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Abstract. Micro-Doppler effects of moving vehicles in
a radar system are mainly induced by the rotation of
wheels, whose features are closely related to the numbers,
positions and radiuses of wheels. These parameters of
wheels are critical for the vehicle classification and recog-
nition. However, most micro-Doppler features extraction
works of vehicles are unable to explicitly extract parame-
ters of wheels. In this paper, a parameter extraction
method of vehicle wheels using micro-Doppler features
based on the matching pursuit (MP) is proposed. The mi-
cro-Doppler signals of wheels are generally weak compar-
ing to redundant echo signals induced by other irrelevant
parts of the vehicle, which makes the micro-Doppler fea-
tures difficult to extract. In this case, several signal atom
sets are created according to the motion states of irrele-
vant parts of vehicle and MP is performed to suppress the
redundant signals. After the suppression, micro-Doppler
signals induced by wheels have become the major part of
the echo signal. Another atom set is generated according
to the rotational motion of wheels to perform MP again.
Then the wheel parameters, such as the estimated numbers,
positions and radiuses, are extracted. Simulation results
demonstrate that the proposed method is feasible in feature
extraction of moving vehicle. Besides, the accuracy can be
guaranteed when the signal-to-noise ratio is greater than
-5 dB.
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1. Introduction

Recognition of vehicle via radar echo becomes in-
creasingly important with the improvement of resolution
and anti-jamming capability of the radar system. However,
it remains challenging to discriminate the vehicles with
fine distinctions, because their echo signals could be quite
similar. The micro-Doppler effects are generated by the
micro motion dynamics of small widgets in addition to the
translational motion of target, such as the rotation of vehi-
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cle wheels and helicopter blades, the vibration of antennas,
the motions of human legs, etc. [1-3]. Therefore, the mi-
cro-Doppler signatures contain the characteristics of the
rotational vehicle wheels and have been proved to be criti-
cal for the vehicle’s recognition with similar structures [4].

In order to observe the micro-Doppler effect and ex-
tract effective features, the echo signals first need to be
preprocessed [5—7]. The simplest approaches are time-
frequency analysis methods, including short-time Fourier
transform (STFT), Wigner-Ville distribution (WVD), etc.
STFT uses narrow window functions to perform piecewise
Fourier transform, which is simple and easy to implement.
Nevertheless, reaching high resolution simultaneously in
time domain and frequency domain is extremely challeng-
ing [8]. WVD improves the resolution in both domains but
the cross interference terms are introduced [9]. Signal de-
composition and reconstruction is another commonly used
technique for micro-Doppler signal preprocessing [10].
Empirical Mode Decomposition (EMD) is a commonly
used method, which decomposes the signal into a series of
Intrinsic Mode Functions (IMFs) [11]. Signal components
of different frequencies can be reconstructed by this
method. The matching pursuit (MP) has been proved to be
another effective signal decomposition method. It decom-
poses arbitrary signal into the combination of basic wave-
forms in the dictionary, which is well suited to reconstruct
different types of micro-Doppler signals [12—14]. After
completion of the signal preprocessing, micro-Doppler
features can be extracted further.

There has been a considerable number of studies on
the micro-Doppler feature extraction. Nevertheless, few
attempts have been made to directly extract the physical
characteristics of targets. Based on the time-frequency
spectrogram obtained by STFT, many micro-Doppler fea-
tures can be extracted for target recognition or classifica-
tion. In [15], features like the bandwidth of the targets’
Doppler modulation are extracted from the spectrogram.
Similar features are extracted in [16]. According to the
spectrum processed by compressed sensing, the mean
value, variance and entropy of the Doppler spectrum are
extracted for further classification of targets. But the fea-
tures are not related to the physical properties of the target.
The micro-Doppler frequencies of human lower leg are
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estimated from the spectrogram in [17] to locate the mov-
ing human target. A new signal decomposition method,
called short-time variational mode decomposition, is pro-
posed in [18] to analyze the irregular micro-Doppler sig-
nals and estimate the instantaneous frequency of target. In
[19], EMD is used to decompose the echo signal of the
moving vehicle and six statistical features, such as energy
ratio and amplitude ratio, are extracted from the IMFs.
Several similar micro-Doppler features of moving vehicles
are extracted from IMFs in [20]. In addition to statistical
features, some geometrical features, like distance between
two frequency peaks, are extracted as well. In [21], some
fractal dimensions of micro-Doppler are extracted from the
IMFs for classifying ground targets. The approaches of
feature extraction are varied but these features cannot accu-
rately describe the physical characteristics of targets.

