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Motion characterization, including Doppler and micro-Doppler, is crucial for the detection and identifica-
tion of high-speed underwater targets. Under high-frequency and short-range conditions, underwater targets
cannot be simply regarded as single highlight targets as they exhibit a complex structure with multiple scat-
tering centers accompanied by distinct micro-motions. To address this multi-highlight and multi-micro-motion
scenario, a model is proposed to characterize the motion features of underwater targets. Firstly, a mathematical
model is established to represent the micro-Doppler features based on the single-highlight model. Subsequently,
considering the overlap of multiple highlight echoes caused by the high-speed translation of the target and the
long pulse detection signal, precise representation is achieved by setting motion positions and calculating time
delays within the model. The results represent the echoes of moving targets with multiple highlights and micro-
motions. Finally, a time-frequency analysis method is employed to extract motion features and estimate target
parameters, thereby validating the accuracy and effectiveness of the proposed model. This research provides
a theoretical foundation for the modeling of underwater moving targets.
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1. Introduction

Existing studies have shown that underwater tar-
gets, during navigation or operational activities, ex-
hibit periodic micro-motions such as vibrations and ro-
tations alongside their translation (CLEMENTE et al.,
2013; HANIF et al., 2022). Micro-Doppler features,
serving as a crucial representation of target motion
states, are particularly important in high-speed tar-
get detection. By extracting micro-Doppler features
from complex echo signals, it is possible to estimate
motion parameters of the high-speed target’s micro-
motion components, which is of great significance for
target detection and identification.

In the field of radar detection, extensive research
has been conducted on target micro-motion fea-
tures, micro-motion feature extraction, and classifi-
cation, leading to valuable achievements (CLEMENTE
et al., 2013; HANIF et al., 2022). CHEN et al. (2003)

elucidated the frequency modulation effect caused
by target micro-motion, known as micro-Doppler.
Micro-Doppler features have been used for classify-
ing various human activities. By using raw micro-
Doppler signatures as features, detection and recogni-
tion of various human activities can be achieved (K1,
LiNG, 2009; Kim, MOON, 2016). WANG et al. (2023)
employed time-frequency analysis to extract micro-
Doppler features from radar signals to identify the
indoor activities of elderly people, enabling an effec-
tive assessment of potential risks in their daily rou-
tines. ZHAO and Su (2023) decomposed Doppler sig-
nals from the echo of small unmanned aerial vehicles
based on the micro-Doppler effect of rotating targets.
They further extracted motion parameters from the
residual rotating signals, achieving efficient identifica-
tion of LSS UAVs. In addition to civilian applications,
relevant research has also been conducted in the mili-
tary domain. For instance, based on the estimation of
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target micro-motion parameters, the identification of
warheads has been accomplished, taking into account
the different forms of target micro-motions (GAO et al.,
2010; HAN, FENG, 2020; ZHANG et al., 2023).

In underwater acoustics, most research has con-
centrated on estimating motion parameters and po-
sition parameters of targets through Doppler parame-
ters, enabling measurements such as velocity and range
estimation (Xu, 2016; TANG et al., 2020). ZHANG
et al. (2018) proposed a method based on frequency-
difference-of-arrival measurements to accurately infer
the position and velocity of underwater targets by con-
sidering the Doppler effect. GONG et al. (2020) intro-
duced a low-complexity Doppler estimation algorithm
to estimate the Doppler frequency shift and achieve lo-
calization of autonomous underwater vehicles. YANG
et al. (2023) estimated the Doppler frequency shift
to obtain the motion states of scatterers and then
fused the motion features to accurately identify multi-
ple moving scatterers within the same beam. Regard-
ing micro-Doppler feature research, KASHYAP et al.
(2015) simulated underwater vehicles with rotating
propellers using sonar and radar detection. Employ-
ing time-frequency analysis to extract micro-Doppler
features, the author confirmed that micro-Doppler fea-
tures can be used for target identification. However,
the presented simulation models lack generality. KuL-
HANDJIAN et al. (2020) classified and recognized the
swimming postures of humans on the water surface us-
ing acoustic micro-Doppler features. WU et al. (2022)
simulated the motion features of composite targets
with translational and micro-motion components, us-
ing a single-highlight model, and obtained the tar-
get’s motion features through time-frequency analy-
sis. Kou and FENG (2022) focused on targets with
various micro-motion forms in a static state. The au-
thor separated multi-point echoes and extracted the
micro-motion features of each highlight by construct-
ing a redundant dictionary and sparse decomposi-
tion. SAFFARI et al. (2023) effectively selected fea-
tures by extracting micro-Doppler features to distin-
guish and identify the propellers of various underwa-
ter target models (in stationary states) based on their
different models and motion states.

