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ABSTRACT Compressed sensing (CS) algorithms are used for linear array synthetic aperture radar
(LASAR) three-dimensional (3D) imaging. However, it is difficult to obtain imaging results with both
high computational efficiency and promising imaging quality. Because of the high-dimensional matrix-
operations, the computational complexity of several CS algorithms is huge such as the iterative adaptive
approach (IAA), bayesian compressed sensing (BCS), and sparsity bayesian recovery via iterative minimum
(SBRIM) algorithm. Besides, the greedy pursuit algorithms such as the orthogonal matching pursuit (OMP)
algorithm cannot acquire ideal imaging results on account of the preset sparsity of the imaging scene. To
solve the problem, we present a fast sparse recovery algorithm via resolution approximation (FSRARA)
in this paper. Firstly, the whole imaging scene is divided into 3D scattering units with large spacing, and
SBRIM algorithm is used to obtain its low-resolution imaging results quickly. Secondly, the low-resolution
imaging results are conducted image segmentation by the fuzzy c-means (FCM) clustering algorithm
to extract the possible targets’ areas coarsely. Then we re-divide the imaging scene by higher imaging
resolution and extract the possible targets’ areas according to the coarsely possible targets’ areas. FSRARA
achieves improved computational efficiency with low-dimensional matrix-operations on the possible targets’
areas instead of the high-dimensional one on the whole imaging scene. Meanwhile, FSRARA performs
better in suppressing the false targets and sidelobe interference and improves the imaging quality than the
SBRIM algorithm. Simulation and experimental results prove that FSRARA improves the computational
efficiency by hundreds of times at most than SBRIM algorithm and its computational efficiency is higher
than smoothed Ly norm (SLO), IAA, and BCS algorithm. Besides, FSRARA improves the imaging quality
compared with OMP, IAA, SLO, BCS, and SBRIM algorithms.

INDEX TERMS Compressed sensing, LASAR 3D imaging, Fast sparse recovery algorithm via resolution

approximation, Image segmentation

I. INTRODUCTION

YNTHETIC aperture radar (SAR) is a radar imaging

technique with all-day, all-weather working capabilities,
and has been successfully applied in both military and civil
fields because of its high-resolution imaging ability. How-
ever, traditional SAR images only obtain the two dimensional
(2D) targets’ information on the Range-Doppler domain, and
cannot reflect targets’ information in the height dimension.
How to obtain targets’ three-dimensional (3D) imaging re-
sults has been the fascinating issue of SAR imaging tech-
nology, which leads to the emergence of several SAR 3D
imaging technologies such as curvilinear SAR (CurSAR)
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[1], tomography SAR (TomoSAR) [2], and linear array
SAR (LASAR) [3] recently. CurSAR synthesizes a curve
array through the moving of one single antenna and com-
bines the range compression technology to obtain the three-
dimensional (3D) imaging resolution of the imaging scene.
TomoSAR achieves the third-dimensional resolution by syn-
thesizing a virtual aperture in the tomography direction with
multiple parallel voyages. However, it is difficult to achieve
the ideal curve trajectory and obtain high imaging resolution
in CurSAR, and TomoSAR is limited by the multi-voyage
parallel trajectory requirement. Meanwhile, both CurSAR
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and TomoSAR can only obtain high-quality 3D imaging re-
sults under one working mode. Those shortcomings constrain
the application of CurSAR and TomoSAR in 3D imaging
seriously. LASAR [3] achieves 3D imaging resolution by
the moving of linear array antenna and range compression
technology. Different from CurSAR and TomoSAR, LASAR
can achieve 3D high-quality imaging under different working
modes such as downward-looking mode and forward-looking
mode. However, LASAR faces many challenges to realize
3D imaging such as the huge antenna elements and the high-
dimensional echo signal.

Sparse recovery algorithms via compressed sensing (CS)
[4]- [7] theory have been widely researched because of
their super-resolution imaging ability compared with the
matched filter (MF) algorithm [8], and they can achieve high-
quality imaging with the sampling rate of echo signal lower
than the Nyquist sampling rate. Meanwhile, scholars have
proposed several sparse recovery algorithms recently, such
as orthogonal matching pursuit (OMP) algorithm [9]- [10],
Bayesian compressed sensing (BCS) algorithm [11]- [12],
iterative shrinkage/thresholding (IST) method [13], and the
dictionary learning (DL) algorithm [14]. Zhang et.al [15]
have proposed a Robust Flexible Discriminative Dictionary
Learning method to improve the traditional DL algorithms’
performance, and they also proposed a Locality-Constrained
Projective Dictionary Learning (LC-PDL) [16] to reduce the
computational cost of DL algorithms. And sparse reconstruc-
tion algorithms have been used in several areas such as the
radar imaging, image feature extraction [17], and feature
selection [18]— [19]. Besides, because of the sparsity of
the SAR imaging scene, CS algorithms have been used for
SAR imaging recently. In [20], a threshold gradient pursuit
(TGP) algorithm was proposed for SAR 3D imaging, which
uses the maximum-minimum ratio and changing rate of the
scattering coefficients to replace the preset sparsity of the
imaging scene. In [21], the iterative adaptive approach (IAA)
was used for SAR imaging. In [22], the smoothed Ly norm
(SLO) algorithm was used for high-resolution Inverse SAR
(ISAR) imaging by combining the cycle shift method and
exploiting sparse apertures. In [23], an ISAR imaging algo-
rithm based on sparse Bayesian learning (SBL) algorithm
was proposed to achieve a sparser solution and select the
parameters automatically. In [24], the sequential order one
negative exponential (SOONE) function was used to measure
the signal’s sparsity. Meanwhile, a 2D gradient projection
(GP)-SOONE algorithm was proposed for super-resolution
ISAR imaging.

CS algorithms are used for LASAR 3D imaging because of
the sparsity of the 3D imaging scene. In [25], a combination
of polar formatting and L; regularization algorithm was
proposed for downward-looking LASAR 3D sparse imaging.
In [26], the BCS algorithm was used for reducing side-
lobes in LASAR 3D imaging. In [27], a 3D CS algorithm
was proposed to solve the couple effects between different
directions in LASAR imaging by reconstructing the 2D
sparse signals on overcomplete dictionaries with separable
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atoms directly. Besides, the sparsity bayesian recovery via
iterative minimum (SBRIM) algorithm was proposed in [28]
by setting the scattering coefficients of the imaging scene
obey the exponential prior distribution, which achieves high-
resolution imaging without the preset sparsity, and improves
the imaging quality by reducing the preset parameters com-
pared with BCS algorithm. However, the high-dimensional
matrix-operations make the computational complexity of
SBRIM algorithm very huge and limit its application.

CS algorithms obtain imaging results with higher quality
at the expense of increased computational complexity com-
pared with the MF [8] algorithm. Meanwhile, scholars have
proposed several methods to reduce the reconstruction time
of CS algorithms recently. To cut down the computational
burden, article [29] introduced the SLO algorithm into SAR
sparse imaging. In [30], the whole scene was divided into
several sub-scenes by the range profiles; and then the whole
image was obtained by combining the reconstructed sub-
scenes according to the range profile sub-patches. In [31],
the equidistant slice split (ESS) algorithm was used to split
the 3D imaging scene into several 2D equidistant slices along
the range direction, and the 3D imaging results were obtained
by combining the 2D image of every equidistant slice. Zhao
et al [32] used the truncated singular value decomposition
(TSVD) algorithm to decrease the computational complexity
of LASAR 3D imaging. Meanwhile, according to the Fourier
property of the measurement matrix and the Toeplitz struc-
ture of the covariance matrix, Zhang et al [33] proposed a
fast IAA algorithm for scanning radar imaging. However,
those algorithms except the fast IAA algorithm still conduct
imaging of the whole imaging scene and cannot improve
the computational efficiency of CS algorithms efficiently.
Meanwhile, the measurement matrix in SAR imaging is not
the Fourier matrix, the fast IAA algorithm is not suitable for
high-quality imaging.

