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Abstract. The scattering center of extended streamlined
targets can slide when the direction of radiation is
changed. The sliding scattering center has influence on the
micro-Doppler effect of micro-motion of the extended
streamlined target. This paper focused on the micro-Dop-
pler of the extended streamlined target for the bistatic
radar. Based on the analysis, the analytical expressions of
the micro-Doppler of coning motion with sliding scattering
center model were given for bistatic radar. And the results
were validated by the simulated results of the scattering
field based on the full-wave method of the electromagnetic
computation. The results showed that the sliding of the
scattering center can make the micro-Doppler be less and
distorted, and the influence of the sliding is different for
two different types of the sliding scattering centers: sliding
on the surface and sliding on the bottom circle. The analyt-
ical expressions of the micro-Doppler are helpful to ana-
lyze the time-frequency presentations (TFR) of the coning
motion of the extended streamlined target and to estimate
the parameters of the target.
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1. Introduction

The micro-Doppler of the micro-motion of the radar
target has been a hot point of researches for many years
since V. C. Chen’s work [1-3]. The characteristics of mi-
cro-Doppler caused by micro-motions are beneficial for
target recognition, positioning and some other applications.
The mass center of the target usually has a translational
motion, and the micro-motion is the mechanical vibration
and rotation of the target or the part of it [3]. Therefore, the
micro-Doppler can reflect the dynamics features of the
target. Because of the usefulness of the micro-Doppler in
practice, a large quantity of researches on micro-Doppler
has been made for more than ten years [4—7]. The research
areas include the micro-Doppler of human bodies, the mi-
cro-Doppler of vehicles, and the micro-Doppler of flying
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targets and so on [8—10]. These researches mainly focused
on what is the micro-Doppler effect corresponding to the
micro-motion, how to obtain the characteristics of the mi-
cro-Doppler, and how to use it [11], [12].

The micro-Doppler of a target with mechanical vibra-
tion and rotation motions in addition to the translation
motion of its mass center has been given for rigid bodies
[3]. Not only the scattering centers have mechanical mi-
cro-motions, but also the scattering centers can have the
electromagnetic micro-motion, which can be called scatter-
ing centers sliding. The influence of scattering centers
sliding on the bistatic high range resolution profiles
(HRRPs) was studied in [13], [14]. And the formation
mechanism of sliding scattering centers was studied based
on creeping waves theory in [15],[16]. In [17], the mi-
cro-Doppler of the cone-cylinder-shaped target with sliding
scattering centers for the mono-static radar was studied.
And in [17] there’s only one type of the sliding scattering
centers considered. In [18], the sliding scattering center
model has been given and validated by the numerical com-
putation results of the scattering field of the extended
streamlined target. And the micro-Doppler effect of the
extended streamlined target with sliding scattering centers
has been studied in [18], [19]. But only micro-motions
were considered in [18], [19], and the velocity of the trans-
lation motion was ignored. The micro-motion, translation
motion, and the scattering center sliding, all these three
kinds of motions can cause Doppler Effect. And the mi-
cro-Doppler is affected by the interactions of all these three
kinds of motions. All these three kinds of motions should
be considered in the micro-Doppler analysis for the ex-
tended streamlined target. Therefore, the micro-Doppler
effect is studied in this paper based on the sliding scattering
center model under the conditions of the translation motion
and the cone motion for the bistatic radar.

This paper is organized as follows. Section 2 presents
the motion model of the target for the bistatic radar; Sec-
tion 3 gives the analytical expression of the micro-Doppler
of the extended streamlined target; Section4 gives the
numerical results, and the simulated results based on the
electromagnetic numerical computation are given to vali-
date it. Finally, the conclusions are made.
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2. Geometry Model of the Micro-
motion of Extended Streamlined
Targets

The track of the mass center of the extended stream-
lined target is a straight line. The mass center is denoted as
point M. And radar is located on the ground, denoted as
points A and B for the receiver and the transmitter, respec-
tively. The least distance between the receiver and the tar-
get is denoted as R,, and the corresponding point in the
track line is point O. The radar coordinates system xyz is
set as follows: the origin is O, and z axis is along the track
line, and x axis is from O point to the receiver. That is, the
receiver coordinates in the radar coordinate system are (R,
0, 0). The transmitter coordinates in the radar coordinate
system are (R;cos¢, R;sing, z,). In this paper, it is assumed
that R,>>|AB| and R,>> |AB|. The velocity amplitude of
the mass center is denoted as v. It is set that the time t =0
when the mass center arrives at point O. Thus, the coordi-
nates of the mass center M are (0, 0, v¢) as seen in Fig. 1.

