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ABSTRACT Forward-looking synthetic aperture radar is an essential tool in modern remote sensing
applications, but its imaging is a challenging task. Few existing methods consider the curve trajectory.
Aiming at the difficulty of resolution and the Doppler ambiguity in forward-looking SAR under the curve
trajectory, this paper establishes a forward-looking multi-channel SAR system model and proposes a novel
approach for the forward-looking SAR imaging under the curve trajectory. The approach is implemented
by a two-step process: 1) The Doppler ambiguity under forward-looking mode is solved by adaptive
beam-forming processing; and 2) A sparsity-driven optimization imaging algorithm is developed to enhance
the azimuth angle resolution in the forward-looking direction, where the resolution gain aroused by the curve
trajectory is exploited. The extensive simulation confirms the validity of the proposed approach.

INDEX TERMS SAR, forward-looking imaging, azimuth angle resolution, Doppler ambiguity, curve

trajectory, sparsity-driven optimization

I. INTRODUCTION

Synthetic Aperture Radar (SAR) [1]- [4] has a wide range of
applications in military reconnaissance and civilian remote
sensing. At present, the main working modes of SAR are
side-looking SAR, squint-looking SAR and spotlight SAR,
which can be high-resolution two-dimensional imaging of
scenes on both sides of the trajectory. Due to the con-
straint of SAR working principle, the existing SAR modes
cannot image the area in front of the trajectory directly,
which results in a forward-looking blind zone and there-
fore does not have front view high resolution capabil-
ity. However, in applications such as precision guidance,
complex terrain avoidance and battlefield reconnaissance,
the high-resolution of the forward-looking SAR imaging
is urgently needed. Forward-looking SAR imaging enables
two-dimensional imaging of the front view of the platform.
Compared with the traditional SAR, the forward-looking
SAR imaging system has a strong coupling between azimuth
and range, which makes the azimuth angle resolution diffi-
cult. In the meanwhile, there is an inherent Doppler ambi-
guity problem in forward-looking SAR imaging, that is,

The associate editor coordinating the review of this manuscript and
approving it for publication was Anton Kos.

the symmetric targets on both sides of the trajectory have the
same Doppler history. Nevertheless, forward-looking SAR
imaging has to face the difficulties of the forward-looking
resolution enhancement and the left-right Doppler ambiguity
resolving simultaneously.

Moreover, due to the effect of platform vibration, wind
field and turbulence, the platform might greatly deviate
from the ideal trajectory. Compensation of the motion errors
in forward-looking SAR [5] [6] is of great significance to
achieve a well-focused image.

Up to now, the main techniques for tackling the problem
of the conventional radar forward-looking blind zone can be
divided into the following categories: (1) Forward-looking
imaging technology for dense array SAR systems [7]{9],
which is representative of the Sector Imaging Radar for
Enhanced Vision(SIREV) proposed by the German Space
Agency. This system realizes two-dimensional imaging of
the forward-looking area through forming a real aperture
by use of a dense array in a vertical course direction.
However, the system azimuth angle resolution is deter-
mined only by the real aperture of the array, that is, it is
constrained by the physical size of the real aperture of
the array, and the system tends to be rather complex.
(2) Bistatic forward-looking SAR [10]-{15], which has been
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the focus of extensive research activity over the last decade.
Firstly, two ambiguous SAR images are obtained with squint
SAR algorithm. Then the Doppler ambiguity is solved by
beam-forming [16]-{19] as a left-right angle resolution. The
forward-looking azimuth angle resolution of this technique is
only provided by the synthetic aperture, while the synthetic
aperture in the forward-looking area contributes less to the
azimuth angle resolution, resulting in lower azimuth angle
resolution of the forward-looking area. Moreover, the binary
array has low azimuth freedom, which is prone to singulari-
ties and makes it impossible to solve the Doppler ambiguity.
(3) Monopulse forward-looking imaging technology, which
achieves azimuth focusing of the signal component in a range
bin by sum-difference angle estimation. The imaging per-
formance is constrained by the monopulse angle estimation
principle [20]{22], which makes it impossible to distinguish
multiple targets within a same beam. In a complex and low
contrast scene, the imaging performance decreases rapidly.
As a result, the direct application of these approaches to
forward-looking SAR imagery encounter inherent difficul-
ties. Some factors should be considered in forward-looking
SAR under curve trajectory, which are listed as follows:

1) Forward-looking SAR imaging faces the problem of
strong coupling of the range-azimuth, which leads to the
difficulty of forward-looking SAR imaging. And different
areas present different degrees of coupling. The closer to the
trajectory, the stronger the range-azimuth coupling.

