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Ambiguities Suppression for Azimuth Multichannel
SAR Based on Ls , Regularization With Application
to Gaofen-3 Ultra-Fine Stripmap Mode

Minggian Liu ¥, Bingchen Zhang, Zhongqiu Xu

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 L , regularization (0 < g < 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, g-norm,
and the L, , 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, L, , regularization, multichannel synthetic aperture
radar (SAR).
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1. INTRODUCTION

YNTHETIC aperture radar (SAR) is an important remote
S 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 PREF, 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 L, (0 < g < 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 L, regu-
larization into multichannel SAR signal reconstruction to solve
the azimuth ambiguities caused by nonuniform sampling. How-
ever, the L,-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, L , 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
Lg-regularization-based method, the L, ,-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 Lj , 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 L,-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
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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 L,-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
L, ,-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.  L4-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:

p
/ x(p,q)-wa(t—f)-
(p,q)eC? v
27

exp {32 (R0 + s (000 |

.5 (7__ R(paq7t)+Rj (Pa%t)

Yj (t7 T) =

) dpdg, (1)
c
where C? is the observed scene; ¢ and 7 are azimuth time and
range time, respectively; p and ¢ are the indices of azimuth and
range coordinates of the observed target, respectively; z(-) is
the backscattered coefficient of the target; w, () is the azimuth
antenna weight; v is the velocity of the platform; c is the speed of
light; R(p, g, t) is the distance from the transmitter to the target;
R;(p, g,t) is the distance from the jth receiver to the target; A is
the carrier wavelength. and s(-) is the transmitted pulse signal.
Let Y € CNe*Nr denote the multichannel two-dimensional
(2-D) echo data, and y = vec(Y) € CN*! is the vector-
ized version of Y , where N = N, (azimuth) x N, (range)
and vec(+) is the vectorization operator. Let Y; € CNa/MxN:
represent the 2-D echo data of the jth channel, where M
is the number of channels and y; = vec(Y;) € CL*! with
L = N, x N, /M. Discretizing model (1) in temporal domain
T, (Il =1, 2,...,L), we can get the discrete model

L N

Yi=>_>. ¢ (n) (pn,qn) )
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where ¢/ (-) is the observation matrix of the jth channel, denoted
as follows:

.S (T o R(pnvqn»t) +R] (Pn,(Jmt)>

c

£ exp {_jQ;r (R (pns qnst) + Ry (Pns Gns t))} dtdr. (3)

Lety = [y 7,y ,...,yn" ", where y; is the echo
data vector of the jth channel. Let X € CNe*Nr denote the
2-D backscattered coefficient matrix of the observed scene
and x = vec(X) € CV*!. Then the observation-matrix-based
sparse SAR imaging model can be expressed as [15], [19]
follows:

y = &x+n “)

where @ = [¢'; ¢?;. .., ¢M] is the observation matrix of the
multichannel SAR system with M channels, and n € CV*1 is
the additive noise vector.

B. Lg-Regularization-Based Reconstruction Method

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

X = argmin {||y - ‘I’XHg + )“”XHZ} ®)

where % is the regularization parameter of the ||x||, term, and
|Ix||4 can be expressed as follows:

N
lIx[lg = (Z <|x(n))q> . (6)

n=1

Q=

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

XD = g (xW) - p@! (y - <I>x(’“)) )

where 7)4,,,(+) is the soft thresholding function and 1 is the step
size controlling the convergence speed of the soft thresholding
algorithm. After reconstruction, the vector X 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 ® with the
multichannel SAR echo generation operator G;(-) [19]. Corre-
sponding to (7), the iterative solution process can be rewritten
as follows:

XED gy (XP 40T (Y =3 6 (X9))) @)

where Z(-) represents the multichannel SAR imaging opera-
tor [19], which consists of Doppler spectrum reconstruction,
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range compression, range cell migration correction (RCMC),
and azimuth-matched filtering.

The details of the L -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. Ly ¢-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 Ly ,-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 U, ,,(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 signal U, ,,( 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_; and e;. 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_s and es. Fig. 2(b) is the diagram of
azimuth ambiguities in dual-channel SAR geometry, where X
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Fig. 2. Tllustration 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, x;(i = —2,—1,+1,+2)
denote the +1st and 4+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:

Yy = [@_2 @_1 @0 ‘I’+1 ‘I’+2] [X_Q X1 X0 X41 X+2]T
€))

where @ = [® o ®_; PP Pio]; x=[X_2 X_1X0 X1
x10]T; xg € CN¥*1 is the unambiguous image of the main
imaging area; x_o € CN*! and x,o € CN*! are the im-
ages of +2nd ambiguous area, respectively; x_; € CV*1
and x,; € CN*! are the images of Z41st ambiguous
area, respectively; n € CN*1 is the noise vector, ®; =

