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ABSTRACT Aiming at the problem of micro-motion signal separation and micro-Doppler extraction of
the precession target, a new method based on singular value decomposition (SVD) and joint approximate
diagonalization of eigen-matrices (JADE) is proposed in this paper. Firstly, the micro-motion model of space
precession target is established, and the micro-Doppler and scattering characteristics are analyzed to establish
the echo signal model of the target. Secondly, through simplifying the signal model of scattering point and
building the signal matrix of different signal lengths, the singular value ratio sequence is constructed by
the method of SVD to estimate the precession period of the target. Thirdly, the singular vectors of different
observation periods are extracted, the observation matrix is constructed, and then the JADE algorithm is
adopted to separate the micro-motion signal of each scattering point. Finally, the clustering analysis is used
to denoise the time-frequency graph and the centroid calculation is employed to extract the micro-Doppler
of each scattering point. Simulation results show that this method of good robustness can effectively separate
and extract the micro-Doppler of the scattering points.

INDEX TERMS Micro-motion, singular value decomposition, joint approximate diagonalization of eigen-

matrices, micro-Doppler extraction.

I. INTRODUCTION

In recent years, with the attention of various countries
in the field of space safety, space target detection and
recognition technology has become the focus of current
researches [1]-[3]. When the target is flying in space, it is
necessary to spin to keep flight attitude and reentry angle
stable [4]. Meanwhile, when the target releases other flying
objects, it will be disturbed by the lateral torque, thus the
precession of the target will be formed. V. C. Chen defines the
concept of micro-motion of the target, which is different from
the motion of the main body, including spinning, conning,
swing and precession [5]. Through the analysis and research
of the micro-motion state of the target, the characteristics
of the target can be revealed effectively and good founda-
tions for the recognition of space targets are laid [6]-[8].
As a result, the research on micro-motion arouses the
widespread concern of scholars all over the world.
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According to the scattering characteristics of the target
in the optical zone, the echo of the target can be rep-
resented as the sum of echoes from several local strong
scattering points [9]. Also, there is almost no mutual influ-
ence between the echoes of the scattering points. As a
result, the micro-motion information is superimposed in
time domain, frequency domain and time-frequency domain,
which leads to the difficulty and complexity of micro-motion
signal separation. Accordingly, in the process of analyzing
the micro-motion characteristics of the target, it is one of
the most important steps to separate the micro-motion signal
belonging to each scattering point.

As a significant micro-motion information, micro-Doppler
plays an important role in the analysis of micro-motion
target characteristics. As for the problem of extracting the
micro-Doppler of scattering points, many scholars have
carried out researches in this area and obtained signifi-
cant results. Chen used maxima extraction algorithm to
extract the micro-Doppler of single component signal from
the time-frequency graph [10]. Zhou applied the Hough
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transform to separate the micro-motion signal and estimate
the micro-Doppler parameters [11]. Sathe adopted the Inverse
Radon Transform (IRT) to estimate the micro-motion param-
eters of the helicopter main and tail rotor blades [12].
Han proposed a micro-Doppler association algorithm for
the multi scattering points by employing Kalman filter and
target tracking theory to associate the time-micro-Doppler
curve of different scattering points [13]. Li presented a
micro-Doppler extraction algorithm, Viterbi algorithm, based
on the energy information of time-frequency graph, but this
algorithm was easily affected by noise and its robustness was
bad [14]. In order to overcome the association errors at the
time-frequency intersection in [14], Li proposed an improved
Viterbi algorithm, in which the micro-Doppler change rate
was added to the penalty function [15]. D.P. Fairchild
extracted human micro-Doppler signatures of different move-
ments by adopted the empirical mode decomposition [16].
Djokovic employed the short-time Fourier transform to esti-
mate the parameters roughly in the first stage and refined
the micro-Doppler parameters in the second stage [17].
Vishwakarma established the micro-Doppler feature model
with dictionary learning and used the sparse coding algo-
rithm to separate the scattering point from the group
targets [18].

The above researches on micro-motion separation and
micro-Doppler extraction mainly have the following short-
comings: some methods rely too much on signal models
and have limited scope of application; the separation and
extraction are mostly performed in time-frequency domain
and are at the same time, which is easy to cause extraction
errors at the time-frequency intersection. To overcome the
above shortcomings, a micro-motion signal separation and
micro-Doppler extraction method based on SVD and JADE
is proposed. Based on the periodicity of the precession target,
the signal matrices under different signal lengths are con-
structed and then decomposed by SVD. Also, the singular
value ratio sequence for which the period of the target is esti-
mated by peak search. After the estimation, the eigenvectors
corresponding to the maximum singular values and the basic
signals with different amplitude coefficients are obtained,
the observation matrix is constructed, and then the basic
signal of each scattering point is separated by JADE. As for
the separated signals, the clustering analysis is adopted to
denoise the time-frequency graph and the centroid calculation
is employed to extract the micro-Doppler. Finally, simulation
experiments are conducted to verify the effectiveness of the
proposed method.

