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Abstract

When conventional motion compensation algorithms that are fit for a single target are applied to cooperative
targets imaging, a well-focused image cannot be obtained due to the low correlation between adjacent returned
signals. In this paper, a parametric compensation method is proposed for the imaging of cooperative targets. First,
the problem of the imaging is formulated by analyzing the translational motion of the target moving along a
rectilinear fight path and by assuming a signal model of cooperative targets imaging. A bulk image is then obtained
by parametric compensation of the linear and quadratic phase terms, which is performed by means of estimating
the translational motion parameters through the fractional Fourier transform. Next, the number of targets in the
bulk image is estimated by clustering number estimation, and the segmented images from the bulk image are
separated by the normalized cuts. Finally, well-focused images are obtained by refined parametric compensation of the
residual quadratic and cubic phase terms, which is carried out by estimating the parameters through maximizing the
image contrast. Simulation results demonstrate the effectiveness of the proposed method.
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1. Introduction

High-resolution radar imaging has been a widely ad-
dressed topic in recent years [1-3]. It has the ability to
produce well-focused images under all weather condi-
tions and day-and-night. When high-resolution radar
imaging is applied to imaging of multiple targets moving
in the same radar beam, the conventional motion com-
pensation algorithms, which are suitable for a single
moving target, cannot obtain a well-focused image due
to the low correlation between adjacent returned signals
[4-7]. Currently, high-resolution radar imaging of mul-
tiple targets has been an important issue in the radar im-
aging field.

The current techniques of multiple targets imaging
can be categorized into two classes: direct imaging and
separated imaging. The former method is based on time-
frequency transformation [2,8,9]. However, this method
has a heavy computational burden and needs to solve
cross terms. The latter method is based on the separation
of the returned signals. In this method, there are two basic
techniques for signal separation. In the first type, the
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returned signal of each target is obtained by parameter
separation [10-13]. However, this method is likely to fail
when the differences between motion parameters are
small in the formation flying. In the second type, the
returned signals are separated from the region of target in
the image domain [14,15]. However, the trajectory is
coarsely estimated owing to without using phase informa-
tion in [14] and the error of the first-order phase term
compensation would be seriously increased when the
blind velocity is large in [15].

For concise expression, multiple targets moving in a
formation with almost identical velocity and acceleration
are defined as cooperative targets. In the situation of co-
operative target imaging, motion compensation for co-
operative targets inherently confronts with difficulties
due to the returned signals have low correlation as well
as being overlapped in time. Therefore, motion compen-
sation of the cooperative targets is important to the
image quality. In order to reconstruct a well-focused
image of cooperative targets, this paper proposes an im-
aging method using parametric compensation. The pro-
posed method is carried out by three steps. In the first
step, the translational motion of the target moving along
a rectilinear fight path is analyzed and the translational
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motion parameters are estimated by means of the frac-
tional Fourier transform (FrFT). The linear and quad-
ratic phase compensations are then carried out to obtain
a bulk image of the cooperative targets. The second step
is image segmentation. In this step, the region of each
target in the bulk image is determined by clustering
number estimation and the normalized cuts. The third
step consists in refined parametric compensation. In this
step, well-focused images are obtained by refined com-
pensation of the residual quadratic and cubic phase
terms, which is carried out by estimating the parameters
through maximizing the image contrast. Compared with
the existing imaging methods by parameter separation,
the proposed method can yield well-focused images of
cooperative targets. Meanwhile, since the quadratic
phase term is coarsely compensated and the cubic phase
term is small, there is no large searching range for the
residual quadratic and cubic parameters, which reduces
the computational burden.

The remainder of this paper is organized as follows.
Section 2 analyzes the translational motion and intro-
duces the signal model of cooperative targets imaging.
Section 3 describes the proposed imaging method. In
Section 4, simulation results are presented to prove the
effectiveness of the proposed method. Section 5 provides
the conclusions.

