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ABSTRACT

Compressive sensing (CS) based Inverse Synthetic Aperture
Radar (ISAR) imaging exploits the sparsity of the target scene
to achieve high resolution and effective denoising with lim-
ited measurements. This paper extends the CS based ISAR
imaging to further include the continuity structure of the tar-
get scene within a Bayesian framework. A correlated prior is
imposed to statistically encourage the continuity structures in
both the cross-range and range domains of the target region
and the Gibbs sampling strategy is used for Bayesian infer-
ence. Because the resulted method requires to recover the
whole target scene at a time with heavy computational com-
plexity, an approximate strategy is proposed to alleviate the
computational burden. Experimental results demonstrate that
the proposed algorithm can achieve substantial improvements
in terms of preserving the weak scatterers and removing noise
over other reported CS based ISAR imaging algorithms.

Index Terms— model-based compressive sensing, ISAR
imaging, continuity structures

1. INTRODUCTION

The CS based radar imaging has received much attention due
to its ability of achieving high resolution range or cross-range
profile with limited measurements. These techniques have
been intensively studied in [1-7] where different sparse re-
covery methods have been used in ISAR/SAR imagery appli-
cations. The [/;-norm minimization based Basis Pursuit (BP)
is employed to obtain the ISAR images with high-resolution
[2] [3]. Apart from sparsity, additional constraint such as To-
tal Variation (TV), may be added [4] to deal with speckle
noise in SAR imaging. The Matching Pursuit (MP) is used for
imagery of the target with uniform or even maneuvering rota-
tion [5] due to its computational efficiency and the Bayesian
Compressive Sensing (BCS) strategy has been found to obtain
an auto-focused ISAR image [6] and high-resolution SAR im-
age [7].

In most literature of the CS based ISAR imagery, under-
sampling is performed in the cross-range domain for each
range cell after the pulse compression [2]. Assuming that the
translational motion has been fully removed by motion com-
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pensation, it is shown in [2] that the signal model follows:
Y =ADX +¢ (D

where Y € CE*N with y. ,, for n = 1 : N representing the
measurements in the nth range cell; X € CM*¥ s the sparse
coefficient matrix capturing the complex amplitudes of the
scatterers on the target scene of interest; D € CM*Mis the
Fourier dictionary,

D =[didz--du],

with

d,, = exp (=727 fmt),
where t = 1/f.[1 : M], M is the number of pulses, f,, =
fr/M(m — 1) withm = 1: M and f, is the pulse repetition
frequency. In Eq. (1), A is the sensing matrix of size L x M
with L < M and ¢ is the additive noise. It is proposed in [2]
to employ the BP method to solve the imaging problem:

min (|[x.,]|,) subjectto |ly.,, — ADx. |, < Ao (2)

where ) is the user-selected regularization parameter and o
is the noise power. Other signal models without range com-
pression derived in [3] for ISAR and [7] for SAR allow un-
dersampling in both the range and the cross-range domains.
However, since the model in [3] requires to recover the whole
target image, the resulted unknown high dimensional vector
induces a heavy burden of computations. We focus on under-
sampling in cross-range domain and use the model (1).

In contrast to the conventional CS based ISAR imaging,
the continuity structures of the target scene is taken into con-
sideration in this paper. The continuity structure is statisti-
cally imposed by using a correlated prior for the sparse coef-
ficients and the Gibbs sampling strategy is used for Bayesian
inference. Since sparse coefficients of one range cell become
correlated with those of other range cells, the resulted al-
gorithm also requires to recover the whole target scene at a
time. To alleviate the high computation burden, an approx-
imate strategy is proposed by considering merely the mea-
surements from the neighboring range cells. Results from the
real data experiments have demonstrated that the proposed ap-
proximate imaging method outperforms the conventional CS
based ISAR imaging methods particularly in preserving the
weak target scatterers.
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Fig. 1. Continuity structure illustration by Yak-42. The radar
system parameters are given in Section 5.

2. MOTIVATION

The motivation for considering the continuity structures of the
range and cross-range of the target scene into ISAR imagery
is illustrated by the real data image of Yak-42 airplane. The
image obtained by the Range Doppler algorithm (RDA) [8]
with full measurements is given in Fig. 1 (a) where the scat-
terers obviously exhibit a sparse property.