2) Synthetic apertures contribute differently to the azimuth
angle resolution of different areas. As the target approaches
the trajectory, the azimuth angle resolution contribution
of the synthetic aperture is reduced, causing difficulty in
forward-looking SAR imaging.

3) In actual flight, the trajectory usually has a certain
curvature, which improves the azimuth angle resolution.

Considering the aforementioned factors, we propose a
two-step processing algorithm to meet the demands of dif-
ferent processing methods in different regions. Compared
with the above methods, the proposed algorithm has some
innovations.

1) Compared with the conventional squint-looking SAR
imagery, the proposed algorithm treats different areas in
different ways due to the different degrees of coupling in
different areas.

2) For the forward-looking-squint area, the system
has a higher azimuth angle resolution and beam-forming
can be used to solve the Doppler ambiguity. Therefore,
the imaging method compatible with beam-forming is
essential for forward-looking SAR imaging. The algorithm
uses space-time cascading to ensure compatibility between
beam-forming and SAR imaging. First, the ambiguous image
can be obtained by the highly squinted-looking SAR imaging
algorithm using time domain synthetic aperture resources.
Then using the spatial domain array resources, beam-forming
is performed to solve Doppler ambiguity.

3) For the forward-looking area, the azimuth angle resolu-
tion is insufficient and beam-forming cannot solve Doppler

51212

ambiguity. However, in actual flight, due to the influence
of airflow and flight control system error, especially in mis-
sile applications, the trajectory usually has a certain curva-
ture. This curvature would provide considerable diversity to
improve the azimuth angle resolution of the forward-looking
SAR. The proposed algorithm takes the benefit to the
azimuth angle resolution from curve trajectory and develops
a sparsity-driven optimization to improve the azimuth angle
resolution.

In this paper, we first investigate the forward-looking
multi-channel SAR (FLMC-SAR) model under the curve
trajectory, which defines the azimuth direction as the ver-
tical trajectory direction. The left-right Doppler ambiguity
in FLMC-SAR system is analyzed, and an advanced algo-
rithm using adaptive beam-forming is proposed to solve
the Doppler ambiguity. The algorithm uses space-time cas-
cading to ensure compatibility between beam-forming and
SAR imaging. Second, FLMC-SAR azimuth angle resolution
expression is presented with the wavenumber domain expres-
sion. The expression clearly indicates that the FLMC-SAR
azimuth angle resolution is determined by both synthetic and
real array apertures. It is emphasized that the curve trajectory
is conducive to the enhancement of the azimuth angle reso-
lution. A novel method through sparsity-driven optimization
is carried out to exploit the curve trajectory for improvement
of the azimuth angle resolution. Finally simulations are per-
formed to validate the feasibility of the proposed algorithm.

The remainder of the paper is organized as follows:
Section II gives the signal and geometry model of
FLMC-SAR and a detailed description of the existing prob-
lem. Section III presents a clear description of the proposed
algorithm. In Section IV, the experimental results are ana-
lyzed. In the final section, some crucial conclusions of this
work are drawn.

Il. FLMC-SAR SIGNAL MODEL AND PROBLEM
DESCRIPTION

The FLMC-SAR geometry model is shown in Fig. 1. O1X;
is a straight trajectory and O;0X; is a curved one. The
angle between the track and the X-axis is the lower pressing
angle 1. The angle between the radar sight and the Z-axis
is the beam pointing pitch angle «. The angle between the
projection of the radar sight on the ground and the X-axis is
the beam pointing azimuth angle 8. Ry; is the uniform linear
receiving antenna array, symmetrically distributed along the
Y-axis over YY>, and the antenna element spacing is d. Tx
is the transmitting element, located at the midpoint of Y;Y>,
overlapping with the central receiving antenna.