To improve the computational efficiency of CS algorithms,
a fast sparse recovery algorithm via resolution approximation
(FSRARA) is proposed in this paper. Firstly, the whole
imaging scene is divided into 3D scattering units by a
uniform spacing larger than the traditional imaging resolu-
tion of LASAR 3D imaging, and the SBRIM algorithm is
used to obtain the 3D low-resolution imaging results of the
whole imaging scene quickly. Secondly, we use the fuzzy
c-means (FCM) [34] clustering algorithm to perform image
segmentation on the preliminary imaging results to extract
the possible targets’ areas in the imaging scene coarsely.
Then, we re-divide the imaging scene by smaller spacing and
re-extract the possible targets’ areas according to the coarsely
possible targets’ areas. Finally, we use the possible targets’
areas to construct the measurement matrix and perform high-
resolution imaging. Besides, the main contributions of FS-
RARA are shown as follows:

e Improve the computational efficiency significantly:
FSRARA has converted the high-dimensional matrix-
operations on the 3D imaging scene to the low-dimensional
matrix-operations on the possible targets’ areas. Meanwhile,
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FIGURE 1. The geometric model of downward-looking LASAR

because of the 3D imaging scene’s sparsity, the possible
targets’ areas are far less than the whole imaging scene.
Therefore, FSRARA has improved the computational effi-
ciency significantly compared with SBRIM algorithm.

e Improve the imaging quality: the influence of false tar-
gets or sidelobe interference are suppressed more effectively
by constructing the measurement matrix by the possible tar-
gets’ areas. Therefore, FSRARA has improved the imaging
quality compared with SBRIM algorithm.

The remaining sections are arranged as follows: the 3D
sparse imaging model of LASAR is introduced in section IT;
the FSRARA is proposed in section III; the performance of
FSRARA is analyzed by simulation and experimental results
in section IV; Section V proposes the main conclusions of
the whole paper.

Il. 3D SPARSE IMAGING MODEL OF LASAR
A. LINEAR REPRESENTATION MODEL OF LASAR

Assume LASAR works in the downward-looking mode and
the geometric model of LASAR is shown in Fig.1, where axis
X, axis y, and axis z represents the cross-track(CT), along-
track(AT) and range direction respectively. P4 = {Q; =
(z1,y1,21);1 € [1,2,..., Nal} is the location set of antenna
phase centers(APCs) in the 2D equivalent array synthesized
by the moving of linear antenna array (LAA), N4 represents
the total number of APCs in the 2D equivalent array.

The LASAR imaging scene is considered as point-targets’
scattering model under far-field observing conditions and
divided into 3D uniform scattering units. Let Pg = {P,, =
(Zmy Ym, 2m); m € S2} represent the set of scattering units’
locations, where Q = [1,2,..., M] represents the index set
of scattering units. Let o = Vec[a,,] represent the vector
of scattering coefficients, where ., represents the scattering
coefficient of P,,, and Vec|.] is the vectorized symbol. Set the
LASAR system to transmit the linear frequency modulation
signal [35], and the echo signal of P, after range compres-
sion is formulated as:

sp(r,l,m) = aXr(T — Rim)exp{—j2kR;m} (1)
where r represents the range domain, and & represents the
wavenumber of LASAR, R; ,,, = || Q; — Py, |2 is the distance
between P,, and @), and xr(.) represents the ambiguity
function of range compression. Echo signals of the whole
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imaging scene are defined as:

sp(r, 1) = Z sp(ryl,m) 2)

mes
where s.(r,l) is written as s,(r,l) = {s.(rp,l) =
Y(rp, )Ta,n = 1,...,Ng}, Ng represents the num-
ber of sampling points in range domain, and ¢ (r,,l) =
Vec[xr (rn, — Rim)exp(—j2kR; )] represents the vector of
delay phase between P,,, and ();. Then the linear representa-
tion model of LASAR is defined as:
Sn=0Oa+n 3)
where s,, = Vec[s,(1,,1)] € CN4*! represents the echo
signal of the nth equidistant plane after range compression,
and © = Vec[th(r,,,1)]T € CNa*M represents the measure-
ment matrix of s,, n is the signal noise in s,,. Therefore, the
2D imaging has been translated into getting the optimal value
of o through solving (3) by CS algorithms such as OMP,
BCS and SBRIM algorithm. SBRIM algorithm is used for
imaging in this paper because of its higher imaging quality
and stronger ability in suppressing the signal noise than OMP
and BCS algorithm. Besides, the basic principle of SBRIM
algorithm is introduced in the next subsection.

B. SBRIM ALGORITHM

Set the signal noise n to obey the complex Gaussian ran-
dom distribution [36]: f(n) < CN(0,3I), where 3 is the
variance of n. Then the posterior probability of s, obeys
f(snla, B) x CN(®a, SI) according to the linear repre-
sentation model, where « and s,, represent the scattering
coefficients and the echo signal after range compression of
nth equidistant plane respectively. Therefore the posterior
probability density function (PDF) of s,, is defined as:

1 . — Oal?
f(snley, B) o Wexp{ — W} 4)

The scattering units in the SAR image are independently
and identically distributed, and their distribution is gener-
ally considered as the exponential distribution. Therefore

M
the prior PDF of « is defined as f(a) < [ flam) =
m=1

M
IT exp(=Xo|am|?P), where A9 > 0, and 0 < p < 1.

m=1

Because 3 belongs to [0, 00), the prior PDF of § is defined as
f(B) o 1. According to the Bayesian Information Criterion
[37], the posterior PDF of « is expressed as:

fedsn, B) ocf (snlev, B) f(@) F(B)

_ 1 _sn —©a}
(2 B)Na\2 exp{ 2 } )

M

x T exp(=Aolam|”)

m=1

Calculating the conditional likelihood function of

3
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f(asp, B), and then we can get:

N4ln2 M
In(f(alsn, ) = = =257 = 20 Y lam”
m=1 (6)
B { llsn — ®a||§} _ Nalng
23 2

Naln27 . . .
“A 27 does not influence the optimal estimation of «

and 3 %y the Maximum Likelihood (ML) criterion [38]; the
conditional likelihood function of f(e|s,, 8) is defined as:

M
Naln sn — Oal|?
L(a, B) = —{ A2 0 + 20 ) laml? + ”%;”2}
m=1
[ Nalnp [sn — Ol
——{ 5 +>\o||a\|p+T}
@)

The I, norm of « in (7) can be smoothly approximated by

M
el ~ > (Jei|? +n)P\2 [39]. Moreover, the cost function

m=1
for the optimal estimation of c and f3 is defined as:

s, — ©c3 =
J(a,B) £ Naln+ =22 £ X0 Y (loyi[* + )P\
m=1
®)

26
where 7 is the smooth factor, and the optimal estimation
value of « and 3 are obtained by solving (9) according to
the ML criterion.

(&,B) = arg lim J (e, 9) )

Therefore, we can obtain the 2D imaging results of all
equidistant planes through solving (9), and the 3D imaging
results by combining every equidistant planar 2D imaging
results. Then we summarize the flow diagram of SBRIM
algorithm and LASAR 3D imaging as Fig.2.

