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Abstract. A highlight model for the target signal in the bistatic system is proposed based on the calculation 
results of the acoustic field, which means that the target can be equivalent to several highlights according to 
certain characteristics of the target when calculating the scattering acoustic field. The parameters of the high-
light model were given based on the calculation results. Two sets of experiments on the highlight model of the 
bistatic system were conducted with a fixed transmitter and a target, one being the receiver rotating around 
the target, and the other being the target rotating around itself at different receiver angles. The comparison of 
multi angle pseudo color images through experiments and theoretical simulations shows that the scattering 
highlight model can describe the scattering characteristics of the target to a certain extent. Only geometric 
highlights were simulated in this article, and it can be foreseen that bistatic system highlight model of scatter-
ing waves can be accurately described with a full understanding of the target.
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1   Introduction

At present, the theoretical research on the scattering sound field of the target is attributed to the mathematical 
physics problem, which refers to the solution of the acoustic scattering field of the target in the three-dimensional 
space excited by the acoustic wave after satisfying the corresponding boundary conditions, radiation conditions 
and wave equations. 

It is precisely because the research on the scattering sound field of the target is solved and analyzed by the 
wave equation under the specific boundary, the solution to the accurate solution of the acoustic scattering theory 
is obtained, that is, the mathematical principle of the Huygens principle is explained by the Helmholtz-Kirchhoff 
integral formula, and the acoustic scattering field of the whole target is obtained by using the integral equation. In 
the whole process, the scatterer studied is regarded as an active sound source. The exact solution obtained by this 
method is to simplify the volume integral into the area integral, so as to solve the sound field through the sound 
pressure and normal vibration velocity on the integrated surface.

Based on physical acoustic method, the signal highlight model for the target of the monostatic system has long 
been proposed and widely applied under the condition of short pulse [1]. The acoustic field of the bistatic system 
varies with the split angle, which makes the relevant calculations more complex. In recent years, there has been 
an increasing trend in research on bistatic system [2-11], which has the following characteristics: the analysis of 
spherical targets is more than other types, and the theoretical examples are more than the experimental verifica-
tion. This article conducts experimental measurements based on the calculation results of the scattered acoustic 
field of cylindrical targets, and the theoretical results were compared and analyzed with the experimental results.

In reference [12], a highlight model was proposed based on the analysis results of the monostatic system, 
which equates a complex target to several highlights, each of which has three main factors: amplitude, delay, and 
phase. The highlight model is generally used to describe the target echo in a monostatic system [13-18].

For a bistatic system, it can be considered that the scattered sound of the target is related to the characteristics 
of the incident sound and the target (including the surrounding environment) itself. For cases where the incident 
sound is of small amplitude, it is considered that the incident sound and scattered sound are inputs and outputs 
of a linear system (related to the target and environment), and are independent of the initial time of the incident. 
Similar to a monostatic system, this article believes that the signals received by a bistatic system can also be de-
scribed using highlight model.
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2   Elements of Highlight Model

For a monostatic system the echo can be described by the equivalent highlights of the target which calculated 
only in a certain direction because the transmitter and receiver are in the same position.

The main difference between split systems is that as the split angle changes, the characteristics of the high-
lights will have significant differences, so the issues that need to be considered need to be more complex. While 
in bistatic systems the issues that need to be considered need to be more complex because that the characteristics 
of the highlight model such as the appearance time, amplitude, and delay will have significant differences as the 
split angle changes. In theory, at any split angle condition in a bistatic system, the scattered wave of the target 
can be represented by the superposition of several highlights as follows:
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The three main parameters are amplitude, delay, and phase in the highlight model of the monostatic system. 
The highlight model of the bistatic system is defined in a similar way, and the key is to calculate the theoretical 
highlights information of the target. Generally speaking, highlights should include all information about the tar-
get. According to existing theories, scattering highlights are mainly composed of geometric highlights and elastic 
highlights. 

The analysis of elastic highlights requires calculating the elastic scattering of the target. Taking quasi-Lamb 
wave as an example, elastic cylindrical targets are only excited under certain specific conditions. For the conve-
nience of verification, this paper only calculates the geometric highlights of the main components of the cylinder 
target, and does not include the elastic highlights. Geometric highlights as the main highlights are the focus of 
this paper. 