Firstly, we develop the signal model. Assume that there
are two symmetric point targets P; and P, in the beam
illumination area, which are symmetric about the X-axis,
and their coordinates are Pi(xg, —yo, 0) and P> (xo, yo, 0),
respectively. The simultaneous coordinate of the transmitting
element is defined by (vt,,, 0, h(%,,)), and a receiving element
is at (Vt, yi, h(ty,)). Then the slant range equations of the
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target (P1 and P;) are

Ri 1(tm) = ) 0y — x0)° + 33 + bt
Rrs 2(tm) = /(i — 307 + 3 + h(on)?

Riei(tms ) = /0t — %02 + 00 + 02 + h(t)?
Rie 2(tms ) = 0t — x0)% + 00 — 302 + h(t)?

where v represents the speed of the platform, #,, is the radar
slow-time, A(t,,) is the platform height, and y; denotes the
azimuth coordinate of the i-th receiving antenna. For a point
target, the electromagnetic wave two-way slant range is

R(tm, yi) = Rrx(tm) + Rpx(tm, yi) 3)
The signal received by antenna can then be expressed as
. . ~  R(m, y)
s, tms y1) = Apso(d. . ¥1) = Apwy (r -
|:. <A R(tm, yi)>2:|
x exp |jry|t — ———— :
c
2
X exp _]TR(tm»yi)
Den=? @
2 =7 =7

where Ap denotes the target scattering coefficient, 7 the radar
fast-time, t,, the radar slow-time, w,(f) the range signal enve-
lope, y the Linear Frequency Modulation (LFM) rate, and D
is the array antenna aperture size.

A. LEFT-RIGHT DOPPLER AMBIGUITY

From Eq. 1, it follows that Rz, 1(t,) = Rrx_2(t). The trans-
mitting slant range R, is independent of the array coordinate
vi, but the receiving slant range R, is related to it. There is a
difference in the receiving slant range between the symmetric
point target P and P; and their difference ARg, = Rgx 1 —
Rgyx 2. Let AR be the range resolution, which is much larger
than ARg,. For the two point targets with symmetry of the
trajectory, there is a difference between the two-way slant
ranges of each channel, but the difference is too small to
cause range cell migration. Therefore, the signals of P; and
P, are mixed, which causes the left-right Doppler ambiguity
of FLMC-SAR. The highly squinted-looking SAR imag-
ing algorithm can obtain the ambiguous images. With this
imaging result, beam-forming can be used to solve Doppler
ambiguity. Therefore, the imaging method compatible with
beam-forming is essential for forward-looking SAR imaging.
In section III, Doppler ambiguity resolving via beam-forming
will introudce in details.

B. FLMC-SAR SAR AZIMUTH ANGLE RESOLUTION
ANALYSIS

FLMC-SAR achieves range high resolution by transmitting
wide frequency bandwidth signals and pulse compression
techniques, while the azimuth high resolution is provided
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by the synthetic aperture and the array real aperture. The-
oretically, spatial resolution is directly determined by the
corresponding wavenumber bandwidth. Here, the symbol 6
denotes the beam pointing azimuth angle, D the real aperture
length of the array antenna, L the projection of the trajectory
on the plane XOZ, and r the reference slant range of the
target. For the simplicity of azimuth angle resolution deriva-
tion, we define the target coordinate in the polar coordinate.
Assume of (rsina cosf, rsina sinf, 0) and (X, Y, r cosa)
are the coordinates of the point target and the antenna, respec-
tively, and we have the slant range equation.

R = \/(X — rsinacos0)? + (Y — rsina sin6)? + r cos a2
(5

Calculate the derivative of the slant range function with
respect to sin 6.

