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Ambiguities Suppression for Azimuth Multichannel
SAR Based on L2,q Regularization With Application

to Gaofen-3 Ultra-Fine Stripmap Mode
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Abstract—The azimuth multichannel synthetic aperture radar
(SAR) technology is capable of overcoming the minimum an-
tenna area constraint and achieving high-resolution and wide-
swath (HRWS) imaging. Generally speaking, the pulse repetition
frequency (PRF) of the spaceborne multichannel SAR systems
should satisfy the azimuthal uniform sampling condition, but it is
sometimes impossible due to the limitation of radar system timing
conditions, which is often referred as “coverage diagram.” For the
Gaofen-3 system, the PRF of each channel at some beam positions
is slightly less than that of uniform sampling in the dual-channel
mode, leading to the nonuniform undersampling, hence, resulting
the azimuth ambiguities in the recovered images. Although the
ambiguous energy in Gaofen-3 images is not high in general, it is
still noticeable amid surrounding weak clutters of strong targets. In
this article, a novel multichannel SAR imaging method for nonuni-
form undersampling based on L2,q regularization (0 < q ≤ 1) is
proposed. By analyzing the reasons of azimuth ambiguities in the
multichannel SAR system, the imaging model is established with
emphasizing the difference from conventional single-channel SAR.
Then, we combine the multichannel SAR data processing operators
with the group sparsity property to construct the novel imaging
method. The group sparsity property is modeled by the 2, q-norm,
and theL2,q regularization problem can be solved via sparse group
thresholding function. It is shown that the proposed method can
efficiently suppress the azimuth ambiguities caused by nonuniform
undersampling. Simulations and Gaofen-3 real data experiments
are exploited to verify the effectiveness of the proposed method.

Index Terms—Azimuth ambiguity, compressive sensing (CS),
Gaofen-3, L2,q regularization, multichannel synthetic aperture
radar (SAR).
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I. INTRODUCTION

SYNTHETIC aperture radar (SAR) is an important remote
sensing technology that can work in all-weather and

all-time, and has been widely applied into many fields such as
marine surveillance, agricultural production monitoring, and
target detection [1]–[4]. For traditional single-channel SAR
systems, azimuth resolution and swath width cannot be increased
at the same time since they are mutually restricted. As an
innovative imaging technology, the azimuth multichannel SAR
system overcomes the inherent limitation of minimum antenna
area constraint and can simultaneously achieve high-resolution
and wide-swath (HRWS) imaging [5]–[7]. For best performance,
the pulse repetition frequency (PRF) of the multichannel SAR
system should be chosen so that the platform moves only one
half of its total length between subsequent transmitted pulses,
resulting in the azimuthal uniform sampling. However, limited
by the beam position design of some spaceborne multichannel
SAR systems, the actual PRF will deviate from such rigidly
selected uniform PRF, and cause nonuniform sampling in
practice. In case the PRF of each channel is less than that of
uniform sampling (see Fig. 1), the equivalent azimuth sampling
rate will be less than the Doppler bandwidth after azimuth
spectrum reconstruction, hence, result in the nonuniform
undersampling, which makes the problem even worse.

Gaofen-3 is a C-band SAR (5.4 GHz) satellite of China’s
high-resolution earth observation project, which was launched
in August 2016 [8]. Gaofen-3 is also the first Chinese spaceborne
azimuth multichannel SAR system working in the ultra-fine
stripmap (UF) mode, i.e., the dual-channel mode [9]. However,
the PRF of each channel in the Gaofen-3 dual-channel mode is
slightly less than the uniform PRF under some specific beam
positions, resulting azimuth ambiguities. Although the ambigu-
ous energy is generally low, for some strong targets such as the
ships on the sea, the ambiguous energy could be higher than the
surrounding clutter hence affect the image quality. Therefore,
their ambiguities need to be suppressed.

In [10], Krieger et al. proposed a multichannel spectrum
reconstruction algorithm based on the filter bank to solve the
nonuniform sampling problem. This algorithm is developed
from generalized sampling theorem [11]. When the Nyquist
criterion is fulfilled, the azimuth spectrum can be reconstructed
unambiguously by solving a linear system of equations. How-
ever, for the nonuniform undersampling situation, this algorithm
is no longer applicable and will give rise to aliases in the
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Fig. 1. Example of the nonuniform undersampling scheme (dual-channel
mode).

reconstructed signal. The recovered images will suffer from
serious azimuth ambiguities [12].

In recent years, the sparse signal processing methods based on
compressive sensing (CS) theory [13], [14] have been applied to
SAR imaging [15], [16]. The target scene can be reconstructed
by solving Lq (0 < q ≤ 1) regularization problem, which has
already been used in some imaging modes in the single-channel
SAR system [17], [18]. In [19], Quan et al. introduced Lq regu-
larization into multichannel SAR signal reconstruction to solve
the azimuth ambiguities caused by nonuniform sampling. How-
ever, the Lq-regularization-based method did not consider the
joint structure of the SAR signal, which reflects the intersignal
correlation [20], and cannot deal with the azimuth ambiguities
brought by the nonuniform undersampling. Recently, L2,q reg-
ularization has been applied to azimuth ambiguities suppression
of single-channel SAR imaging [21]. This method first construct
the single-channel sparse SAR imaging model with azimuth
ambiguities; then the group sparsity constraint is imposed in
the sparse SAR imaging model to tackle azimuth ambiguities
based on the fact that the main imaging area and ambiguous
areas share the same signal support set. Thus, compared with the
Lq-regularization-based method, the L2,q-regularization-based
method can reconstruct scene of interest more accurately, and it
can be further applied to multichannel SAR imaging.

In this article, we propose a novel multichannel SAR imag-
ing method for nonuniform undersampling condition inspired
by L2,q regularization. The proposed method is capable of
suppressing the azimuth ambiguities and noise, and its main
advantages and contributions are summarized as follows.

1) Compared with the single-channel imaging model [21],
this article analyzes the reasons of azimuth ambiguities
in the multichannel SAR system and develops the sparse
SAR imaging model that varies from [21]. Moreover,
different from the single-channel SAR imaging operators,
the multichannel SAR imaging operators in this article not
only take the monostatic SAR imaging into consider, but
also the Doppler spectrum reconstruction.

2) Compared with the Lq-regularization-based method in
[19], the proposed method considers both the main imag-
ing area and ambiguous areas when deriving the sparse
SAR imaging model, and introduces the group sparsity

property into multichannel SAR data processing. There-
fore, the proposed method can suppress the noise as well
as the azimuth ambiguities caused by nonuniform under-
sampling.

3) The Gaofen-3 system suffers from the nonuniform un-
dersampling in the dual-channel mode under some beam
positions. In this article, we adopt the proposed method
in the scene of sparse sea surface, achieving the azimuth
ambiguities suppression of ship targets and improving the
imaging quality.

