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Abstract—Terrain observation by progressive scans (TOPS) is a
novel and promising wide-swath synthetic aperture radar (SAR)
imaging mode, which overcomes the scalloping effect existing in
ScanSAR. Traditional imaging algorithms are computationally effi-
cient in raw data processing of TOPS, but the problems from clutter
and sidelobes suppression have not been effectively solved. Sparse
SAR imaging not only effectively solves these problems, but also
has great potential in improving system performance, e.g., lower
requirement of pulse repetition frequency (PRF), higher swath cov-
erage, less data amount, and lower system complexity. Therefore,
this article proposes a novel sparse TOPS SAR imaging mode. The
proposed mode combines advantages of sparse imaging system and
TOPS mode to achieve high-quality and wide-swath SAR imaging.
In this mode, we first design the beam position by timing diagram.
Then, the basic parameters of the mode are calculated according
to the radar equation, and the properties, such as grating lobes are
analyzed. Finally, an L, ; -norm regularization based sparse TOPS
SAR imaging algorithm is introduced to achieve the high-quality
sparse scene recovery. Experimental results show that compared
with conventional TOPS imaging mode, the proposed mode can
obtain wide swath with lower PRF and effectively solve the effect
on distributed target ambiguity ratio. Compared with matched
filtering-based TOPS imaging algorithm, the sparse method can
achieve unambiguous reconstruction of the considered scene from
down-sampled data, and obtain the image with less artifacts.

Index Terms—Mode design, sparse synthetic aperture radar
(SAR) imaging, SAR, terrain observation by progressive scans
(TOPS).
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I. INTRODUCTION

S A main technology of modern remote sensing, syn-
A thetic aperture radar (SAR) is a kind of high-resolution
imaging system, which has been widely used in military and
civilian fields [1]. SAR systems usually focus on two key per-
formance indicators: high-resolution and wide-swath. However,
high-resolution and wide-swath are a pair of contradictories due
to the conflicting requirements on pulse repetition frequency
(PRF), i.e., wider swath requires lower PRF, but low PRF limits
the increase of resolution [2]. In recent years, several methods
have been proposed to solve the contradiction between high-
resolution and wide-swath [3]. These methods are divided into
two main categories. One class of methods is based on multi-
channel techniques, e.g., displaced phase center antenna [4],
[5]. It aims to improve mapping capability by breaking the
contradiction between resolution and swath width. However,
these methods require high ability of data processing and power
consumption. The other category is SAR imaging mode design.
It makes a tradeoff between resolution and swath width by beam
scanning. Different working modes have different resolution and
swath coverage. Spotlight mode provides long-term observation
of an area by sacrificing azimuth swath width, which can achieve
the purpose of high-resolution observation [6], [7]. By beam
switching among the subswaths, ScanSAR sacrifices resolution
to obtain swath coverage [8], [9]. These two modes have gradu-
ally developed into main working schemes of spaceborne SAR.
Based on them, several working modes have been developed
such as terrain observation by progressive scans (TOPS) [10],
[11] and sliding spotlight [12], [13]. TOPS is a novel burst
imaging mode, which is proposed to solve the wide-swath
imaging problem [14]. It can improve observation scope by
beam switching among the subswaths in range direction [15].
All targets are illuminated with antenna azimuth pattern (AAP)
by scanning beam in azimuth direction [16]. Therefore, TOPS
can achieve the same swath coverage compared to ScanSAR,
but with greatly reduced scalloping [17], [18].

