690 IEEE JOURNAL OF SELECTED TOPICS IN APPLIED EARTH OBSERVATIONS AND REMOTE SENSING, VOL. 14, 2021
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Abstract—When high-resolution wide-swath (HRWS) multi-
channel synthetic aperture radar (MC-SAR) system is used for
ocean observation, vast amount of redundant data is generated,
significantly limiting its applications. Though compressive sensing
(CS)-based method has been applied to the traditional single-
channel or dual-channel SAR imaging system, it is no longer
applicable for MC-SAR due to the existence of channel error when
using the space-time equivalent sampling technique for azimuth
signal reconstruction. By analyzing such periodic channel error,
i.e., frequency-dependence phase mismatch (FD-PM), in this arti-
cle, anovel dictionary is constructed for CS-based HRWS MC-SAR
imaging after an improved range cell migration correction method
is applied. As a result, a novel CS imaging mode is proposed for the
ocean moving target based on the sparsity of the target scattering
centers, by which the amount of data in MC-SAR can be reduced by
sampling below the Nyquist sampling rate and the swath width can
be further increased. Experimental results show that the proposed
method clearly eliminates the azimuth defocus and blur caused
by low sampling rate and FD-PM, and significantly reduces the
amount of data to about one-third when compared to sampling at
the Nyquist rate.

Index Terms—Compressive sensing (CS), frequency-dependence
phase mismatch (FD-PM), high-resolution wide-swath (HRWS),
multichannel synthetic aperture radar (MC-SAR), sparse
representation.

I. INTRODUCTION

S AN active observation system, synthetic aperture radar
(SAR) has been widely used in marine observation, crop
growth observation, environmental detection, and other fields
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[1]-[4]. However, wide-swath and high azimuth resolution are
always a contradiction in the traditional SAR system. The pulse
repetition frequency (PRF) of radar transmitter generally needs
to be low enough to achieve a wide swath, which may result in
an azimuth ambiguity. In order to solve such problem, multi-
ple receive apertures in azimuth have been proposed [S]-[7].
Such multichannel SAR (MC-SAR) enables high-resolution
wide-swath (HRWS) imaging, in which range ambiguity can
be suppressed by transmitting chirp signals and all channels
receive echoes simultaneously [8]. However, limited by the
Nyquist sampling rate, a large amount of data is generated
in such an HRWS SAR imaging system, resulting in a very
heavy burden over data storage and transmission. In many SAR
imaging applications, such as SAR-based ocean observation,
the targets of interest are often sparsely present. Consequently,
a great majority of the observed data is unnecessary even for
HRWS SAR imaging. Therefore, it is of great urgent to improve
MC-SAR imaging algorithms to achieve higher azimuthal res-
olution with considerately low amount of data.

Compressive sensing (CS) theory, in which sparse signals can
be sampled at a frequency below Nyquist rate to reconstruct with
high accuracy by solving an optimization problem [9]-[12],
has been widely applied to lots of data acquisition systems
to reduce the amount of data to be recorded. In HRWS SAR
imaging over ocean areas, compared with large observation
scene, moving targets can be considered to be of just a small
number of strong scattering points that contribute most of the
energy of SAR images. Such strong sparse presentation property
of moving targets in HRWS SAR imaging makes it possible to
adopt CS theory to alleviate the burden of large data volumes. At
present, CS theory has been successfully applied to radar signal
processing or single-channel/dual-channel SAR imaging system
[13]-[23]. For example, Zhang et al. proposed an improved
CS-based high-resolution imaging algorithm [13], which was
applied to short coherent processing interval to improve the per-
formance of CS-based ISAR imaging in the case of strong noise
by solving the /; minimization optimization. A CS-based ground
moving target indication method was also proposed by sparsely
sampling dual-channel SAR data in the azimuth direction [14].
However, in these existing CS-based SAR imaging techniques,
the number of pulses and observation channels is generally
limited. Moreover, the range cell migration (RCM), which is
caused by target motion and radar platform motion during echo
signal processing, has not been encountered in these CS-based
SAR imaging, resulting in a reduction of imaging resolution.
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Fig. 1. CS-based moving target imaging.