The rest of this article is organized as follows. Section II
briefly introduces the Lq-regularization-based multichannel
SAR imaging method for nonuniform sampling. Section III
analyzes the factors of azimuth ambiguities in the nonuni-
form undersampling multichannel SAR system, develops the
novel sparse SAR imaging model, and introduces the proposed
L2,q-regularization-based multichannel SAR imaging method
in detail. The numerical simulations and Gaofen-3 dual-channel
mode real data experiments are exploited in Section IV to
demonstrate the effectiveness of the proposed method. Section V
finally concludes this article.

II. Lq-REGULARIZATION-BASED MULTICHANNEL SAR
IMAGING METHOD FOR NONUNIFORM SAMPLING

A. Observation-Matrix-Based Sparse SAR Imaging Model

Considering an azimuth multichannel SAR system, the echo
data of its jth channel can be expressed as follows:

yj (t, τ) =

∫∫
(p,q)∈Cb

x (p, q) · ωa

(
t− p

v

)
·

exp

{
−j

2π

λ
(R (p, q, t) +Rj (p, q, t))

}

· s
(
τ − R (p, q, t) +Rj (p, q, t)

c

)
dpdq, (1)

where Cb is the observed scene; t and τ are azimuth time and
range time, respectively; p and q are the indices of azimuth and
range coordinates of the observed target, respectively; x(·) is
the backscattered coefficient of the target; ωa(·) is the azimuth
antenna weight; v is the velocity of the platform; c is the speed of
light; R(p, q, t) is the distance from the transmitter to the target;
Rj(p, q, t) is the distance from the jth receiver to the target; λ is
the carrier wavelength. and s(·) is the transmitted pulse signal.

Let Y ∈ CNa×Nr denote the multichannel two-dimensional
(2-D) echo data, and y = vec(Y) ∈ CN×1 is the vector-
ized version of Y , where N = Na (azimuth)×Nr(range)
and vec(·) is the vectorization operator. Let Yj ∈ CNa/M×Nr

represent the 2-D echo data of the jth channel, where M
is the number of channels and yj = vec(Yj) ∈ CL×1 with
L = Na ×Nr/M . Discretizing model (1) in temporal domain
Tl (l = 1, 2, . . . , L), we can get the discrete model

yj =

L∑
l=1

N∑
n=1

φj (l, n) x (pn, qn) (2)



1534 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 14, 2021

whereφj(·) is the observation matrix of the jth channel, denoted
as follows:

φj (l, n) =

∫∫
(t,τ)∈Tl

ωa

(
t− pn

v

)

· s
(
τ − R (pn, qn, t) +Rj (pn, qn, t)

c

)

· exp
{
−j

2π

λ
(R (pn, qn, t) +Rj (pn, qn, t))

}
dtdτ. (3)

Let y = [y1
T ,y2

T , . . . ,yM
T ]T , where yj is the echo

data vector of the jth channel. Let X ∈ CNa×Nr denote the
2-D backscattered coefficient matrix of the observed scene
and x = vec(X) ∈ CN×1. Then the observation-matrix-based
sparse SAR imaging model can be expressed as [15], [19]
follows:

y = Φx+ n (4)

where Φ = [φ1;φ2; . . . , φM ] is the observation matrix of the
multichannel SAR system with M channels, and n ∈ CN×1 is
the additive noise vector.

B. Lq-Regularization-Based Reconstruction Method

For the noisy imaging model (4), if the scene of interest x
is sparse enough and the observation matrix Φ satisfies the
restricted isometry property (RIP) [22] condition, x can be
recovered by solving the Lq regularization problem

x̂ = argmin
x

{‖y −Φx‖22 + λ‖x‖qq
}

(5)

where λ is the regularization parameter of the ‖x‖q term, and
‖x‖q can be expressed as follows:

‖x‖q =

(
N∑

n=1

(|x (n)|)q
) 1

q

. (6)

To solve (5), we adopt the iterative soft thresholding algo-
rithm [23]. The iterative solution process can be represented as
follows:

x(k+1) = ηq,λμ (x(k) + μΦH
(
y −Φx(k)

)
(7)

where ηq,λμ(·) is the soft thresholding function and μ is the step
size controlling the convergence speed of the soft thresholding
algorithm. After reconstruction, the vector x̂ should be trans-
ferred to the form of matrix.

However, considering that the observation-matrix-based
sparse SAR imaging depends on vectorizing the echo data
matrix to implement decoupling and contains matrix-vector
multiplication operations, it will require huge computational and
memory costs. Therefore, according to the idea of approximated
observation [17], we replace the observation matrix Φ with the
multichannel SAR echo generation operator Gj(·) [19]. Corre-
sponding to (7), the iterative solution process can be rewritten
as follows:

X(k+1) = ηq,λμ

(
X(k) + μI

(
Y −

∑
Gj

(
X(k)

)))
(8)

where I(·) represents the multichannel SAR imaging opera-
tor [19], which consists of Doppler spectrum reconstruction,

range compression, range cell migration correction (RCMC),
and azimuth-matched filtering.

The details of the Lq-regularization-based multichannel SAR
imaging method is shown in [19]. For the nonuniform sampling
case, where the PRF of each channel is greater than the uniform
PRF or the phase center of receiving antenna deviates from the
ideal sampling position, this method can reduce the noise and
suppress the resulting azimuth ambiguities. However, for the
nonuniform undersampling case mentioned in this article, the
abovementioned model is no longer applicable. We will address
this issue in the following sections.

III. L2,q-REGULARIZATION-BASED MULTICHANNEL SAR
IMAGING METHOD FOR NONUNIFORM UNDERSAMPLING

In this section, we will first analyze the factors of azimuth
ambiguities in the nonuniform undersampling case of the mul-
tichannel SAR system. Then, the novel sparse SAR imaging
model of nonuniform undersampling is established, and the
multichannel SAR data processing operators are introduced
into the L2,q-regularization-based solution formula. Finally, the
sparse group threshold iteration algorithm is adopted to recover
the scene of interest.

A. Azimuth Ambiguities in the Nonuniform Undersampling
Multichannel SAR System

As stated in [10] and [11], for a multichannel SAR system
with M channels, if each channel is undersampled at 1/M of
the original signal’s Nyquist frequency, the Doppler spectrum
of the original signal can be reconstructed unambiguously from
the aliased spectrums of these M independent signals. Let PRF
denote the PRF of each channel. The derivation of the Doppler
spectrum reconstruction can be found in Appendix A.

The next discussion is based on M = 2. The reconstruc-
tion filter matrix actually represents a linear system, which
can recover the original spectrum while cancelling the aliased
components caused by the folded spectra. However, for the
case when signal bandwidth exceeds M · PRF , the sampling
scheme no longer satisfies the Nyquist criterion, boiling down
to the nonuniform undersampling scheme. In this case, it can be
observed that for each frequency, the spectra of the subsampled
signal Uj,p(f) are composed of up to three components, as
shown in the top of Fig. 2(a). This means that more than two
spectra may overlap at a specific Doppler frequency [12].