2. Signal model

2.1. Analysis of translational motion

In the imaging interval, supposing the target is in uni-
formly accelerative rectilinear motion. At time £=0, the
distance from the radar to the target is R(0). By referring
to the geometry shown in Figure 1, the distance between
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Figure 1 Geometry of the radar imaging of a target.
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the target and the radar at a generic instant ¢ can be
expressed as

1 2
R(t) = <R(0) + vtsin 6 + Eutz sin 6)

1 2
+ (vt cos 0+ iaﬂ cos 6> ,

(1)

where v and a denote the target's velocity and acceler-
ation, respectively.

The target's radial velocity vz(f) and acceleration ag(t)
can be expressed as

2 2
ve(t) = R(t)=vsin 6 + asin6+w ;
R(0) 5

v? cos?6 (2)

ag(t) = R(t)~asin @ + “RO)

When a =0, that is to say, the target is in uniform rec-
tilinear motion, Equation (2) is given by

2 (0c2
vr(¢) = vsin0 + v_cos’d
R(0) ;
v* cos?0 )
)= "Ry

From Equations (2) and (3), it is worth noting that the
translational motion of the target can be viewed as a
uniformly accelerative rectilinear motion regardless of
the target is in uniform rectilinear motion or in uni-
formly accelerative rectilinear motion. In the imaging
interval, R(f) can be approximated with its second-order
Taylor polynomial calculated around ¢=0 and it can be
expressed as

1
R(t)~R(0) + vrot + EﬂROtZ (4)
where vgo = R(0) and agy = R(0) are the initial radial
target's velocity and acceleration, respectively.

2.2. Signal model
The imaging geometry is shown in Figure 2. Coordinate
(U, V) is the radar coordinate system. The target is de-
scribed in coordinate (¥, y) with its origin located at the
geometric center of the target, called the target coordin-
ate. A scatterer P locates on the target. (X, Y) is the co-
ordinate system translated from the radar and is used to
describe rotations of the target, ¢ is the azimuth angle
of the target with respect to the (U, V) coordinate.

When ¢ =0, the range from the radar to the scatterer
Pis [8]

Rp(t) = R(t) + xcos(0(¢t))-ysin(6(t)) (5)
~ R(t) + x-yot,
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Figure 2 Geometry of target motion analysis.
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where @ is the target angular velocity in the imaging
interval.
In the case of cooperative targets, we assume that the
returned signals in fast-slow time can be expressed as
Z Z Aup

(R (7)

exp (1271 (fc (t—2R,»7,-( m)/C) ),
(6)

where p(t) = rect( ) exp(jmyt?) denotes the chirp pulse,
y is the chirp rate, t'=t-t,, and ¢,,=mT, are known as
the fast time and slow time, respectively, K is the number
of targets, g, is the number of scatterers of the target i, A;;
is the strength of the scatterer j in the target i, f. is the car-
rier frequency, R;j(t,,)=R;o(t.) +%;j— y;jwt,, is the dis-
tance between the radar and the scatterer j of the target i,
Ty, is the pulse length, T, is the imaging interval, c is the
light speed.

After downconversion, in the range frequency-slow
time domain, Equation (6) can be expressed as

SR(f, twm

;]X:A, ,rect( )rect(?i)
an(fe+f) ,,(tm)>,

exp < .

where B is the bandwidth.
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If Equation (4) is used in Equation (7), we obtain
K 4
Se(frtm) =D A

t
Jrect< )rect (m,>
=1 j=1 T,
exp( (fc +f) < o(0) + vzt
+ Eaimtfn + Xij=Y; j@tm
(8)
For f=fo, that is, in the special range cell, the Doppler

frequency shift induced by the translational motion of
the target i is

2(f, +
fialt) = —M (Vi,Ro—y,»,jw-Fdi,Rot), (9)
=fiao +kiot
where  f; ;0 = Z(f”+f o) (Vi ro-Y;;@) is the initial fre-

quency, k;o = 2(f”+f o) airo denotes the chirp rate. It is
worth pointing out that the Doppler frequency shift in-
duced by the translational motion is approximated as
the linear frequency modulation signal (LFM signal) in
range cell. If the initial frequency and the chirp rate are
estimated, the translational motion parameters can also
be coarsely estimated.