2.1   Calculation of Highlight Model About Rigid Finite Cylindrical Target in Monostatic

The basic principle of Kirchhoff approximation is to approximate the calculation of high-frequency acoustic 
scattering as optical calculation. The application of this approximation needs to meet two conditions: first, the 
contribution of the shadow area is not considered in the calculation, and the integral surface used in the actual 
calculation is the surface that can be observed at both the transmitting point and the receiving point. Secondly, 
the following formulas can be applied to the surface of the rigid target:
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The formula of the highlight model about cylindrical target is derived according to the Kirchhoff approxima-
tion. For monostatic situation, with the time factor e−iωt omitted, the scatter field is expressed as follows:
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Where the propagation effect is removed and the target size is assumed to be much smaller than the distance be-
tween the target and the sound source. Under this condition:

 2 2
0 .r r=                                                                             (4)

According formula (3) we let integral term in the equation
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Where S is the surface which could be seen in monostatic point. ∆r is the difference between the sound path and 
the reference point. cos Θ is the angle between the incident (reflection) direction and the target surface normal. 
ds is area element. It is assumed that the plane wave is incident when calculating the integral. 

In order to understand the calculation, we start with a simple target, a rigid sphere. For rigid sphere target in 
monostatic situation, the integral surface is shown in Fig. 1, if ka >> 1:
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Fig. 1. The range of integration in monostatic

The placement of columns and calculation parameters are shown in the Fig. 2. Where the acoustic path differ-
ence between the center of the front face and the center of the cylinder is L cos α/ 2, and the acoustic path differ-
ence between the center of the front face and anywhere of the front face is r cos θ sin α, r is the polar radius of 
the end face in the polar coordinates. θ is the polar angle in the polar coordinates. So,

 ( cos sin cos ).
2
Lr r θ α α∆ = − +                                                           (7)

For the calculation of the front face let γ = kL cos α and β = 2ka sin α for two reasons. One reason is to be con-
venience for calculating. The other reason is if γ and β are divided by k the answers are the acoustic path differ-
ence of front face to target center and summit to front face center. For the front face,
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If α = 0, I = πa2e−ikL.
For the side surface,
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Where S1 is the Struve function. The highlight model about rigid finite cylindrical target in monostatic is

 .D LI I I+=                                                                        (10)

If β >> 1 we have:
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Compare formula (1) with (13) and (14) we can got the highlight model about rigid finite cylindrical target in 

monostatic. The amplitude is decided by 
2 2a

kL
π γ

β πβ
⋅ ⋅  and 

2
4

L
k

π β
γ πβ
⋅ ⋅ , and delay is decided by β + γ and 

±(β − γ), phase is decided by 3
4
π . We got

 0

3 3
2

01 1

e .
4

i kri
s sn n

n n

a R
r

φ
φ φ

π= =

= = ⋅ ⋅ ⋅∑ ∑                                                      (15)

Where

 ( )1 3/2
1 exp exp .

4sin cos
R i i

ka
π πβ γ

θ θ
  = ⋅ − +     

                                        (16)

 

( )2 3/2
1 3exp exp .

4sin
R i i

ka
π πγ β

θ
  = ⋅ − −     

                                           (17)

 

( )
1/2

3
sin 5exp exp .
cos 4

R i i
ka
π θ πβ γ

θ
  = ⋅ − −     

                                           (18)

The above results reflect the echo characteristics under the condition of narrow pulse. In contrast, if the pulse 
length is long enough, the steady-state response can be obtained, which is usually characterized by the target 
strength, that is
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Where η = kL sin α, λ is the wavelength of sound.
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Fig. 2. Highlight model about cylindrical target in monostatic

2.2   Calculation of Highlight Model about Rigid Finite Cylindrical Target in Bistatic

The bistatic scattered sound field can be calculated by the following formula:
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According to formula (20) we got:
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The integral surface should be the dark area shown in Fig. 3. the polar angle φ is between 0 and π , the azi-
muth angle θ is the angle between transmit direction and reference surface. Omit the amplitude change caused by 
spherical wave propagation

θ

Fig. 3. The range of integration in bistatic
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According to stationary phase point

 
2 cos

22 .
ikai aI e

k

απ −
=                                                                 (23)

Through the preorder calculation and analysis, we can get the conclusion that the highlight model of the sphere is 
usually simpler, because it consists of only one item.