C. PROBLEMS OF SBRIM ALGORITHM

The computational complexity of SBRIM algorithm in 3D
imaging is quantitatively analyzed in this subsection. Define
one multiplication and addition as the unit computational
complexity: ¥(1), and the computational complexity of per-
forming inversion on A € CN*M js equal to A times
B e CMxM,

The computational complexity of 2D imaging using
SBRIM algorithm for the nth equidistant plane is analyzed
firstly. According to the flow diagram of SBRIM algorithm
shown in Fig.2 (a), the computational complexity of SBRIM
algorithm is mainly generated by the multiplication among
the vector of scattering coefficients, measurement matrix ©
and echo signal s,,. For example, when the 2D imaging scene
of the nth equidistant plane is divided into M, x M scatter-
ing units, and the measurement matrix of s,, is @ € CNaxM |
And the computational complexity of SBRIM algorithm on
2D imaging is 9(Is NoM?), where M = M@, N 4 represents
the total number of APCs in the 2D equivalent array, and
Is represents the number of iterations of SBRIM algorithm.
Therefore, the total computational complexity of SBRIM al-

4

gorithm on LASAR 3D imaging is 9(NrIs N4 M?) accord-
ing to Fig.2 (b), where Ny, represents the number of sampling
points in the range direction. Meanwhile, the computational
complexity of 3D imaging by MF and OMP algorithm is rep-
resented by 9(NgrNaM) and (K NgN4 M) [40] under the
same imaging conditions respectively, where K is the preset
sparsity of imaging scene in the OMP algorithm. There-
fore, the computational complexity of SBRIM algorithm
far exceeds MF and OMP algorithm and we need to study
a new sparse imaging algorithm to improve computational
efficiency without reducing the imaging quality compared
with SBRIM algorithm.

lll. FAST SPARSE RECOVERY ALGORITHM BASED ON
RESOLUTION APPROXIMATION

To improve the computational efficiency of LASAR 3D
imaging, we present a fast sparse recovery algorithm via
resolution approximation (FSRARA) in this section, FS-
RARA mainly consists of the following three steps. Firstly,
FSRARA obtains the low-resolution imaging results of the
whole imaging scene by SBRIM [28] algorithm quickly.
Secondly the low-resolution imaging results are conducted
image segmentation by FCM [34] algorithm to extract the
possible targets’ areas in the whole imaging scene. Finally,
we use the possible targets’ areas to perform the 3D high-
resolution imaging. Moreover, the detailed steps of LASAR
3D imaging by FSRARA are introduced in the following
subsections.

A. LOW-RESOLUTION IMAGING

The whole imaging scene is divided into 3D discrete scatter-
ing units by a uniform spacing, and the spacing is larger than
the traditional array imaging resolution of LASAR. Besides,
the spacing is practically set as twice of the traditional
array resolution after taking the computational efficiency
and imaging quality into overall consideration. Then the 3D
low-resolution imaging results ag € CM1*MixNr of the
whole imaging scene are obtained by SBRIM [28] algorithm
after I, iterations, where Ny represents the total number of
sampling points in the range direction.

B. IMAGE SEGMENTATION

After obtaining the low-resolution imaging results o, oy is
classified into several subclasses through performing image
segmentation by the FCM algorithm to obtain the possible
targets’ areas. To extract the possible targets’ areas as com-
pletely as possible, the extracting threshold is generated by
the subclass imaging results corresponding to the clustering
centers with the smallest two amplitudes, and the possible
targets’ areas are extracted coarsely by the extraction thresh-
old and «. Then, the imaging scene is re-divided into 3D
scattering units by a new uniform spacing smaller than the
array imaging resolution. Meanwhile, the possible targets’
areas are extracted again according to the preliminary pos-
sible targets’ areas. In addition, the main steps of extracting
the possible targets’ areas are introduced as follows:
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Initialize basic parameters

!

Step 1: Estimate the scattering coefficients
vector: g ()

Step 2: Estimate the noise variance:

!
o a1, /o
!

Output
(n)

=&,
2
Else

a<+—a

(a)

Original Echo Signal

Range Compression

Echo signal after range compression:
S=[s1,""">Sn,""">SN]
Divide the 2D imaging scene of s, into discrete L
scattering units

2D imaging by SBRIM algorithm

If n>N Else

Combine the 2D imaging results

3D imaging results

FIGURE 2. (a) The flow diagram of SBRIM algorithm. (b) The flow diagram of LASAR 3D imaging.

Step A.1: The nth equidistant planar imaging results in the
low-resolution imaging results g are extracted and recorded
as o, = an (i, j) = ao(i, j,n) € CMM 1 < 5 < My,

Step A.2: The normalized o, is obtained and recorded as
&, = a,(i,j) by (10):

. a, (2, 7)] — min|a

(10)

max|a,,| — min|ay,|

Step A.3: The matrix ¢, is obtained by conducting the
means filtering operation [41] on &,

Step A.4: The Gray scale value of ¢, is generated and
recorded by h., = {hn(i, j) = M} € CMixMi apd

max|é, |
transformed into g, = {gn, = hn(4,J);w = (j — 1) x
M +i} € CMz1, where My, = (M;)? represents the total
number of scattering units in the nth equidistant plane.

Step A.5: Initialize the main parameters of image segmen-
tation: the maximum iterations are 7' = 100, the threshold
of terminating iterations is ¢ = 107>, the fuzzy exponent
is m = 2, and the number of subclass is ¢ = 3, the mem-
bership function matrix is initialized by U©) = [ul’) ;& =

1,---, ¢, where uggw is a random number between 0 and
1 and satisfies ug:l)w = 1. The initial value of cluster
k=1

centers are obtained and recorded as V(¥ = {v,io);k; =
1,---,c} by (1D).

le

> (uf, ) *9n.

(¥ = w= (11)

Step A.6: Update the membership degree function matrix
v = [u,(f)Lw]cx M, » Where u,(:zw represents the extent of
Jn,, belonging to the subclass imaging results corresponding
to v,: , v,(f) represents the value of clustering centers after t
iterations, ¢ is the current iteration number.

1): Set u,(fr)tw = 1,u,(f,2w =0, p # k, when d(t)

= 0'
knq, ’
2): Update u,(fr)lw by (12) when d,(fiw > 0; where dg?)w =

llgn., — v,(:) ||2 is the distance between g,,,, and v,(f).
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(b)
® _ 1
uknw - . d’(:) (12)
> (=)
(t)
=1 d;,;
Step A.7: Update the cluster center v,(ctﬂ) by (13);
&
(t+1) 2—:1(%"1”)29%
vy, = “’glz 13)
> (g, )2
w=1 e

Step A.8: Repeat Step A.6 to A.7 if ||v,(:+1) - v,(:) || >¢eor
t < T otherwise terminate iteration, and the optimal mem-
bership function matrix and clustering centers are obtained
and recorded as U") — U and V®) — V respectively;

Step A.9: gy, is divided into the subclass imaging results
corresponding to the clustering center with the maximum
membership degree function of g, . The classification re-
sults of h,, are sorted in the ascending order according to the
amplitude of vy, and recorded as h,, = [y, , Ay, hng |, Where
hn, and h,,, represent the two subclasses imaging results of
nth equidistant plane corresponding to the clustering center
with the minimum and maximum amplitude respectively. The
extraction threshold for nth equidistant planar imaging results
is generated by (14) to extract the possible targets’ areas as
completely as possible.

o= max(hy,, ) ;—min(hnz) (14)

The classification results of the low-resolution imaging
results oy are obtained after traversing all equidistant planar
imaging results through Step A.1 to A.9 proposed in this
subsection. Besides, the extraction thresholds for a are
generated and recorded as pg = {pj;n = 1,...,Ng}
according to the classification results of o and (14). The
low-resolution imaging results of possible targets’ areas are
obtained and recorded as o, € CM1*MiXNr through (15).