By performing the Fourier transformation on Equation
(8) with respect to ¢, and applying the principle of sta-
tionary phase, we have

S i€ Vi.Ro
S, A t t
R(fafazl ZZ L/reC ( ) rec <4ai,R0 (fc +f) Ta + Zai,ROTa

i=1 j=1
T (V['R()—yiv,r&)>

exp| —j e 2 f
p ] 4‘1“?0 (fc +f) azi airo azi
2

_M(ﬂ +f)+ 47]1 (Ri0(0) + x:5) (£, +f)) ) .

aiRoC

(10)

The first phase term is the Doppler chirp term as well
as the range-Doppler coupling term which should be
compensated to eliminate the image defocusing. The
second phase term is the Doppler term and reflects the
cross range of the scatterer j of the target i. The third
phase term is the range shift term which should be com-
pensated to reduce the image deformation. The fourth
phase term is the range term and reflects the range of
the scatterer j of the target i. Therefore, in order to ob-
tain a well-focused image, it is necessary to estimate the
translational parameters and eliminate their influences
on the image.
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3. Imaging algorithm
3.1. Parameters estimation by the FrFT
The FrFT of signal x(f) with angle « is defined by [16]

(1)

where K,(t,u) represents the transformation kernel
which can be defined as

1-jcot a B u? .
S ep| i~ cotajtucsca | aznm

Xo(u) = Fulx(t)] = [Z () K (¢, u)dt,

Kolt,u) = S(t-u) a = 2nm
(¢ + u) a=(2n+1)m,
(12)
where §(¢) denotes the Dirac function.
Supposing that the LFM signal x(¢) is
) 1.,
x(t) = Aexp| 2| f .t + Ekdt , (13)

where f;. and k; denote the initial frequency and the
chirp rate, respectively. They can be estimated from the
peak position of its fractional Fourier spectrum as
follows

foaT 2
@, i = arg max | Xe(u)
fa=lcsca (14)
ky=-cota

In the case of cooperative targets imaging, it can be
noted that the differences in radial velocities of different
targets are small, and the radial accelerations of differ-
ent targets can be considered as the same value from
Equation (2). From Equation (9), it is known that the
returned signals in range cell can be approximated as
LEM signal. In the case of proper angle a, the spectrum
values of the returned signals in a range cell almost en-
tirely reach a maximum owing to the almost identical
radial acceleration. If we choose the strong spectrum
value, the initial frequency and the chirp can be esti-
mated by the FrFT. Meanwhile, the radial acceleration
can be obtained as follows

- 4 7
R AR

Since y; ;o is always on the order of one [15], (v;zo — ¥;j®)
can be approximated as v;po. Consequently, the radial
velocity can be coarsely estimated by

(15)

C ~

ViRo~— mf ide- (16)

Therefore, the radial acceleration dgy and velocity Vzo
of the cooperative targets can be coarsely equated with
a;ro and V; go, respectively.
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3.2 Parametric compensation

Ignoring the higher order terms, the phase term in
the imaging interval is a second-order polynomial in
Equation (10). In order to obtain the bulk image of the
cooperative targets, compensation of the linear and quad-
ratic phase terms should be carried out to eliminate the
influences of translational motion.

3.2.1. The linear phase term compensation
To eliminate the influence of the linear phase term, the
radial velocity of the cooperative targets is used to the
linear phase term compensation and the corresponding
compensation term can be expressed as

An(f,+f) .
¢, = exp (} # VRotm> . (17)
After compensation, we obtain
: Y f t
Salfota) = Y /;Ai rect <§> rect <?>
An(f.+f)
exp (_]f <Rl‘_’0 (0) + (AVi—yiJ-C()) Lt
1 2
+§ﬂi,R0tm +xij |,
(18)

where Av; = v;po—Vro is the residual radial velocity,
which still induces range shift. The keystone transform
is then utilized to eliminate the influence of the residual
radial velocity. The keystone transform is [17]

in= if) o

If Equation (19) is used in Equation (18), we obtain

st - Sl
1 a

=1 j=

exp (—f w (Ri;(0) + xm‘))
exp( 7 (813, 0) 0

exp (—jo” <1 —I—JJ;) lfcai7R0Tfn> .