As a well-known matched filtering (MF) based SAR imaging
algorithm, chirp scaling [19], [20] has been widely used in the
imaging process of different SAR working modes [21], [22],
[23]. For ScanSAR, Moreira et al. [24] proposed an extended
chirp scaling (ECS) algorithm, which utilizes spectral analysis
technique to achieve azimuth scaling. Prats et al. [25] proposed a
ECS-based baseband azimuth scaling algorithm, which obtains
high-quality TOPS SAR image by using subaperture technique.
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Xu et al. [26] introduced a two-step algorithm to process TOPS
echo data, which avoids subaperture division operations. In
recent years, several MF-based imaging algorithms have been
developed for TOPS raw data processing [27], [28], [29], [30].
However, the problems of clutter and sidelobe suppression re-
main unsolved, which limit the development of target recog-
nition, feature acquisition, etc. Sparse signal processing theory
was proposed in 1990s, which can recover the sparse signal
from fewer samples [31]. Then, Donoho et al. [32] proposed
compressive sensing (CS) theory, which is an important devel-
opment of sparse signal processing technology [33]. According
to CS, if measurement matrix satisfies some conditions, such as
restricted isometry property [36], the sparse scene can be per-
fectly recovered from fewer samples than the Shannon-Nyquist
sampling theory required [34], [35], [36]. After introducing
sparse signal processing technique into SAR imaging, a novel
sparse SAR imaging theory was formed. Zhang et al. proposed
an azimuth-range decouple-based L -norm regularization SAR
imaging method. Compared with conventional observation ma-
trix based sparse imaging method, it can dramatically reduce
the computational complexity and allow the practical large-scale
sparse scene reconstruction [37]. Then, this idea is applied in the
the data processing of different SAR modes, e.g., Stripmap [37],
Scan [38], [39], and Sliding Spotlight [40]. Wang et al. [41]
achieved extremely high-resolution in sliding spotlight SAR by
designing continuously varying pulse interval sequence. More-
over, Bi et al. [42] proposed an L;-norm regularization based
TOPS SAR sparse imaging method, and achieved large-scale
high-quality sparse recovery with less computational cost.

Compared with typical SAR imaging system, sparse SAR
imaging system has lower complexity and better performance,
such as lower requirement of PRF, wider swath, and better
target distinguishing ability, and provides an alternative for high-
resolution wide-swath microwave imaging [43]. In addition,
compared with MF, sparse SAR imaging method shows better
imaging ability when the number of samples in the echo data
is too small (collected by low PRF), and achieves unambiguous
sparse recovery of large-scale region with lower sidelobes and
higher signal-to-clutter-noise ratio [44].

In this article, we propose a novel sparse TOPS SAR imaging
mode that combines the advantages of sparse imaging and TOPS.
This mode first designs beam positions through the timing
diagram. Then, we calculate the indispensable parameters of
sparse TOPS SAR based on the radar equation, and analyze
the performance, such as grating lobes by AAP. Finally, an
Lo 1-norm regularization based sparse TOPS SAR imaging
method is introduced to the scene recovery of the designed sparse
mode, and achieves the high-quality sparse reconstruction of
considered scene with less azimuth ambiguity by introducing
the ambiguity terms into the sparse imaging model. Compared
with traditional TOPS mode, sparse TOPS mode uses beam po-
sition obtained by down-sampling, and uses the proposed sparse
imaging method rather than MF-based imaging method for scene
recovery. Without changing the other system parameters of
traditional TOPS mode, it can extend swath width by reducing
PRF. In order to validate superiority of the proposed imaging
mode, this article compares system performance and imaging
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performance of sparse and conventional TOPS, respectively. In
the comparison of system performance, we analyze the azimuth
ambiguity to signal ratio (AASR), signal-to-noise ratio (SNR),
and distributed target ambiguity ratio (DTAR). In the imaging
performance, we compare the proposed sparse imaging method
and MF based algorithm in terms of sidelobe reduction, noise
and clutter suppression, and down-sampling imaging ability.
Experimental results based on TerraSAR-X satellite parameters
show that compared with typical TOPS mode, the proposed
sparse imaging mode can increase the swath coverage from
120 to 160 km and effectively suppress the effect of steering
angle on DTAR. Unlike typical MF, the proposed sparse imag-
ing method can achieve unambiguous imaging of the designed
sparse TOPS mode, which makes it possible to obtain wider
swath with lower PRF, enabling high-quality and wide-swath
imaging.