The azimuth angle wavenumber is defined as

oR
dsing
where K. is the range wavenumber center. With the relation
of r > X,r > Y,wehave R > X,R > Y, and the
following approximations are valid.

King(X,Y) =

Ky 7

JoR rsina(Xtand —Y)
KsinG(X, Y) = N Ky X . Krc
dsin6 r
=sina(Xtanfd —Y) - K, ®)

The azimuth angle wavenumber bandwidth is

AKging = max (Ksing) — min (Ksing)
= [tan |0| (Xmax — Xmin) + Ymax — Ymin] -
X sina - K¢ O]

where |0] is the absolute value of 8. According to the geom-
etry shown in Fig. 1, we have

Xmax — Xmin = L cos
10
Ymax_ min=D+Ay ( )

where Ay is the projection of the trajectory on the Y-axis
direction. Then Eq. (9) can be written as

AKging = sina (tan |0| (Lcosy) + D + Ay) - K, (11)

The azimuth angle resolution is

. 27
A (sinf) = AKars
sin
_ 2
~ sina (tan |@] (L cos ¥) + D + Ay) K.
A

"~ 2sina (tan |0] (L cos ¥) + D + Ay) (12)

According to Eq. (12), the system azimuth angle resolution

is provided by both synthetic and real array apertures. And
the synthetic aperture is divided into two aspects, i.e., the
synthetic aperture along the X-axis as a consequence of
platform motion, denoted by L cos ¥ and the synthetic aper-
ture along the Y-axis due to the curve trajectory, denoted
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FIGURE 1. The FLMC-SAR geometry model.

by Ay. The L cos ¢ contributes different azimuth angle res-
olution gain to areas at different azimuth angles. As the
target approaches the trajectory, the azimuth angle resolu-
tion contribution of L cos ¢ is reduced, causing difficulty
in forward-looking SAR imaging. However, Ay is effective
for the enhancement of the azimuth angle resolution in the
forward-looking area.

The equidistance and Doppler frequency lines are shown
in Fig. 2. One can notice that different areas present dif-
ferent degrees of coupling. The closer to the trajectory,
the stronger the range-azimuth coupling and the more lim-
ited the azimuth angle resolution. In the forward-looking-
squint area, the azimuth angle resolution is high enough
to achieve focus imaging without Doppler ambiguity by
beam-forming. However, the azimuth angle resolution of
the forward-looking area is constrained by the size of real
aperture. Limited resolution in the forward-looking area is
not sufficient for the left-right Doppler ambiguity resolving
with the beam-forming technique. Moreover, there is also a
problem of strong coupling of the range-azimuth, which make
the forward-looking SAR imaging a difficult task. Consid-
ering the benefit to the azimuth angle resolution from Ay,
we propose a method to enhance the azimuth angle resolution
of the forward-looking area in the next section.

FIGURE 2. The equidistance and Doppler frequency grid.

IlIl. TWO-STEP PROCESSING ALGORITHM

A. ALGORITHM FLOWCHART

Following the previous analysis, an advanced algorithm for
FLMC-SAR imagery is introduced in this section, which
treats different areas in different ways. As shown in Fig. 3,
the approach runs a two-step process.

Step 1: For the forward-looking-squint area, the ambigu-
ous images of each channel can be achieved by the highly
squinted-looking SAR imaging algorithm. Then using the
array spatial freedom, beam-forming is performed to solve
the Doppler ambiguity.

Step 2: For the forward-looking area, with considering
the contribution of the curve trajectory to the azimuth angle
resolution, a sparsity-driven optimization imaging algorithm
is developed to achieve the azimuth angle resolution enhance-
ment.

Key steps are given in the following subsections.