The top point of the target is denoted as point T. The
angular velocity of the cone-motion of the target is . And
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Fig. 2. Model in the target coordinates system (A is in XZ
plane; B is not).

the axis of the cone-motion is z axis. Then, the location of
the top point T in the radar coordinates system is
(I sina sin(at + @), [ sina cos(wt + ¢),l cosa + vt) where [
is the distance between M and T. ¢ is the original phase of
the cone-motion.

The target coordinate system XYZ is set as follows.
The plane determined by the receiver and the track line is
defined as XZ plane as seen in Fig. 2. The mass center M is
the origin of the XYZ coordinates system. And the Z axis is
from point M to T. The center of the bottom of the target is
denoted as point Q. The distance between T and Q is de-
noted as /4. The radius of the cross section through Q is
denoted as b, and the radius of the cross section through M
is a. The distance from A and B to point M are denoted as
p and g respectively. U is the nearest point in Z axis to the
receiver, and V is the nearest point in Z axis to the trans-
mitter.

According to the sliding scattering center model, the
cone-shaped target will have three sliding scattering centers
[18]. They are points P;, P, and P; respectively in Fig. 2.
The ranges from radar to these points are denoted as 7,1, 71,
3, 111, T and 7y respectively in Fig. 2.

Firstly, the triangle ATM is analyzed. Based on the
locations of points A, T and M in the radar coordinate
system, the unit vector of MA in the target coordinate
system can be obtained as

e.; =sinde, +cosde,, (1)
2 2,2 Rsi . / .
6, = arccosu = arccos ‘"Slnasul(a) + ¢U) vicos ,
2p! JR V7
2
p=AR +V, 3)
[Rr — Isinasin (@t + @, )]2 n
u=Bl= )

Psin’acos® (ot + @, ) + (lcosa +vt)’

In the same way, the triangle BTM is analyzed. Based
on the locations of points B, T and M in the radar
coordinate system, the unit vector of MB in the target
coordinate system can be obtained as

e =sinfcosp.e, +sinfsinpe, +cosbe,, (5)

2 2 2

g+l —s

2ql ©6)
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[Rlsin¢ — Isinacos (@t + ¢, )]2 +(z, — lcosa —vt)’

6, = arccos
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Then
RR —vt(z,—vt
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P, will slide on the surface in Fig. 2 with different radiation
directions. Therefore, the calculation of 7 and r, is a bit
complicated. The location of P, in the target coordinates
system can be denoted as (X1,Y,Z;). The target surface for
I—h<Z,<[can be assumed to be a quadratic surface. Then,

X+ +cZl +¢,Z,+¢,=0, (I1-h<Zz <1) (14)

where ¢+ ¢l = a® and ¢;=—a*. Assume 0 < ¢, < 1 for the
target. The normal vector of the surface on P; is

e, =(2X,,2Y,,2¢,Z, +¢,)- (15)

The unit vector of the bisector of angle AMB is

(sin®,. +sinf,cosg, ) e, +sinfsing,e, + (16)
- (cosd, +cosb,)e, &
7 =|egs + ez | (17)

when the distance between the radar and the target is far

larger than the size of the target, ep, should be parallel to ey.

Therefore,
2X, 2y, 2027 +c, .(18)
sind_+sinfcosp, sinfsing, cosd, +cosb,
The solution is
X, =y(sing, +sinfcosp, ),
Y, = ysinfsing, ,
—c—2+1(cos0r +cosf,) for ¢ #0
2¢, ¢
19
Zl — _Ci?’ ]/2 ( )

- —(sinZHr +5sin’°6, + 2sin@sind,cos q)t)
G G

for ¢ =0

(20)

u=2+ (1 - IJ (c0s219r + coszﬁt) +2sin@sinfcosgp, +
G

e2y)

2
—cos6.cosb,.

Then,
Ay =, +’§1_2P:_O—P1'(em+em)' (22)

Because the continuity of the physical phenomenon,
the micro-Doppler under the situation ¢; =0 is the limita-
tion of the micro-Doppler under the situation ¢, # 0. There-
fore, only the situation ¢; # 0 is considered in the following
derivation.

Substitute (1), (5), (19) into (22), then it can be
obtained that

7 (sind, +sinfcosp,)’ +y (sinGsing, )’ -

A =—| ¢ y L @3
—2(cosB, +cosb, ) +-—(cosb, +cosb,)
2¢, c

Equation (23) can be rewritten as

2
Ar =— [2—c3]+2cz(cosﬁr+cosﬁt)- (24)
G

The location of P, in the target coordinate system is
(b, 0, [—h). Therefore,

Ar, =rr2+};2—2pz—OP2-(eW3+em)

(25)
=—b(sind, +sinb,cosp,)— (I —h)(cosb, + cos,).
And in the same way, it is obtained that
Ar3=r,,3+rt3—2p5—O—P3-(eM—B+em) (26)

=b(sind, +sinfcosg, ) — (I —h)(cosb. +cosb,).