In contrast, the highlight model of the cylinder is more complicated. According to the different positions of the 
integral, in order to facilitate the calculation, the formula (21) can be divided into two parts, that is,
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tegral result of the end face of the cylinder, IL is the integral result of the side face of the cylinder. The detailed 
integral surface is shown in Fig. 4.
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Fig. 4. Parameter definition for calculation of highlight model of cylindrical target

α1 is the angle between the incident direction to the cylinder bus, and α2 is the angle between the reflection 
direction to the cylinder bus, which are shown in Fig. 4. The geometric center of the column is taken as the start-
ing point of the acoustic path calculation, the vector from the surface of the cylinder to the transmitter point is 
defined as s  , the vector from the surface of the cylinder to the receiver point is defined as r . The vector per-
pendicular to the axis of the cylinder and in the same plane with the transmitter and receiver is defined as l



. The 
vector perpendicular to the lower end face of the cylinder is defined as a . Fig. 5 provides the definition of the 
above variables.

Fig. 5. The position relationship of each vector in the calculation

According to formula (24) we got
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Let cos α1 + cos α2 = 2 cos A, sin α1 + sin α2 = 2 sin B, γ = kL cos A, β = 2ka sin B, we got
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Approximately
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Take formula (11) into formula (26) got
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Where γ + β and γ − β correspond to the closest acoustic path point and the farthest acoustic path point on the cir-
cular end surface respectively.

If β = 0, according to β = ka (sin α1 + sin α2), we got sin α1 + sin α2 = 0. It shows that the α1 and α2 are opposite 
numbers to each other, which indicates that mirror reflection occurs at the end face.
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The calculated result on the side of the cylinder is
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Take formula (11) and (12) into formula (30) got
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If γ = 0, according to γ = kL (cos α1 + cos α2)/ 2, we got cos α1 + cos α2 = 0. It shows that the two angles are 
complementary, which can be considered as mirror reflection at this time. For the calculation formula (31), there 
is
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Take formula (32) into formula (30) we got
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Where γ + β and γ − β correspond to the closest acoustic path point and the farthest acoustic path point on the 
side of the cylinder respectively. Combine the results, we got
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For cylindrical targets, the results can be separated into three items (i.e. three highlights), each with its own 
amplitude, time delay, and phase. Then a conclusion could be obtained which is shown in Table 1.

Table 1. The relationship between the highlight model of the cylinder and the system placement in the biastic system

Sketch 12

3

4
l


a

State Transmitter and 
receiver are in the 
same quadrant

Transmitter and 
receiver are in two 
quadrants on the 
same side of the 
central axis

The angle between 
the transmitter and 
the l


is the same 
as the receiver

Transmitter and re-
ceiver are located 
on the same side 
of the center line 
perpendicular to 
the center axis

The angle between 
the transmitter and 
the a  is the same 
as the receiver

Result I
D
 + I

L
I

L
I

L
I

D
I

D

Describe Three highlights Two highlights One highlight Two highlights One highlight

Take Φ0 into account we could get a result that includes the phase. As shown in Table 1, the three added terms 
determine the amplitude and phase of each highlight. The amplitude and phase of the scattering highlights of the 
target at any split angle are obtained from the perspective of the highlight model. The highlight model also has an 
important parameter which is the time when the received signal appears. In fact, this term has already been given 
in the equation, and the highlight model for cylindrical target is detailed below. The scattering field of cylindrical 
targets in the bistatic system needs to be discussed in three different cases according to the integral calculation in 
reference [19].

1. Only end face scattering. At this point, there should be two parts of signal, the acoustic paths are r − (γ+β)/
k and r − (γ − β )/ k, the signal with smaller acoustic path arrives earlier, while signal with larger acoustic path 
arrives later.

2. Only lateral scattering. At this point, there should be two parts of signal, the acoustic paths are r − (γ + β)/ 
k and r − (β − γ )/ k, the signal with smaller acoustic path arrives earlier, while signal with larger acoustic path 
arrives later.