According to the Doppler effect, the echo of a moving
vehicle is a linear frequency modulated signal. Besides,
an additional modulation effect induced by the rotation of
wheels will be superimposed to the returned radar signal,
by which the parameters of wheels can be extracted.
Nevertheless, the signal components induced by rotational
wheels are usually weak compared with those generated by
the body of vehicle and the static scenes. Therefore, the
sinusoid components are intricate and easily covered by
other signal components, which make it intractable to ex-
tract micro-Doppler features from the echoes [22].

In this paper, a vehicle wheel parameter extraction
method based on MP from micro-Doppler radar signal is
proposed, which is applicable for vehicles with caterpillar
band. Physical characteristics of wheels can be directly
extracted from the micro-Doppler signal components,
which are highly advantageous features in vehicle recogni-
tion and classification. But they are seldom paid attention
to in recent studies about micro-Doppler feature extraction.
According to our research, the micro-Doppler signal com-
ponents are quite weak compared with other signals.
Hence, the atom sets corresponding to the signals of static
scene, the bodywork and the caterpillar band are created
first to suppress those irrelevant signal components. After
this, the rotational micro-Doppler signals will become the
major components of the echo signal. An atom set corre-
sponding to the rotational points is created to extract the
micro-Doppler features of wheels, from which the vehicle
wheel parameters, such as the estimated numbers, positions
and radiuses, can be obtained. Parts of this study have been
described briefly in our previous work [23]. However, the
previous method is not able to guarantee the accuracy of
estimated parameters for vehicle with caterpillar band. In
this paper, the micro-Doppler signal components of cater-
pillar band are taken into consideration. More detailed
analysis of micro-Doppler effects is given and the decision
rule of the output estimated parameters is improved to get
higher accuracy of parameter extraction. Moreover, the
anti-noise capability of the algorithm is tested under differ-
ent signal-to-noise ratios (SNRs).

The remaining paper is organized as follows. In
Sec. 2, the signal model of a moving vehicle with caterpil-

lar band is presented. The micro-Doppler effects of scatter-
ing points with different motion states are analyzed theoret-
ically. In Sec. 3, the algorithm of irrelevant signal removal
and wheel parameter extraction based on MP is described
in details. At last, parameter extraction experiments of an
armored car and a caterpillar tank are given in Sec. 4. The
anti-noise capability of the algorithm is also analyzed.
Concluding remarks are provided in Sec. 5.

2. Signal Model and Micro-Doppler
Effect Analysis

2.1 Basic Concept of Micro-Doppler Effect

The relative movement between the target and radar
will cause a Doppler shift. Besides the Doppler frequency
caused by the translational motion of a target, the micro-
motions of the scattering points will cause additional
modulations to the returned signal of radar, which is called
micro-Doppler effect. The micro-Doppler frequency can be
obtained by means of baseband transformation and time-
frequency analysis. Values of micro-Doppler frequencies
are determined by the forms of the transmitted signal of
radar and the instantaneous distances between the
scattering points and radar. Therefore, to obtain the forms
of micro-Doppler frequencies, the distances between radar
and different types of scattering points need to be analyzed
first.

2.2 Mathematical Model of a Moving Vehicle

A model of a tank with caterpillar band on the
ground, shown in Fig. 1, is used to illustrate the variations
of distances between radar and different types of scattering
points. There are several kinds of scattering points with
different motion states in the simulation scene. We analyze
the micro-Doppler features of all these scattering points,
which ensures that the parameter extraction method is
applicable to most kinds of vehicles, including regular
vehicles without caterpillar band.

All the simulation models in this paper are built by
Google Sketchup. In order to analyze the instantaneous
distances between radar and the scattering points with
different motion states, the model is simplified into the
form shown in Fig. 2. The radar is directional, whose line
of sight is perpendicular to the moving direction of vehicle.
The coordinate of the radar is (0, H, R,), where H is the
height of radar and R is the vertical distance between radar
and xoy plane.