For the dual-channel nonuniform undersampling case,
the factors of azimuth ambiguities can be divided into two
aspects, as shown in Fig. 2(a). First, due to undersampling, the
subsampled signalUj,p(f) consists of more than two overlapped
spectra. This will result in the linear system containing the
bandpass reconstruction filters to be underdetermined [12].
Therefore, the original spectrum cannot be reconstructed
exactly due to the mismatch of reconstruction filters at the ±1
st ambiguous areas e−1 and e1. Second, after Doppler spectrum
reconstruction, the equivalent azimuth sampling rate M · PRF
will be less than the Doppler bandwidth of the original signal,
which also leads to aliasing in Doppler spectrum at the ±2nd
ambiguous areas e−2 and e2. Fig. 2(b) is the diagram of
azimuth ambiguities in dual-channel SAR geometry, where x0
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Fig. 2. Illustration of azimuth ambiguities for dual-channel nonuniform un-
dersampling scheme. (a) Causes of azimuth ambiguities in dual-channel SAR
system. (b) Diagram of azimuth ambiguities in dual-channel SAR geometry.

denotes the main imaging area, xi(i = −2,−1,+1,+2)
denote the ±1st and ±2nd ambiguous areas,
respectively.

B. Sparse SAR Imaging Model in Multichannel System

As discussed above, due to the nonuniform undersampling,
the azimuth ambiguous areas in the dual-channel system consist
of four parts. In contrast in the undersampled single-channel
SAR system, only the ±1st ambiguous areas are considered be-
cause there is no Doppler spectrum reconstruction process [21].
Hence, we cannot directly adopt its imaging model. Combining
all the ambiguous areas and the main imaging area together, the
dual-channel sparse SAR imaging model containing azimuth
ambiguities can be expressed as follows:

y = [Φ−2 Φ−1 Φ0 Φ+1 Φ+2] [x−2 x−1 x0 x+1 x+2]
T

+ n = Φx+ n (9)

where Φ = [Φ−2 Φ−1 Φ0 Φ+1 Φ+2]; x = [x−2 x−1x0 x+1

x+2]
T; x0 ∈ CN×1 is the unambiguous image of the main

imaging area; x−2 ∈ CN×1 and x+2 ∈ CN×1 are the im-
ages of ±2nd ambiguous area, respectively; x−1 ∈ CN×1

and x+1 ∈ CN×1 are the images of ±1st ambiguous
area, respectively; n ∈ CN×1 is the noise vector; Φi =

[φ1
i , . . . , φ

M
i ] (i = −2,−1, 0,+1,+2) , and φj

i
Δ
= {φj

i (m,n)}

are the observation matrices of the jth (j = 1, 2) channel
of the main imaging area (i = 0) and the ±1 st and ±2nd
(i = −2,−1,+1,+2) ambiguous areas, respectively. The ob-
servation matrices φj

i represent the mapping relationship from
the backscattered coefficient of the observed scene to the echo
data, whose elements can be represented as follows:

φj
i (m,n) = ωa

(
tm − pn

v

)

· exp
{
−j2π

R (pn, qn, tm) +Rj (pn, qn, tm)

λ

}

· s
(
τm − R (pn, qn, tm) +Rj (pn, qn, tm)

c

)

· exp {j · iPRF · tm} (10)

where s (τ) = exp{jπKrτ
2} is the transmitted chirp signal

with the chirp rate Kr; R(p, q, t) =
√
Rq,0

2 + (vt− xp)
2 is

the instantaneous distance from the transmitter to the target,
Rq,0 is the minimum slant distance of the q–t range cell, xp is
the pth azimuth position;Rj(p, q, t) is the distance from the jth
receiver to the target, with Rj(p, q, t) = R(p, q, t−Δxj/v) ,
and Δxj is the distance between the transmitter and the jth
receiver; ωa(t) is the two-way antenna pattern. Considering the
actual SAR signal is not band-limited, ωa(t) can be expressed
as follows:

ωa (t) = sinc2
(
D

λ
θ (t)

)
(11)

where D is the aperture of transmitting antenna and θ is the
squint angle along the slant-range plane.

Next, we study the solution of the sparse SAR imaging
model (9). Although the amplitude and phase of the elements in
xi(i = −2,−1, 0,+1,+2) are different, they share the same
sparse support set [20]. Taking the elements at the same position
in xi as a group, their coefficients will be zero or nonzero
at the same time, as shown in Fig. 3, where the intragroup
elements are shown in the same color but different line types,
and the intergroup elements are plotted by the same line type
but different colors. This particular structural property is called
the group sparsity constraint.

The group sparsity constraint has been applied into the single-
channel SAR imaging to improve sparse recovery performance
already [21], [24], and we can extend it into the multichannel
SAR system. We solve (9) by utilizing the sparse group LASSO
model [25]

x̂ = argmin
x

{‖y −Φx‖22 + λ1‖x‖q2,q + λ2‖x‖1
}

(12)

where the first penalty term is 2, q-norm term; the second penalty
term is 1-norm term, which is used to constrain the sparsity of the
main imaging area and suppress the residual ambiguous energy;
λ1 and λ2 are the regularization parameter of the 2, q-norm term
and the 1-norm term, respectively. In model (12), the 2, q-norm
term reflects the group sparsity property of the main imaging
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Fig. 3. Group sparsity constraint in nonuniform undersampling dual-channel
system, where imaging area and ambiguous areas xi(i = −2,−1, 0,+1,+2)
share the same sparse support.

area and ambiguous areas, which is defined as follows:

‖x‖q2,q =

(
N∑

n=1

(∑
i

|xi (n)|
)q) 1

q

. (13)

By solving the L2,q regularization problem (12), the azimuth
ambiguities in the nonuniform undersampled dual-channel SAR
system can be suppressed effectively.

C. Multichannel SAR Data Processing Operators

As discussed above, the observation-matrix-based sparse
SAR imaging method vectorizes the echo data matrix, incurring
azimuth-range coupling, hence, huge computational costs. Its
computational complexity is proportional to the quadratic square
of the scene size. Besides, the dual-channel sparse SAR imaging
model (9) consists of five observation matrices, quintupling the
problem scale. Therefore, solving (12) directly would involve
tremendous computation complexity and cannot be applied to-
ward large-scale scene.

Inspired by [17], according to the idea of approximated obser-
vation, we introduce the multichannel SAR data processing op-
erators into the L2,q regularization to replace the matrix–vector
multiplication operation, reducing the problem scale and compu-
tational complexity. Different from the Lq-regularization-based
reconstruction method presented in Section II, not only the
processing operators of the main imaging area, but also the
processing operators of ambiguous areas are considered.