The rest of this article is organized as follows. Section II
provides a brief introduction of the basic principle of TOPS
mode. Section Il introduces the design principle of the proposed
mode in detail including beam position design, parameter cal-
culation, and grating lobes analysis. The proposed Lo ;-norm
regularization based sparse TOPS SAR imaging algorithm is
discussed in Section IV. Section V shows the performance
analysis of the designed sparse TOPS SAR imaging system.
Experimental results based on simulated and real data are pro-
vided in Section VIto support our viewpoint. Finally, Section VII
concludes this article.

II. TOPS SAR IMAGING MODE

In TOPS mode, the antenna beam is steered in azimuth and
range directions. Similar to ScanSAR, the swath coverage is
divided into different subswaths and antenna beam is periodi-
cally switched between subswaths. The antenna beam is scanned
from aft to fore in azimuth direction. It should be noted that the
rotation center of antenna is opposite to spotlight. Thus, the
azimuth resolution will be worse in TOPS mode. The imaging
geometry of TOPS SAR is shown in Fig. 1. The steering angle
can be expressed as

¢(t) = [kolt, ko <O ey

where k, (rad/s) is the antenna steering angle rate, and ¢ is the
azimuth slow time. According to [10] and [11], the azimuth
antenna pattern of TOPS can be written as

Grlo(t) =sine? (52 (100

. Lovgt Ro ks
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where v, is the beam ground velocity, Ry is the range of closest
approach, A is the wavelength, and L, is the length of azimuth
antenna. Compared with stripmap mode, the azimuth resolution
of TOPS is reduced by a factor

Ro |ky|
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Fig. 1. TOPS SAR acquisition geometry.

and can be expressed as

A
T 2%
where ¢q is the azimuth beamwidth. Therefore, the target illu-
mination time is reduced. If the value of the antenna azimuth

bandwidth is fixed, the steering angle rate for each subswath
can be derived as
/U’I'L
- 1> 5 (&)

n 2Paz¢n
) = (2 ) 2

A
where n is the nth subswath. To ensure continuous coverage of
the different subswaths, the equations must be satisfied

(|kg| T8 — ¢6) R + vy T = vy Tr (©6)

Trp=> Tp+Te (7)

Paz “

where T is the burst time, T’ is the cycle time, and T¢; is the
time used to switch between different subswaths.

III. SPARSE TOPS SAR IMAGING MODE
A. Beam Position Design

In sparse TOPS SAR imaging mode, we first design beam
position by timing diagram. Then, the essential parameters are
calculated based on the radar equation. Finally, the grating lobes
are analyzed by AAP. It should be noted that the basic parameters
used for mode design are based on TOPS mode of TerraSAR-X
satellite [11]. The main parameters of TerraSAR-X are listed in
Table I. The selection of beam position is important to improve
system performance. In the beam position design of sparse
TOPS, the PRF is reduced to 75% of the original. The choice
of PRF must take into account the limitations of transmit and
nadir interference. The timing diagram is depicted in Fig. 2,
which shows the range of incidence angles for four subswaths
in sparse TOPS and conventional TOPS modes, respectively.
It is seen that compared with conventional TOPS, the PRF of
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TABLE I
TERRASAR-X PARAMETERS

Carrier frequency 9.65 GHz
Azimuth antenna length 4.8 m
Azimuth beamwidth 0.33°
Platform hight 514 km
Platform velocity 7608 m/s
Maximum steering capability 0.75°
Number of subswaths 4
Azimuth resolution 16 m

Azimuth TR modules 12
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Fig. 2. Timing diagram of four subswaths in TOPS mode. (The solid blue

line on the left is the sparse TOPS, and the dashed red line on the right is the
conventional TOPS.)

sparse TOPS decreases from 3700-4400 Hz to 2700-3000 Hz,
but incidence angle increases from 10.09° to 13.21°. Therefore,
the incident angle range of the four subswaths in sparse TOPS
is significantly larger than that in TOPS SAR. This means that
the swath coverage of sparse TOPS mode will increase.