Four kinds of scattering points of different motion
states are analyzed in the simulation. Scattering point
existing on the stationary object is represented as N,, and
K, is a translational scattering point existing on the main
body of the vehicle. Scattering points on the wheels and
caterpillar band are represented as M, and L,, respectively.
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Fig. 1. Model of a tank with caterpillar band.
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Fig. 2. Geometric model of a moving vehicle.

For the scattering point N, existing on the stationary
objects, the distance between N, and the radar located at O
is

RNP :“RstaNp ”:f(x,\,p,y,\,p,sz)

=\/x12vp +(pr —H)2 +(ZNP _Ro>2

where Rstay, is the range vector from radar to the station-

)

ary point, (xy,, ¥, Zn,) is the coordinate of N, and || || is the
Euclidean norm.
Assuming that the vehicle is moving along the x-axis

in the positive direction with a velocity of v the instantane-
ous distance between K, and radar is

trans

= /(%2 52k, 001 @)
_ J(xkn vt} (v ~H) +(z0 ~R,)

where Rtrag, is the range vector from radar to the real time
location of the translation point, QK, is the range vector
from radar to the initial location of the translation point and
Ry.s 18 the vector describing the translational motion. The
initial coordinate of K, is (xx,, Vk,» Zx,)-

R, ()= "RtraK” || =[QK, +R

For the rotational scattering point M, on the wheels,
its angular velocity is relevant to the radius of the wheel.
The instantaneous distance between the radar and M,, is

Ry, (1)=|Rrot,, |
= "Rc +Rtrans +f|| = f(xp(,y& ,ZE‘,V,f,ZL)

:[(xpc+vt)2+(yp( _H)2+(213 _RO)2+R3+ 3)

2(xPC +vt)Rr cos(a)t+go)+2(yPc —H)Rr sin(a)t—i-gz))]2

where Rrot,,, is the range vector from radar to the real time
location of the rotational point, R, is the range vector from
radar to the center of wheel. Vector Ry, describes the
translational motion of the center of wheel and vector ¥
describes the rotational motion of point on the wheel.
Moreover, (xp, yp., zp,) 1s the initial coordinate of the wheel
center, R, is the distance between the scattering point and
the center of wheel, @ is the angular velocity of the wheel
and ¢ is the initial phase angle of M.

For the scattering point L,, on the caterpillar band,
when the point is on the upper part of caterpillar band, the
instantaneous distance between the radar and L, is

R, (1)= "Rcame || =|QL, +L, L, | =/ (x, .y, .2, ,v,t)
_ J(me w2} (v, —H) +(z, -R)

where Rcap,, is the range vector from radar to the real
time location of the caterpillar band point, QL,, is the vec-
tor from radar to the initial location of the point and vector
L, Ly, describes the motion of the point. When it moves to
the lower part of caterpillar band, the instantaneous dis-
tance becomes the same as that of stationary point.

“

2.3 Micro-Doppler Effect Analysis

The transmitted signal of radar is a sinusoidal
waveform expressed as [22]

p(t)= rect[TL} exp(j27 fit) (5)

p

where f; is the carrier frequency, rect(*) means rectangular
pulse envelope and T, is the length of signal.

Assuming that numbers of stationary points, transla-
tional points, rotational points and caterpillar band points
are {Nwl, Kiol, Mio, Lior}, the echo signal from the whole
scene can be expressed as

Nlol Klol Mwl L\ol
s(t)= 2s§p (1)+ 2 sg (0)+ ZSAR@ (1)+ 2.5 (2) (6)
p=1 n=1 q=1 m=1

where U= {N,, K,, M, L,} represents the kinds of
scattering points. The returned signal of a single scattering
point can be described as

ng(z):p(t_ZL(’)J

=rect[ (t=2R, (t)/c)/ T, |-exp| 271, (t=2Ry () /c) ]

where Ry is the distance between radar and the scattering
point. Through baseband transformation and time-fre-
quency analysis, the micro-Doppler frequency can be cal-
culated by

Q)

_ L doy (1) 2/ dRy (1)
fd*PK_27z d ¢ dr ®)
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where @ (1)=2xf,(1—2R(t)/c) is the phase of (7).