Thus, the linear coupling between f and ¢, can be re-
moved. However, residual coupling still exists in the
quadratic phase term, which induces image defocusing
and should be compensated.

(19)

(20)
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3.2.2. The quadratic phase term compensation

After the linear phase term compensation, the quad-
ratic phase term can be compensated by the following
expression

. 27'[fC6AlR0T3n). (21)

-
? c+f/fe)
Then, the returned signals can be written as follows
Sp(fytm) = ZZAiJrect
1

> 3 (e ()

exp <—i w (Ri;(0) + xu))
- exp (—j4anC (Av,'—yivjw) rm)

21
exp <_j7 (1 +JJ;> lAai,ROTfn) ,

C

where Aa; po = a; ro—dro denotes the residual radial accel-
eration. The last phase term in Equation (22) represents
the uncorrected quadratic phase term which will induce
image blur. However, this image blur can be negligible
if the residual radial acceleration Aa;ro is such that Aa; ro
T2 < 2)., where A, is the carrier wavelength [18]. In this
situation, the image in range-Doppler domain is

K 4

(22)

100r) = 7575307 ) exp (12 -+ jnf .
K f
= BTaZi:Aiﬂ,‘sinc (@ (r—R,‘J(O)—xi‘j))
=1 j=1
Zﬂfc (Avi_yi.jw)) ) 3

sinc (]TTa (fd— p

(23)
where r denotes range, f; denotes Doppler.
Raw data Image
* segmentation
Parametric ¢
compensation Refined
parametric
compensation
Bulk image ‘
Well-focsed
images
Figure 3 Flowchart of cooperative targets imaging.
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After compensation of the linear and quadratic phase
terms, we can obtain the bulk image of cooperative targets
and denote the absolute value of the image by |Io(r;, f)|.

3.3. Image segmentation

Since the residual quadratic and higher order phase
terms are not entirely eliminated in the parametric com-
pensation, the image is not well-focused and cannot be
used to target identification. Refined parametric com-
pensation is necessarily used to improve the image qual-
ity. Considering the differences in the residual quadratic
and higher order motion parameters, refined parametric
compensation should be carried out to target one by
one. Therefore, in order to perform refined parametric
compensation, the bulk image is segmented by clustering
number estimation and the normalized cuts.

3.3.1. Clustering number estimation
Cooperative targets cannot generally be resolved in
range domain. However, they can be resolved in azimuth

~
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Figure 5 RMS errors of the estimated parameters of target 2.




Chen et al. EURASIP Journal on Advances in Signal Processing 2014, 2014:8

http://asp.eurasipjournals.com/content/2014/1/8

Page 6 of 9

200

- —_ —
iy [e)] [0:0]
o o o

Range bins

—_
N
o

100

900 1000 1100

Azimuth bins

1200

Figure 6 ISAR image using the proposed method.
A

domain due to large distances exist in azimuth domain.
According to estimating the number of the target cen-
ters in the bulk image, the clustering number can be de-
termined as follows [15]

Step 1: Calculate normalized histograms of |Iy(r, f)|
along r and f;, respectively.

Step 2: For each histogram, obtain its smoothed
envelope by low-pass filtering.

Step 3: Calculate the positions {(P,, Py d)} of local
maxima of smoothed envelopes.

Step 4. For each (P,,Pf d), if the average of pixel values
around it is above the threshold, it can be viewed as
a true target center. Finally, the clustering number is
equal to the number of true target centers.
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Figure 7 ISAR image using the conventional method.
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Figure 8 Normalized histogram and its envelope along range.

3.3.2. Normalized cuts

A graph G =(VE) is composed of two disjoint sets A n
B=@,AuB=V.In graph theoretic language, the degree
of dissimilarity between these two sets is called the cuts

cut(A,B) = Z w(u,v),

ucA,veB

(24)

where w(u,v) is the graph edge weight between nodes u
and v. The normalized cuts Ncut(A,B) can be defined by [19]

cut(A, B)
assoc(A, V)

Z w(u,v)

ucA,veB

Z w(u, t) -

ucA,teV

cut(A, B)
assoc(B, V)

Z w(u,v)

ucA,veB

Z w(u,t)

ueB,teV

Ncut(A,B) =

(25)

Normalized histogram

1000 1100

Doppler bins

0 L
800 900 1200

Figure 9 Normalized histogram and its envelope along
azimuth.