The rest of this paper is organized as follows. Section II
establishes the micro-motion model and the signal model.
In Section III, the algorithm of precession period estimation
based on SVD, the separation of the micro-motion signal
based on JADE and the extraction of the micro-Doppler are
presented. Performance analysis of the proposed method is
conducted through simulation in Section IV. Section V is the
conclusion.
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Il. MODEL OF CONE-SHAPED SPACE

PRECESSION TARGET

The motion of the space precession target consists of two
parts: orbital motion and precession. On one hand, the orbital
motion changes the radar observation angle of the target,
which will further change the scattering coefficients. On the
other hand, the orbital motion will result in Doppler super-
imposed on the micro-Doppler, which is not conducive to the
extraction of micro-Doppler. In this paper, the change of the
scattering coefficients is useful for the signal separation so
that it is taken into consideration. On the contrary, the orbital
motion is not conducive to the micro-Doppler extraction, so it
needs to be compensated.

FIGURE 1. Precession model of the cone-shaped target.

A. PRECESSION MODEL OF THE TARGET
The precession model of the cone-shaped target is shown
in Fig. 1. Set 7’ as the precession axis, the intersection point
o' of the target symmetry axis and the precession axis as
the coordinate origin, and the reference coordinate system
o'x'y'7 is set up. Set LOS as the radar line of sight, « as the
azimuth angle of LOS, B as the pitch angle of LOS, ¢(¢) as the
angle between the radar line of sight and the target symmetry
axis, & as the angle between the target symmetry axis and z'.
Set the cone top scattering point as scatter 3, the two sliding
scattering points as scatter 2 and scatter 1. Set 0” as the center
of the bottom of the conical warhead, y as the half cone angle,
¥ as the angle between 0’0" and the line from o’ to scatterl.
Set a as the radius of the bottom circle, b as the top radius.
The length from o’ to scatterl is Ay, the length from o to
scatter? is [/, and the length of 0’0" is h,. Considering that the
cone-shaped target is rotationally symmetrical, the influence
of spinning on micro-range of the target will not be reflected
in the echo. Therefore, only the influence of the conning on
the target is considered. The conning frequency is set as @,
and the period corresponding to w, is 7.

Set n as the unit vector of the LOS, and it can be expressed
as

n = [cosa cos B, sina cos B, sin B17 )

In order to simplify the problem, the symmetry axis of
the target is supposed to be in the plane YOZ when t = 0.
Set e as the unit vector of the symmetry axis, and it is
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expressed as
e = [sin&, 0, cos €] )

When the target conducts precession, the unit vector will
change with time. Set eq as the unit vector of the symmetry
axis, and it is written as

eq = [sin & cos(w,t), sin & sin(w,t), cos S]T 3)

According to (1), (2) and (3), the angle between the radar
line of sight and the target symmetry axis satisfies the follow-
ing equation.

cos (¢(1)) =1 x eq
= sin & cos B sin(wt + o) + cosEsin B (4)

Set Ry, as the micro-range. The micro-range of each scat-

tering point can be expressed as

Ria—3 = hy cos(¢(t))
Rind—172 = ha cos(¢(t)) £ r sin(¢(1))

Set fing as the micro-Doppler. The relationship between f;,4
and R,,q is represented as

&)

2 dRya

Jma = +—= (6)

where A denotes the wavelength of the radar. According
to (4), (5) and (6), the micro-Doppler of each scattering point
is derived as

2h
Smd—3 = Tl sin & cos Bw, cos(w.t + o)
2lw,. sin & cos B cos(wet + a)
frd—1p2 = — § cos < (7
2}Lcos o(t)

V1 —cos? ¢(1)

We can draw the conclusion from (7): the micro-Doppler
is determined by multiple parameters, such as the observation
angle (o and B), the target physical structure (2] and /) and so
on, which makes the micro-Doppler difficult to be extracted
based on the traditional parameterized extraction methods.

x[cos ¥ F

B. SIGNAL MODEL OF THE TARGET

According to [19], the scattering coefficients will change
with the flying attitude of the target. Those three scattering
coefficients o1, oo and o3 of the cone-shaped target in Fig. 1
are given as

-1
o] = 0y |:e_1$<e+1—cosw> :| ®)

n
i -1
00 l:|:<e—i—1—cosw> :|0
e n
<o)<y -
n=10  y<¢n<3 ©)
i -1
00 l:|:<e—|—1—cosjt_—¢(t)> :|
e n
P
§_¢(f)
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T [1 _ sin[2kob(1 — sin y)] —1/2}

kob cos? y
o3 = 0=0@) (10)
b2
Nvrb O<opt) < ——vy
- 2
0 o) > 7Y

wheren = 1.5+y/m, ko = 2711% , [ represents the frequency
of the radar, and c denotes the speed of the light. o and e are

shown as
sin(rr /n) a
0p = p
nn V ko sing(t) (11)

e=cos— —1
n

It can be seen from (8)-(11) that the scattering coefficients are
mainly related to ¢(). As the target moves in space, the scat-
tering coefficients also shows distinct time-varying char-
acteristics. In this paper, the time-varying characteristic of
scattering coefficient is utilized to separate the micro-motion
signal of each scattering point.

