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Dear editor,
Synthetic aperture radar (SAR) is an active
microwave device which transmits and receives
electromagnetic waves to achieve high-resolution
imaging of the surveillance region by using
matched filtering (MF) based methods [1, 2].
In 2001, sparsity-constrained regularization ap-
proach was introduced to SAR imaging [3]. Then
Lq (0 < q 6 1) regularization technique was widely
used for SAR image reconstruction via full- or
down- sampled raw data [4–6]. Compared with
MF, regularization based SAR imaging method
can improve the recovered image performance ef-
fectively, in terms of suppressing sidelobes, noise,
and clutters, which has a good potential in high-
resolution imaging. However, it is known that
complex radar images, rather than raw data, are
usually used for data archiving. Thus it is conve-
nient to achieve sparse reconstruction from com-
plex image data directly. In 2016, a novel Lq

regularization based SAR image feature enhance-
ment mechanism from MF recovered complex im-
age is presented [7], which shows good perfor-
mance in reducing sidelobes and clutters, and the
additional advantage of significantly lower com-
putational complexity, compared to conventional
raw data based sparse SAR imaging methods [8].
However, the typical regularization recovery algo-
rithms, including iterative soft thresholding (IST)
in [7], destroy the phase information and back-
ground statistical distribution of the recovered im-

age, which means that some image applications,
such as SAR interferometry (InSAR), cannot be
directly applied to the images obtained by the reg-
ularization based feature enhancement algorithms.

In this study, we introduce a novel iterative
thresholding algorithm, named as BiIST, for L1

regularization based SAR image feature enhance-
ment. Compared with input MF recovered result,
it can improve the image quality efficiently as raw
data based sparse SAR imaging methods. In con-
trast to other regularization recovery algorithms,
such as IST in [7], BiIST based algorithm can ob-
tain not only a sparse image of interested area, but
also a non-sparse estimation of considered scene
with the same phase information as and similar
background statistical distribution to the MF re-
covered image. It means that several applications,
e.g., InSAR, and constant false alarm rate (CFAR)
detection, based on the recovered results of regu-
larization technique, become possible.

Model. Let X denote an NP (Azimuth) ×
NQ(Range) matrix whose (p, q) entry is backscat-
tered coefficient x (p, q) of surveillance region, and
XMF ∈ CNP×NQ represents the known conven-
tional MF method reconstructed phase-preserving
SAR complex image. Then we can express the re-
lationship between XMF and X as

XMF = X + N , (1)

where N ∈ CNP×NQ is a complex matrix to de-
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note the difference between XMF and X including
noise, sidelobes, etc. Then we can reconstruct the
considered scene via MF recovered complex image
by solving the L1 regularization problem

X̂ = min
X

{

‖XMF − X ‖
2
F + β ‖X‖1

}

, (2)

where X̂ is the recovered image of considered
scene, β is the regularization parameter, and ‖ · ‖F
is the Frobenius norm of a matrix.

IST iterative recovery. In [7], IST algorithm has
been successfully used to solve the optimization
problem in (2), whose iteration starts from

X
(t+1) = f

(

X
(t) + µ

(

XMF −X
(t)
)

, µβ
)

. (3)

Let g(X(t)) = X
(t) + µ(XMF −X

(t)) and the
thresholding operator f(·) is

f
(

g(X(t)), µβ
)

= sgn
(

g(X(t))
)

·max
(∣

∣

∣
g(X(t))

∣

∣

∣
− µβ, 0

)

, (4)

where the absolute value operator is applied to
a matrix elementwise. In IST, parameter µ,
0 < µ−1 < 1, controls the algorithm convergence
speed, and β is the regularization parameter to
control the algorithm recovery precision.

Proposed BiIST algorithm. In this section, the
iterative algorithm, BiIST, is introduced to L1

regularization based SAR image feature enhance-
ment. The detailed iterative procedure of BiIST to
solve the optimization problem in (2) is shown in

Algorithm 1, where K
∆
= ‖X‖0 denotes the scene

sparsity, and W is an intermediate variable in the
BiIST iterative process.