Let Ii(·) with i = 0 and i ∈ Z, i �= 0 denote the mul-
tichannel SAR imaging operators of the main imaging area
and ambiguous areas, respectively. In [10], a Doppler spectrum
reconstruction method based on generalized sampling theorem
has been proposed. The signal acquisition of the multichannel
SAR system can be expressed as a monostatic SAR response
passing a transfer filters system. As shown in Appendix A, the
Doppler spectrum can be reconstructed using a set of functions

determined by those filters. Therefore, the multichannel SAR
imaging consists of two steps, Doppler spectrum reconstruction
and monostatic SAR imaging.

In this article, the filter bank method in [10] is chosen as
the Doppler spectrum reconstruction method, and the chirp
scaling algorithm (CSA) [26] is chosen as the monostatic SAR
imaging method. It should be noticed that the composition of the
multichannel SAR imaging operators in the ambiguous areas are
similar to that in the main imaging area, except that the azimuth
frequencies are different:

fa,i = fa,0 + i · PRF, i ∈ Z (14)

where fa,0 is the azimuth frequency of the Doppler spectrum
in the main imaging area, and fa,i are the azimuth frequencies
of the Doppler spectrum in ambiguous areas (i �= 0). Then the
multichannel SAR imaging operators of the main imaging area
(i = 0) and ambiguous areas (i �= 0) can be written as follows:

Ii (Y) = F−1
a

{Θac
i � {Θrc

i � {Θsc
i � [

M∑
j=1

Pj
i � F a(Yj)]

F r}F−1
r }} (15)

where Yj is the two-dimensional (2-D) echo data of the jth
(j = 1, 2) channel; F a and F r are the Fourier transform
(FFT) operators in azimuth and range; F−1

a and F−1
r are the

corresponding inverse Fourier transform (IFFT) operators, and
� denotes the Hadamard product. The detailed explanations and
derivations of (15) are given in Appendix B.

The echo data generation procedure is actually the inverse of
the imaging procedure. Hence, considering the procedure of the
multichannel SAR imaging, the multichannel SAR echo data
generation operators of the jth channel of the main imaging
area (i = 0) and ambiguous areas (i �= 0) can be written as
follows:

Gj
i (Xi) = F−1

a {(Pj
i )

∗ � {Θsc∗
i � {Θrc∗

i � {Θac∗
i �

[F a (Xi)]F r}F−1
r }}} (16)

where Xi ∈ CNa×Nr are the 2-D backscattered coefficient ma-
trices of different areas and (·)∗ is the conjugate transpose
operation. Due to the Doppler spectrum reconstruction, both
Ii(·) and Gj

i (·) are different from those in single-channel SAR
systems.

After constructing the multichannel SAR data processing
operators of the main imaging area and ambiguous areas, we
can rewrite the nonuniform undersampling dual-channel sparse
SAR imaging model (9) by replacing the observation matrices
Φ with Gj

i (·)

Yj =
∑
i

Gj
i (Xi) +Nj , (17)

where Nj ∈ CNa×Nr is the noise matrix of the jth (j = 1, 2)
channel. Then, we can reconstruct the considered scene by
solving the modified L2,q regularization problem using the
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multichannel SAR data processing operators:

X̂ = argmin
X{

‖∪jYj −
∑
i

Gj
i (Xi) ‖22 + λ1‖X‖q2,q + λ2‖X‖1

}
(18)

where X = [X−2,X−1,X0,X+1,X+2]; and X0 is the recov-
ered sparse SAR imagery. Compared with (12), the problem
scale of (18) is reduced remarkedly by decoupling the range and
azimuth operations.

D. Sparse Group Threshold Iteration

According to [25] and [27], the sparse group LASSO model
in (18) can be solved by sparse group iteration algorithm. In
this article, we choose q = 1 as an example to verify the effec-
tiveness of the proposed multichannel SAR imaging method for
nonuniform undersampling. The kth iteration formula can be
represented as follows:

X(k+1) = argmin
X{∑

i

∥∥∥Xi
(k) −Ui

(k)
∥∥∥2
2
+ λ1 ‖X‖12,1 + λ2‖X‖1

}

= H2|1,λ1μ

([
U−2

(k)
,U−1

(k)
,U0

(k)
,U+1

(k)
,U+2

(k)
])
(19)

where μ is the step size parameter controlling the convergence
speed of the iteration algorithm, and H2|1,λ1μ(·) is the sparse
group thresholding function

H2|1,λ1μ

([
U−2

(k)
,U−1

(k)
,U0

(k)
,U+1

(k)
,U+2

(k)
])

=
[
U−2

(k)
,U−1

(k)
,U0

(k)
,U+1

(k)
,U+2

(k)
]

·max

⎛
⎝1− λ1μ∥∥∥Ug

(k)
∥∥∥
2

, 0

⎞
⎠ . (20)

Within the solution of the sparse group LASSO model (18),
the sparse group threshold iteration guarantees the sparsity con-
straints between the main imaging area and ambiguous areas,
and the soft thresholding operation in each area can further
remove the residual ambiguous energy, improving the perfor-
mance of azimuth ambiguities suppression.

Table I summarizes the iterative procedures of the proposed
L2,1-regularization-based multichannel SAR imaging method
for nonuniform undersampling. For other q values (q < 1),
such as q = 1/2 and q = 2/3, the corresponding iterative
procedures are identical to Table I except for the sparse group
thresholding function H2|q,λ1μ(·), which can be derived from
[28]. In Table I, K is the sparsity of the considered scene; ‖ · ‖F
is the Frobenius norm and η1|λ2μ(·) is the soft thresholding

TABLE I
MULTICHANNEL SAR IMAGING FOR NONUNIFORM UNDERSAMPLING BASED

ON L2,q REGULARIZATION (q = 1)
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Fig. 4. Flowchart of the proposed L2,q-regularization-based dual-channel SAR imaging method.

function

η1|λ2μ(x) =

{
sign(x) (|x| − λ2μ) , |x| ≥ λ2μ
0, |x| < λ2μ

(21)

where sign(·) is the sign function and the threshold λ2μ is
determined by the (K + 1)th largest element of the amplitude
of |U0

(k+1)|.
Compared with the Lq-regularization-based multichannel

SAR imaging method, the proposed method takes the ambiguous
areas into account when constructing the sparse SAR imaging
model. The flowchart of the proposed method is shown in Fig. 4.

IV. SIMULATION AND GAOFEN-3 DATA EXPERIMENTS

In this section, both simulations and Gaofen-3 real data ex-
periments have been carried out to validate the effectiveness of
the proposed method.

A. Numerical Simulations

In this part, the numerical simulations will be exploited using
the parameters of the Gaofen-3 dual-channel mode. In order
to show the azimuth ambiguities caused by the nonuniform
undersampling better, the simulation data are generated without
channel imbalance. The major parameters in simulation experi-
ments are listed in Table II.