[ zlaa(biw] (Z = _2’_170’+15+2)’and¢z é{¢2(m7n)}

+n=®x+n
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are the observation matrices of the jth (j = 1,2) channel
of the main imaging area (: = 0) and the +1 st and +2nd
(1 = —2,—1,+1, +2) ambiguous areas, respectively. The ob-
servation matrices ¢ represent the mapping relationship from
the backscattered coefficient of the observed scene to the echo
data, whose elements can be represented as follows:

¢{ (m,n) = w, (tm - pl)

v
R (3 n;tm R; (3 natm
,eXp{_ﬂW (Pnyq )i i (Pnsa )}
ns nvtm j ns nvtm
.S<Tm_R(p,q ) + Rj (pn,q ))
C

-exp{j - iPRF - t,,,} (10)
where s (7) = exp{jnK,7%} is the transmitted chirp signal

with the chirp rate K,; R(p,q,t) = \/Rq,02 + (vt —xp)? s

the instantaneous distance from the transmitter to the target,
R, o is the minimum slant distance of the ¢—¢ range cell, x,, is
the pth azimuth position; R;(p, g, t) is the distance from the jth
receiver to the target, with R;(p,q,t) = R(p,q,t — Ax;/v),
and Az; is the distance between the transmitter and the jth
receiver; w, (t) is the two-way antenna pattern. Considering the
actual SAR signal is not band-limited, w, (¢) can be expressed
as follows:

we (t) = sinc? (f@(t)) (11)

where D is the aperture of transmitting antenna and 6 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
x;(i = —2,—1,0,+1,+2) are different, they share the same
sparse support set [20]. Taking the elements at the same position
in x; 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]

% = argmin {|ly — ®x|3 + a1]lx[I3 , + r2llx}  (12)
X

where the first penalty term is 2, g-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;
A1 and Aq are the regularization parameter of the 2, g-norm term
and the 1-norm term, respectively. In model (12), the 2, g-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 x; (i = —2,—1,0,+1, +2)
share the same sparse support.

area and ambiguous areas, which is defined as follows:

Il = (i (Z . (n)|>q> .

n=1 7

13)

By solving the L, , 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 Lo , regularization to replace the matrix—vector
multiplication operation, reducing the problem scale and compu-
tational complexity. Different from the L -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 Z;(-) with ¢ = 0 and ¢ € 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
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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:

Jai=fao +1-PRF, i €Z (14)

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

7, (Y)=F."

M
{80 {@] 0 {0 0> Pl o F,(Y;)
j=1

F.}F.'}} (15)
where Y is the two-dimensional (2-D) echo data of the jth
(7 = 1,2) channel; F', and F', are the Fourier transform

(FFT) operators in azimuth and range; F,' and F', ! 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:

Gl (X;) = F,' {(P))" @ {©;" 0 {6 0 {8]®
[Fo (Xi)] FLYF 1Y

where X; € CNe*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
Z;(+) and G/ (-) 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
® with G/ ()

16)

Y;=) G/ (X)) +N;, (17)
where N; € CNaxNr 5 the noise matrix of the jth (j = 1,2)

channel. Then, we can reconstruct the considered scene by
solving the modified Ly, regularization problem using the
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multichannel SAR data processing operators:

X = argmin
X

{Uij =Gl (X I3+ XI5, +K2IIXII1} (18)

where X = [X_ 9, X _1,Xq, X1, X;2]; and X 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 ¢ = 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 (F+1) — argmin
X

N—NE
{Z |5 =T+ a1, wxnl}

— (k) == (k) = (k) == (k) —= (k
= Hop1 ), p ([U72( );Ufl( ),Uo( ),U+1( )7U+2( )D
(19)
where 1 is the step size parameter controlling the convergence

speed of the iteration algorithm, and Hyjy ,,(-) is the sparse
group thresholding function

= k) == (k) = (k) = (k) = (k
Hoj s ({U_g( ),U—1( ),Uo( )’U+1( ),U+2( )D

- k) =—= k) — (k) == k) =— k
= [Ufz( )anl( )7U0( )7U+1( )7U+2( )}
A
max |[1- —2H o). (20)
o,
g 2

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
Lo i -regularization-based multichannel SAR imaging method
for nonuniform undersampling. For other ¢ values (¢ < 1),
such as ¢ = 1/2 and ¢ = 2/3, the corresponding iterative
procedures are identical to Table I except for the sparse group
thresholding function Hyg 5, ,(-), which can be derived from
[28]. In Table I, K is the sparsity of the considered scene; || - || »
is the Frobenius norm and 7;;,,(-) is the soft thresholding
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TABLE I
MULTICHANNEL SAR IMAGING FOR NONUNIFORM UNDERSAMPLING BASED
ON L2 4 REGULARIZATION (¢ = 1)