Based on the above, most of the existing research
models primarily consider micro-motion features in
a stationary state and perceive the target as a sin-
gle highlight structure. However, in actual underwater
operational scenarios, targets often exhibit a combined
motion pattern of translation and micro-motion, typi-
cally presenting complex structures with multiple scat-
tering centers. For instance, in the case of a torpedo
moving at high speed underwater, the tail fin under-
goes a rotational motion and the engine compartment
exhibits vibration. In light of this scenario, this pa-
per builds upon the highlight model and establishes
a motion characteristic model that incorporates multi-

ple highlight and micro-motions for combined transla-
tion and micro-motion. The feature parameters are ex-
tracted using time-frequency analysis methods to ver-
ify the correctness and effectiveness of the established
model.

2. Mathematical model of micro-motion features
based on single highlight

The single-highlight model for underwater targets
(TANG, 1994) assumes that the relative distance be-
tween a moving target and the sonar remains con-
stant during the pulse width of the transmitted signal.
However, when underwater targets exhibit high-speed
translation along with micro-motion, such as rotation
and vibration, the position of the target’s highlights
changes not only due to translation but also due to
micro-motion. This results in significant changes in
the relative distance between the sonar and the tar-
get, which should be represented as an instantaneous
distance R(t).

Assuming the transmitted signal is a long pulse sig-
nal:

p(t) = po(t)e 7", (1)
where po(t) is the envelope of the signal and f is the
carrier frequency.

During the pulse width of the transmitted signal
illuminating the target, the highlight of the target is
established as a dynamic model, represented as a vec-
tor indicating the relative distance R(t).

The vector distance relationship between the sonar
and the micro-motion target is illustrated in Fig. 1.
The sonar is located at the origin O of the coordinate
system (z, y, z) and remains stationary. At time ¢ = 0,
the highlight of the target is located at the origin O,
of the coordinate system (1, y1, 21), which is a trans-
lation of the (z, y, z) coordinate system. The initial
distance vector between the sonar and the target is
denoted as Rg. The highlight moves uniformly with
a velocity vector V, and simultaneously, the micro-
motion of the highlight introduces a distance change
vector M(t). M(t) varies depending on the specific
micro-motion pattern.

z

©0J sonar Y

Fig. 1. Sonar and micro-motion target vector relationship.
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The motion of the target can be decomposed into
two stages: first, the target moves from point P
to point P’, where the vector distance of this segment
is equal to the translational velocity vector multiplied
by time; then, based on the micro-motion pattern, it
moves from point P’ to point P”, where the vector
distance of this segment varies based on the form of
infinitesimal motion. By adding these vectors together,
we can obtain the instantaneous distance R(t):

R(t) = ||Ro + Vt + M(?)]] (2)
According to the highlight model theory, the time
delay 7 can be expressed as:
2R (¢
T = R{) )
c

(3)

The echo signal expression is:

s(t) = Apo (t — 2R(t)) e—jzwf(t_&;w)ew
C

= Apo (t _2R(Y) ) e 2R ie (4)
c

where A is the amplitude of the echo from the high-
light, ¢ is the phase change at the formation of the
echo, and #(R(t)) is the phase of the echo signal. By
taking the derivative of the phase, we can obtain the
instantaneous frequency:

1 do(R(1)) _2f dR(t) f-f (5)

