type of sound ray on the seabed is f1b.

Consequently, the relationship between f1b and the original frequency f of the signal is:

 

Assuming that the velocity of the hydrophone is vr, the frequency shift Δf1r of the received signal for the first type of sound ray from the seafloor scatterer   to the hydrophone is

 

and the total Doppler shift of the first type of sound ray is: (Yao, 2013)

 

According to formulas   and   in (Minghui, 2011), the first type of sound ray reverberation signal model   can be obtained as (Yali, 2018):

	

where   is the signal emitted by the sound source, and   passes through  .

Considering the Doppler shift, after replacing   with a complex signal   (Zhang et al., 2021a; Zhang et al., 2022a), we can get the first type of sound line reverberation signal model   as:

 

where the first term   reflects the signal propagation loss;   is the vector of sound sources to seafloor scattering elements; the second term   is the complex signal arriving at the hydrophone after the frequency shift and time delay;   is the frequency of the transmitted signal;   is the total Doppler shift of the first type of sound;   is the signal propagation time delay; and the third term   is the scattering coefficient of the seabed sound pressure;   is the scattering element area;   is a proportional constant, which is subject to the Gaussian distribution (Xiaohui et al., 2017);   is the transient phase, which is subject to the   uniform distribution; n is the serial number of seabed scattering elements;   is the incidence grazing angle;   is the scattering grazing angle;   is the total number of scattering elements.

Similarly, the three remaining types of sound ray Doppler shift models and reverberation signal models can be deduced accordingly.




2.2.1.2 The Doppler shift model of the second type of sound ray

As shown in Figure 2-2, the frequency change of the second type sound ray signal is given by the following equations:

 

 

where   is the velocity of the virtual source RE′ of the hydrophone RE which is symmetrical to the sea surface,   is the vector from the intersection of the scattered sound ray and the sea surface to the virtual source RE′, and r3 is the propagation vector of the third segment of the sound ray,  .

The total Doppler shift of the second type of sound ray is

 

and the model of the second type of sound ray reverberation signal   is

 

Here, the first term   represents the signal propagation loss, the second term   is the complex signal arriving at the hydrophone after the frequency shift and time delay, and the third term   is the sea bottom sound pressure scattering coefficient, m is the sea surface reflectivity,   obeys a Gaussian distribution,   obeys a   uniform distribution, and   is the signal propagation delay.




2.2.1.3 The Doppler shift model of the third type of sound ray

As shown in Figure 2-3, the amount of change in the frequency of the third type of sound ray signal:

 

 

where   is the velocity of the virtual source SS′, whose sound source SS is symmetrical to the sea surface, and   is the vector from the intersection point of the incident sound ray and the sea surface to SS′,  .

The total Doppler shift of the third type of sound ray is:

 

and the model of the third type of sound ray reverberation signal   is

 

The first term   represents the signal propagation loss, the second term   is the complex signal arriving at the hydrophone after the frequency shift and time delay, and the third term   is the scattering coefficient of the seabed sound pressure,   obeys a Gaussian distribution,   obeys a   uniform distribution, and   is the signal propagation delay.




2.2.1.4 Doppler shift model of the fourth type of sound ray

As shown in Figure 2-4, the amount of change in the frequency of the fourth type of sound ray signal is

 

 

where   is the vector from the intersection point of the incident sound ray and the sea surface to SS’, r4 is the propagation vector of the fourth segment of the sound ray, and   is the vector from the intersection point of the scattered sound ray and the sea surface to the virtual source RE′,  .

Consequently, the total Doppler frequency shift of the fourth type of sound ray is (Zhang et al., 2021b):

 

and the model of the fourth type of sound ray reverberation signal   is:

 

The first term of Equation 20   represents the signal propagation loss, the second term   is the complex signal arriving at the hydrophone after the frequency shift and time delay, and the third term   is the scattering coefficient of the seabed sound pressure,   obeys a Gaussian distribution,   obeys a   uniform distribution, and   is the signal propagation delay.





2.2.2 Influence of the Doppler effect on the signal pulse width

As shown in Figure 3, c is the signal speed, λ is the wavelength, τ is the pulse width, and k is the number of cycles, i.e., the signal contains k wavelengths. The signal will be affected by the Doppler stretching effect, and will thus have a new wavelength λ′ and a new pulse width τ′ (Xiye et al., 2009). According to the relationship between distance, speed, and time, we can easily obtain that:




Figure 3 | Influence of the Doppler stretching effect on the signal pulse width.



 

 

If we substitute   and   into Equation (21) and Equation (22), respectively, then we can obtain the relationship between the signal pulse width before and after the Doppler stretching effect:

 

Simulation and results.