B. Parameter Calculation

According to the timing diagram in Fig. 2, we calculate the
essential system parameters of sparse and conventional TOPS
modes, respectively (see Table II). Without loss of generality,
we select subswath 1 (SS1) as the example to compare two
TOPS modes. From Table II, it is seen that SS1 of conven-
tional TOPS has 30.12 km swath width with PRF = 3732 Hz.
While in the designed sparse TOPS, PRF of SS1 is reduced to
PRF = 2741 Hz, and obtained the 40.17 km swath width. It is
found that in sparse TOPS, when the PRF is reduced to 75% of
original, the swath coverage of each subswath will increase from
30 to 40 km. This increases the total swath width from 120 to
160 km without changing to other parameters such as azimuth
resolution and beamwidth.
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TABLE II
PARAMETERS OF DESIGNED SPARSE TOPS SAR IMAGING MODE AND
CONVENTIONAL TOPS SAR IMAGING MODE

SS1 SS2 SS3 SS4

Sparse TOPS SAR imaging mode

PRF [Hz] 2741 2878 3252 2905
Incident angle (near) [deg] 28.26  31.88 3526 3841
Incident angle (far) [deg] 32.01 3539 3854 4147
Middle look angle [deg] 27.67 3083 3375 3644
Slant middle range [km] 586.9 607.4 629.7 653.6
Azimuth resolution [m] 16 16 16 16
Beamwidth [deg] 0.33 0.33 0.33 0.33
Effective radar velocity [m/s] 7315 7314 7313 7312
Ground velocity [m/s] 7034 7032 7030 7027
Subswath width [km] 40.17  40.13  40.15  40.18
Total swath width [km] ~ 160
Conventional TOPS SAR imaging mode

PRF [Hz] 3732 4377 3782 4400
Incident angle (near) [deg] 28.78 31.46 34.01 36.44
Incident angle (far) [deg] 31.59 34.14 36.57 38.87
Middle look angle [deg] 27.74  30.10 3233 3444
Slant middle range [km] 582.8 597.6 613.6 630.5
Azimuth resolution [m] 16 16 16 16
Beamwidth [deg] 0.33 0.33 0.33 0.33
Effective radar velocity [m/s] 7315 7314 7313 7313
Ground velocity [m/s] 7034 7032 7031 7029
Subswath width [km] 30.12  30.14 3026  30.24
Total swath width [km] ~ 120

C. Grating Lobes Analysis

In order to realize the antenna beam scanning in both azimuth
and range directions, the planar phased array antenna adopts the
TOPS mode. According to [4], the two-way azimuth antenna
pattern of the entire antenna can be written as

Gaw(0,t) = Gr(0,t) - Gr(6,1) (8)

where G (0,t) and Gg(0,t) are the transmit and receive az-
imuth antenna pattern, i.e.,

1 2k
i Z Cr, T exp (j)\Le sin@) ‘

Gr(0,t) = \/G.