=i —a e

i = fat dma= LT n) 2L L )] n, )

c

where n = (Rg + Vi + M(¢))/||(Ro + Vit + M(t))]| is the
unit vector of OP”, and since the initial distance is
much larger than the distance generated by the target
within one pulse period, we can approximate the unit
vector of OP” as the unit vector of OP, denoted as
n~n, = Ro/||[Ro-

From the above derivation, we can see that fy; =
%[VT-n] is the Doppler frequency shift, indicat-
ing that the echo signal form with Doppler fre-
quency shift can be obtained through the dynamic
representation of time delay. On the other hand,

fmd = %[%(M(t))]T n is the frequency shift caused
by the frequency modulation resulting from micro-
motion, known as the micro-Doppler frequency shift.
Its essence is similar to the Doppler features, as both
are caused by the change in the relative distance be-
tween the sonar and the target due to the target’s mo-

tion, which leads to changes in the echo phase.
3. Motion features model for underwater targets
with multiple highlights and micro-motion forms

For complex volumetric targets, a single high-
light is insufficient to encompass their multifaceted

features. Therefore, it is necessary to consider them
as a collection of multiple highlights, each exhibit-
ing diverse micro-motion patterns. Taking a high-
speed moving torpedo target as an example, a compos-
ite motion feature model is constructed to encompass
multiple highlights and their different micro-motion
patterns.

The torpedo is in a high-speed state underwater.
Consider a five-highlight model for the torpedo. The
head of the torpedo represents a stationary highlight
without any micro-motion. The middle section con-
tains an engine that causes mechanical vibrations in
the body. Finally, the tail of the torpedo consists of
three propeller blades that can be seen as three high-
lights rotating around the rear of the body.

The geometric relationship between the torpedo
target and the observing sonar is illustrated in Fig. 2.
Parts A, B, and C in Fig. 2d correspond to Figs. 2a—c,
respectively. The observing sonar is located at the ori-
gin O of the sonar coordinate system (z,y,z). Each
highlight has its independent coordinate system rel-
ative to the sonar coordinate system, denoted as
(x1,y1,21), (T2,y2,22), and (x3,ys3,23). These coor-
dinate systems are translations of the sonar coordi-
nate system (z,y,z). The distribution and motion of
these highlights are as mentioned above, represent-
ing the head, middle, and tail of the target, respec-
tively. The highlight representing the middle section
undergoes harmonic vibrations, with the origin Oz of
its coordinate system as the center of oscillation. The
three highlights representing the tail section rotate
around the origin O3 of their coordinate system, with
the y-axis as the rotation axis. They rotate with the
same radius and angular velocity. The initial positions
of these highlights in the coordinate system (x3,ys, z3)
are different. The entire target moves uniformly along
the negative y-axis direction with a speed of v.

For a stationary highlight, as shown in Fig. 2a, the
position of the highlight at the initial moment is P,
which is located at the origin O; of the target coordi-
nate system (z1,y1, z1). Its position vector in the sonar
coordinate system (x,y,z) is Ry = (X1, Y1, Z1)7T, and
the initial azimuth and pitch angles are a; and 31, re-
spectively. The radial unit vector of the sonar to the
target is:

n,=R;/||R1||=(cos a; cos By, sin oy cos B1,sin B1) T (7)

The velocity vector of the highlight is V = (0, v, 0)T.
The instantaneous distance and echo signal expression
of the highlight are:

Ri(t) = Ry + Vil =\/X2+ (Vi +01)2 + 22, (8)

. 2R (£)) .
s1(t) = Aipo (t - QR;(t) ) 6_]2‘%(“%)6]@1- (9)
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Fig. 2. The geometric relationship in the model: a) stationary high-light at position A; b) vibrating high-light at position B;
c) rotating highlight at position C; d) geometric relationship between sonar and target.

It can be seen that there is no micro-Doppler; the
only Doppler frequency shift is:

2 2
fa= —f[VT ‘n,| = —f(vsinal cos f31). (10)

c c

For the vibrating highlight, as shown in Fig. 2b,
assume that the highlight is initially located at posi-
tion P, which corresponds to the origin O in the tar-

get coordinate system (xa,ys,22). The position vector

of the highlight in the sonar coordinate system (z,y, z)
is denoted as Ry = (X2, Ya, Z5)". The initial azimuth
angle and pitch angle are represented as oy and (s, re-
spectively. The unit vector in the radial direction from
the sonar to the vibrating center O of the target high-
light takes the same form as Eq. (7).