Algorithm 1 BiIST for L1 regularization basd SAR image
feature enhancement

Input: MF recovered complex image XMF;
Initial: X

(0) = 0,
W

(0) = XMF,
Error parameter ε,
Maximum iterative step Tmax,

1: while 0 6 t 6 Tmax and Resi >ε do

2: X̃
(t+1) = W

(t) + X
(t),

3: β(t+1) = |X̃(t+1)|K+1/µ,

4: W
(t+1) = XMF − X

(t),
5: X

(t+1) = f(X̃(t+1);µβ(t+1)),

6: Resi = ‖X(t+1) −X
(t)‖F ,

7: t = t+ 1;
8: end while

Output: Recovered sparse image X̂ = X(t).
Recovered non-sparse image X̃ = X̃(t).

Two outputs of the proposed BiIST based
method in Table 1 are explained as follows.

(1) X̂ is the sparse solution of BiIST that has
an image performance improvement similar to IST
based algorithm in [7], and achieves better side-
lobes and clutter suppression compared with MF
based result.

(2) X̃ is the BiIST reconstructed non-sparse im-
age of considered scene. It not only protrudes the
target as recovered sparse image X̂, but also re-
tains the image phase information and background
distribution as MF based result.

Experiment and discussion. In this section, we
present the experimental results based on the real
TerraSAR complex image data to illustrate the ef-
fectiveness of the proposed method. The surveil-
lance region of TerraSAR data is Qingdao, China.
In the experiment, we select a coastal area which
includes several scene types, such as ship, wharf,
and sea surface, for the algorithm verification. In
addition, the SAR image feature enhancement ef-
fect of IST based algorithm will also be shown for
comparison.

Statistical distribution preservation. The recon-
structed images of MF, IST based algorithm, and
the proposed BiIST algorithm are shown in Fig-
ure 1. It is seen that compared to the input MF
recovered image, the sparse solution of BiIST, as
shown in Figure 1(c), suppresses the sidelobes and
sea clutters effectively, and achieves image perfor-
mance improvement similar to that obtained by
IST based SAR image feature enhancement tech-
nique (see Figure 1(b)). Figure 1(d) is the non-
sparse solution of the proposed algorithm. Com-
pared with the BiIST recovered sparse image X̂,
it not only protrudes the target, but also retains
the background statistical distribution that is the
same as the MF based result (see Figure 1(a))
only with the reduced background amplitude by
approximately 80 dB. This characteristic is desir-
ably beneficial in some applications of the recov-
ered SAR image.

Phase preservation. Figure 1(e) and (f) shows
the phase difference between the MF based im-
age and IST recovered result, and non-sparse so-
lution of the proposed BiIST based algorithm, re-
spectively. We can see that the IST recovered im-
age does not preserve the phase information com-
pared with MF based result (Figure 1(e)), which
means that it does not support phase based SAR
image applications, such as InSAR. In contrast,
Figure 1(f) shows that the non-sparse solution of
our proposed BiIST algorithm obtains image phase
nearly identical to MF recovered result in both tar-
get and background areas, which means that all
SAR image applications that need complete phase
information are also achievable based on the regu-
larization reconstructed result.
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Figure 1 (Color online) Images reconstructed by different methods. (a) MF recovered image; (b) IST based algorithm
recovered image; (c) sparse solution of the proposed BiIST based algorithm; (d) non-sparse solution of the proposed BiIST
based algorithm. Phase difference between the MF based image and (e) IST based algorithm recovered result, (f) non-sparse
solution of the proposed BiIST based algorithm, respectively.

Conclusion. In this study, we introduce a novel
iterative recovery algorithm, called BiIST, for L1

regularization based SAR image feature enhance-
ment. Experimental results based on real complex
image data have validated the effectiveness of the
proposed method in image performance improve-
ment. The main advantage of the proposed al-
gorithm is to obtain not only a sparse image as
other L1 regularization recovery algorithm, e.g.,
IST, but also a non-sparse estimation of the inter-
ested area with same image phase information as
and similar background statistical distribution to
those recovered by MF based method. The non-
sparse solution of the proposed algorithm makes
it possible to support all SAR image applications
requiring image phase and statistical distribution,
such as InSAR and CFAR detection. In addition,
since the non-sparse solution of BiIST has higher
signal-to-noise and clutter ratio (SCNR) than MF
based image, it provides a better performance than
MF recovered result in SAR image applications.
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