In addition to sparsity, continuities in cross-range and
range domains can be observed. Figure. 1 (b) shows the
profiles of range cells 45, 46 and 47. An example of the
continuity in cross-range is clearly shown in each range cell
where the scatterers with nonzero magnitude are grouped in
two clusters corresponding to the head and the wing of the
plane, respectively. The continuity in range domain is shown
by the fact that the scatterers of the neighboring range cells
45, 46 and 47 tend to be nonzero or zero almost simultane-
ously. A closer inspection of the scatter points in cross-range
cell 63 and range cell 46 shows that both the continuities
in range and cross-range are demonstrated simultaneously.
Motivated by this phenomenon, three continuity patterns are
summarized in Fig. 2. If any of the patterns in Fig. 2 is
observed, it is reasonable to assume that z,,, is nonzero
with a high probability. Therefore the continuity either in
range domain, cross-range domain, or in both domains can
be encouraged accordingly.

Cross-range cell >

<«——|92 98uey

Pattern (a) Pattern (b) Pattern (c)
Fig. 2. Continuity patterns: shaded squares denote the scatter-

ers with nonzero amplitudes and the white ones are the scat-
terers which are irrelevant to the scatterer (m, n).
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3. MODEL-BASED ISAR IMAGING

To incorporate the continuity structures into ISAR imagery,
problem (1) is reformulated under the Bayesian framework.
Let x = vec(X) be the vectorized X by columns and accord-
ingly we abuse the subscripts 7 and m, n for simple represen-
tation. Following [9] [10], let z; or x,,_, follow a Bernoulli-
Gaussian distribution, also known as a “spike-and-slab” prior
to encourage sparsity, i.e.,

MN 9
p(xla,B) =TT |(1—a)é(jail) + 22 exp(=Bilail) |,

i=1

where hyper-parameter g; is the prior probability of x; being

nonzero, j3; is the precision of x;, 87 = [B1,...,Bun] and
T _

q = [q17 .. 7qMN}

3.1. Priors for $ and q

To enforce continuity patterns in both range and cross-range
domains in Fig. 2, it is proper to choose a correlated prior
for the precisions of ., ,, and its four neighbors.To obtain a
tractable posterior of 3, ,,, we further impose a Gamma prior
Gamma (b, d) on B, », which is conjugate to Gaussian distri-
bution. The posterior of 3, , given x then follows a Gamma
distribution with different parameters for different patterns:

Gamma(b + 5,d + || X n 2
P (Bin.n ;b d) = { Gamma((b +3,d+ ”)—(k ) ||||%)) “4)
’ m,n |9
where k = 1,2, X}, = [Zm—1,n Tmiin 2 |7 for pat-
tern (a), X3, ,, = [Tmn Tmon—1 Zmmy1]” for pattern (b) and
i%,n = [ﬂfmfl,n Tm+1,n Tmn Tmn—1 xm’nJrl] for pattern
(c).

Based on the idea of continuity, three kinds of sparsity
patterns are introduced to infer q. They are the patterns for
strong acception, strong rejection and weak rejection.
Strong rejection : If X, ,,\ T n, 1.€., the sub-vector of X, p,
excluding element x,, ,, are all zeros, it is highly possible
that 2,, ,, is zero due to the continuity assumption. Therefore,
prior Beta(eq, fo) with eg < fo is used to encourage g, »,
being small to reject scatterer (m,n).

Strong acception: If any of the continuity patterns in Fig. (2)
is observed, then it is highly possible that x,, ,, is nonzero.
Then prior Beta(es, f2) with es > fo is used to encourage
dm,n being large to accept scatterer (m,n).

Weak rejection: Apart from those sparsity patterns men-
tioned, no apparent conclusion can be drawn on the value of
gm,n- The prior Beta(eq, f1) with e; = f; is used to exert
non-informative prior on the gy, ,.

To summarize, a Beta distribution with three different sets
of parameters {ey, fi},_g 1 o is assigned for ¢y, ,, according
to the introduced sparsity i)étterns to facilitate the inference.
Since Beta distribution is conjugate to Bernoulli distribution

3)



for the unknown variable g, ., the posterior for g, », is a Beta
distribution,

p (ko 1%, er, i) = P (@ [Rinns €k, fr) )
= Beta (ek + ||>_(m,n||07 fk +5 - ||)_(m,n||0) ’

where £ € {0,1,2} and |[x||, denotes the number of the
nonzero components in Xx.