For the reason that the orbital motion is not conductive
to the micro-Doppler extraction, it needs to be compensated.
Thus, the method proposed in [20] is employed to compensate
the orbital motion. The estimation of precession period is a
prerequisite for the realization of orbital motion compensa-
tion method in [20]. In [21], the circular correlation coeffi-
cients were adopted to estimate the micro-motion period of
signal when the micro-motion was accompanied by transla-
tional motion. In [22], Zhang introduced the concentration
statistics of ambiguity function to estimate the micro-Doppler
period when the micro-motion and orbital motion existed
at the same time. Actually, we could adopt the algorithm
based on the high-order ambiguity function to estimate the
precession period [22]. Considering that the orbital motion
compensation is not the focus of this paper, the details are
not described here.

Therefore, only the effect of the micro-range on the phase
of the echo should be considered. As a result, the target echo
signal is modeled as

M
<Z s,-(t)) +w(t)

i=1

s(t)

M
_ <Z o exp(j4nfC(Rmi_l _RO))> +v() (12)

i=1
where M is the number of the scattering point, Ry is the
distance from the target to radar when t = 0, R,4—; is
the micro-range of the ith scattering point, and v(¢) is the
Gaussian white noise.

Ill. MICRO-MOTION SIGNAL SEPARATION AND
MICRO-DOPPLER EXTRACTION

A. PRECESSION PERIOD ESTIMATION

It can be seen from (4) and (7) that the phase change of
the scattering points of the precession target is periodical.
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As such, it is necessary to estimate the precession period
of the target firstly. In this paper, the period is estimated by
the singular value ratio sequence of the signal matrices with
different lengths.

In order to further illustrate the problem, it needs to sim-
plify the model of s(t). According to (4), ¢(¢) is approxi-
mately in a sinusoidal form, and its amplitude is determined
only by the initial observation angle. The orbital motion
flight duration is probably hundreds of seconds while the
precession period is always less than one second. Therefore,
this paper assumes that the radar observation angle remains
unchanged in current period and changes slightly in the next
period. Correspondingly, the angle between the radar line of
sight and the cone axis changes from ¢(¢) to ¢(¢) + A when
the time changes from ¢ to ¢t + 7. It is found that A is close
to 10~*rad, which will have less effect on the micro-Doppler
of the target.

According to (8) (9) and (11), it can be seen that 2zrrad is
much larger than A, so that the change of w, M
and %M in (8) and (9) can be ignored when the time
changes from ¢ to t 4+ T.. Therefore, the influence of A

. S . . p
on scattering coefficient is mainly reflected in BETTIOR
In short-term observation, the ratio of ¢ in adjacent periods

can be approximated to
ot+To) sin (¢(1) + A)
o(r) sin (¢(7))

Taking the value of A which is close to 10~*rad into consid-
eration, we can draw the conclusion in (14).

sin (¢(1) + A)
A @) i tTA (14

(13)

Therefore, the signal of the scattering point can be further
simplified. In the /th period, the echo of ith the scattering
point s; ;() is given as

s1,i(1) = ApiHi(r) (15)

where A;; denotes the amplitude modulation coefficient of
the signal in the /th period and are different in differ-
ent periods. H;(t) represents the basic signal, in which the
micro-Doppler information is hidden. The method presented
in this paper is to obtain several H;(t) with different ampli-
tude coefficients and thence the micro-motion signals can be
separated.

Set N as the length of the signal. We divide the signal s(z)
in (12) into N, parts, and the length of each part is N,. The
signal matrix S can be defined as

S =[sN,.1 SN2 " SN,.N. ]H (16)

where (-) represents that the matrix is processed by conju-
gate transpose. The relationship between N, and N, can be
expressed as

Ne = ﬂoor(%) (17)
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where floor(X) rounds X to the nearest integer less than or
equal to that element. Theoretically, the range of N, is [1 N].
In fact, the range of N, can be chosen according to the range
of the precession period.

Singular value decomposition (SVD) is an important
method in matrix analysis, which can effectively reveal the
internal structure of the matrix and highlight the character-
istics of the matrix [23]. The SVD of the matrix G can be
expressed as

G =UAV? (18)

where U is called the left singular matrix, and V is called
the right singular matrix. The elements on the diagonal of A
represent the square of the eigenvalue of GG, A is given as

Z:diag(MIsMZs"'/’Lr9os"' ,0) (19)

where r = rank(G), w1 > pup > --- > [y, and the column
vector in V is the eigenvector corresponding to the singular

value in A. In addition, when G = ) G, and Gg’ G, is an
q=1
Hermite matrix, X can be rewritten as

Q
A=A,
g=1

0
= > diag(u{, pn3, -+ 0, ,0) (20)
g=1
where r, = rank(Gy), ng is the r,th eigenvalue of Gg Gy.

In order to reveal the characteristic of S, set G = S, and
SHS is derived as

SHS = [SNr,I SNr,Z sNraN(']
H
SN, N |

H H
= SN,»1 XSN,»7 o+ SN N XN,

X [SN,»I SN, 2

N, M
= Z [([Z SN, (O] + VNr,j(t))
i=1

H

M
X ([Z SN, g, i(D] + VNr,j(t))

i=1

M
= [ (SN,,j,i(t) X SN,,j,i(t)H)]

i1

M
SN,j,i(0) X [ Z s3]

I=1,1%i

M
[ sw, i) X vw,,-(t)H}
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N, M
+3 [vm,ja) <) sN,,,-,,-(r)”]}
j=1 i=1

Ne
+ 3 [0 x v @
j=1
As for the precession target in Fig. 1, the signals belonging
to different scattering points are independent and uncorre-
lated [24].
Define two random time series, z; and z». Set R as the
correlation matrix. R is given as

R=z x2 (22)

According to the theory of random signal processing, if z;
and zp are not related and the length of z; and z; is long
enough, R tends to be a zero matrix [25].