The origin O, is the vibration center. The har-
monic vibration is performed with frequency f,
and amplitude D,. The azimuth angle of the vi-
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bration direction is «, and the pitch angle is £.
The unit vector of the vibration direction is n, =
(cosacos B,sinacos 3,sin 8)T. In the form of simple
harmonic vibration, the vibration distance is D; =
D, sin(27 f,t). And then the instantaneous distance is:

Rs(t) = |[Ro+ Vit + Dy n,|
- [(X2 + D, cosacos 5)2
+ (Yo +vt+ Dy sinozsin,é’)2
+(Zy + Dysin 2], (11)

Echo signal expression of the highlight is:
2Ro(t) ) - _2Ra())
s2(t) = Aapo (t— 2()) e G )e”’? (12)
c

The Doppler is the same as the stationary highlight,
and the micro-Doppler is:

Tl

= 747vachv cos (27 ft)

-[cos (a2 — @) cos Ba cos B + sin By sin B]. (13)

fmd

T
(Dy sin (27 fut) - nv)] .,

In summary, the micro-Doppler curve of a vibrat-
ing feature can be represented by a sinusoidal curve.
The period of the micro-Doppler curve corresponds to
the vibration period, and its amplitude is related to the
vibration amplitude, vibration period, and the carrier
frequency of the transmitted signal.

For rotating highlights, the three highlights differ
only in their initial positions. By analyzing the general
geometric relationship of a single highlight under mo-
tion, we can determine the motion features of three
highlights. The rotation radius is [. The rotational
angular velocity is w = (0,w,0). The initial rotation
angle of the rotation highlight at ¢ =0 is 6;(i = 1,2, 3).
Therefore, the initial distance vector of the rotating
highlights in the coordinate system (x3,ys, 23) at t =0
can be expressed as:

r; = (lcosb;, 0, Isind;)T. (14)

For the motion analysis of a rotating highlight, its geo-
metric relationship with the sonar system is depicted in
Fig. 2c. At t =0, the initial position of the target high-
light is located at point P, and its initial rotation angle
is denoted as 6. The initial position vector of the target
highlight in the target coordinate system (z3,ys, 23) is
represented as r = (Icosf, 0, Isin@)T. The origin O3
of the target coordinate system (x3,ys,z3) has a po-
sition vector R = (X3, Y3, Z3)T with respect to the
sonar coordinate system (x,y,z). The initial azimuth
angle and pitch angle of the target coordinate system

are denoted as a3 and f3, respectively. The unit vector
in the radial direction from the sonar to the rotating
center O3 of the target highlight takes the same form
as Eq. (7).

According to Rodrigues’ formula (CHEN et al., 2003),
the instantaneous distance is:

R;(t) = |Rs + VE+ Ry (t)r|
= [(Xg+lcos€coswt+lsint9$inwt)2
+ (Y3 + vt)?

1/2

+(Z3 - lcosOsinwt +Isinf coswt)?] ", (15)

R (t) is the rotation matrix. The expression of the
echo signal is obtained as:

2 iow(t-2Ra®Y
s3(t) = Aspo (t—R?’(t))e 7252 )ew“”. (16)
c

When placing the target highlight and the sonar in
the same plane, i.e., X3 =0, and applying an approx-
imation method (CHEN, 2014), the specific expression
for micro-Doppler can be derived as:

2 fwl
c

Jma = sin B3 sin (wt + 6;). (17)

In summary, the micro-Doppler curve of a rotating
highlight follows a sinusoidal pattern, similar to that of
a vibrating highlight. The period of the micro-Doppler
curve corresponds to the rotational period of the mo-
tion. The amplitude of the micro-Doppler curve is in-
fluenced by the rotational radius, the rotation period,
and the carrier frequency of the transmitted signal.