3.2. Posteriors

Assuming that ¢ follows a complex white Gaussian distri-
bution with zero mean and unknown precision Sy, i.e., € ~
CN (0, Bo 11), the posterior distribution of all the variables
given y = vec(Y) follows

p(xvanaBO |Y) 6)
xp(y|x,Bo)p(Bo)p(x]a, 8)p(a)p(B),

where ® € CNEXMN represents diag{AD, ..., AD} with
¢; being the i-th column and diag{AD.,...,AD} denotes a
block diagonal matrix with principal diagonal blocks being
AD. Equation. (6) is intractable due to the implicit priors
for 5 and q and no analytical estimation can be found for the
unknowns. The Gibbs sampler [11] is used to generate sam-
ples asymptotically distributed according to (6) and to obtain
the estimation of {x, q, 3, S }. To ensure a tractable posterior
distribution p (S |x,y ) of By, it is assumed that S follows a
Gamma distribution, Gamma(b,,, d,,). Due to conjugacy, it
is seen

p(Bo|x,y) = Gamma(bn +NL,d,+ |ly — ‘bxg). @)
Based on (6), the posterior distribution of x is proportional to
p(x‘yvqaﬂaﬂo) O(p(y ‘¢X7/60)

‘ {AﬁN (-0 3 (2 + 22 exp (—BilinQ)]} @

From (8), one can easily compute the posterior distribution of
x; given {x\z;,y,q, 5, Bo} for 1 < i < M N, which follows

p(xi IX\xiaY7q7 /87 BO) X

(1= ) (Joal) + GiCA (i |, 570 ©)

where

Bi =B + ﬁo@H@a

i MN
i =B Bodf [y — D e,
=1y
G G o CN (0,58;")

1—q 1—g¢ CN(ﬂz‘,Bfl)'
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3.3. ISAR Imaging Algorithm and its Approximation

The estimate of x is empirically given by averaging the last
few samples of the Gibbs sampler and the successive steps are
summarized in Algorithm 1. The convergence of the Gibbs
sampler is generally hard to diagnose. However, empirical
experiments show that the algorithm converges after several
dozens of iterations. As shown in Algorithm 1, the proposed

Algorithm 1 Gibbs sampler
Initialize the maximum
iteration counter [ =
{57 q, B0, b,d, by, dy, €, .fk}
while [ § NJVIaziter do

fori=1:MN do

Sample x; according to p (z; [x\zi,¥,4q, 5, Bo) (9);
Sample §; according to p (B, |X, b, d) (4);
Sample ¢; according to p (q’c %, ek, fk) (5);

iteration number Npsqziters
0 and initial value of

m,n
end for
Sample [y according to p (Bo |x,y) (7).
end while

%X and BO are obtained by the empirical mean of the samples
of x and [y in the last few iterations, respectively.

algorithm recovers the whole target scene X at a time due to
the dependent prior. Comparing to the method in [2] where
the profiles in different range cells are recovered individually,
the proposed method suffers a high computational burden. To
alleviate the computational complexity, we suggest to paral-
lelly recover the profiles in different range cells. Only the
profile in one range cell is recovered at a time using the mea-
surements of its own and its two neighbors. The resulted ap-
proximate algorithm is illustrated in Fig. 3 and summarized
in Algorithm 2. In this way, we not only decrease the compu-
tational complexity, but also incorporate the continuity struc-
ture in the imagery process.

Range cells >

measurements | ... n+1|n+2

ln-l‘ n

¢ !

recovered n (n+l] ...

Fig. 3. Approximate algorithm illustration.