Apply the above theory in (22) to (21), and (21) can be
rewritten as

Ne M
SIS ~ Z Z (SN,-,j,i(t) X SNr,j,i(t)H)

j=1 i=1

+ NZ (er,,,(t) x er,‘,'(r)H)

J=1

M
- (Z RNN-) NS (23)

i=1
where Ry, ; is the autocorrelation matrix of the ith scattering
point, and 82 is variance of the noise.

Set T, as the precession period, N7 as the length of the echo
in one period. Nt = PRF x T, where PRF denotes the pulse
repetition frequency.

The ratio of the maximum singular value to other singular
values at N, can be used as an indicator to determine whether
N, is the length of the period. According to the actual value
range of N,, calculate the minimum value of N, by (17) and
set N, = min(N,). Set py, as the indicator when the segment
length is N,, and the expression of py, is as

py, = 1M (24)
UN, N,
where u; y, is the biggest singular value when the segment
length is N;. uy, n, is the N,th singular value when the
segment length is N,.

According to [26], when N, = kN7, k € [1,2,3---], all
the R; will be a strictly rank-one matrix and all the singular
value will be zero except /ff, which means the singular values

M

of SHS are \/N.62 except ujy, = \/[(Z u’l) +N583:|
i=1

and py, will be very large. When N, # kNr.k €

[1,2,3---], the rank of R; will be N, and pp, will decrease

sharply to a relatively small value. That means py, will
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exhibit repeating peaks for different N, when N, is multiple
of V. T

Calculate all the py, and construct the singular value ratio
sequence. After peak search of py, , the precession period of
the target will be estimated.

B. MICRO-MOTION SIGNAL SEPARATION
The singular value characteristics of the S are analyzed
above. Next, we analyze the characteristic of the singular
vectors.

Set sy, i(t) as the echo of the ith scattering point when N, =
kNt,k € [1, 2,3---]. According to (15), sy, i(t) is given
as

Al,i Hj
A2,iH;

SN, i(t) = (25)

Ak, iH;

Construct the signal matrix S and S¥S can be derived as

sfs
N, M M
~ im 12 (Z SN,,,.,,-m) x| 2o o
" j=1 i=1 p=1
+ NS2I
Ne M M M
= Z YoALiHL Y Ao iH;, - Zkk,iHi]
o L= i=1 i=1

M M H )
X [ZM,iHi, > AiHj, -, Zkk,iHi] + N5, 1
; ; i=1

i=1 i=1

M M M M .
chi,p,l,lHiHH, chi,p,l,kHinH

i=1 p=1

M M M M
H H
E E C,',p’kJHiH , e, E E Ci,p,k,kHin

L i=1 p=1 i=1 p=1

+ N84 (26)

where ¢; . . denotes the amplitude coefficient of the correla-
tion matrix of different basic signals at different observation
times and all of them are positive.

According to the mentioned assumption above, when N, =

kNt,k € [1,2,3---], there are two cases of the eigenvalues
M

of SfS: the maximum is equal to (Z u’]) + N.82 and
i=1

others are equal to Ncég. Set g1 and g» as the eigenvectors

corresponding to these two eigenvalues.
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After careful observation and analysis of S S, we suppose
the expression of g; is shown in (27).

M
> wiiH;
i=1
M
> wa iH;
i=1

M
Z Wk,th

= ZWIIH ZW21

Li=1

M T
Y Wk,,-HiT} (27)
i=1

Perform S8 x g; and the result is shown in (28).

SS x g
T M M M M 7]
H H
ZZCi,p,l,lHiH RS ZZCi,p,l,kHin
i=1 p=1 i=1 p=1

chlpleH y T

_zlp— i=

ZWuHI
i=1
M
Z W2,iHl
i=1

chpkkHH
1 p=1

M
Zwk,iHl
L i=1 _

M M M
DT SIS TS S
i=1 i=1 i=1

M M M r
/ T / T / T
= ZWI,iHi ’ZWZ,iHi ’Zwk,iHi
i=1 i=1 i=1
M M M
2 ’ T / T / T
+ Nc5; ZWI,iHi vzwz,iHi ’Zwk,iHi
i=1 i=1 i=1
M M M r
/ T / T ’ T
=p Zwl,iHi ’ZWZ,iHi vZWk,iHi
i=1 i=1 i=1

= pg1 (28)

Obviously, p is the eigenvalue of S¥S which is larger than
NCSE, and g; is the corresponding eigenvector. Therefore,
we treat g1 as the eigenvector corresponding to the largest
singular value u; y, when N, = kN7, k € [1,2,3---1].

When the eigenvalue is Ncﬁg, g2 satisfies the following
relationship equation,

T

T

SHS x gy = N.82g» (29)
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Bring (29) into (26), and (29) can be simplified to (30),

T M M
YD) IIIVITINNND 3 LM T
i=1 p=1 i=1 p=1
82
M M
2D cinNe ity - ZZwN wHiH!
L i=1 p=1 i=1 p=1
=0 (30)
Set the expression of g, as the following equation,
g2 =[h by, hy]" 3D

For the reason that all ¢;p .. are positive, we draw the

conclusion in (32),

h1 LH;

ho 1 H;
i=12,---M (32)

hy.LH;

where L represents those two vectors are orthogonal. From
(31) and (32), we know that g> L g1.