In this article, a novel CS-based moving target imaging mode
is proposed for HRWS SAR based on multiple receive apertures
in azimuth for the first time. The proposed algorithm is mainly
divided into two parts: MC-SAR echo signal processing and CS-
based imaging. Prior to CS-based imaging, SAR echo signal pro-
cessing primarily performs azimuth signal reconstruction and
multichannel RCM correction (RCMC) [24]-[26] to improve
azimuth resolution for imaging. However, due to the velocity
of moving targets, the reconstructed echo is equivalent to being
modulated by the signal with periodic phase error [2], [27] when
the method of multichannel uniformly displaced phase center
sampling [28] is used for signal reconstruction. Such phase
error is linearly dependent on range frequency and is known as
frequency-dependent phase mismatch (FD-PM). The periodicity
of the FD-PM increases the difficulty of RCMC, which is also
a challenge for subsequent CS imaging. Specifically, RCMC
algorithm for MC-SAR system is designed when the sampling
frequency is lower than the Nyquist rate. Furthermore, a novel
dictionary is constructed for CS-based moving target imaging
by analyzing the FD-PM. As a result, SAR images with higher
azimuth resolution can be acquired with a small amount of
data. Finally, simulated experiments are carried out to verify the
performance of the proposed CS-based moving target imaging
algorithm for MC HRWS SAR.

In summary, the main contributions of this article are
twofolded.

1) An improved RCMC is designed for MC-SAR system to

eliminate the impact of low sampling rate and FD-PM.

2) A dictionary is built for CS-based MC-SAR imaging by

analyzing FD-PM, by which the amount of data in MC-
SAR can be greatly reduced.

The rest of this article is organized as follows. Section II
briefly introduces the MC-SAR signal model and FD-PM with
multichannel signal reconstruction. Section III analyzes the
CS-based moving target imaging algorithm in detail, including
HRWS SAR RCMC at low sampling rate and the construction
method of dictionary matrix. Section IV conducts the simulation
experiments to verify the effectiveness of the proposed algo-
rithm. Conclusions are drawn in Section V.

II. FD-PM IN AZIMUTH SIGNAL RECONSTRUCTION

Fig. 1 illustrates the proposed CS-based moving target imag-
ing in MC HRWS SAR system. The RCMC is first applied to
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the echoes of moving target, by which the defocus problem can
be suppressed for the long synthetic aperture time of the MC-
SAR system. Then, the corrected echo signals can be sparsely
represented by a predesigned imaging dictionary. In this section,
after a brief introduction of the moving target signal model of the
MC-SAR system, the FD-PM in azimuth signal reconstruction
is analyzed.

A. Signal Model

PRF and swath width are always contradictory in SAR system.
To satisfy the requirements of wide swath, PRF must be limited.
However, low PRF may cause azimuthal Doppler ambiguity
[29]. In HRWS SAR system, this problem is overcame by
increasing the number of subapertures in the along-track direc-
tion. Multiple channels in the azimuth receive the echoes at the
same time, which is equivalent to increasing the sampling fre-
quency, i.e., PRF. Then, displaced phase center antenna (DPCA)
technique [30]-[32] is used to suppress the Doppler ambiguity
effectively for azimuth signal reconstruction. In fact, the motion
of the radar brings signal Doppler broadening. This can easily
result in the Doppler of the moving target signal to be submerged
in the clutter Doppler, which makes the moving target difficult
to be detected. Using DPCA can also eliminate clutter from
stationary objects.

Fig. 2 illustrates a two-dimensional MC-SAR moving target
imaging model. The direction of the X -axis represents the radar
platform speed direction, and the platform moves along the
X-axisdirection ata speed of v. The target P moves in the Y -axis
direction at a speed of v, and the Y -axis is perpendicular to the
X-axis. Since the azimuth velocity of the target does not affect
the subsequent RCMC, it is set to 0. Generally, only one channel
in a multichannel system transmits wide-beam chirp signals
and all channels simultaneously receive scene echo signals. The
transmitting channel is considered as the reference channel.

The echoes received by each channel can be considered as
being generated by themselves at the equivalent phase center
(EPC). Fig. 3 shows the relationship between the radar aperture
position and the EPC position. The azimuth distance between
two EPC is d/2, where d is the actual distance between the
apertures.

The reference channel is assumed to be located at X = 0 in
X -direction when the time ,,, = 0, where ¢,,, represents the slow
time in the azimuth direction when the mth pulse is transmitted.
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Fig. 3. Aperture position and EPC position.