k=0
Gr(6,t) = /G iMilc w (125 L sine ‘ )
R\Y, - eMkZO k:,Repj)\ es
with
. o Lc .
G.(0) = sinc Tsm@ (10)
2
Cr, 7 = a1 €Xp (j;kLe sin qb(t)) (11)
21k
Cho.kt = Qi X <j7;Le sin (t — At)) (12)
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where G is the antenna pattern of single element, M is the num-
ber of T/R modules, L. is the length of single element, Cj, 7 and
C'k,r are the transmit and receive excitation coefficients, aj 1
and ay, g are the amplitude of Cj, 7 and C}, g, and At is the delay
time. The grating lobes can be analyzed by the two-way azimuth
antenna pattern. According to (8)—(12), it can be concluded that
the steering angle affects the AAP in TOPS mode. AAP is plotted
in Fig. 3. The total AAP is the result of weighting the array
antenna pattern and the single antenna azimuth element pattern.
As shown in Fig. 3, it is seen that the sidelobes is proportional
to the steering angle, i.e., sidelobes increases with the steering
angle, and can even reach the mainlobe. Therefore, DTAR is
affected by the steering angle. In practice, we expect DTAR to
be independent of steering angle to ensure stable image quality.
Sparse TOPS SAR imaging mode can effectively suppress this
phenomenon, which will be presented in Section V.

IV. Ly 1-NORM REGULARIZATION BASED SPARSE TOPS SAR
IMAGING

A. Two-Step TOPS SAR Imaging Algorithm

The echo of TOPS has both ScanSAR and spotlight echo
characteristics, i.e., azimuth data folding and Doppler spectrum
aliasing. Two-step processing approach can solve this problem
to obtain the focused image by using azimuth preprocessing and
postprocessing operations. The echo data y(¢, 7) of TOPS SAR
can be written as

i o) (25
(p.9)
- exp {—jZl:R} s <7’ — Zf> dpdq

where t is the azimuth time, 7 is the range time, p is the target
azimuth position, ¢ is the target range position, x(p, q) is the
backscattered coefficient at position (p, ¢), w, () is the antenna
azimuth weighting, cis the light speed, v is the platform velocity,
T is the synthetic aperture time, t.(t) is the beam center cross
time, and R is the slant range. The flow diagram of two-step
processing algorithm is shown in Fig. 4, including azimuth
preprocessing, chirp scaling, and azimuth postprocessing. In
azimuth preprocessing, the convolution operation between linear
frequency modulation (FM) signals consisted of one fast Fourier
transform (FFT) operation and two function multiplication. The
selected reference linear FM signal H; is

13)

2
H, (t) = exp {jwf;ﬁ} cexp {j2nfat}  (14)
where R, is the reference slant range, and f4. is the target
Doppler center frequency in scene center. The second term in
(14) is used to remove scene Doppler center to avoid Doppler
spectrum aliasing caused by azimuth convolution. After FFT,
the azimuth preprocessing is completed by multiplying transfer
function

15)

202
Hy(t') = exp {]ﬂ-)»th/Z}
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Fig. 3. Element and total azimuth antenna pattern. (a) Steering angle equals to 0°. (b) Steering angle equals to 0.6°.
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1Z o K modulation rate of chirp signal, i.e.,
I = 1
$ ! 1
I Fourier transform | 1 I, KT
1 & ] ! Ko (fi) fr) = (18)
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I Range IFFT I

Chirp scaling operation
=

Fig. 4. Flow diagram of two-step algorithm.

where t' is the azimuth time after zero-padding.

After abovementioned operations, the problem of Doppler
spectrum aliasing is solved. Then, the echo data Doppler history
is recovered by Hs, i.e.,

. )\Rr 2
Hy(fp) = exp {yw RL } (16)
where f; is the azimuth frequency. Next, range compression and
consistent range cell migration correction will be implemented
in the 2-D frequency domain by multiplying

2
H4(ft; fT) = &Xp {jﬂK—m(ft,/fq—)}

where K. is the modulation rate, and fj is the carrier frequency.
After that, azimuth compression and solution of azimuth data
folding will be completed by multiplying

/ 12
H;(f}) = exp {mW} -exp {jwkfd} (21)

with

, cft \’
ot =1~ (54 ) )

where k, is the modulation rate of reference signal, which can
be expressed as

202
A (Rr + Ro) '

Finally, Hg(f;") and H7(t") are used for azimuth postprocess-
ing operation to obtain focused TOPS SAR imaging and can be

written as
"2
Hs(f") = exp {j”fzi}
d

HA(t") = exp {mha (1" = twa)”}

kq = (23)

(24)

(25)
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where " and f;” are the azimuth time and frequency after
intercept operation, and ;4 is the scene center time.