Assuming that far field assumption is satisfied (R, is
big enough), the instantaneous distances between scattering
points and the radar can be approximated by Taylor expan-
sion and v’#/2R, can be subtracted from the distances of
four kinds of scattering point by translational motion com-
pensation. Then based on (8), the Doppler or micro-Dop-
pler frequencies of four kinds of points can be obtained
approximately by

1) stationary point:

2f
f)=—"0——— 4, 9
o 0= ©)
2) translational point:
2f  vxg
t)=——% , 10
fio (== (10)

3) upper caterpillar band point:

2 3
Jaet, (t):T[z -R
Lm

2vx,
-—— (11)
z, —R,

0 Lm

lower caterpillar band point:
fdem (t):er—Np (t) > (12)

4) rotational point:

Jacm, ()= _%{_ e R,

[(a)ypc —a)H+v)2
c z,—Ry z,,—-R,

" 13)
L2
+(a)(xpc+vt)) } sin(0+a)t+¢7)}
where
-y,
@ = arctan (J/M’—] , (14)
Xy, ~X
a)(xpc +vt)
0 = arctan| ——— |. (15)
0y, —oH+v

The micro-Doppler frequency of rotational point is a sinus-
oidal curve, whose frequency is

d
1 » :5(6@ wt+9)
(16)

a)v(a)ypc —a)H+v)

= ~

(a)ypc - H + v)z + [a)(xp(_ + vt)]2

As can be seen from (9) to (13), the Doppler fre-
quency curves of stationary scattering points on the time-
frequency spectrogram are straight lines with negative
slopes. On the contrary, the curves of upper points on the
caterpillar band are straight lines with positive slopes. The
translational points correspond to lines with zero slopes.

The curves of rotational points are sinusoids with different
amplitudes and phases. Therefore, by extracting the fea-
tures of the sinusoids, physical parameters of wheels can
be acquired.

3. MP-Based Wheel Parameters
Extraction

In order to obtain accurate rotational features, the
echo signals generated by stationary points, translational
points and upper caterpillar band points, namely irrelevant
signals, need to be removed first.

Sparse representation uses a linear combination of
basic signals selected from the dictionary to reconstruct the
original signal. MP is a typical sparse decomposition
method. The signal can be decomposed into an expansion
form of functions in the non-orthogonal basis by MP. Once
the returned signal is sparsely represented, the removal of
irrelevant signal and extraction of features will become
much easier.

3.1 Dot Matrix Description of a Scene

The radar echo of a moving vehicle in the scene is
mainly generated by the scattering points discussed in
Sec. 2, and then the components of the echo signal can be
reconstructed according to the motion states of scattering
points.

For the simulation validation, a model of a moving
tank with caterpillar tracks on the ground is built by
Google Sketchup to illustrate the method, which is shown
in Fig. 3. The scene is described with a 3D dot matrix
which is big enough to cover all the scattering points on the
target. In order to guarantee the simulation accuracy, the
interval of points in the 3D matrix must be smaller than the
radar resolution.

For the translational points on the vehicle, the 3D dot
matrix is represented by Cians and card(Cyans) = K is the
number of the dots. For a dot (xt, yt, zt;) € Cians, calculate
the distance between the dot and radar according to (2) and
build an analogous radar signal a,(f), which is expressed as

\/(xtk +vt) +(yt, ~H) +(zt, —R,)’
c

a,(t)=exp| —jdr f,

)

The atom a(?) is considered as the radar echo signal
of the translational point after baseband transformation.
The radar signals of all the translational points construct
asignal set ITiuns= {a(®)|ai(f), ax(?),..., ax(f)}, which is
considered as the signal dictionary of translational points.

In a similar way, the signals of stationary points exist
on the ground and the lower part of caterpillar band can be
given by I, = {b,(9)|b1(?), bs(?),..., ba(?)}. The dictionary of
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Fig. 3. A dot matrix description of a scene.

the upper caterpillar band points shown as the green area in
Fig. 3 can be represented as 1.,y = {c(D)|c1(?), c2(?),. .., cr(D)}.
For stationary point (xs,, ys,, zs,) and the upper caterpillar
band point (xp,, yp;, zp;), b,(f) and c(¢) can be expressed by

Jxs2+ (s, —HY +(zs, - R,)’
C

b, (t)=exp| —jar /. , (18)

\/(xp, + 2vt)2 +(yp, - H)2 +(zp, - R, )2
C

¢, (t)=exp| —j4r .