For the other two rotating highlights, their forms
are similar. The final received echo signal form for
a multi-highlight moving target is:

5
s(t) = ;Si(t)- (18)

According to the traditional underwater target
model (DONG et al., 2013), the relative distances be-
tween the highlights of a target can result in different
temporal distributions of their respective echoes. The
relative distances between the highlights can also vary
during the period of signal transmission due to the
high-speed state of the target. Additionally, to capture
finer micro-Doppler features, it is necessary to trans-
mit detection signals with longer pulse widths, which
ultimately leads to temporal overlap of the echoes from
different highlights.

Since the initial moment corresponds to the time of
signal transmission, the starting time of the echo signal
is denoted as 1, and it is given by the equation:

OR(1)

tl =71 = B 5 (19)
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where R(t1) represents the position of the highlight
when the sound wave illuminates it, which corresponds
to the initial position in the aforementioned model.
The termination time of the echo signal for the high-
light is denoted as to, and it is given by the equation:

2R(t
to=T+1=T+ (t2) (20)
C

The starting moment of the echo signal corresponds
to the position of the highlight. It represents the po-
sition where the highlight is located after its motion,
compensating for the positional changes caused by the
time difference resulting from the relative distances be-
tween the highlights.

4. Simulation and analysis

In order to validate the accuracy and effective-
ness of the model proposed in this paper, this sec-
tion simulates the echo signals of moving targets un-
der single-highlight and multi-highlight scenarios with
micro-Doppler effects, based on the models established
in Secs. 2 and 3. The short-time Fourier transform
(STFT) is employed to obtain time-frequency spec-
trograms, which are then used to extract the motion
features of the targets. This enables the estimation of
target parameters.

4.1. Single-highlight micro-motion model simulation
verification

Simulations and analyses were conducted for sta-
tionary highlights, vibrating highlights, and rotating
highlights, with the initial moment defined as the time
of signal transmission. Partial simulation parameter
settings are shown in Table 1.

For the analysis of stationary highlights, the position
vector of the target at the moment of sound wave illu-
mination is calculated as R' = (0, 505.50, —200)™ m.
Taking the initial position vector direction as the in-
cident wave direction, the radial unit vector from the
sonar to the target is n, = R'/||R/||, and the actual
radial velocity component is v = V' - n,, = 18.597 m/s.
The simulated echo signal pulse width is 7, = 0.4879 s.

Derived from the actual radial velocity, it yields the
Doppler factor § = 0.0248, which then compresses
the pulse width to (1 - 9)Ts = 0.4876 s. This value is
found to be consistent with the pulse width of the echo
signal obtained in this paper’s model. The same consis-
tency is observed for vibrating highlights and rotating
highlights.

The echo signal is subjected to STFT, resulting
in a time-frequency distribution as shown in Fig. 3.
The transmitted signal is a rectangular pulse signal,
and the echo appears as a straight line on the time-
frequency plot. By extracting the maximum value on
the frequency axis at the middle moment, the Doppler
frequency shift is £ = 741.925 Hz. The radial veloc-
ity of the highlight translation is estimated to be
T = 18.596 m/s, which is consistent with the target
radial velocity component.
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Fig. 3. STFT of the stationary highlight.

To analyze the vibrating highlights, the first step
is to obtain the time-frequency representation. Then,
peak extraction is performed on the time-frequency
representation to obtain the micro-Doppler curve, as
shown in Fig. 4.

The time difference between each maximum value
is obtained from the micro-Doppler curve, resulting in
the micro-Doppler period T = 0.0667 s. The estimated
vibration frequency f = % = 15.024 Hz is found to be
in close agreement with the fundamental vibration
frequency. Additionally, the micro-Doppler spread
max f,,q — min f,,,q = 1382.6 Hz is calculated by sub-
tracting the minimum value from the maximum value

Table 1. Highlights simulation parameters.

Simulation parameters

Value

The initial position vector of each highlight

R = (0, 520, —200)T m

The translational velocity vector of each highlight

V=(0, -20, 0)T m/s

Vibration azimuth angle and pitch angle

CYUZO’BU:%

Vibration frequency fu=10Hz

Vibration amplitude D, =0.5m
Rotational angular velocity vector w = (0, 10w, 0) 1/s

Initial rotation angle 0 = 30°

Rotation radius

[=3m
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Fig. 4. STFT of the vibrating highlight (a) and the micro-Doppler curve of the vibrating highlight (b).
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Fig. 5. STFT of the rotating highlight (a) and the micro-Doppler curve of the rotating highlight (b).