2.3 Underwater reverberation simulation

The geometric model of seabed reverberation simulation is shown in Figure 4 (Zhang and Yang, 2022). The towed linear array is horizontally arranged along the negative direction of the Y axis, where SS is the transmission source of the towed linear array located on the Z axis (Xiaohui et al., 2017). Furthermore, RE is the receiving element of the towed linear array, i is the serial number of the receiving element, N is the total number of receiving elements, d is the distance between the receiving elements, H is the depth of the sea water, and h is the distance of the towed linear array from the sea floor. The distance between the transmitting source SS and RE1 is 2d (Jinhua et al., 2020; Yonghong, 2011). The motion states of the transmitting source and the receiving element are the same. The sea floor scattering area is an annular area, which assumes the origin as the center of a circle with an inner diameter   and an outer diameter  , and dA is a sea floor scattering element (Meina et al., 2017; Zhao et al., 2011). The transmitting source sends out a complex signal described by   (Zhiguang and Zhiqiang, 2016), with a pulse width of τ, sea surface reflectivity of m, and speed c (Zhang et al., 2022b).




Figure 4 | Geometric modeling of seabed reverberation simulation.





2.3.1 Reverberation signal simulation of a single scattering unit by a single sound source and a single hydrophone

In this section, we simulate the reverberation signal received by  , which is emitted by the sound source SS and is incident to  , via a single scattering element dA (Yuqiang et al., 2018). The simulation parameters are shown in the following Table 1:


Table 1 | Parameters used to simulate the single seafloor scattering element reverberation.



In this paper, the reverberation model, represented by Equations (24), (25), (26), and (27), takes into consideration both the ocean multipath and Doppler effect. Depending on whether the transmitting source and the single receiving element   are stationary or moving, the simulation results are shown in Figures 5, 6, respectively.




Figure 5 | Time domain map of a single seafloor scattering element reverberation signal.






Figure 6 | Spectrogram of a single seafloor scattering element reverberation signal.



Figure 5 demonstrates a time domain diagram of a single bottom scatterer’s reverberation signal. A single source emits a sinusoidal pulse signal with a fixed frequency pulse width of 0.5(s). After passing through the single scattering element  , the single hydrophone  , receives the time domain map of the signal. The blue part of the figure is the time domain plot of the signal received by   while the trailing linear array is stationary. Conversely, the red part of the figure is the time domain plot of the signal received by   when the linear array is dragged. Thus, when the transceiver device is stationary, the signal frequency of the four types of voice lines remains unchanged because there is no Doppler shift. Hence, the superimposed signal of the four types of voice lines still basically maintains the shape of sinusoidal pulses (blue part). When the transceiver device moves, the signals of the four types of voice lines undergo different degrees of Doppler shift. The superposition of four types of sound lines with different frequencies forms a signal (red part), in which the envelope amplitude changes following the law of sine and cosine. Moreover, under the same motion state, the Doppler frequency shift of the four types of voice lines is calculated by the Doppler shift model of the four types of voice lines, and the accurate modeling and simulation of sonar reverberation signals are realized. Additionally, owing to the influence of the Doppler effect on the signal pulse width, the signal pulse width of the light-colored part of the figure is shortened, and the analysis graph shows the pulse width change   (s).

In addition, Figure 6 exhibits a spectrum diagram of the reverberation signal generated by a single bottom scatterer (Yanzi et al., 2018). It can be seen that the peak center of the spectrum increases following the movement of the transceiver, as opposed to when the transceiver remains stationary, and the analysis graph demonstrates that the frequency shift is   Hz (Huang and Gao, 2014). When in motion, the spectrum is extended due to the different Doppler frequency shifts of the four types of sound rays moving at the same speed.

Although (Minghui, 2011) provides the models of four types of multipath sound ray reverberation signals, the authors do not investigate the influence of the Doppler effect on the four types of sound ray reverberation signals in detail. To compare the traditional model, which does not consider the multipath and the Doppler effect, with the improved model presented in this paper, we employed the first type of bistatic sound ray model equations   stated in Chapter 5 of (Minghui, 2011) to compare the simulation results with the present model.

In the case of motion, Figure 7 shows a comparison of the simulation time domain of a single seafloor scatterer:




Figure 7 | Comparison of the time domain diagram of a single seafloor scattering element reverberation signal.



The blue graph in Figure 7 is a time domain plot of the received signal simulated based on a traditional model. Conversely, the red graph is a time domain plot of the received signal simulated using the improved model. Figure 7 reveals that the time domain of the reverberation signals of the improved and traditional models is as follows: 1. The pulse width of the improved model signal is longer than that of the traditional model signal, which is due to the influence of the multipath, and part of the sound ray propagation path is longer. Since the Doppler frequency shift is not considered by the traditional model, the reverberation amplitude will remain constant. Compared with the traditional model, the reverberation envelope of the improved model changes according to the sine and cosine law, which is due to the superposition of reverberation signals formed by the different Doppler shifts of the four types of sound rays. The reverberation time domain amplitude of the traditional model is smaller than the signal amplitude under static conditions in Figure 5 because the traditional first type of sound ray model does not consider multipath superposition. It can be seen that the improved model can reflect the space-time characteristics of reverberation signals more accurately in the case of a single source, single hydrophone, and single scatterer.