At the moment, the coordinate of the target P is (—Rp,0), in
which Ry is the nearest range between the platform and the
moving target. Let R, (t,,) represent the instantaneous slant
range between the nth channel and the moving target, where
n=1,2,..., Ny, and Ny is the number of channels. For the
side looking SAR, according to the geometry, the second-order
Taylor series approximation of R,,(¢,,) can be express as

Rn(tm) = \/(U 2 dn)2 + (RO toy- tm)Q

2

~ Ry + U—(tm + Aty — 1)+ vy (b + Aty — )
2R,

v, Aty (M

where d,, denotes the length of the nth channel from the ref-
erence channel, At,, is the slow time delay between the nth
channel and the reference channel, and ¢. = x /v, in which xg
represents the X -coordinate of the initial position of the target.

B. Azimuth Signal Reconstruction

In this article, DPCA is adopted to eliminate clutter from
stationary objects, and then echoes from different channels are
interleaved to reconstruct the azimuth signal. It is known that
when using DPCA, the platform speed v, the channel distance
d, and PRF need to meet the following conditions:

Nl-d:m-v @)

2 PRF

EPC position

Z, DPCAl t

l azimuth signal reconstruction
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Fig. 4. TIllustration of the signal reconstruction process of an MC-SAR system
with six channels.

where [V; is the number of equivalent channels after DPCA and
m is a positive integer. In order to ensure uniformly displaced
phase center sampling in azimuth, m is set as 1, and thus the
following expression can be obtained:

2.0

PRF = .
N;-d

3

In order to obtain an SAR image, we need to combine the
echo signals of the equivalent channels. In the case of the same
PRF of reference channels, the equivalent sampling frequency
of Ny channels is [V; times that of two channels. When using
the space-time equivalent sampling technique for azimuth signal
reconstruction, an equivalent azimuth slow time 7; needs to be
reconstructed, which can be expressed as

={-

ty—1 + AtNlatm + Atl
vt + Atny b1 + Aty ..}

n:1,2,...,N1,i:(m—l)-N1+n (4)

where At,, is the delay time between the reference channel and
the nth channel along the azimuth slow time. Taking Ny = 6 as
an example, the principle of signal reconstruction is illustrated
in Fig. 4.

For moving target imaging, at each low time, a linear-
frequency-modulated signal is transmitted by the reference
channel and received by all channels of the HRWS SAR sys-
tem. Suppose there are Q distinguishable scattering points in
the scene. After range compression, the reconstructed signal is
converted into the range-frequency and azimuth-time domains,
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which can be expressed as

Q
S(fTaTi> = Zaqwr<fr)wa(n) : exp{ - j% (fc + fT)
q=1

: (Ro + ;};0 (T —tgw)z +u, (T —t@) >}

- exp <j4:(fc+fr)~A¢¢> )

where f. denotes the carrier frequency of the transmitted signal,
fr represents the frequency which is corresponds to the Fourier
transform of the range fast time, o, is the complex reflection
coefficient of the gth scattering point, ¢ is the speed of light,
w,.(f,) represents the range-frequency window function, and
w, (T;) is the azimuth-time window function.

In (5), eXp(j%"( fe+ fr) - A¢;) represents an error signal
that is periodically modulated due to the radial velocity of
moving targets, and the phase error of “47“( fet [r) - A@;” is
called FD-PM, in which A¢; can be expressed as

:{

,UyAtNl,UyAtl,’UyAtQ, PN ,UyAtNl,UyAtl s }

(6)

III. MC-SAR MOVING TARGET IMAGING
BASED ON CS THEORY

In this section, the specific process of proposed RCMC for
multichannel reconstructed signals with unknown motion pa-
rameters is presented. In addition, the dictionary construction
for CS imaging based on FD-PM is also discussed in detail.

A. RCMC for MC HRWS SAR

Generally, the motion of the radar platform and the long
synthetic aperture time can result in a wider Doppler band for
the moving target in SAR HRWS system, which is beneficial for
improving the azimuth resolution. However, large RCM caused
by long synthetic aperture time cannot be neglected in high-
precision imaging. Consequently, RCMC should be conducted
to remove such RCM. In order to reduce the data volume in the
imaging system, in the proposed MC HRWS SAR system, we
reduce the sampling rate below Nyquist rate, which means the
azimuth-equivalent PRF will be lower than the Doppler band-
width of the moving target. Moreover, the radial velocity of the
moving target will shift the Doppler center frequency even across
the baseband. All of these factors will cause the signal Doppler
spectrum to alias, resulting in difficulties to RCMC. Moreover,
the periodicity of the FD-PM also increases the difficulty of
RCMC in an MC-SAR system. Therefore, traditional RCMC
algorithm, such as keystone transform [33]-[36] that is usually
used for single channel system, cannot be directly applied to the
proposed MC systems under a low sampling rate. As a result,
an RCMC algorithm is designed for the considered MC-SAR.