19)
where (xs,, ys,, zs,) and (xp;, yp,, zp;) are the coordinates of
a stationary point and upper caterpillar band point in the
3D matrixes, respectively.

3.2 Removal of Irrelevant Signals

Take the translational points as example to give a de-
scription of irrelevant signals removal based on the ideas of
MP. Assuming that a received radar echo signal is s(%),
calculate the correlation coefficient d; between s(f) and
ai(t). All the correlation coefficients {d,} between s(f) and
every elements in I1;,,s can be given by

{d,|a.=(s(1).a, (1)):a, (1) €T1,,, |

where (*) is the inner product.

(20)

Then, search the maximum value d; in {d;} and record
the corresponding sequence number i. Thus, a{f) becomes
the most relevant signal component generated by the trans-
lational scattering points, which needs to be removed. The
echo signal is updated by

s'(t)=s(t)— a’—(t)
(t) (t) dz "al.(t)"

Exclude the element a,(f) from IT;,,s and calculate the
correlation coefficients between s°(¢) and I, again. Con-
duct the iterative processing to remove the most relevant
signal component until the maximum correlation coeffi-
cient is smaller than the threshold value. At this point, the
signal components induced by the translational scattering
points have been mostly removed.

€2y

Based on the atom sets Ily, and Il, of stationary
points and upper caterpillar band, the corresponding signal
components can also be removed from the radar echoes by
performing the same steps.

3.3 Extraction of Wheel Parameters

After the removal of irrelevant signal, the micro-Dop-
pler signals generated by the rotational wheels become the
major components of the echo signal. All the scattering
points on the wheels move in a circular motion, generating
modulated sinusoidal signals with different amplitudes and
phases. In this case, the parameters of wheels can be ex-
tracted based on MP and the micro-Doppler features of
rotational points.

The red zone in Fig. 3 is the 3D dot matrix to cover
the wheels, expressed as C,. The atom set of each dot in the
matrix is formulated according to the signals generated by
the scattering points around the centers of wheels. Based
on MP, the most relevant atom of each dot with the echo
signal can be acquired. If the correlation coefficient is big
enough, the dot might be the center of wheel. In order to
estimate the parameters of wheels more accurately, each
atom set is generated by eight points around the dot in the
matrix, shown as blue points in Fig. 4. The eight points are
expressed as a set II,, and d. is the interval which is
smaller than the radar resolution.

The red point is a dot in the 3D matrix, which might
be the center of wheel. Assuming that the frequencies of
wheels are within the range of (Wpyin, ®max), the atom set of
each blue point can be expressed as

Hmt (‘xa’ya’za ) = {Om (t)|01 (t)’02 (t)’ ’ "meax*wmm*l (t)} (22)
where

(23)

o 0= 2240).

R (1) = [(xrm +vt)2 +(yr, —H)2 +R} +(zr, —RO)2

| (24)
£2R (o, —ve) +(r, —H) sin(6+a)t+(p)}2

where Xy Vs 21m) € Cyy (¥a> Var Za) € T1,,,
© € (Omin, Omax), R =N2d, , 0= arctan[(xr,, + vi)/yr,],

and ¢ = arctan[(y,— yrn)/ (X, —xr)]-

(xr, —d, yry dézm)(m’m ;dx,zrm)(xrm +dyr, +d,,zr,)

v
«

dy

" cly xr, +d,, Y7, 2, )
(7, <, 1,21,

(wry73027,)

[ L ]
(xr, —d oy, =dy.zn, ) (30, y5, —d,zn,) (an, + dyyr, —d, 2, )

Fig. 4. Points for rotational atom set generation.
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Each blue point in Fig. 4 will generate a signal set with
(®max — @min T1) atoms, and thus the number of atoms in
the set of each dot in the 3D matrix is (@Wmax — @Omin 1) % 8.
The correlation coefficients of eight points are calculated
separately by

{d,]d, =(s,(1).0, (1))

where s,(¢) is the signal after the removal of irrelevant
signals. Each calculation in connection with each blue
point will generate a maximum correlation coefficient, and
a frequency value when the correlation coefficient reaches
the maximum. In other words, in the calculations of each
dot in the 3D matrix, eight maximum correlation coeffi-
cients {Di, D,,..., Dg} and the corresponding frequencies
w,={wy, ws,..., 03} € (Onin, Omax) Will be obtained.