Comparing (25) with (27), it can be found that only the
amplitude coefficients are different but the basic signal H;
is contained in both g; and sy, ;(), which means that the
micro-Doppler information keeps unchanged.

According to singular value decomposition theory [23],
g1 and g, are the eigenvectors of S”S and also the singular
vectors of S. g is the singular vector corresponding to the
largest singular value, so it is located in the first column of V.
As such, g1 can be extracted from V when it is needed.

Set K as the number of the observation signal, and the
value of k is K. Set N, = K x Nr. Construct the signal
matrix S, perform SVD on S and extract the eigenvector g&
corresponding to the largest singular value.

T

M M M
K _ [z W HTLS st ZWk,iHiT} 63
i=1 i=1 i=1

Divide gX into K segments and the length of each segment
is Nt. Arrange these segments into an observation matrix Y.
Y can be written as

— _
T
> wuil;
i=1 r
Wil W12 o WM H,
T T
ZWZ,iHj W21 W22 - Wom H,
Y = =| . ) .
. Hr
WK 1 WK,2 WK .M M
M
> kil
i=1 _
= Wi xmHprxny 34
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In the light of (34), micro-motion signal separation can be
regarded as the solution of H when Y is known. In addition,
we can draw the conclusion that the basic signal of each
scattering point is independent from each other according
to (5), (7) and (12). Based on the observation matrix and the
mutual independence of the source signal, the solution of such
question is classified as blind source separation.

Blind source separation theory holds that if the source
signals are mutually independent and are mixed linearly,
the source signals can be reconstructed based on the obser-
vation signal [27]. As for the micro-motion signal separation
in this paper, the theory means that the basic signal matrix H
can be reconstructed by using the observation matrix Y.

Define H' as the reconstructed matrix, W’ as the unmixed
matrix. The algorithm of separating micro-motion signals can
be described as: using the dependence of H' as an indicator,
find a unmixed matrix W’, and make the reconstructed matrix
H = W' xY = W xWxY.H is the optimal approximation
of H. The process can be summarized as

L(W') = min(max)f (W', Y) (35)

where f (W', Y) is the independence calculation function and
L(W’) is the independence indicator. Usually, the calculation
of W needs K > M, which means that the value of K should
be larger than the number of the scattering point M.

Mutual information minimum, non-Gaussian maximiza-
tion, negative entropy maximization and the fourth-order
cumulants are the unique forms of L(W’). Among the above,
the fourth-order cumulants is one of the most effective form.
At the same time, considering that the micro-motion signal
processed in this paper is a complex signal, the traditional
independent component analysis algorithm can not process
the complex signal well. Therefore, the Joint Approximate
Diagonalization of Eigen-matrices separation algorithm [28]
is introduced to separate the micro-motion signals of each
scattering point.

The JADE algorithm is based on the fourth-order cumu-
lants, whose concept will be introduced as follows. Set x as a
random variable, p(x) as the probability density function, and
the fourth-order cumulants of x can be expressed as

ke =E[x*] =36 {[] }2 (36)

where E [x] is the mathematical expectation of x.
If x is the multi-dimensional random variable, the
fourth-order cumulants can be rewritten as

cum(x;, xj, xg, x;) = E [x,-xjxkxl] —F [x,-xj] E [xkx;]
—FE [xix | E [xjxl] — E[xix;1E [xkxj]
(37)
The process of JADE algorithm can be summarized as
follows:

Stepl: centralize the observation signal of each channel in
the observation matrix Y. Set Y’ as the centralized matrix.

Y =Y — E®Y) (38)
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Step2: find whiten matrix Q, whiten the centralized signal
Y’ to keep the signal of every channel is not related to each
other. Set the new signal matrix as X.

X=QxY (39)

Step3: take some weight matrix, My, My, - - - , Mg,, cal-
culate the fourth-order cumulants Cx(M;) of X toward the
weight matrix M, wherei = 1,2, --- , Kpand Ky = K?%.The
(p, g) element in Cx(M;) can be calculated in the following
equation.

n n
[CXMD]pg =YY cum(xy, X, X, xymis - (40)
k=1 I=1
where my ; = M;(k, ).
Step4: perform the joint diagonalization for Cx(M;) [29].
Calculate the unitary matrix U to make the criterion of the
formula reach the minimum value.

cW) =Y off [U cxMpU| @1
7

where off () represents the sum of squares of all non-diagonal
elements of the solving matrix.

Step5: solve the matrix by using W =U" x Q.

Step6: estimate the source signal of each scattering point
by usingI:I =U xY=WxY. Every row in H represents
the reconstructed basic signal.

Through the above algorithm, the basic signal fused in
the echo can be separated. Although the amplitude and the
order may be changed, the micro-Doppler information hidden
in the phase of the basic signal will not be changed. Then,
the micro-Doppler corresponding to the scattering point can
be extracted through the time-frequency analysis.