The frequency domain comparison between the improved model and the traditional model is shown in Figure 8:




Figure 8 | Frequency domain comparison diagram of a single seafloor scattering element reverberation signal.



From Figure 8, we can see that the peak frequency of the improved model increases due to the influence of the Doppler shift, and the spectrum of the improved model is extended compared with the traditional model because of the different Doppler frequency shifts of different sound rays caused by the ocean multipath. Therefore, the improved model can reflect the spectrum characteristics of the reverberation signal more accurately. In addition, the improved model presented in this study can simulate the reverberation signal more accurately under the condition of a single source, single hydrophone, and single scattering unit by analyzing the respective space-time and spectrum characteristics.




2.3.2 Reverberation signal simulation of a towed linear array

In this section, we simulate the reverberation signal of a towed linear array using the parameters shown in Table 2 and the simulation results are shown in Figures 9–12.


Table 2 | Dragging line array reverberation simulation parameters.






Figure 9 | Space-time distribution of a stationary dragging line array reverberation signal.






Figure 10 | Space-time distribution of a panned dragging line array reverberation signal.






Figure 11 | Space-frequency distribution of a stationary dragging line array reverberation signal.






Figure 12 | Space-frequency distribution of a panned dragging line array reverberation signal.



The “angle” in Figures 9–12 describes the directivity angle of the dragged line array (Zhe et al., 2017; Zelin, 2019; Junchao, 2021). Furthermore, different angles correspond to scattering elements at different positions. A comparison between Figures 11, 12 demonstrates that the reverberation signal frequency decreases when the directivity angle is negative, and increases when the directivity angle is positive. Figure 12 also shows that the frequency shift of the reverberation signal is approximately sinusoidal with the directivity angle of the linear array, a finding which is consistent with the theoretical analysis (Xiaodong et al., 2011; Yanqiu, 2015; Zhu et al., 2023; Zhang et al., 2023a; Zhang et al., 2023b).

Figures 13, 14 show the reverberation signal simulation of the traditional model under the condition of towed linear array motion




Figure 13 | Space-time distribution of a panned dragging line array traditional model reverberation signal.






Figure 14 | Space-frequency distribution of a panned dragging line array traditional model reverberation signal.



A comparison between Figures 13 and 10 reveals that the maximum amplitude of the reverberation signal of the traditional model is 0.12, which is smaller than the maximum amplitude of the reverberation signal of the improved model (0.22). This improvement can be explained by the fact that the improved model considers the superposition of multipath sound rays. Furthermore, a comparison between Figures 14 and 12 demonstrates that potential changes in the directivity angle of the linear array do not induce any frequency shift in the reverberation signal of the traditional model. This is because the traditional model does not consider the Doppler frequency shift factor.

Overall, our findings clearly show that the improved model presented in this study can simulate the reverberation signal significantly more accurately compared to the traditional models by analyzing space-time and spectral characteristics under the condition of a towed linear array.






3 Conclusion and discussion

Under the condition of a single sound source, single hydrophone, and single scattering unit, our simulation data showed that the envelope amplitude of the reverberation signal changes according to the sine and cosine law, while changes in the pulse width and spectrum of the signal will occur when the transceiver moves in response to the Doppler effect. A comparison between the simulation results of the improved and the traditional models clearly demonstrates that the reverberation pulse width of the improved model is longer than that of the traditional model due to the ocean multipath. In addition, the reverberation envelope of the improvement model changes according to the sine and cosine law, caused by the superposition of reverberation signals formed by the different Doppler frequency shifts of the four types of sound rays considered, as opposed to the reverberation signal amplitude of the traditional model which remains unchanged. When assessing the space-frequency characteristics of the two models, the peak frequency of the improved model was increased and the spectrum width was extended due to the different Doppler frequency shift of the multipath sound ray. It can also be seen that the reverberation signal model that considers both the ocean multipath and the Doppler effect can reflect the variation in the frequency and pulse width of the reverberation signal far more accurately.

Under the condition of a towed linear array, the relationship between the frequency shift of the reverberation signal and the directivity angle of the linear array is approximately sinusoidal when the linear array is in uniform linear motion, and the space-time two-dimensional characteristics and Doppler spread in the simulation results are consistent with the theoretical analysis. Our findings confirm that the model established on the premise of single-point transceiver separation can be well-extended to the case of multi-point separation. Consequently, the proposed model has broad universal applicability and can be used to simulate more diverse combinations of sonar array elements.

When it comes to space-time characteristics, our data showed that the reverberation amplitude of the improved model is larger than that of the traditional model due to the superposition of multipath sound rays in the ocean. Finally, pertaining to the spatial frequency characteristics, the improved model can reflect the frequency domain characteristics of reverberation signals more accurately than the traditional model.

Conclusively, the reverberation signal model considering both the ocean multipath and the Doppler effect can simulate the sonar reverberation signal more accurately than the traditional models presented in current literature.
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