0, (t) ell,, (xa,ya,za )} (25)

In the ideal state, the frequencies {w, wy,..., wg} will
be all equal to the rotational frequency if the current red
dot is the center of wheel. Nevertheless, the modulation
signals of rotational scattering points are different, which
will cause interferences on each other. Hence, the eight
extraction results of frequency might be different. If the
eight frequencies are all different, the current red dot may
not be the center of wheel. On the contrary, if there are
same elements in w,, the red dot at this moment might be
the center of wheel. The frequency of them, denoted as w;,,
is the estimated rotational frequency of the wheel. Provid-
ing that the serial numbers of the repeated elements are
W = {rlw,= w;}, the output correlation coefficients and
frequencies are determined as follows:

IF card(W) >
(D('xrm’yrm’zrm) = a)f

D(x,,, 2, ) = max{D, }
ELSE

m(xrm’yrm9z,.m):a)l
D(x,,,Y,ns2,,)=min{D,,D,, -, Dy}

(26)

After the calculation of all points in C,, matrices of
correlation coefficients and frequencies shown in (26) can
be obtained. If a certain point in C, is the center of a vehi-
cle’s wheel, the correlation coefficient on that coordinates
will be much bigger than other values. Therefore, the local
maxima in the correlation coefficient matrix D shows the

b T .
Time-Frequency Spectrograph
(:A:toms Sets >
1 i —
! Time-Frequency ;‘|:> i Stationary Points
i analysis ! 1| Translational Points
|

11 Caterpillar Band Points

Radar Echoes

estimated coordinates of wheels. Once the coordinates of
wheels are obtained, the estimated rotational frequencies
can also be obtained from ® . The radiuses of wheels R
can be calculated by the frequencies @ and the velocity of
target v: R = vo.

3.4 Procedure of MP-Based Vehicle
Parameters Extraction

Based on the principle of MP, a wheel parameter ex-
traction method of a moving vehicle through micro-Dop-
pler frequencies is proposed in this section. The simulation
indicates that the signal components of other scattering
points in addition to the rotational ones will be detrimental
to the extraction of micro-Doppler frequency. Hence, on
the basis of micro-Doppler signal form, three signal atom
sets are built to suppress those irrelevant signals. Then the
fourth atom set is formed according to the motion state of
rotational scattering points, which is used to pursuit those
sinusoids with different amplitudes and phases and extract
the features of wheels further. The general framework of
algorithm is shown in Fig. 5.

The process of the proposed method can be
summarized as Algorithm 1.

Algorithm 1: Wheel parameters extraction via micro-
Doppler feature based on matching pursuit

Input: the radar echo of target s(¢), the translational
points set Ili.., the stationary points set Ilg,, the
caterpillar band points set I, the rotational points set
I1,;, the threshold value T.
Initialization:

do
1. Calculate the correlation coefficients between s(f)
and I, with (20).
2. Exclude the element a; from I .
3. Update the echo signal with (21).

while a,> T
4. Change ITiqns into g, I, and repeat steps 1~3.
5. Calculate the correlation coefficients between the
residual signal and IT,, with (25).
6. Output the elements in correlation coefficients matrix
and frequency matrix with (26).
Output: Correlation coefficients matrix and frequency

matrix.

Timers
Irrelevant Signals Removal

|
_ Matchmz‘
Pursuit \

i
i

!

Ii> > Pursut. |
Rotational Points Pursuit |

i

i

1 @ Atoms Set i)

Matching Wheel Parameter Wheel

Extraction Parameters

Fig. 5. General framework of the proposed vehicle parameter extraction method.



RADIOENGINEERING, VOL. 30, NO. 4, DECEMBER 2021

725

4. Simulations and Discussion

In this section, some simulation experiments are per-
formed to validate the proposed method. The programs are
written via Microsoft Visual Studio 2012. All the analyses
and programs are performed on a Winl0 operated work-
station, whose CPU is Inter Core 19-9900K and RAM is 16 G.