Input:
Nonuniform under-sampling multichannel SAR echo data Y;

Multichannel SAR data processing operators Z;(-) and gif )
(i=-2,-10,+1,+2 j = 1,2)

Initialization:
X @ =009 =0;U,” =0, k=0
Step parameter u;
Error parameter ¢;

Maximum iteration steps K;,qx

Sparsity K;
while Reli > ¢ and k < kpqx
1. Estimate the residual:
AT =y Y; - 361 (%)
2. Update the gradient direction:
U+ = Xi(k) n ﬂIi(A(k+1))
3. Update the regularization parameter of 1-norm term:
_ (k+1)
Ay = |U0 | K +1/ H
4. Soft thresholding for imaging area and ambiguous areas:
7 (k+1) k+1
U; = 012, (U4
5. Update the group imaging area:
- 2
Ug(k+1) — l_2=_2 |(Ui(k+1))|
6. Update the regularization parameter of 2, 1-norm term:
_ k+1
P AT
7. Sparse Group Threshold Iteration:
[X_Z(k+1)'X_l(k+1)'Xo(k+1)’x+1(k+1),X+2(k+1)]
S (k1) & (k1) = (k+1) & (k+1) & (kD)
= H2|1,Alu ([U—z ,U_4 Uy yUgq yUgs ])
8. Calculate the iteration error:
| = (k+1) _ x (k)
Reli = ||X, X",
9. Update the iteration step:
k=k+1

end while

Output:

The recovered image Xo(k’)
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Fig. 4. Flowchart of the proposed Lo ,-regularization-based dual-channel SAR imaging method.
»q
function TABLEII

Mipan () = {sign(x) (|z] = Aop), |z| > Aop on

0, “T| < Aop

where sign(-) is the sign function and the threshold Aop is
determined by the (K + 1)th largest element of the amplitude
of |[U ).

Compared with the L, -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, the PRF of each channel is setto 1610.91 Hz
at 80% undersampling. The 2-D simulations are presented in
the first experiment. The imaging results of the proposed L ;-
regularization-based method are shown in Fig. 5 with bench-
marks of spectrum reconstruction algorithm (SRA) in [10] and

MAJOR PARAMETERS IN SIMULATION EXPERIMENTS

Parameters Value
Platform velocity 7551.119147 m/s
Wavelength 0.055517 m
Sampling rate 133.33 MHz
Bandwidth 100 MHz
Pulse duration 55 us
Center slant range 918 km
Pulse repetition frequency (PRF) 1610.91 Hz
Antenna aperture 3. 75 m

Ly -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.
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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 Lg 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) Lo,1-regularization. (undersampling rate is 80%.).

Let PRF denote the azimuth sampling rate after the Doppler

spectrum reconstruction process, PRF = 2PRF. The azimuth
frequency in the main imaging area can be expressed as

fa0 € (~PRF/2,PRF/2]. As analyzed in Section III, the
mismatch of reconstruction filters causes the +1st ambigu-
ous areas and the undersampling causes the 4+2nd ambigu-
ous areas. Their corresponding azimuth frequencies can be
expressed as f,; = fo0 +1-PRF (@ = —2,—-1,+1,42),
as shown in (14). The operation ®7°(f, ;) (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 ©7°(f, ;)
(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 L; -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
Lo ;- regularization-based method are shown in Fig. 5(c) and
(f). Compared with the L -regularization-based method, the pro-
posed L i-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 Lj -regularization-based method can achieve the sim-
ilar ambiguity suppression effectiveness under different SNRs,
which is robust to the noise.
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In order to quantitatively evaluate the azimuth ambiguities
suppression ability of the Lo ;-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

X(p,q) ‘2

= hmealXool”

1D
AASR,; = 10log;, Ng £«(p,9)eM;

(22)

where A is the main imaging area, /N 4 is the numbers of the
pixelin A, M; is the ith ambiguous area, and N is the numbers
of the pixel in M.

To further analyze the imaging performance of SRA in [10],
the L;-regularization-based method in [19] and the proposed
Lo ;-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 I11, it can be seen that compared with SRA in [10],
the L -regularization-based method in [19] can only reduce the
AASR values by about 2 dB. In contrast, for the different under-
sampling rate, the Lo ;-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.
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(®) ©

Reconstructed images of the observed scene. (a) Gaofen-3 dual-channel mode product. (b) L1 -regularization-based method in [19]. (c) L2, 1 -regularization-

TABLE III
AASR VALUES WITH DIFFERENT UNDERSAMPLING RATE [DB]

under-sampling AASR_, AASR_,
rate
SRA Ly Ly SRA Ly Ly
75% -16.57  -17.52  -27.47 | -13.62 -15.03 -23.86
80% -19.29  -20.64 -33.54 | -15.32  -16.41 -25.75
85% -23.71  -25.65 -38.09 | -17.18 -19.24 -28.13
90% -27.33  -30.05 -43.28 | -19.67 -21.45 -31.49