0.05 0.1

of the micro-Doppler curve. Then, the vibration am-
plitude estimation is D = 0.497 m, which is consistent
with the vibration amplitude.

The same analysis is performed on the rotating
highlight and the results are shown in Fig. 5. The
time difference between each maximum value is ob-
tained from the micro-Doppler curve, resulting in the
micro-Doppler period T = 0.1997 s. The estimated
angular velocity, @ = 2% = 10.0167 1/s, is found to
be in close agreement with the fundamental angu-
lar velocity. Additionally, the micro-Doppler spread
max frng — min frq = 2800.8 Hz is calculated by sub-

b)

2500 ]
2000 1 ]
\ / \ \
Lo\ \ 1
1500f JAEE [\
1000 | Vo

500\ /

Frequency [Hz]

-500 \_/ \_/ ¥

-1000

0.3 0.4 0.5
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tracting the minimum value from the maximum value
of the micro-Doppler curve. And then the rotation ra-
dius estimation is 7 = 3.017 m, which is basically con-
sistent with the rotation radius.

4.2. Simulation and analysis of multi-highlight
moving target models

Simulation analysis is conducted on the multi-
highlight model using the size parameters and motion
parameters of a torpedo-like object. Some of the sim-
ulation parameters are set as shown in Table 2.

Table 2. Simulation parameters of the target.

Simulation parameters

Value

The initial position of stationary highlight in the head area of the target

R, = (0, 500, —200)T m

The initial position of the vibrating highlight in the middle area of the target

R = (0, 520, —-200)T m

The initial position of the rotating highlight in the tail area of the target

R3 = (0, 540, -200)T m

The translational velocity vector of each highlight

V = (0, —20, 0)T m/s

Vibration azimuth angle and pitch angle

a'[):0718'0:%

Vibration frequency fv=10Hz
Vibration amplitude D, =0.5m
Rotational angular velocity vector w = (0, 107, 0) 1/s
Initial rotation angle 0 =30°
Rotation radius l=3m

The initial rotation angle of each rotating highlight

6, =30°, 05 = 150°, 63 = 270°
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Fig. 6. Final received signal simulation process: a) echo in time domain; b) received signal in time domain.

Taking into account the received echo signals in
real underwater environments, it should be noted that
these signals are not entirely comprised of valid in-
formation due to the presence of environmental noise
and reverberation interference in marine environments.
The actual received signal is a mixture of the echo
signal, noise, and reverberation. By considering the
spectral characteristics of marine environmental noise
and Gaussian white noise in the frequency domain,
the required environmental noise is simulated (HAN
et al., 2020). The ocean reverberation is simulated us-
ing a unit scattering model (L1, L1u, 2016). The simu-
lated echo time-domain sequence is shown in Fig. 6a.
The noise and reverberation are then superimposed
on the echo, resulting in the final received signal time-
domain sequence as shown in Fig. 6b. The signal-
to-noise ratio (SNR) of the final received signal is
-1.81 dB, and the signal-to-reverberation ratio (SRR)
is —2.51 dB.

The final received signal is processed as follows:
first, the analytic signal of the echo signal is obtained,
and then it is multiplied by the complex conjugate of
the transmitted signal to obtain the baseband signal.
Finally, the STFT is applied to the baseband signal, re-
sulting in the time-frequency distribution shown in
Fig. 7. By processing the echo signal into a baseband
signal, the energy of the reverberation is concentrated
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Fig. 7. STFT of the echo.

at frequency 0. The bright straight line above the re-
verberation represents the energy distribution of the
stationary highlight at the target’s head, character-
ized by relatively large energy and smaller amplitude.
The micro-Doppler curves with larger amplitudes and
smaller magnitudes represent the energy distribution
of the vibrating highlights at the target’s midsection.
The three micro-Doppler curves with the highest am-
plitudes correspond to the energy distribution of the
three rotating highlights at the target’s tail.