Chen et al. EURASIP Journal on Advances in Signal Processing 2014, 2014:8

http://asp.eurasipjournals.com/content/2014/1/8

Table 1 Coordinates of potential target centers and the
average of pixel values

Center index Coordinates Average value

1 (143, 895) 0.6962
2 (143, 1,022) 08173
3 (143,1,137) 0.8739

Shi and Malik addressed that the optimal partition can
be found by computing
y = argmin Ncut(A, B)

y' (D-W)y
y' Dy

(26)
= argrynin

where y = {a, b} is a binary indicator vector and y; = a if
pixel i€ A and y;=b if pixel je B. N is the number of
pixels. W is the association matrix with Wj; = w(i, ). D is
the diagonal matrix with D;; =¥ ;W

According to the image segmentation, the region of
each target can be determined from the bulk image and
the range-slow time data of each target can be obtained
by taking IFFT in each range bin of each segmented
range-Doppler image. Therefore, refined parametric
compensation for each target can be carried out to ob-
tain a well-focused image.

3.4. Enhancement of image

The image contrast will reach a maximum if the image
is well-focused [20]. Therefore, the image contrast can
be utilized to compensate the residual second-order and
higher order phase terms. Since the fourth-order phase
term to the imaging quality can be ignorable [14], the
compensation phase term can be written as follows

H (mT,,B,y) - exp(j%-[fc(l +J€>l<%ﬁ(mTr)2

+%?(mTr)3)>,
(27)
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where B is a estimation of residual radial acceleration /3
and y is a estimation of the radial jerk y.
The image contrast is defined as follows

where Iy(r,f d,/S’,f/) is obtained by compensating the
returned signals through Equation (27), the operator A(:)
denotes the image spatial mean. When C B, 7 ) reaches a
maximum, it indicates that 5 and y are accurately esti-
mated and then the image can be well-focused. According
to the above imaging process, the flowchart of cooperative
targets imaging is shown in Figure 3.

3.5. Computational complexity analyses

In this part, the computational complexity of major
steps in the proposed method will be analyzed in terms
of the number of operation. Suppose that the number of
pulses, range sampling cells, searching residual radial ac-
celeration, searching the radial jerk, and searching range
frequency cells are N, M, Ng, N,, and W, respectively. As
to the FrFT, WMN multiplications and WM(N-1) addi-
tions are needed and the computational complexity is O
(WMN). For the parametric compensation, 2MN multi-
plications and 2M(N - 1) additions are needed and the
computational complexity is O(MN). As to the image
segmentation, the computational complexity is O(kMN),
where k is the number of steps Lanczos takes to con-
verge. As to the image contrast, NgN,(8MN + 2MN log
»MN) multiplications and NN (4MN + 3MN log ,MN)
additions are needed and the computational complexity
is O(MN log ,MN).

4. Simulation results

In this section, the returned signals of three targets sepa-
rated along the x-axis on the same xy plane are gener-
ated to prove the effectiveness of the proposed method.

05 Ll 05]..--

Normalized image contrast
Normalized image contrast

(a) (b)

Figure 10 Image contrast. (a) Image contrast of target 1; (b) image contrast of target 2; (c) image contrast of target 3.
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Figure 11 Well-focused images with SNR =10 dB. (a) ISAR image of target 1; (b) ISAR image of target 2; (c) ISAR image of target 3.
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We assume that the initial velocity and acceleration of
three targets moving in a formation are v; = 268 m/s, a; =
11 m/s?, Vo =270 m/s, a, =10 m/s>, v3=272 m/s, and as
=9 m/s? respectively. The angle 6 is 10°. Target 1, target
2, and target 3 are located at (-65 m, 0 m), (-10 m, 0 m),
and (40 m, 0 m), respectively. The radar is located at (0 m,
-8,000 m). The pulse repetition frequency (PRF) is 2,000
Hz, the carried frequency is 9 GHz, the bandwidth is 300
MHz, the number of sampling data is 1,024 and the echo
number for coherent imaging processing is 2,000. The tar-
get model is shown in Figure 4. Complex white Gaussian
noise is added to the returned signals.