C. MICRO-DOPPLER EXTRACTION

Using the algorithm mentioned above, the micro-motion sig-
nal belonging to each scattering point is separated success-
fully. In order to extract the micro-Doppler of the scattering
point, it is necessary to use the time-frequency transform to
analyze the basic signal and obtain the time-frequency graph.

The time-frequency graph obtained by time-frequency
analysis has two characteristics: the first is that the amplitude
of the frequency units near the real instantaneous frequency
are larger than those units away from the real frequency of
the signal. That is to say, the amplitude of the frequency
units at any time has a characteristic of hierarchy. The second
is that the real instantaneous frequency of the signal at any
time is contained in the adjacent frequency units. That is to
say, the real frequency is often contained in these frequency
points, and its location is in the centroid position of these
adjacent frequency units.

Fig. 2 is a slice of a time-frequency graph. Obviously,
the values of the frequency units near the ideal frequency are
larger than those away from the real frequency. The centroid
position of the time-frequency graph slice is very close to
the ideal frequency’s position. Therefore, the position of the
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FIGURE 2. Time-frequency graph slice.

centroid can be regarded as the position of the ideal frequency,
which provides a method for estimating the micro-Doppler.

Considering that the time-frequency graph often contains
noise, if the micro-Doppler is extracted directly from the
time-frequency graph, the extraction performance may be
affected by the noise. However, as long as the impact of noise
is not very serious and the position of the ideal frequency is
not submerged in noise, the hierarchy characteristic will keep
unchanged, which provides a method for noise reduction.

Based on the first characteristic of time-frequency graph,
the amplitudes of the units near the real frequency are larger
than other frequency units. In this paper, a noise reduction
method for time-frequency graph based on clustering analy-
sis is proposed. The specific process of the algorithm is as
follows:

Stepl: perform the short-time Fourier transform to analyze
the basic signal of each scattering point, and obtain the time-
frequency graph.

Step2: calculate the summation of the time-frequency
graph along the column. The summation reflects the intensity
of the noise at the given time. And the number of the cluster
is flexibly set based on this intensity. When the noise is
weak, the number of cluster can be small. On the contrary,
the number of cluster can be relatively large.

Step3: according to the number of the cluster, K-Means
clustering algorithm [29] is adopted to deal with these fre-
quency units [TF,l.,lTFtl.,z . TF:,-,NT] when ¢t = ¢;, and
the frequency units are divided into Cluster; Cluster - - -
Clusterg,. Set the mean of different categories as
[ME 1 ME; ---ME Ko]' Set the minimum mean as ME;,, find
the index corresponding to the category and set the index
as . Change the value of the units according to the following
equation.

TF( ) = | ° Jic® 42)
TF(fi, t;) else

By employing the above clustering analysis method to
denoise the time-frequency graph, the noise and redun-
dant frequency components in the time-frequency graph
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are zeroed, and the clarity of the time-frequency graph is
effectively improved.

After the noise reduction of the time-frequency graph, the
micro-Doppler can be extracted. According to the second
characteristics of the time-frequency graph, a micro-Doppler
extraction algorithm based on centroid calculation is pro-
posed in this paper. The specific process of the algorithm is
as follows:

Step1: find the non-zero sequence of every column of the
time-frequency graph. If the amplitude of the last frequency
unit for the current unit is zero, the amplitudes of the cur-
rent unit and the next unit are nonzero, the position of the
current unit fi is labeled as the starting unit. Similarly, if the
next frequency unit is zero, and the current frequency unit is
nonzero, the position of the current unit f;, is labeled as the
termination point.

Step2: remove the fake frequency sequence and isolated
frequency sequence. According to the characteristic of the
time frequency graph, set tp as the threshold, the length of
the continuous non-zero sequence which is less than 7y is set
to zero. Generally, the setting of 7y is no more than 30.

Step3: after determining the real frequency sequence,
the centroid solution method is employed to calculate the
micro-Doppler of the target. Suppose that the real frequency
sequence is [f] fo --- f,] and the values of those frequency
units are [g1 g2 gnl, the micro-Doppler f,,; can be
obtained as

foa = 3 i x o (43)
i=1 ; 8i

The real frequency sequence in time-frequency graph is
compressed and the micro-Doppler is extracted when ¢ = ¢;
by using (43). Then, we perform the above operation for each
moment and each scattering point, thus the micro-Doppler of
the target will be extracted.

To sum up, the procedure of the micro-motion separation
and micro-Doppler extraction method proposed in this paper
can be concluded as follows.

Construct the
observation matrix

Estimate the
precession period

Get the echo signal of
the target

A,

Extract the micro-
Doppler of each <
scattering point

Reduce noise of the
time-frequency image

Separate the micro-
motion signal

FIGURE 3. Procedure of the micro-motion signal separation and
micro-Doppler estimation.

IV. SIMULATION RESULTS ANALYSIS

According to the orbital motion model in [31], the param-
eters are set as follows. Target launch coordinates is set to
(X0, Yo, Zo) = (150 x 103, 0, 0)m, initial velocity is set to
Vi = 4 x 10m/s, and the velocity inclination is set to 6 =
0.66rad. The radar operating frequency is set to f, = 10GHz,
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the observation time is set to r = 0—600s, the pulse repetition
rate is set to PRF = 2000Hz, and the radar observation
position is set to (Xg, Yg,Zg) = (0,0, 18 x 105)m. The
parameters of the target are under the following settings:
a=05m,b = 002m, hp, = 0.5m, T, = 0.3s, ¢ = 10°,
and y = 14°.