According to the platform velocity and antenna aperture in
Table II, it can be calculated that the PRF satisfying uniform
sampling is 2013.63 Hz. In order to generate the nonuniform
undersampled data, thePRF of each channel is set to 1610.91 Hz
at 80% undersampling. The 2-D simulations are presented in
the first experiment. The imaging results of the proposed L2,1-
regularization-based method are shown in Fig. 5 with bench-
marks of spectrum reconstruction algorithm (SRA) in [10] and

TABLE II
MAJOR PARAMETERS IN SIMULATION EXPERIMENTS

L1-regularization-based method in [19]. The specific analysis is
as follows.

Fig. 5 shows the reconstructed 2-D images of one-point target
with three aforementioned methods. The point target is located in
the center of the scene. White additive noise with different SNRs
(20 and 10 dB) are added to the simulated data to demonstrate
the ambiguities suppression effects of different methods better.
The corresponding reconstructed images are shown in the top
row and bottom row in Fig. 5, respectively.

The imaging results of SRA under different SNRs are shown
in Fig. 5(a) and (d). It is obvious that due to nonuniform
undersampling, the SRA cannot recover the scene of interest
accurately and the azimuth ambiguities appears in the ±1 st and
±2nd ambiguous areas, which is consistent to the theoretical
analysis mentioned above. Besides, due to the existence of range
cell migration, the azimuth ambiguities in the 2-D image domain
are not located in the same range cell any longer, which will be
analyzed in the following paragraph.



LIU et al.: AMBIGUITIES SUPPRESSION FOR AZIMUTH MULTICHANNEL SAR BASED ON L2,q REGULARIZATION 1539

Fig. 5. 2-D reconstructed images of the point target in nonuniform undersampling dual-channel system by SRA in [10], L1-regularization-based method in [19]
and L2,1-regularization-based method under different SNR. Top: SNR = 20 dB. Bottom: SNR = 10 dB. (a) and (d) SRA. (b) and (e) L1-regularization. (c) and
(f) L2,1-regularization. (undersampling rate is 80%.).

Let P
�

RF denote the azimuth sampling rate after the Doppler

spectrum reconstruction process, P
�

RF = 2PRF. The azimuth
frequency in the main imaging area can be expressed as

fa,0 ∈ (−P
�

RF/2,P
�

RF/2]. As analyzed in Section III, the
mismatch of reconstruction filters causes the ±1st ambigu-
ous areas and the undersampling causes the ±2nd ambigu-
ous areas. Their corresponding azimuth frequencies can be
expressed as fa,i = fa,0 + i · PRF (i = −2,−1,+1,+2),
as shown in (14). The operation Θrc

i (fa,i) (i = 0) in CSA
can achieve the RCMC of the main imaging area. However,
for the ambiguous areas, the curvature of range profiles in the
Doppler domain is different from that in the main imaging
area, and the RCMC operations of ambiguous areas Θrc

i (fa,i)
(i �= 0) are mismatched with the main imaging area. Hence, the
range cell of ±1st and ±2nd ambiguous areas will deviate
from that of the main imaging area, as shown in Fig. 5(a)
and (d).

The reconstructed 2-D images of the L1-regularization-based
method under different SNRs are shown in Fig. 5(b) and (e). It
can be seen that this method can suppress the noise and sidelobes
effectively. However, it does not have the ability to suppress
azimuth ambiguities for the ±1st and ±2nd ambiguous areas.
As a contrast, the reconstructed 2-D images of the proposed
L2,1- regularization-based method are shown in Fig. 5(c) and
(f). Compared with theL1-regularization-based method, the pro-
posed L2,1-regularization-based method takes the components
of different ambiguous areas into account when constructing
the imaging model. Therefore, the proposed method cannot
only reduce the noise component, but also achieve ambigui-
ties suppression in the azimuth multichannel SAR system for
nonuniform undersampling, which can be observed from the
imaging results in Fig. 5. It can also be concluded from Fig. 5
that the L2,1-regularization-based method can achieve the sim-
ilar ambiguity suppression effectiveness under different SNRs,
which is robust to the noise.
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Fig. 6. Reconstructed images of the observed scene. (a) Gaofen-3 dual-channel mode product. (b)L1-regularization-based method in [19]. (c)L2,1-regularization-
based method. The azimuth and range directions are marked in (a).

In order to quantitatively evaluate the azimuth ambiguities
suppression ability of the L2,1-regularization-based method,
we select the azimuth ambiguity-to-signal ratio (AASR) as the
evaluation indicator in this article, and the AASR value of the
i-th ambiguous area is defined as

AASRi = 10log10

(
1

NG

∑
(p,q)∈Mi

∣∣X(p,q)

∣∣2
1

NA

∑
(p,q)∈𝒜

∣∣X(p,q)

∣∣2
)

(22)

where 𝒜 is the main imaging area, NA is the numbers of the
pixel in𝒜 ,Mi is the ith ambiguous area, andNG is the numbers
of the pixel in Mi.

To further analyze the imaging performance of SRA in [10],
the L1-regularization-based method in [19] and the proposed
L2,1-regularization-based method, the AASR values of different
ambiguous areas need to be compared. Therefore, in the second
simulation experiment, the AASR values of the 1 st ambiguous
area and the 2nd ambiguous area with the different undersam-
pling rate are calculated, where the azimuth antenna pattern is
chosen as (11) and the SNR is set to 20 dB. The experimental
results of the different undersampling rate are summarized in
Table III.

From Table III, it can be seen that compared with SRA in [10],
the L1-regularization-based method in [19] can only reduce the
AASR values by about 2 dB. In contrast, for the different under-
sampling rate, the L2,1-regularization-based method can reduce
the AASR values of both ±1st and ±2nd ambiguous areas by
more than 10 dB, which proves the effectiveness of the ambiguity
suppression ability under the nonuniform undersampling case.

TABLE III
AASR VALUES WITH DIFFERENT UNDERSAMPLING RATE [DB]

B. Gaofen-3 Dual-Channel Data Processing

Gaofen-3 is a Chinese spaceborne satellite for scientific ap-
plications carrying a C-band SAR sensor, which was launched
in August 2016, from Taiyuan (Shanxi Province, China). It has
provided customers with advanced spaceborne SAR products
since January 2017.

Gaofen-3 is also the first Chinese spaceborne azimuth mul-
tichannel SAR containing two receiving antennas along the
azimuth, and can obtain images with azimuth resolution of 3 m
and swath width of 30 km in the ultra-fine stripmap (UF) mode,
i.e., the dual-channel mode [9]. To further show the influence
of nonuniform undersampling scheme in the multichannel SAR
system and explore the validity of theL2,1- regularization-based
method for ambiguities suppression, Gaofen-3 dual-channel
data are processed in this part. The PRF of each channel in
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Fig. 7. Imaging results of the Gaofen-3 dual-channel data by different methods. (Nonuniform undersampling scheme) (a) SRA in [10]. (b) L1-regularization-based
method in [19]. (c) L2,1,-regularization-based method. The +1st and +2-nd ambiguous areas of Ship 1 and Ship 2 are not marked due to their weak ambiguous
energy.

the experimental data are 1976.93 Hz. The other parameters are
identical to that in Table II.