If g’ﬂw 2 pg7a8(i7j7n) :O[n('l,])
It In,, < P&%(Z}j,”) =0
After obtaining the low-resolution imaging results of pos-

s)
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sible targets’ areas g, the 2D imaging scene interval of every
equidistant plane is re-divided into My x M, scattering units
by a new uniform spacing, and the spacing is smaller than the
array imaging resolution of LASAR, where My > M;. Then
the imaging results of possible targets’ areas in the re-divided
imaging scene oy € CMo*MoxNr gre obtained by perform-
ing the linear interpolation operation [42] on «s. Because the
linear interpolation operation on c, leads to the increasing
false targets, the possible targets’ areas in the re-divided
imaging scene are re-extracted through the same method as
extracting the possible targets’ areas in the low-resolution
imaging results. In addition, the classification results of oy
are acquired and recorded as hy = {hy,;n=1,...,Ng} €
CMoxMoxNr; where hy, = [hy, , Ry, hy,,] represents the
classification results of the nth equidistant planar imaging
results in «y. The extraction thresholds for oy are generated
and recorded as py = {p};n = 1,...,Ng} according
to hy and (14). Moreover, the possible targets’ areas in
the re-divided imaging scene are extracted and recorded as
G ={G(z,yr,n);n=1,...,Ng} by (16).

If h’f’n(z’:j)2p?7(l73’n)€G(mTﬂyT7n)

I hy,(isg) < s (i, 5.n) & G(rsypam)
where 1 < ¢,5 < My and 1 <r < Ny, , G(zr, yr,n) rEp-
resents the possible targets’ areas in the nth equidistant plane,
and Ny, is the number of scattering units in G(z,, y,,n).

(16)

According to the steps of performing image segmentation,
the image segmentation operation on the imaging results does
not affect the distribution of the echo signal. However, targets
with amplitudes lower than the extraction threshold are lost
after extracting the possible targets’ areas. Because those
targets are also submerged in the background when con-
ducting imaging by CS algorithms such as OMP or SBRIM
algorithm directly, the loss of those targets does not affect
the image quality of high-resolution imaging. Meanwhile, the
false targets and sidelobe interference are suppressed more
effectively through extracting the possible targets’ areas,
and the possible targets’ areas are considered as the prior
information for high-resolution imaging.

C. HIGH-RESOLUTION IMAGING

After obtaining the possible targets’ areas G in I11.B, we
use the possible targets’ areas rather than the whole imaging
scene to construct the measurement matrix and perform high-
resolution imaging. Hence, the cost function for getting the
optimal estimation of a and S has been translated into (17)
according to G(z,., Y, n) and (7) , where G(z,, y,-, n) repre-
sents the possible targets’ areas in the 2D imaging scene of
nth equidistant plane, o represents the scattering coefficients
of the nth equidistant plane, 5 represents the variance of
the signal noise. Meanwhile, the main process of conducting
high-resolution imaging according to the possible targets’

6

areas is introduced in the following content.
J(Oé(l’r7 Yr, TL), B) = NAlnﬁ

+ Hsn - 9(:vw7‘)a(x7“7y?”7n)||%

283 (17)
NMn ]
2 S (e, yen) 2 + )8
r=1

where 1 < r < Ny, Ny, represents the number of scatter-
ing units in G(z,,y,,n), (2, yr, n) represents the location
information of a(z;, y», n), S5, represents the nth equidistant
planar echo signal after range compression, O(:,w,) =
O, wy),...,0(Na,w);w, = (yr — 1)Mg + @] is the
vector of delay phase for «(x,., y,-, ), and N 4 represents the
total number of APC in the 2D equivalent array. Therefore,
the high-resolution imaging according to the possible targets’
areas has been translated into getting the optimal solution of
« and S of the arguments in the function (18), and we use the
ML criterion to acquire the optimal value of a and 3 in the
following two steps.

(6, Br) = argminlim J(a(zr, yr,n), 6)  (18)

Step B.1: Estimate the scattering coefficients vector d,(f )
by noise variance 3 —1):

Calculate the partial derivative of J (&= (z,., y,, n), 1)
for =Y (x,.,y,,n) after t — 1 iterations, then the partial

derivative of &\*~Y (x,., y,,n) can be formulated as:
0J (6= (@, y,, n), B)
0at=1 (., y.,n)
:2)‘gt)A(OA‘(til)(mmyra n)) x &(til)(xraymn) (19)
+ 20(;, wr)H(G(:a w?:)é‘(til)(xra Yry 1) — Sn)
31
where (., yr,n) € G(xp,yr,n), w, = (y, — 1) Mo + 2,
and ALY = ABE=D A&V (2, y,, 1)) € CM=XM- g the
diagonal matrix of &*~1)(z,.,y,, n) and is defined as:
A6V (2, yr,m)) = A(wr,w,)

Doa(i— ——1
= 20" @,y ) +1)2

(20)

0J (&Y (@, yp,m), BEY)
Suppose 960D (. o) = 0, then the
estimation value of &\*~Y) (x,., y,., n) satisfies (21).
(O, w) "0, w,) + AP AV (2, y,,m)))

X &(t_l)(xT,yr,n) = (-')(:,wT)Hsn

2y

It is difficult to directly determine an accurate solution of
(21) because of the nonlinear function A(&*~ (z,,y,,n))
of @*=Y(z,,y,,n), and efficiently estimated through (22)
by the iterative approximation method [43].

OC,w) 00, w,) + \OAGT Y (2., yr,n)))
; H° (22)
x & (z,, yr,n) = O, w,) sy,

Therefore, the estimation value of nth equidistant planar

scattering coefficients can be obtained after several iterations
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and recorded as dgf ) ¢ CMoxMo through (22) and (23).

{ If(z,,yr,n) € G(xr,yr,n),dg)(l'r,yr)
t

=&
(2, yron) ¢ G2, yryn), 64 (27, 9,) = 0

(23)

Step B.2: Estimate the noise variance B ®) by
& (w,, yr,n):

Calculate the partial derivative of J(&") (x,., ., n), 3¢~ 1)
for B (t=1) and the partial derivative can be expressed as:

8J (6 (x, yp,m), D)

83(“1) 4)
_ Ny . [[sn — 6(5awr)d(t)(x7'aymn)||g
5(:&—1) (B(t—l))Q
A1) 3(t—1)
Suppose 9J(a (xriyr’n)7ﬁ ) = 0, then we can
9311

obtain the estimation value of B (t—1) by (25).
B(t) _ l[sn — @(:,wr)d(t)(:vr,yr,n)H%
= N,
where s,, represents the nth equidistant planar echo signal
after range compression, ©(:, w,.) is the phase-delay vector
for &) (., y,, n).

(25)

A() A (t-1)
If égf) satisfies w

||d(t)|| < eggport > Ig,, then
the 2D high-resolution imaging? results of the nth equidistant
plane are obtained: dgf RN &, where ¢ represents the
iteration termination threshold, /s, represents the number of
iterations in the high-resolution imaging step. Moreover, the
2D high-resolution imaging results of all equidistant planes
are obtained after traversing all equidistant planes by Step
B.1 to B.2, and the 3D high-resolution imaging results are
obtained and recorded as & = {é&,;n = 1,...,Ng} €
CMoxMoxNr by combining those 2D imaging results.