In the acquisition and processing of micro-motion signals,
noise is ubiquitous and inevitable. Many papers regard noise
as an important factor affecting the performance of the algo-
rithm. The most common type of noise in signal analysis is
Gaussian white noise. Therefore, this paper mainly considers
the effect of noise and the type of noise is Gaussian white
noise. The signal-to-noise ratio (SNR) is set to 20dB.

Flight trajectory
500

400

300

2(Km)

200 L

100

0 500 1000 1500 2000

x(Km)

(2)

2000

1500

1000

500

Distance from radar to the target(Km)
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Time(s)
®)
.

60
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40
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pOdegree)
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Time(s)
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FIGURE 4. Characteristics analysis of orbit motion. (a) Flight trajectory of
the target. (b) The distance between the target and the radar. (c) The
change of the angle ¢(t) with time.

Firstly, we analyze the characteristics of orbital motion
from the simulation and the results are shown in Fig. 4.

130400

Fig. 4(a) simulates the flight trajectory of the target, from
which we can see that the orbit of the target is an elliptical
orbit. Fig. 4(b) shows the distance from the target to the
radar changes over time. Fig. 4(c) shows the changes of ¢(¢)
over time. After calculation, the change of ¢(¢) is close to
10~*rad from ¢ to t + T.. According to Fig. 4 (c), it is
evident that the changes are basically the same in a relatively
short observation time, which proves the basic signal of the
scattering point in next period is same.

In the compensation of orbital motion in [20], the observa-
tion time is generally processed in segments, and the orbital
motion is replaced by the method of polynomial equivalence.
Accordingly, in the analysis of this paper, the segmenta-
tion method is also adopted to analyze the echo signal. The
segmentation time is 5s. First of all, taking the echo when
t = 0 — 5s as the observation object, the characteristic of the
target is analyzed in Fig. 5.

scatter1

0 1 2 3 4 5
Time(s)
scatter2
1
~ 0
S
-1
0 1 2 3 4 5
Time(s)
scatter3
1
0.5
© 0
S
-0.5
0 1 2 3 4 5
Time(s)
(2)

Time-frequency analysis
-1000

-500

Frequency(Hz)

500

1000

Time(s)

(b)

FIGURE 5. Characteristic analysis of the echo signal when t = 0 — 5s.
(a) The change of the scattering coefficient with time. (b) The
time-frequency graph of the echo signal.

Fig. 5 (a) shows the change of the scattering coefficient
of each scattering point over time. The scattering coefficient
of the scatter] is approximately sinusoidal. After calcula-
tion, we find that the ratio of o7 in adjacent periods is a
constant and the value is 1.0003, which proves that (13)
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is right. The scattering coefficient of the scatter2 is 0, and
the scattering coefficient of the scatter3 remains unchanged,
which is consistent with (9) and (10). Fig. 5 (b) shows
the time-frequency graph of the target. It can be seen from
Fig 5 (b) that the micro-Doppler of the scattering points
is entangled in time-frequency graph and is difficult to be
extracted.

Next, the precession period needs to be estimated. Usu-
ally, the micro-motion frequency of the space target is @ =
[27 107 Jrad/s. Correspondingly, the range of Nt is from 400
to 2000. The precession period is estimated in Fig. 6.

X 600
08 | Y1
0.6
z
QL
0.4
0.2
S S | 1 mateniBiimetena
0 i M M
500 1000 1500 2000

Nr

FIGURE 6. Estimation of the precession period.

Fig. 6 shows the change of the singular value ratio of the
signal matrix with different lengths. It can be seen from the
Fig. 6 that when N, = 600, there is a peak value of py,.
Through calculation, it is found that the precession period
estimation is 7. = 0.3s which is consistent with the real target
precession period.

Next, the value of K in (14) is set to 4 and the observation
matrix is constructed. The micro-motion signal separation
and micro-Doppler extraction results are shown in Fig. 7.

Fig. 7 (a) shows the time-frequency graph of the separated
micro-motion signals. It can be seen from the Fig. 7 (a)
that the basic signal belonging to each scattering point is
separated effectively. However, compared with the original
time-frequency graph in Fig. 5 (b), the noise in Fig. 7 (a)
is further enhanced. This is because the noise is further
enhanced in the process of SVD of signal matrix. There-
fore, it is necessary to perform noise reduction. We use
the clustering analysis to denoise the time-frequency graph.
After denoising the time-frequency graph shown in Fig. 7
(a), the result is shown in Fig. 7 (b). It’s obvious that the
noise is removed effectively. Fig. 7 (c) and Fig. 7 (d) show
the difference between the ideal micro-Doppler, the method
proposed in this paper, [13], [15], IRT and Hough. Table. 1
lists the the root mean square error (RMSE) of the methods
mentioned above.