According to (5), we can derive that fq. = 2v,(f. + f»)/cis
the Doppler centroid. Let the azimuth sampling frequency be F,
then the sampling aliasing region of the moving target satisfies

Fband:M'Fs+[_Fs/2an/2] (7)

where M is a natural number. In order to well reconstruct
echo signals without distortion, the target signal Doppler band
should be completely located in just one aliasing region without
crossing the adjacent region. Therefore, azimuth deramp [37]
processing is first conducted to compress the azimuth spectrum,
such that spectrum aliasing caused by low PRF can be avoided.
Considering the properties of periodic modulation of recon-
structed signal, the equivalent channels are handled separately.
Taking the second equivalent reference channel as an example,
according to (5), the target signal it receives can be rewritten as

Q
safotm) = 3 A {5 e £ (00 200

g=1

'eXp{ _]%(fc'i‘fr) (RO

2

+ 2%) (tm2 - tgq>)2 +, (tm2 - tgw) ) }(8)

where A = oqw,(fr)wa(tm,), tm, represents the time of the
second channel when the time of the reference channel is ¢,,.
It can be easily found that the relationship between ¢,,, and ¢,,
satisfies

tim, = tm + Ato. ©)]
Then, deramp processing is formulated as
Am
j—
c

’U2 2
(fC+fT) ! 2R0tmg} : (10)

By multiplying (10) by (8), we get

H, —exp{

Q
s2(frstmy) = ZA Fp {j4: (fet fr)-(vy- Atz)}
q=1
Am (@)
.exp{_-]c(fc""fr)'ROe}

A
'exp{]c (f(+fr) 'Ug(;é) 'tmg} .

(1)
In which
2
R — Ry — v, - 1@ 4 L y@)? (12a)
Oe 0 Y 2R,
2
(@) 2@, (12b)

= /U1 —_—
ye Y RO

In (8), the second index term contains RCM, which is com-
posed of a linear version and a quadratic version. RCM trans-
forms the signal s into a curve in the range-time and azimuth-
time domains. According to (11), after deramp processing, the
quadratic RCM has been eliminated. Moreover, the azimuth
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spectrum of the moving target is significantly compressed, in-
dicating that the probability of the Doppler band spanning the
adjacent aliasing region is greatly reduced.

In order to eliminate the Doppler band spanning aliasing
region caused by the velocity, a frequency shift function defined
by (13) is multiplied to s, defined in (11)

Ha(fy thn,) = exp (jf(f T AL m). (13)

In order to obtain high-resolution SAR images, the linear
RCM must be further removed. In this article, the keystone
transform is used to eliminate linear RCM. Actually, keystone
transform is a substitution of variables. By defining a new slow-
time variable 7,,,, Trm,, and t,,, own the following relationship:

fo
fet fr ™

Then, the signal can be formulated as

(14)

tmy, =

Q
$2(frma) = 3 A exp {jtﬂ (fet ) (v, At2>}

.exp{_/*: (fet 1) Ré?}

v?(fé) Ty } .

The support domain of signal data after time transformation is
trapezoidal. By interpolating it into a rectangle, we have

4
e -

Q
s2(frvtms) = DA~ exp {Jtﬁ (ot fr) - (vy At2>}
qg=1

-eXp{ J*(fwrfr) e}

'eXp{ ji fc e' 2}'

By further applying inverse Fourier transform to the signal
defined in (16) in the range-frequency domain, the signal of
the second channel can be finally transformed into

mz §

(16)

Ar
{—Jc'fc'%(fé)'tm} 17)

where ¢ represents the range fast time In (16), terms

exp{J A (fo + f1) (v, - Ato)} andexp{—5*E (fo + f)-RGL}
are 1ndependent of time ¢,,,, so A can be regarded as a constant
term. Actually, as shown in Fig. 1, keystone transform makes the
envelope of s, a straight line in the range-time and azimuth-time
domains.