3. Both end face and lateral scattering are included. In theory, there should be three parts of the signal, the 
acoustic paths are r − (γ + β)/ k, r − (γ − β )/ k and r − (β − γ )/ k. Among them, r − (γ + β)/ k is the smallest, and 
the other two acoustic paths are related to the placement position. Where r is the distance from the emission point 
to the target and then to the receiving point.

The signal occurrence time can be calculated based on the acoustic path. At this point, the three elements of 
the highlight model are obtained that is amplitude, time, and phase. From the above, it can be seen that theoreti-
cally, the scattering wave of bistatic system can also be calculated using the highlight model, and this article also 
provides results with clear physical significance for general objectives. In order to improve the highlight model 
theory of the bistatic system this article will use cylindrical targets as an example to experimentally verify the 
amplitude and time of this theory due to the importance of amplitude and time in practice.

3   The First Experiment of Sound Field Measurement in a Bistatic System

The experiment was conducted in a two-meter-deep channel water pool with anechoic tiles around and at the bot-
tom of the pool. The acoustic centers of the cylindrical target, transmitting transducer, and receiving transducer 
are located on the same horizontal plane at a depth of 0.8m underwater, and the top view of their arrangement is 
shown in Fig. 6(a). The cylindrical target is a steel column shell with a wall thickness of 3.5mm, and its geomet-
ric parameters are shown in Fig. 6(b). The transmitted signal is a CW pulse with a pulse width of 0.15ms and a 
frequency of 100kHz. The opening angle of -3dB for transmitting and receiving transducer beams is 50 degrees. 
In the experiment, the direction of the transmitting transducer remains unchanged, and the cylinder forms an an-
gle θ with the reference line (θ = 0, 30, 45, 60, 90 degree). The receiving transducer rotates for half a circle with 



240

Highlight Model of Underwater Target Acoustic Scattering in the Bistatic System

a radius of 0.6m and the center of the target as the center. During the rotation process, the receiving beam always 
points towards the target, and φ is the angle between the receiver and the reference forward direction. The rota-
tion process is manually adjusted, with each rotation of 1 degree. As can be seen from later analysis, it is precise-
ly due to the manual method that certain errors are caused in the experiment. The experimental result is the signal 
amplitude which represented by a pseudo color image compared with the simulated signal.

�

transmitter

receiver

0.6m

0.
8m

reference line

         

R 55mm

30
0m

m

(a) Equipment layout                               (b) Target parameters

Fig. 6. Deployment of experiment and parameter of target

3.1   Comparison in Theoretical and Experimental with θ = 0°

In Fig. 7, the horizontal axis represents the angle between the receiver and the reference line, and the vertical axis 
represents the time from the transmission signal as the starting point. The pseudo color image shows the relative 
strength values of the received signal, Fig. 7(a) shows the simulation calculation results, and Fig. 7(b) shows the 
experimental measurement results.

There is only one highlight at ϕ = 90° in theory. In the experiment, those slightly away from 90 degrees are 
still difficult to separate due to the difficulty in separating the two in terms of timing. The bright lines in the bot-
tom left and bottom right of Fig. 7(b) represent direct sound signals which were not included in the simulation 
calculation. Scattering signals are almost invisible on both sides, due to the relatively small amount of scattered 
wave energy that can be received at this angle. Overall, the timing and relative amplitude of the highlights are in 
good agreement. The comparison of signals are shown in Fig. 8.

        

(a) Simulation calculation results of geometric highlights          (b) Comparison of experimental and theoretical highlights

Fig. 7. Comparison in theoretical and experimental with θ = 0°
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(a) ϕ = 35°                                                                                 (b) ϕ = 89°

Fig. 8. Received signal of receiver with different angle

3.2   Comparison in Theoretical and Experimental with θ = 30°

        

(a) Simulation calculation results of geometric highlights   (b) Comparison of experimental and theoretical highlights

Fig. 9. Comparison in theoretical and experimental with θ = 30°

   

(a) ϕ = 63°                                                                               (b)  ϕ = 160°

Fig. 10. Received signal of receiver with different angle
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There is only one highlight in the mirror reflection area (150-degree), which is consistent with theoretical cal-
culations in Fig. 9. While in Fig. 9(b), due to the large number of highlights, the graph becomes more complex. 
It can be seen that the time and amplitude can be well matched by comparing the theoretical waveform with the 
measured waveform at several angles. The comparison of signals are shown in Fig. 10.