Algorithm 2 Approximate algorithm
forn=1: Ndo
Gibbs sampler in Algorithm 1 with
X = Vec(X:,n71:n+1)a Yy = VeC(Y:,nflzn%»l)
® = diag{AD, AD, AD}
end for
The estimated target scene is given by X;,l: N-




4. RELATION TO PRIOR WORK

As mentioned in Section 1, conventional CS based imaging
algorithms merely consider the sparsity property to recover
the target scene with measurements down-sampled from
cross-range [2], range [3] or both domains [7]. However,
since only the strong scatterers are preserved by the con-
ventional CS based methods, the recovered target scene is
too sparse. Despite sparsity, the proposed ISAR imaging
algorithm exploits the continuities of both range and cross
range of the target scene by leveraging the model-based
CS [12] which exploits the inherent signal structure under
the Bayesian framework. Similar ideas have been used for
recovering a tree-structured sparse signal [9] and one dimen-
sional sparse signal with cluster structure [10]. To the best
of our knowledge, employing the continuity structure in the
CS-based ISAR imaging is discussed for the first time in
our paper. Algorithm 1 is an extension of [10] into two di-
mensions. Since Algorithm 2 locally enforces the continuity
of target scene using only measurements in 3 neighboring
range cells, the continuity structure is not fully exploited.
Its computational complexity is relatively larger than that
reported in [10] but is much smaller than that of Algorithm 1
as summarized in Table. 1.

Table 1. Comparison of the computational complexities
Algorithm 1 | O (LMNZNifaziter)
Algorithm 2 | O (3NLM Npjaziter)

Method [10] | O (NLM Npraziter)

5. REAL DATA EXPERIMENTS

In this section, practical data experimental results obtained
by the proposed approximate imaging algorithm (Algorithm
2), the conventional CS based methods, such as the BP and
the BCS, and the CluSS [10] are compared. The data used
is “Yak-42” plane dataset with parameters given as follows:
the carrier frequency is 10GHz; f,. = 25Hz; the bandwidth is
400MHz.The number of points in the range domain is 128 and
128 pulses are measured. Assuming that the original dataset is
noiseless, additional complex white Gaussian noise is added
to generate the experimental data with a signal to noise ra-
tio (SNR) of 10dB. Algorithms are tested with 1/2 of the full
measurements, i.e., 64 measurements and the results are pro-
vided in Fig. 4. As seen in Fig. 4, all methods can properly
recover most of the strong scatterers. However, comparing to
those obtained by the BCS and the BP, the images obtained by
our method and the CluSS are much more concentrated with
relatively clear background. Since the CluSS merely consid-
ers the continuity in cross-range domain, it is relatively infe-
rior to the proposed method in preserving the weak scatterers.

Image entropy and the correlation value with the reference
image in Fig. 1 (a) are two measures to quantitively evaluate
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the quality of the recovered images. Note that the higher the
correlation value a method provides, the better the method
preserves the information of the target. The more focused the
image is, the smaller its entropy will be. The correlation and
the entropy values of the obtained images by different meth-
ods are summarized in Table 2. As indicated in Table 2, the
results obtained by the proposed approximate algorithm and
the CluSS achieve a higher correlation with the reference im-
age and a lower image entropy than those given by the con-
ventional CS-based imaging methods.

20 20

40 =5 40 wr
— t 4 — 3 s
= B =
3 d ] i
s 60 i 5 60 L
g Hi T 2 T o

sela s
g 5 Tl S 5 BT
L
100 * 100
120 120
20 40 60 80 100 120 20 40 60 80 100 120

cross-range cell cross—-range cell

(2) BCS (b) BP
20 20
40 I 0 s
3 e 3 "
S w0 e S 60 PRV
2 i 2 LEen
g 80 -‘:.#!'5"_:, s . ﬁ*'&_
100 k- 100 &
120 120

20 40 60 80 100 120

cross—range cell

(c) CluSS

100 120 20 40 60 80
cross—range cell

(d) Algorithm 2

Fig. 4. Comparison of ISAR images.

Table 2. Performance evaluations

Algorithm BCS BP CIuSS | Algorithm 2
Correlation | 0.7400 | 0.8009 | 0.8079 0.8122
Entropy 3.2002 | 0.9844 | 0.4337 0.4237

6. CONCLUSION

The conventional CS-based ISAR imaging methods merely
assume that scatterers on target scene are sparse without con-
sidering any particular signal structure. In contrast, the pro-
posed approximate imaging algorithm exploits the structural
continuity of the scatterers on the target scene in both the
cross-range and the range domains. Real data experiments
show that the proposed algorithm obtains an enhanced target
image in terms of effectively preserving the weak scatterers
and removing the noise outside the target region.
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