In the first experiment, we compare the imaging results of the
L1-regularization-based method and L2,1- regularization-based
method with the original product image without any special
processing, as shown in Fig. 6. It can be seen that compared with
the product image, both theL1-regularization-based method and
L2,1- regularization-based method can suppress the background
noise on the sea surface. To quantitatively evaluate the noise
suppression effect, we select one ship denoted by the red circle
as the observed target, and the target-to-background ratio (TBR)
[29] is selected as the evaluation criterion, which is defined as
follows:

TBR (X)= 20log10

(
max(p,q)∈T

∣∣X(p,q)

∣∣
1

NB

∑
(p,q)∈B

∣∣X(p,q)

∣∣
)

(23)

where T is the target region, B is the background area, and NB

is the numbers of the pixel in B.
The TBR value of the ship in the product image Fig. 6(a)

is 24.26 dB, and the TBR values of the target ship in the
images of the L1-regularization-based method Fig. 6(b) and the
L2,1- regularization-based method Fig. 6(c) are 40.57 dB and
41.18 dB, respectively. It can be concluded that these two meth-
ods have the similar noise reducing performance. However, they
perform differently on the suppression of azimuth ambiguities.
From the product image Fig. 6(a), we can see that due to nonuni-
form undersampling, the target has ±1st and ±2nd ambiguous
areas, marked by brown circles and green circles, which is con-
sistent with the analysis in Section III. The AASR values of 1st
ambiguous areas AASR−1 and 2nd ambiguous area AASR−2

are –34.54 and –22.04 dB, respectively. In the reconstructed im-
age of the L1-regularization-based method Fig. 6(b), AASR−1
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Fig. 8. Azimuth profiles of Ship 3 with three different methods. (a) SRA in [10]. (b) L1-regularization-based method in [19]. (c) L2,1-regularization-based
method. The color and line style of the circles are corresponding to Fig. 7 and Table IV.

TABLE IV
AASR VALUE OF SHIP TARGETS BASED ON DIFFERENT METHODS [DB]

and AASR−2 are –37.38 and –24.35 dB, respectively. In the
reconstructed image of the proposed L2,1- regularization-based
method Fig. 6(c), we can see that both ±1st and ±2nd ambigui-
ties of the target are suppressed significantly, with AASR−1 and
AASR−2 being –46.27 and –33.19 dB, respectively. Therefore,
we can conclude that the L2,1- regularization-based method can
better suppress the azimuth ambiguities caused by nonuniform
undersampling and improve the imaging quality of the Gaofen-3
dual-channel product.

In order to illustrate the azimuth ambiguities suppression
ability of the proposed method in scenarios with multiple targets,
in the second experiment, we compare the imaging results of
SRA [10], the L1-regularization-based method [19], and the
L2,1- regularization-based method, as shown in Fig. 7. The
azimuth and range directions are marked in Fig. 7(a). We select
four ships as the performance test regions, named Ship 1–Ship 4,
as shown in the corresponding red circles. The ±1st ambiguous
areas are marked by the brown circles with dash lines and solid
lines, respectively, and the ±2nd ambiguous areas are marked
by the green circles with dash lines and solid lines, respectively.

The +1st and +2nd ambiguous areas of Ship 1 and Ship 2 are
not marked due to their weak ambiguous energy.

Table IV describes the AASR values of Ship 1–Ship 4 in
different ambiguous areas based on SRA, L1 regularization and
L2,1 regularization, respectively. It can be seen that compared
with the L1-regularization-based method, L2,1- regularization-
based method can reduce the AASR values of different am-
biguous areas by more than 10 dB, which is consistent with
the simulation results. Fig. 8 shows the azimuth profiles of
Ship 3 of three different methods. From Fig. 8(b) and (c), it
can be seen that both the L1-regularization-based method and
L2,1-regularization-based method can increase the TBR value
by more than 15 dB. However, the L1-regularization-based
method cannot deal with the azimuth ambiguities caused by
nonuniform undersampling effectively, failing to recover the
target scene accurately. The L2,1-regularization-based method
takes the ambiguous areas into account when establishing the
sparse SAR imaging model and utilizes the group sparsity con-
straint when recovering the target scene, which can suppress the
azimuth ambiguities significantly. Therefore, for the nonuniform
undersampling case of the azimuth multichannel SAR system,
the considered scene can be reconstructed more accurately by
the proposed L2,1-regularization-based method [see Fig. 7(c)].

V. CONCLUSION

Limited by the beam position design of the spaceborne multi-
channel SAR systems, sometimes the PRF of each channel is less
than that of uniform sampling, which will result in nonuniform
undersampling. By introducing sparse signal processing theory
into multichannel SAR imaging, the Lq-regularization-based
method can suppress noise and sidelobes, improving the im-
age quality. However, this method cannot resolve the azimuth
ambiguities caused by nonuniform undersampling. In this ar-
ticle, a novel multichannel SAR imaging method for nonuni-
form undersampling based on L2,q regularization is proposed.
The proposed method combines the group sparsity property
with multichannel SAR data processing operators to achieve
effective ambiguity suppression and computational efficiency.
We analyze the factors of azimuth ambiguities in nonuniform
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undersampling multichannel systems and construct the sparse
SAR imaging model containing four ambiguous areas, which
is different from that in single-channel systems. Then, inspired
by the idea of approximated observation, the multichannel SAR
data processing operators of the main imaging area and ambigu-
ous areas are constructed to replace the observation matrices
in the imaging model. Finally, by utilizing the sparse group
thresholding iteration function, the target scene can be effec-
tively recovered by solving L2,q regularization problem. Com-
pared with the azimuth ambiguities suppression method in the
single-channel SAR systems, the proposed method establishes
the multichannel sparse SAR imaging model and SAR data pro-
cessing operators that are different from those in single-channel
SAR systems. We also introduce the group sparsity property
into multichannel SAR data processing. The proposed method
can efficiently suppress the azimuth ambiguities caused by the
nonuniform undersampling. The simulation and Gaofen-3 SAR
data experiment results demonstrate its validity.

APPENDIX A

Let Hj(f) denote the transfer function of the jth channel,
then the transfer matrix of the multichannel SAR system with
M channels can be represented as follows:

H (f)

=

⎡
⎢⎢⎢⎣

H1 (f) · · · HM (f)
H1 (f + PRF ) · · · HM (f + PRF )

...
. . .