3.3   Comparison in Theoretical and Experimental with θ = 45°

When θ = 45°, the mirror reflection position is at ϕ =180°, which is consistent with theory and experiment  
shown in Fig. 11 and Fig. 12. In theory, each signal is clearly separated, while in reality, it may appear chaotic in 
the image due to aliasing between signals. The theoretical and experimental results are in good agreement in the 
reflection area near the mirror, while other angles may be chaotic. This is due to the discontinuous rotation in the 
experiment and the high noise in the experimental environment.

      

(a) Simulation calculation results of geometric highlights     (b) Comparison of experimental and theoretical highlights

Fig. 11. Comparison in theoretical and experimental with θ = 45°

     

(a) ϕ = 50°                                                                               (b) ϕ = 160° 

Fig. 12. Received signal of receiver with different angle
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3.4   Comparison in Theoretical and Experimental with θ = 60°

At this point, the mirror reflection point is no longer visible. The position of the highlight at different reception 
angles is consistent with the theory. The comparison of highlights and signals are shown in Fig. 13 and Fig. 14.

     

(a) Simulation calculation results of geometric highlights    (b) Comparison of experimental and theoretical highlights

Fig. 13. Comparison in theoretical and experimental with θ = 60°

    

(a) ϕ = 63˚                                                                               (b) ϕ = 140˚

Fig. 14. Received signal of receiver with different angle

3.5   Comparison in Theoretical and Experimental with θ = 90°

Fig. 15 and Fig. 16 shows the result of only end face scattering. The superposition of signals generated by two 
highlights in the experiment makes it unstable in time. The calculation results of the simulation are based on a 
rigid cylinder as the model, while the experiment uses a cylindrical shell, which causes echoes to be generated 
at both the front and rear ends of the column. This is particularly evident when the target is perpendicular to the 
reference line, making the actual received signal more complex than the simulation results.

In the experiment, the appearance of elastic highlights can also cause differences between the theoretical mod-
el and the measured results. The rotation error caused by manual operation and the system jitter after movement 
are also important parts that cannot be ignored.
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(a) Simulation calculation results of geometric highlights      (b) Comparison of experimental and theoretical highlights

Fig. 15. Comparison in theoretical and experimental with θ = 90˚

      

(a) ϕ = 26°                                                                                 (b) ϕ = 90°

Fig. 16. Received signal of receiver with different angle

4   The Second Experiment of Sound Field Measurement in a Bistatic System

Considering the errors caused by manual instability and environmental factors in the previous experiment, the 
second experiment was conducted in an anechoic water tank with an automatic rotation device. The system lay-
out is shown in Fig. 17, with the transmitter pointing towards the end face of the steel column shell, and the three 
receivers forming 0-degree, 30-degree, and 60-degree angles with the reference line. The cylindrical target is 
located under a wheel with an automatic rotation device which is used to slowly rotate the target. The transmitted 
signal is a 100 kHz CW pulse signal. The receiver always collects the signal until the end of the rotation. In Fig. 
18, θ represents the angle between the cylinder busbar and the reference line, and ϕ represents the angle formed 
by the receiver direction and the reference line. The processing results are shown as follows.

From Fig. 18 to Fig. 23, it can be seen that most of the highlight positions can be well matched in terms of 
angle and time. It is thus clear that scattering highlight model describes the target scattering field well within a 
certain range. The second group of experiments showed relatively ideal results due to the use of automatic ro-
tation, which reduced errors caused by manual operations. Therefore, the theory is in good agreement with the 
experiment.
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Fig. 17. Deployment of experiment

     

(a) Simulation calculation results of geometric highlights    (b) Comparison of experimental and theoretical highlights

Fig. 18. Comparison in theoretical and experimental with ϕ = 0°

     

(a) θ = 40°                                                                                  (b) θ = 153°

Fig. 19. Received signal of receiver with different angle
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(a) Simulation calculation results of geometric highlights     (b) Comparison of experimental and theoretical highlights