The signals in the other equivalent channels can be processed
in the same way as the second equivalent channels. Conse-
quently, the signals of all channels are reconstructed, which can

be expressed as

Q ~
ZA~eXp{ J— fe- v(q l}. (18)
qg=1

It is observed that the radial velocity v, of the moving target
is not used throughout the RCMC. Such RCMC is actually im-
plemented in the case of unknown target motion parameters. In
addition, the separate processing of different channels makes the
influence of FD-PM negligible. This enables keystone transform
to be successfully applied to MC-SAR systems.

B. CS-Based Moving Target Imaging

CS theory indicates that accurate restoration of high-
dimensional sparse signals can be achieved by using low-
dimensional observation data. For a discrete signal € C Mx1
it can be sparsely represented as following equation when sam-
pling at a higher rate than Nyquist rate:

x=wvo (19)

where ¥ € CM*M s a sparse basis and @ € CM*1 is the sparse
representation of x in basis ¥, which only contains K nonzero
elements (without loss of generality, K’ < M). By sampling at a
rate much smaller than the Nyquist rate, a sampling signal with
length of N (NN < M) can be obtained as

s=Ax = AV0O = 0 (20)

where A € RY*M is the measurement matrix of signal x,
determining what frequency is used. After downsampling by
A, the amount of data will definitely be decreased. Note that in
(20), @ is a dictionary matrix, supporting sparse representation
of the single s. Therefore, in order to conduct SAR imaging
using CS theory, @ must be determined in advance.

By analyzing the signal s(f, T;) defined in (18) of a range cell,
a dictionary for CS-based SAR imaging can be constructed as

follows:
@ <<1\24+1> ~At> ,

<p(m-At),...7cp(]\24-At)

@:

21

where m = —M/2+1,..., M /2, M is the number of column
atoms in the dictionary matrix ®. The value of At is closely
related to the azimuth resolution. According to (18), each of the
atoms in P, i.e., ¢(m - At), can be expressed as

@(m - At)

Am v
= eXP{—JC'fc' [vy+RO~(m-At)} E} 22)

Considering that exp{—j 47”
can be simplified as

- fe - vy} is constant, @(m - At)

Am v2
_]? . .fc . Ri

o(m - At) = exp { :

.(m-At).n}. (23)
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TABLE I
SIMULATION PARAMETERS FOR SINGLE SCATTERING POINT EXPERIMENTS
Carrier Frequency 9.7 GHz Equivalent Channel Number 3
Platform Velocity 500 m/s Bandwidth of Transmitted Signal 160 MHz
Range Sampling Rate | 200 MHz Nearest Slant Range 7000 m
Pulse Width 10 us Azimuth Length of Antenna 0.375 m
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after deramp processing. (d) Multichannel combined signal after keystone transform.

After RCMC for MC HRWS SAR, the effect of FD-PM can
be considered negligible. Therefore, there is no need to consider
the influence of FD-PM when constructing a dictionary.

Let the signal of arange cell s(f, T;) = [s(T1), ..., s(Tn)]",
0 =[01,...,0n]T, where [-]7 denotes transpose of vector or
matrix and NV is the number of sampling points in the azimuth
direction. Then, s(£, T;) can be represented as

SNx1 = PNxmOrx1 (24)
where 6 is the complex image from the same range cell as
s(t,T;). The large value element in @ corresponds to the

scattering points of the moving targets in the imaging scene.
In summary, such CS-based moving target imaging process is
shown in Fig. 1.

In the dictionary ®, IV represents the number of sampling
points in the azimuth direction and M is the number of column
atoms. In practice, when PRF remains unchanged, the larger the
N, the wider the radar imaging area. However, with the increase
of M and N, the speed of solving /1 -based optimization problem
will also slow down. The values of M and N depend on the actual
number of azimuth samples and At in the dictionary. In fact, we
will comprehensively consider the values of A and N based on
experience, and N < M need to be satisfied.
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(f) Imaging result of a range cell using CS.

Note that (24) is underdetermined and cannot be easily solved
because ® is a matrix of N x M (N < M). According to CS
theory, the sparse signal 8 can be recovered from s through the
following optimization problem:

nbin 1Ollo st s=®-6 (25)
where || - ||, denotes I,-norm, and p = 0, 1,2, . ... However, the
lp-norm minimization problem defined by (25) is an NP-hard

problem. Instead, the /1 -norm minimization is co-solved with the

lp-norm under certain conditions. Therefore, the following ;-
based optimization problem is used for CS-based SAR imaging:

meinH0||1 st. s=d-0. (26)

Such optimization problem can be solved using a convex opti-
mization or greedy algorithm [38], [39]. In this article, greedy
algorithm orthogonal matched pursuit [39]-[41] is adopted to
solve the sparse coefficient due to the high efficiency of it.
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IV. EXPERIMENTAL RESULTS AND ANALYSIS

In this section, experiments of a single scattering point, mul-
tiple scattering points, and multiple ships for MC-SAR system
are conducted, respectively, to verify the effectiveness of the
proposed CS-based moving target imaging method.