In the high-resolution imaging step, we use the possible
targets’ areas instead of the whole imaging scene to construct
the measurement matrix and estimate the scattering coeffi-
cients of the imaging scene. Therefore, FSRARA has sim-
plified the high-dimensional matrix-operations on the whole
imaging scene with low-dimensional matrix-operations ac-
cording to the possible targets’ areas successfully. Besides,
the size of possible targets’ areas influences the computa-
tional efficiency of the high-resolution imaging step greatly.
Because of the sparsity of 3D imaging scene, the percentage
of possible targets’ areas in the whole imaging scene is very
small and FSRARA has improved the computational effi-
ciency efficiently compared with SBRIM algorithm. Mean-
while, through extracting the possible targets’ areas and
constructing the measurement matrix by the possible targets’
areas, the false targets and sidelobe interference have been
suppressed more effectively and the measurement matrix
indicates the characteristics of targets in the imaging scene
better. FSRARA has improved the imaging quality compared
with SBRIM algorithm.
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D. BASIC STEPS OF LASAR 3D IMAGING BY FSRARA

(t) (T, Y, 1) According to the main steps of the low-resolution imaging,

image segmentation and high-resolution imaging, we can
summarize the main steps of LASAR 3D imaging by FS-
RARA in the following contents, meanwhile, the flow chart
of FSRARA is shown in Fig. 3.

Step 1: The original echo signals of LASAR are conducted
range compression, and echo signals after range compression
are recorded as S = {sp;n=1,...,Ng};

Step 2: Divide the 2D imaging scene interval of every
equidistant plane by a uniform spacing into M; x M scatter-
ing units, the spacing is practically twice of the array imaging
resolution of LASAR, and the 3D low-resolution imaging
results of the whole imaging scene are obtained and recorded
as ag € CMixMixNr 1y SBRIM [28] algorithm after I,
iterations;

Step 3: « is classified into several subclasses after per-
forming image segmentation by FCM algorithm, and the
extraction thresholds of o are generated and recorded as
po = {pg;n = 1,..., Ng} by the subclass imaging results
corresponding to the clustering centers with the smallest two
amplitude. Moreover, the low-resolution imaging results of
possible targets’ areas are extracted and recorded as as €
CMixMixNr according to the extraction thresholds pg and
the low-resolution imaging results a;

Step 4: Redivide the 2D imaging scene interval of the nth
equidistant plane into My x M scattering units by a uniform
spacing smaller than the array imaging resolution of LASAR.

Step 5: The imaging results of possible targets’ areas in
the re-divided imaging scene are obtained by performing
the linear interpolation operation on o, and recorded as
oy € CMoxMoxNr meanwhile, the possible targets’ areas
are re-extracted and recorded as G = {G(xy,yr,n);n =
1,...,Ng} € CMoxMoxNr by the same method as Step 3;

Step 6: The 2D high-resolution imaging results of the nth
equidistant plane are obtained by performing Step B.1 to B.2
proposed in subsection ITI.C after I, iterations according to
G(zy,yr,n), and recorded as &, € CMoxMo;

Step 7: After traversing the imaging scene of every
equidistant plane by Step 4 to Step 6 proposed in this sub-
section, the 3D imaging results of the whole imaging scene
are obtained and recorded as & = {&,,n = 1,...,Ng} €
CMoxMoxNr by combining the 2D imaging results of all
equidistant planes.

E. THE COMPUTATIONAL COMPLEXITY OF FSRARA

According to subsection III.C, the computational complexity
of LASAR 3D imaging by FSRARA is mainly generated by
two parts: the 3D low-resolution imaging of the whole imag-
ing scene, and the 3D high-resolution imaging according to
the possible targets’ areas.

The computational complexity of 3D low-resolution imag-
ing is Y(Ngls, NoAM;) according to the analysis of the
computational complexity in subsection II.C; meanwhile, the
computational complexity of 3D high-resolution imaging is

7
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The original echo signal of LASAR
Range compression
Echo signal after range compression:

S=[s1,"**,8n,"**»5x]

Divide the 2D imaging scene of nth equidistant plane
into discrete scattering units with large spacing
Low-resolution imaging by SBRIM algorithm

Image segmentation by FCM algorithm
The classification results of the low-resolution imaging
results

Generate the extraction threshold

v

Extract the possible targets areas in the imaging results
FIGURE 3. The flow chart of LASAR 3D imaging by FSRARA

TABLE I. The computational complexity of SBRIM and FSRARA
algorithm on LASAR 3D imaging

Algorithm Computational complexity

SBRIM algorithm Y(Nrlg, NAM{})

Nr
FSRARA O(Nplsy NaM{) + 3 9(Is, NaN3, )
n=1

Ngr Nrgr
Zlﬁ(fszNANzﬁn + Is,NaNu,) = > 9(Is,NaN3; ),
n=

n=1
which is mainly generated by Step 6 and 7 proposed in
subsection II1.D. Hence, the total computational complexity
of FSRARA on LASAR 3D imaging is 9(Nglg, NaMi) +

N
ZR 9(Is,NaN3; ), where Is = Ig, + I, represents the

{Loitalll iterations of FSRARA on LASAR 3D imaging, /g, and
Ig, represent the number of iterations in the low-resolution
imaging step and high-resolution imaging step respectively,
M; and M, represent the number of scattering units in
the low-resolution imaging step and high-resolution imaging
step respectively, V4 represents the total number of APCs
in the 2D equivalent array, Ny, is the number of scattering
units in the possible targets’ areas of the nth equidistant
planar imaging scene, and Ny represents the amount of
sampling points in the range direction. Meanwhile, the com-
putational complexity of SBRIM and FSRARA on LASAR
3D imaging is shown in Table.I.

As seen in Table.I, My and N, determines the compu-
tational complexity of the SBRIM and FSRARA algorithm
on LASAR 3D imaging respectively. However, because of
the sparsity of the 3D imaging scene, the percentage of the
possible targets’ areas in the whole imaging scene is very
small. Therefore, FSRARA has reduced the computational
complexity significantly compared with SBRIM algorithm.

IV. SIMULATION AND EXPERIMENTAL RESULTS

Both simulation and experimental results are used to certify
the effectiveness of FSRARA for LASAR 3D imaging in this
section. Meanwhile, the SBRIM algorithm is the main com-

8

n=n+l

3D imaging results

Combine the 2D imaging results of every equidistant plane

Ifn>N
Else x

The high-resolution imaging results of
nth equidistant plane

High-resolution imaging according to the possible targets areas

The possible targets areas

x

Re-extract the possible targets areas
The imaging results of possible targets areas in the re-
divide imaging scene
x
Linear interpolation

Re-divide the 2D imaging scene of nth equidistant
plane with small spacing

parison algorithm in this paper because of its high imaging
quality. Besides, MF, OMP, TAA, SLO and BCS algorithms
are also used as the comparison algorithm to evaluate the
performance of FSRARA better. In order to evaluate the
performance of those algorithms in LASAR 3D imaging
quantitatively, the running time speed-up (RTS), the normal-
ized mean square error (NMSE), targets background contrast
(TBR) [44], and image entropy (ENT) [45] are used in this
section. The RTS is used to compare the computational
efficiency of different algorithms. Meanwhile, NMSE, TBR,
and ENT are used to evaluate the imaging quality.

RTS is defined by RTS = Tcs/Tra, where Teg tepre-
sents the running time of LASAR imaging by one algorithm,
and T'r 4 represents the running time of the other algorithm.
The RTS illustrates the comparison of computational effi-
ciency between two algorithms.