Fig. 20. Comparison in theoretical and experimental with ϕ = 30°

     

(a) θ = 45°                                                                             (b) θ = 203°

Fig. 21. Received signal of receiver with different angle

        

(a) Simulation calculation results of geometric highlights      (b) Comparison of experimental and theoretical highlights

Fig. 22. Comparison in theoretical and experimental with ϕ = 60°
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(a) θ = 37°                                                                                  (b) θ = 252°

Fig. 23. Received signal of receiver with different angle

5   Analysis of Experimental Results

It should be noted that the Kirchhoff approximation does not have high accuracy in calculating the scattering 
characteristics of targets in the bistatic system. 

Firstly, in the calculation, only the information of the target bright area in the system is considered, while 
the information of the dark area is ignored, so it is not applicable for conditions with large separation angles. 
Therefore, in the experiment, the separation angle is less than 90-degree, and within this range, the scattering 
characteristics of the target in the bistatic system of the highlight model are calculated.

In addition, as a geometric acoustic approximation, the accuracy of the calculation results is directly propor-
tional to the frequency of the sound wave. In practice, the frequency of sound waves is much lower than that of 
light, which inevitably leads to errors.

Third, a slight deviation between the actual propagation process of sound waves and the theoretical results 
may result in a time difference between the theoretical and experimental highlights. During simulation, it is ap-
proximated as a plane wave, but in reality, both the transmitter and receiver are located at a finite distance, which 
can cause a deviation in the position of the echo.

Fourth, the theoretical simulation calculation adopts a rigid surface approximation which only considering 
geometric scattering. The experimental target is elastic materials, which will introduce the influence of elastic 
scattering. Surrounding waves and shell scattering will cause some scattered waves received at certain positions 
to deviate from the theoretical simulation results.

Finally, environmental noise and direct sound wave are also important factors affecting the results.
Despite the various adverse factors mentioned above, it can still be seen from the experimental results that the 

simulation results of the split highlight model are in good agreement with the experimental measurement results, 
which proves the correctness of the highlight model in bistatic system. The bistatic system highlights model pro-
posed in this article can be used to predict its scattering characteristics of bistatic system in combination with the 
actual target characteristics.

6   Conclusion and Prospect

6.1   Conclusion

When calculating the high-frequency acoustic scattering field, the applicability of the analytical solution obtained 
by the wave acoustics method is poor. Therefore, this paper studies the optical approximation for calculating 
the scattering field, the problem of bistatic acoustic scattering from a finite length rigid cylinder was analyzed 
based on the Kirchhoff approximation. Based on the calculation results, extend the highlight model to the bistatic 
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system. When calculating the scattered acoustic field of a target in a bistatic system, the target can be equivalent 
to several highlights based on certain characteristics of the target, and the received signal consists of these high-
lights.

Finally, an experiment was conducted to measure the scattered acoustic field of the bistatic system. Under 
fixed transmitter and target conditions, experiments were conducted to measure the received signal of the re-
ceiver rotating around the target, as well as the received signal of the target rotating under multiple split angles. 
A comparison was made between the experimental results and the theoretical simulation results of the full angle 
pseudo color image. The comparison between measured signals and simulated signals indicates that the highlight 
model of bistatic system can describe the scattering characteristics of the target to a certain extent better. In the 
article, only geometric highlights were simulated, and it can be foreseen that with a full understanding of the tar-
get, the highlight model of bistatic system can accurately express the sound field.

6.2   Prospect

In the calculation of scattering systems, most current numerical algorithms are effective at low frequencies, while 
optical approximations can be used at high frequencies. At present, research on scattering has focused more on 
theory and less on experimental verification. At the same time, most studies have focused on the monostatic case, 
with less exploration on the bistatic case. There is great potential for exploring the highlight model under the 
scattering system conditions proposed in this article, provided that there is sufficient understanding of the target 
and source. For example, by combining elastic wave scattering theory with highlight model of scattering system, 
a more comprehensive scattering highlight model can be obtained. On the side, a model library of multiple tar-
gets highlight models of scattering system can also be established, which could greatly simplify the calculation 
of scattering problems.
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