Firstly, geometry models of armored car and tank
with caterpillar band are built to test the wheel parameters
extraction under the noiseless condition. The radar trans-
mits a sinusoidal waveform and the detailed parameters of
radar are listed in Tab. 1. For the signal after baseband
transformation, the sampling rate of 1500 Hz satisfies
Nyquist sampling theorem.

4.1 Wheels Parameters Extraction of Moving
Caterpillar Tank

In order to test the effectiveness of the algorithm for
caterpillar tank with wheels of different sizes, a model of
a moving caterpillar tank on the ground is built, shown in
Fig. 1. The geometrical relationship between the radar and
target is shown in Fig. 2. The target is moving along the
x-axis in the positive direction at the speed of 10 m/s,
whose parameters of wheels are listed in Tab. 2.

Parameter Value Parameter Value
Carrier frequency | 30 GHz | Radar coordinates | (0,1.7,200) m
Sampling frequency | 1500 Hz Dwell time 5s
Tab. 1. Radar parameters.
Serial number Initial coordinates of Radius/cm
centers/m
1 (-3.4,-0.8,2.0) 54
2 (72.3,4).8,2.0) 54
3 (-1.2,-0.8,2.0) 54
4 (0.1,-0.8,2.0) 54
5 (1.3,-0.8,2.0) 54
6 (41,4, 70,6,1,9) 31
7 (2.3,-0.5,1.9) 38

Tab. 2. Wheel parameters of tank.

Echo signals are simulated according to (5), (6) and
Short Time Fourier Transform (STFT) is used to derive the
time-frequency (TF) spectrogram. The original TF spectro-
gram is obtained by applying STFT to the echo signal,
shown in Fig. 6. After motion compensation, the scattering
points on the ground and lower caterpillar band, namely
stationary points, form many lines at the bottom of the
curves with negative slopes. The slopes of the lines formed
by translational scattering points on the body of the car are
Zero.

Many sinusoids are formed by the rotational scatter-
ing points on the wheels, whose amplitudes and phases
are different. All the results are consistent with (9)—(13). As
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Fig. 6. Original TF spectrogram of the caterpillar tank scene.

shown in the spectrogram, the signal components gener-
ated by stationary points and translational points are much
stronger than the micro-Doppler signals generated by rota-
tional points. Moreover, the signal components of upper
caterpillar band points also cause interference on the mi-
cro-Doppler signals. Thus, if we want to extract the param-
eters of wheels accurately, the removal of irrelevant signals
is quite necessary.

The original scattering points in the scene distribute at
the range of (—7.7t07.8,-1.5t0 1.4,-2.3t02.2) m with
0.1 m interval along the x-, y-, and z-axes. During the pro-
cess of irrelevant signal removal, the coordinates of the
points in the dot matrix corresponding to the translational
points are set to (-5to5,—1.8to 1.8,-2.5t02.5) m with
0.1 m intervals and those corresponding to the stationary
points are set to (-8 to 8, —1.8 to —1.3, -2.5 to 2.5) m with
the same intervals. The coverage of those points is small in
order to cut down the amount of computation. But the
actual situation is that we do not know the precise coordi-
nates of the target, so the coverage of the points can be
bigger.

The spectrogram after irrelevant signal removal is
shown in Fig. 7. Obviously, the irrelevant signal compo-
nents have been removed a lot and signals generated by
rotational points become the major components of the echo.
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Fig. 7. TF spectrogram after irrelevant signal removal of the
caterpillar tank scene.
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z=2m

z=1.9m

y/m

(@) (b)

Wheels parameters extraction of tank model. (a) Correlation coefficient of the whole 3D dot matrix. (b) Correlation coefficient when

Fig. 8.
z =2 m. (c) Correlation coefficient when z = 1.9 m.

(2)

Fig. 9. Wheel parameters extraction of armored car. (a) Correlation coefficient of the whole 3D dot matrix. (b) Correlation coefficient when

z=1.6m.