& = a2

NMSE is defined by NMSE = lal , where o is the
all2

original scattering coefficients of the imaging scene, and & is
the estimation value of c. The smaller NMSE illustrates that
the estimation results are more approximate to the original
scattering coefficients.

ENT is defined by ENT = > p(i)logp(i), where p(4)
(4)

represents the percentage of the gpixel with the Gray value ¢,
and g represents the total number of Gray values in imaging
results. ENT is used to characterize the texture of the image;
the image is sharper with smaller ENT.

N > ier(ldil) }

Np 3 iep(ldg) )
where T' and B are obtained by (26) and represent the
index set of targets and background in the imaging results
respectively, N and Np represents the number of elements
in T and B respectively. The bigger TBR proves that targets
are easier to be identified from the imaging results.

TBR is defined by TBR = 20 1og{

If|G, (2, y)| > max(|&|) v, (x,y,n) € T 26)
If|dy, (2, y)| < maz(|&]) 7, (z,y,n) € B
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TABLE II. The basic parameters of point-targets simulation

Parameters value
Center frequency /GHz 30
Size of 2D array /m 4x4
Signal bandwidth /GHz 0.8
Number of elements in AT direction 40
Platform height /m 1000
Number of elements in CT direction 40

where 1 < 2,y < My, & € CMoxMoxXNr represents the
3D imaging results, M represents the number of scattering
units, N represents the number of sampling points in the
range direction, and vy represents the judgment threshold
between the targets and background in é&.

A. SIMULATION RESULTS

B. SIMULATIONS OF POINT-TARGETS

In this subsection, the point-targets simulations for one 2D
equidistant plane are conducted to verify the effectiveness of
FSRARA for high-resolution imaging. The main parameters
and the original scene of the point-targets simulation are
shown in Table.Il and Fig.5 (a) respectively, and the 2D
imaging scene is divided into 101 x 101 scattering units along
the CT and AT direction. Moreover, imaging results of MF,
OMP, IAA, SLO, BCS, SBRIM, and FSRARA algorithms
are shown in Fig.4. As seen in Fig.4, MF algorithm suffers
from severe sidelobe interference and low imaging resolu-
tion. Meanwhile, all CS algorithms used in this paper have a
stronger ability to eliminate sidelobe interference and obtain
higher imaging resolution compared with MF algorithm.

To evaluate the performance of FSRARA better and more
detailed, we conduct point-targets simulations under different
imaging conditions such as the sampling rate, signal to
noise ratio (SNR) [46] and amount of scattering units.
Meanwhile, 200 Monte Carlo trials of FSRARA and OMP
algorithm are conducted to evaluate the performance better;
however, the Monte Carlo trials of another four algorithms
are set as 50 times because of the huge computational com-
plexity. The point-targets simulations under different sam-
pling rate of echo signal are conducted firstly. Besides, the

sampling rate is calculated by Sampling Rate = . and

belongs to 5% ~ 100%, where N4 represents thé total
number of APCs in the 2D equivalent array and N represents
the number of APCs used for LASAR 3D imaging, and
the evaluation results under different sampling rates with
101 x 101 scattering units are shown in Fig.5.

As seen in Fig.5, the NMSE and ENT of all algorithms
increase with the decreasing sampling rate because of the
increasing sparsity of echo signal; while, TBR decreases
with the decreasing sampling rate. As seen in Fig.5 (a)~(c),
the NMSE of the IAA algorithm under different sampling
rates is greater than 0.4 and larger than that of other algo-
rithms. Meanwhile, the NMSE of OMP and SLO algorithm is
larger than 0.3 when the sampling rate is smaller than 30%.
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FIGURE 4. (a) Original scene. (b) Imaging results of MF algorithm. (c)
Imaging results of OMP algorithm.(d) Imaging results of IAA algorithm.
(e) Imaging results of SLO algorithm. (f) Imaging results of BCS
algorithm.(g) Imaging results of SBRIM algorithm. (h) Imaging results of
FSRARA algorithm.

Therefore, OMP algorithm cannot achieve high-resolution
imaging under sampling rate lower than 30% because of
the limited preset sparsity of the imaging scene. Meanwhile,
SLO algorithm cannot estimate the scattering coefficients
accurately under sampling rate smaller than 30% because of
the fixed iterative step length of the Steepest descent method
in SLO algorithm. Moreover, the NMSE of BCS algorithm
is second only to the IAA algorithm and larger than 0.3
when the sampling rate is less than 50%. Because several
parameters such as the noise variance or iterative termination
threshold are needed to be preset when the BCS algorithm
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FIGURE 5. Evaluation results under different sampling rates. (a)NMSE.
(b) TBR.(c) ENT. (d)RTS.

is used for imaging and the preset parameters cannot satisfy
the requirement of the high-resolution imaging under all
sampling rates entirely, which makes BCS algorithm fail to
obtain high-quality imaging results under the sampling rate
lower than 50%.

Compared with the BCS algorithm, SBRIM and FSRARA
algorithm obtain imaging results with higher imaging qual-
ity by assuming the imaging scene obey the exponential
distribution and reducing the preset parameters. They sup-
press the influence of echo signal’s increasing sparsity better
and obtain imaging results with smaller NMSE compared
with OMP and SLO algorithm under sampling rate smaller
than 60%. However, in the high-resolution imaging step, the
measurement matrix is constructed by the possible targets’
areas and represents the targets’ characteristics in the imag-
ing scene better. In conclusion, through conducting high-
resolution imaging by the possible targets’ areas, FSRARA
obtains imaging results with higher TBR, smaller NMSE,
and ENT compared with SBRIM algorithm. Besides, the
execution time of FSRARA is smaller than SBRIM, BCS,
TAA and SLO algorithm, albeit larger than MF and OMP al-
gorithm. The computational efficiency of SBRIM algorithm
has been improved about 300 times by FSRARA, which
encounters our goal of proposing a new sparse 3D LASAR
imaging method. And the improvement of computational
efficiency increases with the increasing sparsity influenced
by the decreasing sampling rate. Therefore, FSRARA obtains
imaging results with higher imaging quality and greater
computational efficiency compared with SBRIM algorithm,
and has better performance under higher sparsity.

To evaluate the performance of FSRARA under different
imaging resolution, point-targets simulations under different
amount of scattering units are conducted secondly. The num-
bers of scattering units change from 31 x 31 to 101 x 101
along CT and AT direction, and the evaluation results under
different amount of scattering units with sampling rate 50%
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FIGURE 6. Evaluation results under different amount of scattering units.
(a)NMSE. (b) TBR.(c) ENT.(d) RTS.

are shown in Fig.6.

As seen in Fig.6 (a)~ (c), NMSE of those algorithms
above increase because of the increasing imaging resolution
as the growth of scattering units. The covariance matrix in
the TAA algorithm reaches its singular value more quickly as
the increasing imaging resolution, which limits the number
of iterations in the IAA algorithm. Meanwhile, the high-
dimensional matrix-operations limit the number of iterations
further, the limited iterations make the imaging results of the
IAA algorithm suffer from false targets or sidelobe interfer-
ence seriously. The NMSE of IAA algorithm is larger than
0.4 when the number of scattering units is larger than 81 x 81.
Moreover, the difficulty of presetting the parameters of the
BCS algorithm accurately increases as the increasing imag-
ing resolution, which makes the influence of false targets
or sidelobe interference increase gradually. Therefore, BCS
algorithm has obtained imaging results with higher NMSE
and ENT, and smaller TBR compared with SLO, SBRIM,
and FSRARA algorithm. Meanwhile, the NMSE of the OMP
algorithm increases as the increasing imaging resolution be-
cause of the limitation of preset sparsity. When the number of
scattering units is larger than 71 x 71, OMP algorithm obtains
imaging results with larger NMSE compared with SBRIM
and FSRARA algorithm.