A. Experiments of a Single Scattering Point

In order to explicitly prove the effectiveness of the RCMC
algorithm, experiments of a single scattering point are designed.
In these experiments, the six-channel imaging model shown in
Fig. 2 is used for validation. Among these six channels, the third
channel that transmits wide-beam chirp signals is selected as
reference channel. DPCA is applied between channels 1 and 4,
2 and 5, and 3 and 6 to suppress clutter. The number of equivalent
channels is N1 = 3.1In (4), Aty = —d/v, Aty = —d/(2v), and
Ats = 0. The designed scene consists of four static clutter
scattering points and one moving target scattering point. The
coordinates of the stationary points are (—100, 100), (100, 100),
(=100, —100), and (100, —100), respectively. Since the azimuth
velocity of the target does not affect the subsequent RCMC, it
is set to 0. When ¢,, = 0, the coordinate of moving target is
(0,0). Fig. 8(a) shows the distribution of scattering points in
the scene, which is the result of imaging by Range—Doppler
(RD) algorithm using the data simulated by a single-channel
SAR system whose PRF satisfies the Nyquist rate. Due to the
existence of the range velocity of the moving target, the position
in the image is azimuthally offset. The simulation parameters
for HRWS SAR RCMC experiments are listed in Table I.

It can be calculated from the data in Table I that the Doppler
bandwidth of the moving target is 2664.3 Hz. First, the sampling
rate is set as 300 Hz, which is far less than the Nyquist rate of
888 Hz. By assuming that the speed of the moving target is
1 m/s, the experimental results of the reference channel, i.e.,
third channel, are shown in Fig. 5. Because RCM contains both
a linear term and a quadratic term, as can be seen from Fig. 5(a),
the echo envelope in the range-time and azimuth-time domains
is curved. Since the PRF is much smaller than the Nyquist
frequency, the two-dimensional spectrum in Fig. 5(b) is heavily
aliased and occupies the entire sampling band. After the deramp
processing, the quadratic term of the RCM is eliminated. As
shown in Fig. 5(c), the azimuth spectrum of the moving target
is greatly compressed, completely in the baseband. The echo
envelope after multichannel combination is shown in Fig. 5(d).
Obviously, the linear component of the RCM is removed using
the keystone transform.

Itis obvious that RCMC can be effectively implemented when
the PRF is greater than 300 Hz. However, the PRF cannot be
reduced indefinitely. Therefore, we further set PRF to 200 and
100 Hz, respectively, and the experimental results are shown in
Fig. 6. It can be observed that the lower the PRF, the worse the
focus of two-dimensional spectrum after deramp processing, and
the worse the effect of RCMC. These experimental results show
that 300 Hz is the approximate frequency that enables RCMC
to be successfully applied while minimizing the amount of data,
which is about one-third of the Nyquist rate.

60

0

Range cells

Q0 . .

Azimuth cells

Fig. 9.  Scattering points distribution in the scene.

In order to solve the problem that the two-dimensional spec-
trum crossing alias band caused by the range velocity of moving
target, the frequency shift function defined by (13) is introduced.
Fig. 7(a) shows the result of the two-dimensional spectrum shift
after azimuth spectrum compression, when the range velocity is
2.21 m/s. Then, the keystone transform is performed without
using the frequency shift function, and the result is shown
in Fig. 7(b). Obviously, RCMC fails according to Fig. 7(b).
After deramp processing, i.e., multiplying (13) to (11), the two-
dimensional spectrum is shown in Fig. 7(c). It can be observed
that the spectrum can be perfectly preserved in the baseband.
Fig. 7(d) further lists the results of the signal envelope in the
range-time and azimuth-time domains after using shift function.
Compared with Fig. 7(b), the envelopes of the range cells in
Fig. 7(d) are parallel to each other, indicating that the RCMC
works well.