Then the dot matrix C; is created to cover the centers of all
wheels, whose coverage is also small to cut down the
amount of computation. The coordinates of the dots in the
matrix are (-5 to 3, —1.3 t0 0.3, 1.6 to 2.3) m at 0.1 m inter-
vals.

The correlation coefficient matrix is shown in Fig. 8(a).
Each point in the matrix C; will generate a correlation
coefficient and its value is corresponding to the color depth
refer to the color bar. Apparently, seven local maxima can
be found when z = 1.9 m and 2.0 m, which means there are
seven wheels on the side that the radar illuminates on. The
coordinates of those maxima can also be acquired, which
are identified as the initial locations of wheels.

The frequencies of wheels can be obtained by search-
ing the frequency matrix @ according to the coordinates of
the maxima. The frequencies of wheels 1-5 are 18.5 rad/s,
wheel 6 is 32.3 rad/s and wheel 7 is 26.3 rad/s. Radiuses
can be calculated after the conversion, which are equal to
those listed in Tab. 2.

4.2 Wheels Parameters Extraction of Moving
Armored Car

A similar experiment of armored car is performed
in our previous work [23]. In this paper, the armored car
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Fig. 10. Armored car on the ground.

Serial number Initial coordinates of Radius/cm
centers/m
1 (-3.8,-0.9,1.6) 60
2 (-2.3,-0.9,1.6). 60
3 (-0.8,-0.9,1.6) 60
4 (0.8,—0.9,1.6) 60

Tab. 3. Wheel parameters of armored car.

model, shown in Fig. 10, is used again to prove that better
extraction results can be obtained by improving the
decision rule of the output estimated parameters. There are
four wheels on one side of the vehicle and the detailed
information is shown in Tab. 3.

The same procedures are conducted to remove the
irrelevant signals. The correlation coefficient matrix is
shown in Fig. 9(a). Obviously, four wheels can be detected
and the coordinates of them are consistent with the actual



RADIOENGINEERING, VOL. 30, NO. 4, DECEMBER 2021

727

parameters. The frequencies of wheels are all 16.7 rad/s.
Thus, the radiuses can be calculated to be 60 cm according
to the velocity of vehicle.

Comparing to the extraction results in our previous
work [23], the locations of wheels in the correlation coeffi-
cient matrix are much clearer. The maxima that may cause
interference are almost eliminated, which makes the extrac-
tion of wheels’ numbers and positions more accurate.

4.3 Performance Evaluation under Various
SNRs

To test the anti-noise capability of the algorithm,
Gaussian white noises under different SNRs are added to
the echo signal of armored car. To reduce the amount of
calculation, only the position and radius of the first wheel
of armored car are extracted. The radius of the wheel is
60 cm and the initial coordinate of it is (—3.8, 0.9, 1.6) m.
The SNRs are set up from —10 dB to 5 dB with the interval
of 0.5 dB.

The estimated position error and radius are tested un-
der different SNRs. The position error is the distance be-
tween the estimated center of the wheel and the actual
center. At each SNR, the radius of the wheel is estimated
with 50 trials. The SNR of noise per trial is the same but
the values are different. The position error and the esti-
mated radius are averaged at each SNR to obtain the results,
which are shown in Fig. 11.
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(a) Estimated position error

= Estimated Radius
= = Actual Radius
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20

-10 -5 0 5
SNR (dB)
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Fig. 11. Estimated results under different SNRs.

As can be seen from the results, when the SNR is
lower than —5 dB, the maximum estimated position error of
the wheel’s center is about 30 cm. Besides, the estimated
radius is not quite accurate compared to the real value of
radius. As the SNR increases to —5 dB, the estimated re-
sults of position and radius of the wheel can be obtained
with acceptable accuracy.

5. Conclusion

A vehicle wheel parameters extraction method based
on micro-Doppler features and MP is proposed in this
paper. The micro-Doppler effects of stationary points,
translational points and the caterpillar band points on the
vehicle are analyzed. Simulation results validate that the
proposed method can accurately extract the wheel parame-
ters, including the numbers, positions and radiuses of
wheels. The algorithm has been proved to be effective for
vehicles with caterpillar band. Moreover, this algorithm
has acceptable anti-noise performance. Future work will
use the realistic measured signal to validate the proposed
method and the effect of the tracking distances on estima-
tion accuracy will be analyzed.
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