Although P, and P; are sliding points in three dimen-
sions space, they are stationary in two dimensions XZ
plane as seen in Fig. 2 with different radiation directions of
radar.

3. Micro-Doppler of the Extended
Streamlined Target

The Doppler frequency shift caused by the motion of
P; can be expressed as [3]

1 d

=— S (~kr), (i= 27
2ﬂdt( kr). (i=1,2,3) @7

Jul1)

where £ is the wave number of the carrier frequency.
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The micro-Doppler caused by the micro-motion of P;
can be expressed as [3]

S () 1 i(—kAr,.) (i=1,2,3).

- (28)
27 dt

a)  Micro-Doppler of P,

Substituting (2), (6), (11), (20), (24) into (28), then
equations (29) and (30) can be derived (see the bottom of
this page).

Note that P, exists only when /-4 < Z, </ It can be
seen that f;,q (¢) is different with the non-sliding scattering
center. Therefore, it is a feature for the target recognition
based on the micro-Doppler of the sliding scattering center.

If R.=R,=0 (this means that the target is flying
toward the radar), then fiq;(f) =0. There is no micro-
Doppler, and no micro-Doppler effect caused by the sliding
Ofpl.

b)  Micro-Doppler of P, and P;

Substituting (2), (6), (11), (25) into (28), then it can
be derived that

Jnan(2)=
sl o
——| b(sin@. +sinb.cose, )+ (I —h)(cosd. +coséb.) |.
L (sing, +sindcosg,) +(1-) (cosd, +co56,)]

Substituting (2), (6), (11), (26) into (28), then it can
be derived that

k d
t)+ t)=2(l-h)——(cosO. +cosh,)- (33)
fmd,Z( ) md,}() ( )27Z'dt( T t)
That is, fma2 (£) + fmas (£) has the same time-frequency
curve with that of the micro-Doppler of the scattering point
located on the bottom point B.

To evaluate the influence of the sliding of P,, equation
(31) can be rewritten as

fmd,z (t) =

k d . .
o b(sind, +sinfcosg, )+ (I —h)(cosb, +cosb, )] =

k
E{[(!—h)—bcotHJA+[(1—h)—bcothcosgoJH+sin€tZ}.
(34)
In the same way, it can be obtained that
fmd,3 (Z) =
%%[—b(sinﬂr +sinfcosg, )+ (I —h)(cosb, + cosHt)] =
%{[(l —h)+ bcot@r]A + [(l —h)+ bcot@lcosgol]l_l +sin HLZ}

(35)

It can be seen that the micro-Doppler consists of two

parts, one is caused by the size (/— /), and the other is

caused by b. They are sizes on two orthogonal dimensions,

Z and the lateral respectively. Therefore, the effect of the

scattering center sliding is the shape change of the micro-
Doppler distributions along with time.

When 6, — n/2 and §,— /2, it can be seen from (34),

Foss (t) — (35) that finq2 (f) = fmas (¢). This means that when the target
l[: ' d (32) s very near the point O in Fig. 1, the micro-Doppler of P,
T —b(sind, +sinfcosg, )+ (I —h)(cosb, + cosb, )} and P; are approaching the same one.
7 dt When 6— 0 and 6,— 0, it can be seen from (34), (35)
So, that fig2 (f) > —fmas (7). This means that when the target is
1 d
=——(—kAn)=
fmd,l ( ) 272_ dt ( 1)
A{—Zcos@r + g(cosﬁr +cos6,)—2sinb,cos g, cosé’,} +
2 ¢
G !
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far away from the point O in Fig. 1, the micro-Doppler of
P, and P; are approaching the negative of each other.

When 6= 6,— 0, that is, the target is far away from
the point O in Fig. 1 and the radar is mono-static, it can be
seen from (29), (35) that the shape of the micro-Doppler
curve of P, and P; are approaching to each other on the
condition that ¢; — 0 and a < /.

When R,=R,=0, that is, the target is flying toward
the radar, it can be seen that fi,q2 (f) = fina3 (£)=0. There are
no micro-Doppler, and no micro-Doppler effect caused by
the sliding of P, and P;, too.

4. Numerical Validations

The analytical expressions of (29), (34), (35) can be
validated by the simulated results based on the full-wave
method of electromagnetic computation.

The parameters are set as follows. The wavelength is
0.03m. ais 0.25m, /is I m, and % is 1.25 m, ¢, is 10°. The
velocity of the target is 1000 m/s, @ is 1 rad/s, « is 0.1 rad,
and ¢, is zero. R, and R, are both 200 km. z, and ¢ are both
Zeros.