Because SBRIM algorithm has reduced the preset param-
eters successfully compared with BCS algorithm, SBRIM
algorithm can achieve high-quality imaging even under high
imaging resolution. Meanwhile, the measurement matrix of
FSRARA indicates the targets’ characteristics in the imaging
scene better. FSRARA eliminates the sidelobe interference
and false targets better and obtains imaging results with
larger TBR, and smaller ENT and NMSE compared with
SBRIM algorithm. As seen in Fig.6(d), because of the de-
creasing percentage of possible targets’ areas in the imaging
scene as the increasing scattering units, the RTS between
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FIGURE 7. Evaluation results under different SNR. (a)NMSE. (b) TBR.(c)
ENT.(d) RTS.

FSRARA and other algorithms increase gradually. There-
fore, FSRARA has better performance in improving com-
putational efficiency when the imaging resolution is higher.
Meanwhile, the RTS between SBRIM and FSRARA is bigger
than 50 when the number of scattering units is larger than
61 x 61. The execution time of FSRARA is larger than the
OMP algorithm and smaller than another four algorithms.

To evaluate the ability of FSRARA in eliminating the
influence of signal noise on high-quality imaging, point-
targets simulations under different SNR [46] are conducted
finally. Meanwhile, because SLO algorithm cannot obtain
high-quality imaging results under low SNR, SLO algorithm
is not used as the comparison algorithm in point-targets
simulation under different SNR. The SNR of the echo signal
belongs to 0 ~ 40, and the evaluation results under different
SNR with 81 x 81 scattering units and 100% sampling rate
are shown in Fig.7.

As seen in Fig.7 (a)~(c), both NMSE and ENT decrease
as the growth of SNR because of the decreasing false targets
and sidelobe interference; however, TBR increases with the
growth of SNR. The NMSE of the IAA algorithm is the
largest and greater than 0.5 when the SNR is smaller than
20 dB because of the limited iterations caused by the huge
computational complexity. Moreover, NMSE of the OMP
algorithm increases as the decreasing SNR because of the
limited preset sparsity of the imaging scene and is larger
than SBRIM and FSRARA, and bigger than 0.3 under SNR
smaller than 10. Because the scattering coefficients of the
imaging scene do not obey the Gaussian distribution and
the preset parameters cannot satisfy the requirement of high-
resolution imaging under low SNR, the imaging results of
the BCS algorithm suffers from false targets and sidelobe
interference seriously under low SNR.

Different from BCS algorithm, both SBRIM and FSRARA
algorithm assume the imaging scene obey the exponential
prior distribution and only preset Ao and p to achieve high-
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resolution imaging. They have a stronger ability to suppress
the signal noise under low SNR compared with OMP, IAA,
and BCS algorithm. Meanwhile, through extracting the pos-
sible targets’ areas and performing high-resolution imaging
by the possible targets’ areas, FSRARA has eliminated the
false targets or sidelobe interference better and obtained
imaging results with smaller NMSE, ENT, and bigger TBR
compared with SBRIM algorithm. As seen in Fig.7(d), the
decreasing false targets and sidelobe interference with the
growing of SNR reduces the size of the possible targets’ areas
and the computational complexity of FSRARA. However,
the computational efficiency of the SBRIM, BCS, and IAA
algorithms is not affected by the SNR, which makes the RTS
between SBRIM, BCS, and IAA and FSRARA algorithms
increase as the increasing SNR. And the execution time of
FSRARA is between MF and OMP algorithm, and RTS
between SBRIM and FSRARA is bigger than 50.

According to the simulations in this subsection, the co-
variance matrix and the high-dimensional matrix-operations
have limited the number of iterations of IAA algorithm, the
limited iterations make the imaging results of IAA algorithm
are affected by the sidelobe interference or false targets
seriously. Meanwhile, SLO algorithm cannot obtain high-
quality imaging results under low SNR, and this disadvantage
has constrained the application of SLO algorithm. Moreover,
because of the preset sparsity of the imaging scene, OMP
algorithm cannot suppress the influence of false targets or
sidelobe interference effectively as the increasing imaging
resolution or sparsity or decreasing SNR. Meanwhile, the
preset parameters in the BCS algorithm cannot satisfy the
requirement of high-quality imaging entirely, which makes
the imaging results of BCS algorithm suffer from sidelobe
interference or false targets.

Both SBRIM and FSRARA algorithm have eliminated
the sidelobe interference or false targets better and obtained
imaging results with higher quality compared with BCS
algorithm by reducing the preset parameters. However, the
measurement matrix indicates the characteristics of targets
in the imaging scene better, and FSRARA has eliminated
the influence of signal noise better than SBRIM algorithm.
Meanwhile, FSRARA has reduced the dimensions of the
measurement matrix and simplified the high-dimensional
matrix-operations into the calculation of corresponding el-
ements in the possible targets’ areas successfully. There-
fore, FSRARA improves the computational efficiency signif-
icantly and obtains imaging results with higher quality com-
pared with SBRIM algorithm. The computational efficiency
of FSRARA is mostly lower than the OMP and MF algorithm
and higher than BCS, TAA, SLO, and SBRIM algorithm.
Moreover, FSRARA has better performance in improving
computational efficiency when the sparsity of the imaging
scene is stronger, or the imaging resolution is higher.

C. SIMULATIONS OF COMPLEX TARGETS
The simulations of complex targets are conducted to analyze
the performance of FSRARA for LASAR 3D imaging further
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TABLE lil. The basic parameters of 3D simulation simulation

Parameters value
Center frequency /GHz 375
Length of array in AT direction /m 3
Signal bandwidth /GHz 0.8
Length of array in CT direction /m 3
Platform height /m 1000
Sampling points in range domain 512
Number of elements in AT direction 64
Number of elements in CT direction 64
Sampling frequency /GHz 1.25
Pulse repetition interval /ps 2

in this subsection. The main parameters of complex targets
simulation are shown in Table.Ill, meanwhile, the original
imaging scene and the 3D imaging results of complex targets
are shown in Fig.8. As seen in Fig.8, OMP, BCS, SBRIM,
and FSRARA algorithm achieve 3D high-quality imaging for
complex targets and have a stronger ability in suppressing
sidelobe interference than MF algorithm. Meanwhile, the
imaging results of SLO algorithm suffer from the sidelobe
interference seriously because of the signal noise in the echo
signal. Moreover, the high-dimensional matrix-operations
make the computational efficiency of 3D imaging by TAA
algorithm unacceptable. For example, the running time of
3D imaging by IAA algorithm is about 102 hours when the
2D imaging scene of every equidistant plane is divided into
41 x 41 scattering units, and the iterations of IAA algorithm
are 3 times, and the computer’s primary hardware devices
are listed as follows: Core 17 8700K, 64GB RAM, and the
NVIDIA GeForce GTX 1080Ti. Therefore, both IAA and
SLO algorithms are not used as the comparison algorithms
in this subsection. Meanwhile, because the original scattering
coefficients of 3D imaging scene are hardly calculated, TBR,
ENT and RTS are used to evaluate the performance of algo-
rithms above in this subsection. Fig.9 shows the evaluation
results under different amount of scattering units with the
sampling rate 100% and SNR 20 dB . The 2D imaging
scene is divided into 51 x 51 to 101 x 101 scattering units.