B. Ly 1-Norm Regularization-Based Sparse TOPS SAR
Imaging Algorithm

Let X € CNP*Ne denotes the backscattered coefficient of
the surveillance region with Np and Ng being the number
of points in azimuth and range directions, respectively, Y €
CNexN- denotes the 2-D echo data, Z(-) and G(-) represent
the imaging and inverse imaging operators in above discussed
two-step TOPS SAR imaging algorithm, respectively. Then, we
have

Z(Y) =F HF,'[F,(F(Y o H;) 0 Hy)

o H3F, o H4F;1 oHs]oHg} o Hy (26)
G(X) =F YF,'[Fo(F(X o H) o H')
oHYF, cHYF 'oHIoHY} o HI! (27)

where F, is azimuth Fourier transform, F, is range Fourier
transform, F' denotes Fourier transform in azimuth preprocess-
ing operation, Fgl, F. L and F~! are the inverse processes of
F,, F,, and F, o is the Hadamard product operation.

Flow diagram of the proposed Lo 1-norm regularization-based sparse TOPS imaging algorithm.

Then, we can write the 2-D sparse TOPS SAR imaging model
as [46]

Y ==o <g<X>+Zgi(Xi)> +N€Zi#0 (28)

where = is the down-sampling matrix, G;(-) denotes the inverse
imaging operators for ambiguity areas, X; € CNr*Ne with
i€ Z and i € ZT denote the left and right ambiguity areas,
and N is the noise matrix. According to the model in (28), we
can reconstruct the considered scene by solving the Ly ;-norm
regularization problem

2

X = n%én HY —E=o (Q(X) + Zgi(xi)>

F

+ B 1 Xanllzy + B2 X[ 29)

where X is the reconstructed image of considered scene, (s is
the regularization parameter which controls the sparsity of X,
and (7 controls the sparsity of the whole scene X, which can
be expressed as

Np

>

np=1

1 Xanllz1 = (30)

HanHF + Z ”Xi,anF
i

where X,,,, and X; ,,,, are the npthrow of X and X;, respectively,
and np =1,2,..., Np. For the optimization problem in (29),
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Fig. 6. Relationship between AASR and PRF under different steering angles.

we can use the iterative soft thresholding (IST) algorithm to
obtain the focused sparse image. The detailed iterative flow of
IST is listed in Fig. 5 [42], [46].

C. Computational Cost Analysis

Let I denotes the number of required iterative steps for the
accurate reconstruction of the proposed L1-norm regularization
based sparse TOPS imaging algorithm. M = N; x N, and
N = Np x Ng represent the number of points in the echo
data and discretized surveillance scene. Then, the computational
complexity of the two-step imaging method can be expressed as
O(M log(M)) [42]. For each iteration of the proposed method,
its computation includes two main parts, i.e., the calculations of
an inverse MF and an MF procedure, which has the complexity
of O(M log(M)), and a thresholding operation with the com-
plexity O(N). Thus, its total computational complexity is in the
order of O(I(M log(M) + N)) [42], [45]. Since the proposed
algorithm usually converges within 10 steps, e.g., I < 10, it
means that it has similar computational complexity to traditional
MF-based imaging methods, which makes sparse reconstruction
of large-scale scene possible.