Obviously, the performance of the method proposed is the
best among these methods. The performance of [13] is rela-
tively poor, and there is a wrong correlation of the scattering
point. This is because [13] depends on the new interest to
separate the micro-motion signal, which is likely to be invalid
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FIGURE 7. Separation of micro-motion signal and extraction of the
micro-Doppler. (a) The result of the separation of the micro-motion
signal. (b) The noise reduction result of the time-frequency graph.
(c) Extraction results of the proposed method, [13] and [15]. (d) Extraction
results of the proposed method, IRT and Hough.

at the time-frequency intersection. Although no correlation
error existing in [15], there is a certain deviation at the
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TABLE 1. Performance comparison of different extraction methods.

Method Proposed [15] IRT Hough [13]

RMSE 2.61 8.39 19.58 21.25 117.31

time-frequency intersection. This is because the values of the
time-frequency units at the intersection are close, which is not
conductive to associate the micro-Doppler. IRT and Hough
are the typical parameter estimation methods for the sig-
nals whose instantaneous frequency is sinusoidal. However,
the micro-Doppler of the precession target is not strictly sinu-
soidal. Several parameters jointly determine the expression of
the micro-Doppler. Therefore, the micro-Doppler extractions
based on IRT and Hough are bad. In addition, the image
processed by Hough must be a binary image. Binarization
may lose some image details, which makes the performance
of IRT better than Hough.

In order to further test the effectiveness of the method,
the proposed method is adopted to separate signals within
t = 0 — 300s. The observation period is divided into 60 sec-
tions, and each section is 5s. Each observation section is
simulated by Monte Carlo for 50 times. Set the RMSE of
the extracted micro-Doppler as the indicator. The results of
the proposed method compared to [10] and [15] are shown
in Fig. 8.
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FIGURE 8. Performance of micro-Doppler extraction in different
observation periods.

From Fig. 8, it is shown that the RMSE of those meth-
ods are different when the observation number is different.
In addition, the variation ranges of [10] and the proposed
method are smaller than [15]. All in all, the performance
of the proposed method is better and more steady than [10]
and [15].

In order to test the robustness of the method proposed,
the simulations of the methods mentioned above is conducted
under different SNR conditions.

Fig. 9 shows the performance of micro-Doppler extraction
method in this paper, [10], [15] and IRT under different
SNR conditions. What needs to be explained is that [10]
is performed after the separation of micro-motion signal in
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FIGURE 9. Performance of micro-Doppler extraction under different SNR.

this paper and is used to prove the advantages of the noise
reduction based on clustering and micro-Doppler condensa-
tion based on centroid calculation.

Obviously, the method proposed in this paper has the
best robustness among the methods above. It can be seen
that when the SNR is greater than 4dB, the micro-Doppler
extraction performance of the proposed method is hardly
changed. When the SNR is less than 4dB, the micro-Doppler
extraction performance of this algorithm gradually decreases.
The extraction performance of [15] is steady when the SNR
is greater than 8dB and the performance decrease when the
SNR is less than 8dB. The performance of [10] is better than
IRT and [15] when the SNR is greater than 6dB, but the
performance degrades sharply when the SNR less than 6dB.
As for the IRT, the performance declines slowly, although the
RMSE is the highest when the SNR is greater than 5dB.

In the two aspects of extraction accuracy and robustness,
the method in this paper is better than other similar methods.
There are three reasons for the better performance of the
method in this paper compared with other methods.

The first is that the proposed method is a non-parametric
extraction method, in which the specific form of the signal
is not required. Compared with other parametric extraction
methods such as IRT, Hough and [18], the proposed method
has wider application.

The second is that the proposed method adopts the
idea of separating the micro-motion signals before extract-
ing the micro-Doppler, which avoids the association errors
at the time-frequency intersection. In many methods such
as [13] and [15], the extraction and separation are performed
simultaneously.

The third is that the noise reduction algorithm based on
clustering analysis lowers the effects of the noise, which can
effectively improve the robustness.

V. CONCLUSION

Space target micro-motion signal separation and micro-
Doppler extraction are of great significance for space
target recognition. In this paper, the cone-shaped preces-
sion target is taken as the research object. Based on the
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analysis of the micro-motion and scattering characteristics,
the micro-motion signal belonging to each scattering points
are successfully separated by the usage of SVD and JADE.
On the basis of the amplitude distribution characteristics of
the time-frequency graph, the clustering analysis method is
employed to reduce the noise of the time-frequency graph,
and the centroid calculation method is adopted to extract
the micro-Doppler. As a non-parametric extraction method,
the proposed method does not require a specific form of
micro-Doppler. Meanwhile, the proposed method divides the
micro-Doppler extraction into two steps of signal separation
and micro-Doppler extraction, which can effectively avoid
micro-Doppler association errors. The simulation results
show that the algorithm has good micro-Doppler extraction
performance. The micro-Doppler extraction is the basis of
target structure and motion feature estimation. The proposed
method mainly researches on the micro-Doppler extraction,
which will lay a good foundation for the estimation of target
parameters and the recognition of the targets and their flying
objects.

However, there are still some details that need to be
improved. One is that no measured radar data are used to
validate the proposed method due to the limited experimental
conditions. Measured radar data are very important for verifi-
cation of the method feasibility. The corresponding work will
be regarded as an important point in future research. In addi-
tion, this paper only considers the detection of a single
micro-motion target. Space precession targets usually appear
in the form of group targets. The subsequent research will
consider the micro-Doppler extraction of scattering point
under the condition of multiple targets observation.
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