From the time-frequency distribution graph, we can
observe that the approximate time difference between
the peaks of the micro-Doppler curves for the vibrat-
ing highlights is between 0.06 and 0.07 s. This allows
us to make a rough estimation of the vibration fre-
quency in the range of 14 to 16 Hz. On the other hand,
the approximate time difference between the peaks
of the micro-Doppler curves for the rotating highlights
is around 0.2 s. This suggests a rough estimation of the
rotational angular frequency at approximately 5 Hz.

By modifying the parameters of the micro-motion,
we can observe changes in the time-frequency distri-
bution of the target echo. Based on the aforemen-
tioned simulation parameters, we change the vibra-
tion amplitude of the vibrating highlight, denoted as
D, =1 m, and the rotation radius of the rotating high-
light, denoted as [ = 5 m. The resulting STFT of the
echo is shown in Fig. 8. Then, keeping the amplitude
and rotation radius unchanged, we modify the vibra-
tion frequency of the vibrating highlight (f, = 20 Hz)
and the rotation frequency of the rotating highlight
(fr = 8 Hz). The resulting STFT of the echo is shown
in Fig. 9.

It is observed that the time-frequency distribution
exhibits significant changes compared to the previous
simulation results. Increasing the vibration amplitude
and rotation radius leads to a larger micro-Doppler
spread in the echo. Similarly, increasing the vibration
frequency and rotation frequency results in a larger
micro-Doppler period and an increased micro-Doppler
spread in the echo.
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Fig. 8. STFT of the echo with modified vibration amplitude
and rotation radius.
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Fig. 9. STFT of the echo with modified vibration frequency
and rotation angular velocity.

This indicates that in practical scenarios, the mic-
ro-Doppler features are influenced by the micro-motion
parameters of the target. Different micro-motion forms
of the target or different micro-motion states within
the same micro-motion form will result in distinct pat-
terns in the time-frequency domain. Additionally, in
theoretical derivations, the micro-Doppler is also in-
fluenced by parameters such as the target’s initial po-
sition and the carrier frequency of the transmitted sig-
nal.

Therefore, micro-Doppler can be utilized as a mo-
tion feature for target classification and recognition,
while the Doppler frequency shift is primarily used to
extract the target’s radial velocity and can also serve
as a motion feature.

5. Conclusion

This paper investigated the underwater motion fea-
ture models for the multi-highlight targets at high
speed based on hightlight model and the micro-Dop-
pler effect. Firstly, the positional variations of the
target highlights were incorporated into the model,
and a single-highlight model was established for com-
pound motion patterns. Subsequently, a motion target
model was proposed for multiple highlights with micro-

Doppler effects, and the effectiveness of the model was
validated through motion parameter estimation using
simulated results and the simulation of target echoes
in real underwater environments.

The research results demonstrate that the echo
pulse width of the composite motion single-highlight
model coincides with the pulse width compression (or
expansion) caused by translational velocity. Moreover,
its micro-doppler characteristics can be fully mani-
fested in the time-frequency distribution, and precise
micro-motion parameters such as vibration frequency
and rotational velocity can be accurately extracted
from the time-frequency distribution. These findings
validate the accuracy of the model and its superior
representation of motion characteristics compared to
traditional underwater point target models.

Additionally, the multi-highlight moving target mo-
del addresses the limitations of the single-highlight
model in describing complex body targets. The echo
simulation results based on this model fully demon-
strate the effects of echo superposition caused by dif-
ferences in the positions of multiple points and trans-
lational velocity in the time-frequency distribution,
confirming the effectiveness of the model proposed in
this study. Furthermore, variations in micro-motion
parameters also lead to noticeable differences in the
time-frequency distribution, and a rough estimation of
the target’s micro-motion parameters can be obtained
from the time-frequency distribution. This indicates
that micro-Doppler can serve as a motion feature for
the target. The proposed model in this study provides
a theoretical foundation and approach for the investi-
gation of underwater moving targets, serving as a ref-
erence for further exploration of the motion features of
underwater targets.
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