...
H1 (f + (M − 1)PRF ) · · · HM (f + (M − 1)PRF )

⎤
⎥⎥⎥⎦

(24)

When the Nyquist criterion is fulfilled, the reconstruction
filter matrix P(f) can be obtained from the inversion of the
system characteristic matrix H(f) , which can be expressed as
follows:

P (f) = H−1 (f)

=

⎡
⎢⎢⎢⎣

P11 (f) · · · P1M (f + (M − 1)PRF)
P21 (f) · · · P2M (f + (M − 1)PRF)

...
. . .

...
PM1 (f) · · · PMM (f + (M − 1)PRF)

⎤
⎥⎥⎥⎦ .

(25)

Then, we can reconstruct the Doppler spectrum of the original
signal by M reconstruction filters Pj(f) (j = 1, 2, . . . ,M ),
and each reconstruction filter Pj(f) consists of M bandpass
filters Pji(f) (i = 1, 2, . . . ,M ).

APPENDIX B

Let Pj
i (fa,i,Δxj) denote the reconstruction filter matrices of

the jth channel of the main imaging area (i = 0) and ambiguous
areas (i �= 0), respectively. By substituting different fa,i into
(24) and (25), we can obtain Pj

i (fa,i,Δxj) in different ar-
eas. LetΘsc

i (fa,i, τ) ∈ CNa×Nr ,Θrc
i (fa,i, fτ ) ∈ CNa×Nr , and

Θac
i (fa,i, τ) ∈ CNa×Nr denote the chirp scaling operation, bulk

RCMC, range compression and secondary range compression
(SRC) operation, and azimuth focusing and phase compensation
operation in CSA [26], respectively. They can be represented as
follows:

Θsc
i (fa,i, τ) = exp

{
−jπKs (fa,i, rref)Cs (fa,i)

·
[
τ − 2

c
rref (1 + Cs (fa,i))

]2}
(26)

Θrc
i (fa,i, fτ ) = exp

{
−jπ

fτ
2

Ks (fa,i, rref) (1 + Cs (fa,i))

}
(27)

· exp
{
j
4π

c
fτrrefCs (fa,i)

}

Θac
i (fa,i, τ) = exp

{
−j

2π

λ
cτ (1−D (fa,i, Vr))

}

· exp
{
j
4π

c2
Ks (fa,i, rref) (1 + Cs (fa,i))Cs (fa,i) (r − rref)

2

}
(28)

where i = 0 denotes the main imaging area; i �= 0 denotes the
ambiguous areas; fτ is the range frequency; rref is the reference
slant range; r is the slant range; Ks(fa,i, r) is the modified chirp
rate in range of different areas, denoted as follows:

Ks (fa,i, r) =
Kr

1 +Kr
2rλ(1−D(fa,i,Vr)2)

c2·D(fa,i,Vr)
3

(29)

with

D (fa,i, Vr) =

√
1−

(
λfa,i
2Vr

)2

(30)

where Vr is the platform velocity; and Cs(fa,i) is the curvature
factor of different areas

Cs (fa,i) =
1

D (fa,i, Vr)
− 1. (31)

ACKNOWLEDGMENT

The authors would like to thank the China Center For Re-
sources Satellite Data and Application for providing the Gaofen-
3 data.

REFERENCES

[1] R. Pelich, N. Longépé, G. Mercier, G. Hajduch, and R. Garello, “AIS-based
evaluation of target detectors and SAR sensors characteristics for maritime
surveillance,” IEEE J. Sel. Topics Appl. Earth Observ. Remote Sens., vol. 8,
no. 8, pp. 3892–3901, Aug. 2014.

[2] G. Wiseman, H. McNairn, S. Homayouni, and J. Shang, “RADARSAT-2
polarimetric SAR response to crop biomass for agricultural production
monitoring,” IEEE J. Sel. Topics Appl. Earth Observ. Remote Sens., vol. 7,
no. 11, pp. 4461–4471, Nov. 2014.

[3] E. Makhoul, S. V. Baumgartner, M. Jäger, and A. Broquetas, “Multichannel
SAR-GMTI in maritime scenarios with F-SAR and TerraSAR-X sensors,”
IEEE J. Sel. Topics Appl. Earth Observ. Remote Sens., vol. 8, no. 11,
pp. 5052–5067, Nov. 2015.



1544 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 14, 2021

[4] S. Song, B. Xu, and J. Yang “Ship detection in polarimetric SAR images via
variational Bayesian inference,” IEEE J. Sel. Topics Appl. Earth Observ.
Remote Sens., vol. 10, no. 6, pp. 2819–2829, Jun. 2017.

[5] A. Currie and M. A. Brown, “Wide-swath SAR,” in Proc. Inst. Elect.
Eng.—Radar, Sonar, Navigation, vol. 139, no. 2, pp. 122–135, 1992.

[6] I. Sikaneta, C. H. Gierull, and D. Cerutti-Maori, “Optimum signal pro-
cessing for multichannel SAR: With application to high-resolution wide-
swath imaging,” IEEE Trans. Geosci. Remote Sens., vol. 52, no. 10,
pp. 6095–6109, Oct. 2014.

[7] S. V. Baumgartner and G. Krieger “Simultaneous high-resolution wide-
swath SAR imaging and ground moving target indication: Processing
approaches and system concepts,” IEEE J. Sel. Topics Appl. Earth Observ.
Remote Sens., vol. 8, no. 11, pp. 5015–5029, Nov. 2015.

[8] B. Han et al., “The GF-3 SAR data processor,” Sensors, vol. 18, no. 3,
2018, Art. no. 835.

[9] J. Sun, W. Yu, and Y. Deng, “The SAR payload design and performance
for the GF-3 mission,” Sensors, vol. 17, no. 10, 2017, Art. no. 2419.

[10] G. Krieger, N. Gebert, and A. Moreira, “Unambiguous SAR signal re-
construction from nonuniform displaced phase center sampling,” IEEE
Geosci. Remote Sens. Lett., vol. 1, no. 4, pp. 260–264, Oct. 2004.

[11] J. L. Brown, “Multi-channel sampling of low-pass signals,” IEEE Trans.
Circuits Syst., vol. 28, no. 2, pp. 101–106, Feb. 1981.

[12] N. Gebert, “Multi-channel azimuth processing for high-resolution wide-
swath SAR imaging,” Ph.D. dissertation, Dept. Electron. Eng. Inf. Tech-
nol., KIT, Karlsruhe, Germany, 2009.

[13] D. L. Donoho, “Compressed sensing,” IEEE Trans. Inf. Theory, vol. 52,
no. 4, pp. 1289–1306, Apr. 2006.

[14] E. J. Candes and T. Tao “Near-optimal signal recovery from random pro-
jections: Universal encoding strategies,” IEEE Trans. Inf. theory, vol. 52,
no. 12, pp. 5406–5425, Dec. 2006.