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 the L5 ; - 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) L; -regularization-based

method in [19]. (¢) La,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 L ; - 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 the L; -regularization-based method and
L, ;- 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:

MAX (p,q)eT ’X(WD‘

(23)
NLB Z(p,q)EB |X(l):(J) ’ )

TBR (X)Z 2010g10 (

where 7' is the target region, B is the background area, and Np
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 L;-regularization-based method Fig. 6(b) and the
Lo ;- 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 st
ambiguous areas AASR_; and 2nd ambiguous area AASR_4
are —34.54 and —22.04 dB, respectively. In the reconstructed im-
age of the L;-regularization-based method Fig. 6(b), AASR_;
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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]

Ship AASR_;(brown solid line) AASR _,(green solid line)
SRA Ly Ly, SRA Ly Ly

Ship1 | -35.74 -39.53  -49.26 | -22.19 -24.01 -33.73

Ship2 | -32.55 -3491 -46.82 | -27.28 -2893  -40.66
Ship AASR 1 (brown dash line) AASR ,,(green dash line)
SRA Ly Ly, SRA Ly Ly

Ship3 | -32.24 -3597 -4431 | -21.15 -23.74 -32.68

Ship4 | -34.11 -36.86 -49.42 | -26.21 -27.54 -40.85

and AASR_5 are —37.38 and —24.35 dB, respectively. In the
reconstructed image of the proposed L ;- regularization-based
method Fig. 6(c), we can see that both +-1st and +2nd ambigui-
ties of the target are suppressed significantly, with AASR_; and
AASR_5 being —46.27 and —33.19 dB, respectively. Therefore,
we can conclude that the Lo ;- 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 L;-regularization-based method [19], and the
Ly ;- 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, L regularization and
Lo ; regularization, respectively. It can be seen that compared
with the L-regularization-based method, Lo ;- 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 L;-regularization-based method and
L 1 -regularization-based method can increase the TBR value
by more than 15 dB. However, the L;-regularization-based
method cannot deal with the azimuth ambiguities caused by
nonuniform undersampling effectively, failing to recover the
target scene accurately. The Lo ;-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 Lo ;-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 L -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 L, , 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 L , 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 H;(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)

Hy (f)
H, (f + PRF)

Hy (f)
Hy (f + PRF)

Hy(f + (M — 1) PRF) - Hy (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)y=H" (f)
Pi(f) -+ Puu (f +(M —1)PRF)
| Ba(f) -+ Pon (f + (M — 1) PRF)
Pans () -+ Pant (f + (M — 1) PRF)

(25)

Then, we can reconstruct the Doppler spectrum of the original
signal by M reconstruction filters P;(f) (j = 1, 2,..., M),
and each reconstruction filter P;(f) consists of A/ bandpass
filters P;;(f) (¢ = 1, 2,..., M).

APPENDIX B

Let P/ (f,.i, Ax;) denote the reconstruction filter matrices of
the jth channel of the main imaging area (¢ = 0)and ambiguous
areas (i # 0), respectively. By substituting different f, ; into
(24) and (25), we can obtain P{ (fa,i,Az;) in different ar-
eas.Let@:¢(f, ;,7) € CNNe @re(f, . f,) € CNa*Nr and
O%°(fqi,7) € CNa*Nr denote the chirp scaling operation, bulk
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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:

ch (fa,ia T) = exXp {_jﬂ-Ks (fa,iv rref) Cs (fa,i)

. [T . %Tref (1+Cs (fa,i))} 2} (26)

f
Ks (fa,hrref) (1 + CS (fa,i)) }
(27)

ch (fa,i,a fT) = exp {_.jﬂ'

- exp {jélgrf'rrrefcs (fa,i)}
O (fusrr) =exp{ <35 er (L= D (fus V1)

Ar
' eXp{j CTKS (fa,ia Tref) (1 + C (fa,i)) Cs (fa,i) (7’ - Tref)z}
(28)
where i = 0 denotes the main imaging area; ¢ # 0 denotes the
ambiguous areas; f is the range frequency; 7..¢ is the reference

slant range; r is the slant range; K ( f, i, 7) is the modified chirp
rate in range of different areas, denoted as follows:

K,

Ks (fa,iar) = 1 K 2ra(1=D(fa,i,Vr)?) (29)
with
2
A a,i
D (fuuis Vi) = 1[1- ( QfV’ ) (30)

where V. is the platform velocity; and Cs( f, ;) is the curvature
factor of different areas

1
s\Ja,i) = —— — 1. 31
Cs (fa,i) RICARA (3D
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