V. SYSTEM PERFORMANCE ANALYSIS

In this section, the relationship between AASR and PREF,
DTAR versus steering angle and beamwidth, and SNR versus
beamwidth were used to analyze the system performance. The
relationship between AASR and PRF is shown in Fig. 6. It is
seen that AASR is inversely proportional to PRF, i.e., AASR
will decrease as PRF increases. In addition, it is found that the
larger steering angle, the larger change of AASR, and this change
becomes more and more obvious with the increase of PRF. In
sparse TOPS, when PRF is reduced to 75% of original one (see
Table II), the AASR increases by about 13 dB. This means that
we need to pay more attention in the following sparse imaging
process to reduce the influence of steering angle on AASR
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by sparse sampling in the azimuth direction. The relationship
between DTAR and steering angle is shown in Fig. 7. In Fig. 7(a),
we can see that when the steering angle is 0.6°, the DTAR
of sparse TOPS does not change much. When steering angle
equals to 1°, the maximum change of DTAR is about 2.3 dB.
In conventional TOPS, when steering angle is greater than 0.6°,
its effect on DTAR becomes more and more obvious. DTAR
deteriorates by more than 5 dB when steering angle reaches
1° [see Fig. 7(b)]. From Fig. 7, we can conclude that sparse
TOPS effectively suppresses the problem of DTAR varying with
steering angle. This means that compared with conventional
TOPS, sparse TOPS SAR imaging mode can obtain more stable
image quality. Fig. 8 shows the relationship between DTAR
and beamwidth. In sparse TOPS, as shown in Fig. 8(a), it is
seen that when the beamwidth changes from 0.23° to 0.39°, the
DTAR varies by about 10 dB. But in conventional TOPS, DTAR
hardly varies with beamwidth [see Fig. 8(b)]. This indicates that
the effect of beamwidth on DTAR becomes obvious when PRF
decreases. Thus, we have to consider the effect of beamwidth
on DTAR in sparse TOPS design. The relationship between
SNR and beamwidth is shown in Fig. 9. In sparse TOPS, when
beamwidth changes from 0.25° to 0.4°, the SNR decreases 2 dB.
The same beamwidth change in conventional TOPS leads to
1.6 dB variation of SNR. Thus beamwidth variation has little
effect on SNR in both modes.

In summary, compared with conventional TOPS, the designed
sparse TOPS SAR imaging mode can effectively suppress the
effect of steering angle on DTAR. But beamwidth in sparse
TOPS has significant effect on DTAR. Therefore, the influence
of beamwidth should be considered in the mode design.

VI. EXPERIMENTAL RESULT OF DESIGNED MODE
A. Point Target Simulation

In the following, several experiments based on simulated echo
of point targets are performed to validate the superior perfor-
mance of the designed sparse TOPS mode. Three point targets,
named as T1, T2, T3 are located at (R, — 1000 m, —4587 m),
(Re,0), and (R 4 1000 m, 4587 m), respectively. Experimen-
tal parameters are set according to Table II. Fig. 10(a) and (b)
shows the reconstructed results of T2 by two-step algorithm and
the proposed sparse TOPS SAR imaging method in conventional
TOPS mode. It is seen that when there is no down-sampling
of echo data, both MF-based algorithm and sparse method can
obtain the well focused point target, just the sparse recovered
image has the lower sidelobes. Then, we add some noise and
clutter to the simulated echo data and reconstruct the point
targets by two-step algorithm and the sparse imaging method,
respectively. The contour plots of T2 are shown in Fig. 10(c) and
(d). It is can be seen that compared with MF-based result, the
image recovered by the sparse method has better quality with
less noise and clutter and reduced sidelobes. Fig. 11 shows the
reconstructed images by two-step algorithm and the proposed
sparse imaging method in conventional TOPS and designed
sparse TOPS modes, respectively.

In Fig. 11(a) and (b), we can see that both two methods can
obtain focused point targets. Fig. 11(c) shows that due to the
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down-sampled data, typical MF-based imaging algorithm can no
longer recover the targets. Its recovered images show obvious
periodic ambiguities along the azimuth direction, which will
cause false alarming. While the proposed sparse imaging method
can still obtain the focused image even under sparse TOPS mode
with reduced PRF [see Fig. 11(d)].