Next, experiments of CS imaging for HRWS SAR is con-
ducted by applying the proposed dictionary matrix to the results
after RCMC in previous experiments. The distribution of scat-
tering points of the simulated scene is shown in Fig. 8(a). Under
the condition of Nyquist rate, the scene is imaged by DPCA and
RD algorithm using the data simulated by proposed six-channel
SAR system, as shown in Fig. 8(b). By reducing the azimuth
sampling rate to one-third (300 Hz) of the Nyquist rate, the
imaging result by using the RD algorithm is shown in Fig. 8(c).
It can be observed that when the amount of sampled data is
insufficient, the result of the conventional algorithm is seriously
defocused in the azimuth direction and the moving target cannot
be detected. When the proposed CS-based algorithm is used at
the same frequency, i.e., 300 Hz, the imaging result is shown
in Fig. 8(d). It is observed that the clutter scattering point is
basically eliminated and the moving target does not defocus.
Fig. 8(e) further shows a cross-sectional view of a certain range
cell from Fig. 8(c). By reimaging such range cell using the
proposed CS-based algorithm, the imaging result is shown in
Fig. 8(f). By comparing Fig. 8(e) and Fig. 8(f), there is a sharper
peak in Fig. 8(f), indicating that the target image is well focused
and not blurred in azimuth. Based on aforementioned analysis,
it is obviously that the proposed CS-based imaging algorithm is
effective for single scatterer imaging.
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Imaging results by RD and the proposed CS-based imaging algorithm. (a) Imaging result by RD algorithm at the Nyquist rate. (b) Imaging result by RD

algorithm when PRF is 300 Hz. (c) Imaging result by proposed CS-based imaging algorithm when PRF is 300 Hz.

B. Experiments of Multiple Scattering Points

In order to further illustrate the effectiveness of the CS-based
imaging method, multiple scattering points experiments are
designed. The model and parameters of the MC-SAR system
are the same as before. When ¢, = 0, the scattering points
distribution of the scene is shown in Fig. 9, where the stationary
clutter points are not shown. At the Nyquist sampling frequency,
the imaging result of the scene by RD algorithm is shown
in Fig. 10(a). Lowering the sampling frequency, i.e., PRF, to
300 Hz (one-third of the Nyquist rate), the imaging result by RD
algorithm is shown in Fig. 10(b). At the same PRF, the imaging
result by proposed CS-based imaging algorithm is shown in
Fig. 10(c). It can be observed that when the FRF is lower
than Nyquist rate, the target image using RD algorithm appears
severely blurred and cannot be focused. This problem is greatly
alleviated when the PRF increases to Nyquist rate, as shown
in Fig. 10(a). However, the two scatterers along the azimuth
at the top of the scene cannot be distinguished successfully
because they are too close (inside the red circle). Compared
with RD algorithm, the proposed CS-based imaging algorithm
can separate the two scatterers, as shown in Fig. 10(c). This
implies that the azimuth resolution of the proposed algorithm is
higher than that of the RD algorithm while the amount of data
is greatly reduced.

It should be noted that there is no need to know the speed of
each target. The radial velocity of the targets will affect the po-
sition of the two-dimensional spectrum after deramp processing
and the azimuth position of the targets in the image, but it has
almost no effect on the shape of the targets.

In (23), At is closely related to the azimuth resolution. The
value of At is usually about 1/F, where F' is Nyquist rate.
In Fig. 10(c), At = 1/2200. In order to illustrate the relation
between At and azimuth resolution, the experiments of imaging
by proposed method with different At are conducted. As shown
inthe firstrow of Fig. 11, the figures from left to right are imaging
results with At = 1/800, At = 1/1000, and At = 1/3300, re-
spectively. As can be seen, when At = 1/800, the two scatterers
along the azimuth at the top of the scene cannot be distinguished
successfully, and occupy only one pixel (inside the red circle).
This indicates that the azimuth resolution is low. In the case

of At =1/1000, although the two scatterers are separated,
occupying two pixels, they are close to each other. However,
in Fig. 11(c), the two scatterers are distinguished successfully.
This implies that when At = 1/3300, the azimuth resolution is
the highest among the above. To illustrate the relation between
At and azimuth resolution more intuitively, the two scatterers
located in another range cell [inside the blue circle in Fig. 10(a)]
are analyzed. The second line of Fig. 11 shows the horizontal
slices of this range cell imaged by At = 1/800, At = 1/1000,
and At =1/3300 from left to right, respectively. It can be
observed that although the positions of the two scatterers in
the scene are fixed, the number of azimuth cells between the
two scatterers in the image with different At is different. When
At = 1/800, there are 16 cells between the two scatterers in the
image. Lowering At to 1/3300, the distance between the two
scatterers in the image is increased to 66 cells, indicating that
more potential scatterers can be identified. The aforementioned
analysis shows that as At decreases, the resolution of the image
obtained by proposed method is improved. However, At cannot
be infinitesimal. In order to obtain an image of the whole scene,
the smaller At is, the larger M in the proposed dictionary
is required. This will greatly increase the time taken to solve
optimization problem by using a convex optimization or greedy
algorithm.