Instantaneous micro-Doppler frequency distributions
based on (29), (34), (35) are given in Fig. 3. Figure 3(a)
gives the instantaneous micro-Doppler frequency distribu-
tions along with time from —1000 s to —975 s, from —50 s to
—25s, and from —-25s to 0s. And Figure 3(b) gives the
instantaneous micro-Doppler frequency distributions along
with time from 975 s to 1000 s, from 25 s to 50 s, and from
0 s to 25 s. For comparison with the non-sliding, the imagi-
nary micro-Doppler of point T is given in the same figure.

From the first subplot of Fig. 3(a), it can be seen that
the micro-Doppler of P, and P; are approaching each other
and finq2 (f) = —fmas (¢) approximately, just the same as the
analysis in Sec.3 for small & and 6. And they are
approaching the imaginary micro-Doppler of point T in the
subplot for P, and P;, which also can be seen from (29),
(35).

In the second and the third subplots of Fig. 3(a),
6.— m/2 and 6, — 7/2. In this situation, it can be seen from
the subplots that fi42(f) = fma3(¢), just the same as the
analysis in Sec. 3. The micro-Doppler of P; is less than that
of T due to scattering center sliding. In these two subplots,
the micro-Doppler of P, is to disappear gradually. This is
because of the target approaching point O.

When the target is far away from the radar, the sliding
of Py is not obvious. Compared with the imaginary mi-
cro-Doppler of point T, the influence of the sliding of P, is
apparent when the target is approaching to the point O. The
value and the shape of the micro-Doppler distribution curve
of P, are influenced. The value becomes less, and the shape
is distorted. For P, and P;, the sliding of them influences
the shape of the micro-Doppler distribution curve mainly
when the target is far away from the radar. This means that
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Fig. 3. Micro-Doppler of the target along with time
(v = 1000 m/s).

the influence of the sliding is different for these two differ-
ent types of the sliding scattering centers P, and P, (P3).

The characteristics of Fig. 3(b) are similar to Fig. 3(a)
except that there’s no micro-Doppler of P, in Fig. 3(b).
When ¢ > 0, the sliding scattering center P, disappears.

For comparison, the simulated results of the micro-
Doppler of the same situation are given. The simulated
results of the micro-Doppler are based on the backscatter-
ing field results computed by the hybrid finite element-
boundary integral-multilevel fast multi-pole algorithm
(FE-BI-MLFMA) [20-22]. The time-frequency presenta-
tions (TFR) are given in Fig. 4 for the same time as Fig. 3.
The TFR are obtained based on the short-time Fourier
transform [23-25].

From Fig. 3 and Fig. 4, it can be seen that the results
of Fig. 3 are consistent with the results of Fig. 4. Therefore,
the analytical expressions of the micro-Doppler in (29),
(34), (35) are validated. Note that Fig. 3 only gives the mi-
cro-Doppler while Fig. 4 gives the amplitude of the micro-
Doppler frequency spectrum component.

The analytical expressions of the micro-Doppler of
the sliding scattering centers are helpful to analyze the TFR
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Fig. 4. TFR of the target (abscissa: time/second; vertical
coordinate: frequency/Hz; amplitude: dB).
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Fig. 5. Micro-Doppler of the target along with time
(v =5000 m/s).

of the target. For example, in the first subplot of Fig. 4(a),
it can be known based on the analytical expressions that
there are three curves for P1, P2 and P3 respectively actu-
ally. And the curves of P1 and P3 are near to each other
and seem to be one, a distorted one. Therefore, there seems
to be only two curves of micro-Doppler in the subplot, one
is smooth, and the other is distorted.

As mentioned before, papers [18] have not considered
the translation of the mass center. In this paper, to evaluate

the influence of the translation velocity on the micro-Dop-
pler of the sliding scattering centers, the numerical results
based on the analytical expressions with v = 5000 m/s are
given in Fig. 5. And other parameters are the same as
Fig. 3.

Note that the first subplot of Fig. 3 and the first sub-
plot of Fig. 5 have the same starting position of the target,
and the third subplot of Fig. 3 and the second subplot of
Fig. 5 have the same ending position of the target. It can be
seen that the characteristics of the micro-Doppler distribu-
tion curves are different in Fig. 3 and Fig. 5. Therefore, the
analytical expressions with the translation influence in this
paper are meaningful to the extension of the research in
[18] for sliding scattering centers.

5. Conclusions

The analytical expressions of micro-Doppler of the
sliding scattering centers are given based on the model of
the extended streamlined targets for the bistatic radar. The
sliding can make the micro-Doppler be less and distorted.
And the sliding can make the TFR varying apparently
along with time. The influence of the sliding is different for
the two different types of the sliding scattering centers P1
and P2 (P3).The analytical expressions have been validated
by the simulated results based on the full-wave method of
the electromagnetic computation. The expressions are
helpful to analyze the TFR of the extended streamlined
target for the bistatic radar and to estimate the parameters
of the target.
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