B. Surface Target Simulation

To further validate the designed sparse TOPS mode and the
proposed sparse imaging method, we perform several surface
target simulations based on the real scenes. Experimental pa-
rameters are the same as Table II. Figs. 12 and 13 show the
reconstructed images of sea surface and salt pan area by two
different imaging methods in conventional TOPS and designed
sparse TOPS modes, respectively. Similar to the results in point
targets simulation, it can be seen that in sparse TOPS mode, due
to the lack of data, the recovered images of two-step algorithm
are defocused with obvious ambiguity and energy dispersion
along the azimuth direction. Especially the ship targets with high
target-to-background ratio (TBR) in Fig. 12. While the proposed
L3 1-norm regularization-based sparse imaging method still can
achieve the unambiguous recovery of the surveillance region
even from the data collected based on the reduced PRF in sparse
TOPS mode.

C. Quantitative Analysis

To further quantitatively compare the quality of the images re-
covered by different methods, we introduce target-to-ambiguity
ratio (TAR) and TBR to evaluate the ambiguity and noise sup-
pression ability of two-step algorithm and the proposed method,
which are defined as

2
Z(np,nq)eI \X(np, nQ)‘
Z(npmq)EAi X (np, ”Q)|2

TAR £ 101log, 31)

and
Z(Wunq)e”f X (np, nq)|2
Z(np,nq)eB X (np, nq)|2

where Z denotes the main imaging area, A; is the ith azimuth
ambiguity area (i € Z~ and i € Z™ represent the shifting in-
dexes of ambiguity areas in the left and right sides of the main
imaging area, respectively), and 5 indicates the background
region around the target area 7. The TAR and TBR values
of the recovered images in Fig. 12 (marked by yellow box)
are shown in Tables III and IV, respectively. From Table III,
it is seen that compared with MF-based algorithm, the proposed
method can effectively suppress the azimuth ambiguity in sparse
TOPS mode, which makes the accurate sparse reconstruction
possible. In addition, as shown Table IV, it is found that the

TBR 2 10log;,

(32)
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TABLE III
TAR VALUE OF EACH AMBIGUITY AREA IN THE RECOVERED IMAGES OF
DIFFERENT METHODS IN SPARSE TOPS MODE IN FIG. 12 [dB] (MARKED BY
YELLOW BOX)

i=1 i=—1
Two-step algorithm [see Fig. 12(c)] 13.65 14.38
Proposed method (Fig. 12(d)) 41.71 47.76

TABLE IV
TBR VALUE OF THE RECOVERED IMAGES OF DIFFERENT METHODS IN SPARSE
TOPS MODE IN FIG. 12 [dB] (MARKED BY YELLOW BOX)

Conventional TOPS Sparse TOPS
6.92 9.87
35.13 41.77

Two-step algorithm [see Fig. 12(c)]
Proposed method (Fig. 12(d))

proposed method can improve the quality of the recovered image
by reducing TBR approximately 32 dB. This means that it
effectively removes the noise and clutter in sparse TOPS mode.

VII. CONCLUSION

In this article, we design a novel sparse TOPS SAR imaging
mode that combines the advantages of sparse imaging and
TOPS. Different from conventional TOPS, this novel mode can
improve the swath coverage by reducing the value of PRF. In
addition, in order to achieve the unambiguous imaging of this
designed mode, an Ly ;-norm regularization based sparse TOPS
SAR imaging method is introduced to the data processing of
down-sampled echo data. The results of system performance
analysis show that when PRF is reduced to 75% of original, the
designed sparse mode can increase the swath width to 1.33 of
the conventional TOPS, and effectively suppress the effect of
steering angle on DTAR. In addition, unlike typical MF based
algorithm, the proposed sparse imaging method can effectively
realize the data processing of the designed mode, and obtain the
high-quality image with less noise and clutter. The work in this
article provides a new research direction based on sparse signal
processing for high-quality and wide-swath imaging.
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