[15] B. Zhang, W. Hong, and Y. Wu, “Sparse microwave imaging: Principles
and applications,” Sci. China Inf. Sci., vol. 55, no. 8, pp. 1722–1754, 2012.

[16] M. Çetin et al., “Sparsity-driven synthetic aperture radar imaging: Recon-
struction, autofocusing, moving targets, and compressed sensing,” IEEE
Signal Process. Mag., vol. 31, no. 4, pp. 27–40, Jul. 2014.

[17] J. Fang, Z. Xu, B. Zhang, W. Hong, and Y. Wu, “Fast compressed sensing
SAR imaging based on approximated observation,” IEEE J. Sel. Topics
Appl. Earth Observ. Remote Sens., vol. 7, no. 1, pp. 352–363, Jan. 2013.

[18] H. Bi, B. Zhang, X. X. Zhu, C. Jiang, and W. Hong, “Extended chirp
scaling-baseband azimuth scaling-based azimuth–range decouple L_{1}
regularization for TOPS SAR imaging via CAMP,” IEEE Trans. Geosci.
Remote Sens., vol. 55, no. 7, pp. 3748–3763, Jul. 2017.

[19] X. Quan et al., “Unambiguous SAR imaging for nonuniform DPC sam-
pling: LQ regularization method using filter bank,” IEEE Geosci. Remote
Sens. Lett., vol. 13, no. 11, pp. 1596–1600, Nov. 2016.

[20] D. Baron, M. F. Duarte, M. B. Wakin, S. Sarvotham, and R. G. Bara-
niuk et al., “Distributed compressive sensing,” 2009, arXiv preprint
arXiv:0901.3403, 2019. [Online]. Available: http://arxiv.org/abs/0901.
3403

[21] B. Zhang, C. Jiang, and Z. Zhang, “Azimuth ambiguity suppression
for SAR imaging based on group sparse reconstruction,” in Proc. 2nd
Int. Workshop Compressed Sens. Appl. Radar, Bonn, Germany, 2013,
pp. 17–19.

[22] E. J. Candes and T. Tao, “Decoding by linear programming,” IEEE Trans.
Inf. Theory, vol. 51, no. 12, pp. 4203–4215, Dec. 2005.

[23] I. Daubechies, M. Defrise, and C. De Mol, “An iterative thresholding
algorithm for linear inverse problems with a sparsity constraint,” Commun.
Pure Appl. Math.: J. Issued Courant Inst. Math. Sci., vol. 57, no. 11,
pp. 1413–1457, 2004.

[24] G. Xu, X. G. Xia, and W. Hong, “Nonambiguous SAR image formation
of maritime targets using weighted sparse approach,” IEEE Trans. Geosci.
Remote Sens., vol. 56, no. 3, pp. 1454–1465, Mar. 2018.

[25] J. Friedman, T. Hastie, and R. Tibshirani, “A note on the group lasso and
a sparse group lasso,” arXiv preprint arXiv:1001.0736, 2010. [Online].
Available: http://arxiv.org/abs/1001.0736

[26] R. K. Raney, H. Runge, R. Bamler, I. G. Cumming, and F. H. Wong,
“Precision SAR processing using chirp scaling,” IEEE Trans. Geosci.
Remote Sens., vol. 32, no. 4, pp. 786–799, Jul. 1994.

[27] N. Rao et al., “Sparse overlapping sets lasso for multitask learning and
its application to FMRI analysis,” Adv. Neural Inf. Process. Syst., 2013,
pp. 2202–2210, 2013.

[28] Z. Xu, X. Chang, F. Xu, and H. Zhang, “L_{1/2} regularization: A
thresholding representation theory and a fast solver,” IEEE Trans. Neural
Netw. Learn. Syst., vol. 23, no. 7, pp. 1013–1027, Jul. 2012.

[29] M. Çetin, W. C. Karl, and D. A. Castanon, “Feature enhancement and ATR
performance using nonquadratic optimization-based SAR imaging,” IEEE
Trans. Aerosp. Electron. Syst., vol. 39, no. 4, pp. 1375–1395, Oct. 2003.

Mingqian Liu received the bachelor’s degree in elec-
tronic information engineering from the Beijing In-
stitute of Technology, Beijing, China, in 2017. He is
currently working toward the Ph.D. degree in signal
and information processing with the University of
Chinese Academy of Sciences, Beijing, China.

His main research interests include radar signal
processing, compressed sensing and sparse SAR
imaging.

Bingchen Zhang was born in 1973. He received
the bachelor’s degree in electronic engineering and
information science from the University of Science
and Technology of China, Hefei, China, in 1996, and
the master’s and Ph.D. degrees from the Institute of
Electronics, Chinese Academy of Sciences (IECAS),
Beijing, China, in 1999 and 2017, respectively.

Since 1999, he has been a Scientist with IECAS.
His main research interests include synthetic aperture
radar (SAR) signal processing and airborne SAR
system design, implementation, and data processing.

Zhongqiu Xu received the bachelor’s degree in detec-
tion guidance and control techniques from the Beijing
Institute of Technology, Beijing, China, in 2018. He
is currently working toward the Ph.D. degree in signal
and information processing with the University of
Chinese Academy of Sciences, Beijing, China.

His main research interests include radar signal
processing, compressed sensing, and sparse SAR
imaging.

Yan Zhang received the bachelor’s degree in elec-
tronic information engineering from the Dalian Uni-
versity of Technology, Dalian, China, in 2018. He is
currently working toward the Ph.D. degree in signal
and information processing with the University of
Chinese Academy of Sciences, Beijing, China.

His main research interests include automotive
radar signal processing and compressed sensing.

Lihua Zhong received the bachelor’s degree in elec-
tronic engineering from Beihang University, Beijing,
China, in 2007, and the Ph.D. degree in signal and in-
formation processing from the University of Chinese
Academy of Sciences, Beijing, China, in 2013.

Since 2013, he has been with the Institute of
Electronics, Chinese Academy of Sciences, Beijing,
China. He is currently an Associate Research Fellow
with Aerospace Information Research Institute, Chi-
nese Academy of Sciences, Beijing. His research in-
terests include synthetic aperture radar (SAR) imag-

ing and radiometric correction.

Yirong Wu (Member, IEEE) received the MS.D.
degree in microwave electromagnetic field from the
Beijing Institute of Technology, Beijing, China, in
1988 and the Ph.D. degree in signal and information
processing from the Institute of Electronics, Chinese
Academy of Sciences (IECAS), Beijing, China, in
2001.

Since 1988, he has been with IECAS, where he
currently serves as the Director. He has over 20 years
of experience in remote sensing processing system
design. His current research interests are microwave

imaging, signal and information processing, and related applications.

http://arxiv.org/abs/0901.3403
http://arxiv.org/abs/1001.0736


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