As seen in Fig.8, BCS, SBRIM, and FSRARA algorithm
can achieve 3D high-quality imaging without the preset
sparsity comparing to the OMP algorithm. However, because
the preset parameters in BCS algorithm cannot meet the re-
quirement of 3D high-quality imaging totally, BCS algorithm
has lost some targets’ information and cannot obtain 3D
high-quality imaging results. Meanwhile, both SBRIM and
FSRARA has obtained imaging results with higher quality
by reducing the preset parameters compared with BCS algo-
rithm. And as seen in Fig.9, the computational complexity
of BCS algorithm is higher than SBRIM and FSRARA al-
gorithm. Meanwhile, FSRARA has obtained imaging results
with bigger TBR and smaller ENT compared with OMP
and SBRIM algorithm, and the RTS between SBRIM and
FSRARA increases as the growth of scattering units and is
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bigger than 50 when the amount of scattering units is larger
than 61 x 61. Meanwhile, the execution time of FSRARA
is between MF and OMP algorithm. Therefore, FSRARA
improves the computational efficiency of SBRIM algorithm
significantly; and improves the imaging quality for LASAR
3D imaging compared with SBRIM algorithm by conducting
3D high-resolution imaging by the possible targets’ areas.

D. EXPERIMENTAL RESULTS

In order to verify the effectiveness of FSRARA for the
experimental data, the experimental data obtained by the
X-band ground equivalent LASAR (X-GDLASAR) exper-
imental system is used for 3D imaging in this subsection.
The X-GDLASAR system obtains a high range resolution
through transmitting the stepped frequency signal with wide
bandwidth by vector network analyzer. Meanwhile, the main
parameters of X-GDLASAR system are shown as follows:
the center frequency of the X-GDLASAR system is 10 GHz,
the signal bandwidth is 2 GHz, the size of the 2D equivalent
array is 1.5 x 1.3 m. The geometric model of two balls
experiment is shown in Fig.10 (b), there are two copper balls
in the imaging scene, and the distance between ball one and
the X-GDLASAR system is 5 m. Firstly, the possible targets’
echo signals are extracted to avoid useless computation and
decrease the influence of false targets according to the loca-
tions of two balls. Meanwhile, MF, OMP, SLO, IAA, BCS,
and SBRIM algorithm are used for high-quality imaging
and considered as the comparison algorithms to evaluate the
performance of FSRARA in 3D imaging of the experimental
data better, and the imaging results of those algorithms are
shown in Fig.11.

As seen in Fig.11, MF algorithm has obtained imaging
results with severe sidelobe interference, and SLO algorithm
cannot obtain high-quality imaging results because of the
inevitable signal noise in the echo signal of the experimental
data, then SLO algorithm is not used as the comparison
algorithm to evaluate the performance of FSRARA in the 3D
imaging of experimental data. Meanwhile, we have obtained
imaging results of other 5 CS algorithms used in this paper
under different amount of scattering units to evaluate the
performance of FSRARA for the experimental data better,
and the 2D imaging scene interval of every equidistant plane
is divided into 31 x 31 to 101 x 101 scattering units. Fig.12
shows the evaluation results under different amount of scat-
tering units with the sampling rate 100%.

As seen in Fig.11, the imaging results of the OMP algo-
rithm has lost some targets’ information and suffered from
sidelobe interference because of the limited preset sparsity
of imaging scene. According to Fig.11 (c) and Fig.12 (b), the
high-dimensional matrix-operations and the huge echo signal
makes the computational complexity of IAA algorithm very
huge. For example, the running time of 3D imaging by IAA
algorithm is more than 20 hours when the imaging scene of
every 2D equidistant plane is divided into 61 x 61 scattering
units. Besides, the iterations of the IAA algorithm are set to
3 times to avoid the covariance matrix reaching its singular
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FIGURE 8. The original scene and imaging results of complex targets. (a) Original scene. (b) Imaging results of MF algorithm. (c) Imaging results of
OMP algorithm. (d) Imaging results of SLO algorithm. (e) Imaging results of BCS algorithm. (f) Imaging results of SBRIM algorithm. (g) Imaging results of

FSRARA algorithm.
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FIGURE 9. Evaluation results of complex targets simulations under
different scattering units. (a)RTS. (b) Execution time. (c) TBR.(d) ENT

value. Meanwhile, because of the inevitable signal noise in
the echo signal and the limited iterations, the imaging results
of IAA algorithm are influenced by the sidelobe interference
and false targets terribly.

As seen in Fig.11 and 12, because the preset parameters in
BCS algorithm hardly meet the requirements of all equidis-
tant plane high-quality imaging for the experimental data, the
imaging results of the BCS algorithm are terribly affected by

VOLUME 4, 2016

(@ (b)

FIGURE 10. (a)The X-GDLASAR system. (b) The geometric model of two
balls experiment.

the sidelobe interference. Moreover, the execution time of 3D
imaging by IAA and BCS algorithm is higher than SBRIM
algorithm. Besides, both SBRIM and FSRARA algorithm
have eliminated the sidelobe interference better than BCS
algorithm by reducing the preset parameters, and they have
obtained imaging results with higher imaging quality com-
pared with IAA and BCS algorithm. FSRARA has obtained
imaging results with higher TBR and smaller ENT compared
with other four algorithms. Meanwhile, the execution time of
FSRARA is between MF and OMP algorithm. RTS between
SBRIM and FSRARA increases as the growth of scattering
units and is bigger than 50 when the amount of scattering
units is larger than 61 x 61. There exist false targets in the
extracted echo signal’s region after extracting the echo signal
according to the targets’ position, all CS algorithms used for
LASAR 3D imaging are influenced by the false targets’ in-
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FIGURE 11. Imaging results of two balls experiment. (a)MF algorithm. (b) OMP algorithm.(c) IAA algorithm. (d) BCS algorithm. (e) SLO algorithm. (f)
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FIGURE 12. Evaluation results of two balls experiment under different
scattering units. (a)RTS. (b) Execution time. (c) TBR. (d) ENT

terference, except the FSRARA. Through extracting the pos-
sible targets’ areas in the imaging scene and conducting 3D
imaging according to the possible targets’ areas, FSRARA
eliminates the false targets in the imaging scene better. To
summarize, FSRARA can improve the imaging quality and
computational efficiency for LASAR 3D imaging compared
with SBRIM algorithm according to the experimental results
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in this subsection.

V. CONCLUSION

In this paper, a novel algorithm named FSRARA is pro-
posed to improve the computational efficiency of CS algo-
rithms. FSRARA has replaced the high-dimensional matrix-
operations on the whole imaging scene with the low-
dimensional matrix-operations on the possible targets’ ar-
eas, additionally, the size of the possible targets’ areas is
far smaller than the whole 3D imaging scene because of
the sparsity of the 3D imaging scene. Both simulation and
experimental results demonstrated that the computational
efficiency of FSRARA has been improved by hundreds of
times at most compared with SBRIM algorithm. The compu-
tational efficiency of FSRARA is lower than MF algorithm
and higher than SLO, IAA, and BCS algorithms. Meanwhile,
the computational efficiency of FSRARA is lower than the
OMP algorithm except for the case of large preset sparsity
in the OMP algorithm. Besides, the false targets and sidelobe
interference has been suppressed effectively by just using the
possible targets’ areas to construct the measurement matrix,
and the measurement matrix indicates the characteristics of
targets in the imaging scene better. FSRARA obtained 3D
imaging results with higher imaging quality compared with
OMP, SLO, TAA, BCS, and SBRIM algorithm. Simulation
and experimental results have confirmed our conclusions
well.
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