C. Experiments of Multiple Ships

Fig. 12 shows a real scene of multiple ships imaging by
RD algorithm using measured data from a single-channel SAR
system, in which radar is side-looking, the PRF is 2000 Hz, the
nearest slant range is 12 000 m, and the velocity of airplane
is 110 m/s. In order to better prove the effectiveness of our
proposed algorithm in practical application, the MC-SAR is also
applied to imaging the multiple ships scene shown in Fig. 12.
The parameters in Table I are also adopted. In MC-SAR system,
the reference channel transmits chirp signals and all channels
simultaneously receive scene echoes. After DPCA, the echoes
from different channels are interleaved (see Fig. 4) to form the
original MC-SAR data. Fig. 13 shows the imaging result of the
MC-SAR data using RD algorithm when PRF exceeds Nyquist
rate. It is observed that severe defocusing occurs when using RD
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Fig. 12.
data.

Imaging results of multiple ships by measured single-channel SAR

algorithm with PRF exceeding Nyquist rate, though the image is
visually similar to that of single-channel SAR shown in Fig. 12.
This is because FD-PM has a detrimental effect on RCMC and
azimuth compression when using RD algorithm. Unfortunately,
such problem cannot be solved by directly removing FD-PM,
because the radial velocity of the targets is unknown in practice.
When the proposed CS-based imaging algorithm is used, by

Fig. 13.

Imaging results of multiple ships by RD algorithm.

reducing PRF to one-third of the Nyquist rate, the original
MC-SAR data of the reference channel after range compression
are shown in Fig. 14(a). It can be seen that the echo envelope is
curved in the range-time and azimuth-time domains, indicating
that the RCM cannot be ignored and need to be eliminated.
As shown in Fig. 14(b), the two-dimensional spectrum of the
signals in Fig. 14(a) is aliased and occupies the entire sam-
pling band due to the low PRF. After deramp processing, as
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Fig. 15.
algorithm.

Imaging results of multiple ships by proposed CS-based imaging

shown in Fig. 14(c), the azimuth spectrum is greatly compressed
and the signal energy is mainly concentrated in the baseband.
By applying keystone transform to the signals after deramp
processing, the RCM is completely eliminated, and the result of
combining signals from all channels is shown in Fig. 14(d). Itcan
be observed that the echo envelope is horizontal, demonstrating
the effectiveness of RCMC. The data after RCMC are used for
CS imaging by solving /;-norm minimization, and the result is

shown in Fig. 15. It can be seen that the proposed CS-based
algorithm obviously performs better in azimuth focusing than
RD algorithm and the defocusing problem in Fig. 13 can be
avoided. This is because /1-norm minimization makes the side
lobe of the reconstructed signal very weak, greatly reducing the
influence of the side lobe on the main lobe. In summary, the
proposed algorithm can eliminate the adverse effects of FD-PM
without directly removing it.

V. CONCLUSION

In this article, a novel moving target imaging CS-based algo-
rithm for the HRWS SAR based on multiple receive apertures in
azimuth is proposed. The algorithm performs azimuth sampling
at a frequency much lower than the Nyquist rate, realizing
multichannel RCMC in the case of unknown target motion
parameters. In terms of the dictionary matrix constructed in CS
imaging, the algorithm eliminates the effects of FD-PM after
filtering out clutter. The results of experiments show that the
proposed method obtains image with higher azimuth resolution
than traditional method. Furthermore, the reduction in sample
rate results in less data, which makes imaging more efficient.
Note that the proposed algorithm is suitable for all scenes with
sparse targets, in which the considered ocean application is one
of typical ones. When targets are not sparse in the scene, the
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images generated by the proposed algorithm may appear false
targets in the azimuth direction, which desired to be considered
in our future work. In addition, it is undeniable that when there
is motion error in the platform, the echo data will be mismatched
with the dictionary and difficult to image. How to construct a
more robust dictionary needs further research.
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