Monte Carlo simulation was performed to verify the
performance of the parameter estimated method. The
number of Monte Carlo simulation is 500. The root-
mean-square errors (RMS errors) of the radial velocity
and acceleration of the target 2 are shown in Figure 5. It
can be seen from Figure 5 that the RMS errors of the es-
timated radial velocity is large, while that of the esti-
mated radial acceleration are close to zero with different
SNRs. The reason is that the radial acceleration can be
accurately estimated and the radial velocity was coarsely
estimated. Fortunately, the influence of the residual of
the radial velocity can be eliminated by the keystone
transform. When the signal-to-noise ratio (SNR) is 10
dB, the averages of the radial velocity and acceleration
estimated by the FrFT are 45.6752 m/s, 10.5218 m/s?
respectively.

After the linear and quadratic phase term compensa-
tions, a resolved bulk image is shown in Figure 6. When
applying the conventional imaging method using enve-
lope cross-correlation and the phase gradient autofocus
algorithm, this method yields an image in Figure 7. It is
evident that the image in Figure 7 does not yield a re-
solved image, which demonstrates the conventional im-
aging method does not work well for cooperative targets
imaging.

Figures 8 and 9 show normalized histograms along
range and azimuth by solid line and their envelops by
dashed line, respectively. According to Figures 8 and 9,
coordinates of local maxima of envelops are (143, 895),
(143, 1,022), and (143, 1,137), which are likely to the tar-
get centers. Table 1 lists coordinates of potential target
centers and the average of pixel values around each co-
ordinate of local maxima. According to the normalized
average, the number of target centers is three, so the
clustering number is three.

After image segmentation, image contrasts of the seg-
mented image with 5 and y are shown in Figure 10a,b,c,
respectively, where € [-5,5], y<[0,1] [14]. It is import-
ant to note that the image contrast is mainly affected by f5,
which indicates that the quadratic coefficient plays an im-
portant role in the imaging quality. After refined paramet-
ric compensation by (B,y) corresponding to the image
contrast maximization, the enhanced images of three tar-
gets in decibel are shown in Figure 11a,b,c, respectively. It

200 0 200 200
180 5 180 180
2 2 2
s 160 = 160 ] 160
S - g
K] 140 S 140 = 140
120 120 120
100 100 100
(a) 900 950 1000 1050 (b) 1000 1050 1100 1150 (C) 1150 1200 1250 1300
Azimuth bins Azimuth bins Azimuth bins

Figure 12 Well-focused images with SNR =0 dB. (a) ISAR image of target 1; (b) ISAR image of target 2; (c) ISAR image of target 3.
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is evident that each image has better focus than its original
image in Figure 6.

When the SNR is 0 dB, the averages of the radial vel-
ocity and acceleration estimated by the FrFT are 49.8649
m/s, 10.3582 m/s?, respectively. The well-focused images
of three targets in decibel are shown in Figure 12a,b,c,
respectively. From this simulation, we believe that the
proposed method can still image cooperative targets in
the low SNR scenario.

5. Conclusions

In this paper, we have proposed a method to solve the
radar imaging problem of cooperative targets. The method
utilizes the parametric compensation of the linear and
quadratic phase terms to obtain a bulk image. Image seg-
mentation is used to separate the bulk image into different
images. Refined parametric compensation of the residual
quadratic and cubic phase terms is then carried out to ob-
tain well-focused images. The simulation results demon-
strate that the proposed method can successfully image
cooperative targets.

In future work, an experiment to generate well-focused
images of cooperative targets will be conducted based on
measured data. Furthermore, our further study will focus
on the imaging of cooperative targets that have more
complicated motion forms.
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