B. LEFT-RIGHT DOPPLER AMBIGUITY RESOLVING

Aiming at the above-mentioned FLMC-SAR Doppler ambi-
guity problem, an advanced algorithm for Doppler ambigu-
ity using beam-forming is proposed to achieve FLMC-SAR
focus imaging without ambiguity. First, the signal is
processed by the highly squinted-looking SAR imaging
algorithm. Here, the back projection (BP) algorithm is uti-
lized to achieve focus imaging with the Doppler ambiguity for
each channel. Then using the spatial domain array resources,
beam-forming is performed by weighting each channel image
and accumulating coherently to solve the Doppler ambiguity.
The algorithm adopts space-time cascading to ensure the
compatibility between beam-forming and imaging.

oR —2r2sinq sin 6 + 2Xr sin« tan @ + 2r2sin

2@ sinf — 2Yr sina

dsinf -

2V/(X — rsinacos0)? + (Y — rsina sin0)2 + r cos o2

rsine(X tand —Y)

Q)

B V(X = rsinacos)? + (Y — rsina sin0)* + r cos a2
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FIGURE 3. The flowchart of the proposed approach.

The signal is subjected to range pulse compression pro-
cessing, and the pulse compressed signal can be expressed as

$1(, tm, yi) = IFFT {FFT [s(, tw, )] - FFT [srer (D]}

:Apsinc|:nB <f— @)} .

27
X exp I:_]TR(tm, yi)} (13)

where the symbol B denotes the signal bandwidth, sinc the
sampling function, and s (7) the matching filter function.

Sref (8) = wy () exp(—jmry %) (14)

Next, BP imaging algorithm is performed, the essence of
which is pixel reconstruction processing. Let the objective
function f(p, ) represent the reconstruction result of the
point target P(p cos 8, p sinf).

R 2
fe(p 0,30 =) {S1(I, Ims Yi) €Xp [anR(tm,yi)“ (15)

For the symmetry point targets Pi(p cos, —p sinf) and
Py(p cos@, psinf) with respect to the X-axis, the signal is
ambiguous. As analyzed above, with the assumption that
the delay of the symmetric target signal on the envelop is
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negligible, the BP result is

N T
AP] . So(tv tm, yl)]

fP](IO’ _nyl') :fpz(p, Ga yl) ~ [APZ . so(’t\, [m,yi)

2
eXp JTRP| (tms yi)
X

2
exp ]TRPz(tms yi)

27 r
APlAPo - exXp |:]TRP1 (tm» yi — y0)1|
2
Ap,Ap, - exp JTRPI (tm> —y0)

50(;’ tm7 )’1)
x [So(f, tma)’i)] (16)

Here, Rp,(ty,yi;) and Rp,(ty,y;) are the two-way slant
range of the antenna with the array coordinate y; to point
Py and Py. Ap, is the phase delay from array center to point
target, which is a constant independent of the steering vector.

2 2
Apy = oxp I:JTRPI (s 0)} = exp [JTRPZ(rm, 0)} (17)

Given the number of array elements K, the steering vector
is

[ 27 .
exp |5y sin (6)

2
exp [ ya sin (6)

v(0) = A (18)

o
exp |j =~y sin (6)

The reconstruction result at the grid corresponding to point
targets Py and P, are the peak value of Eq. (16), which can
be expressed as

sz(ﬂ),e,yl)

sz(lO’ 9’ )’2)

F = [fwayz’-'-’fVK]T =

fp (0,0, yK)

=[v(-9) v(e)].[j;gﬁ;ﬂ:v.fxp (19)

where F denotes the results of BP imaging of each channel,
K the number of array elements, V' the steering vector matrix,
and A, the scattering coefficient matrix of point targets with
X-axis symmetry. In this paper, an advanced algorithm for
Doppler ambiguity using adaptive beam-forming is proposed.
The constraint of beam-forming is that it is required to form a
zero point in the ambiguity direction, and the filtered signal is
tightly coherent with the desired target steering vector. Under
this constraint, the weights of a set of filters are solved and
the output power of the array is minimized, which can be
expressed as
minJycyp
W (20)
WHV =gl k=1,....K
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The cost function representing the output power of the
array Jycpp is given by [21].

H 2 H
Jiewe = E(WEX[) = Wl R Wi @

Given the array receive signal X, the covariance matrix Ry,
the steering vector matrix V, the dimension of the ambigu-
ity N, (for the Doppler ambiguity problem of FLMC-SAR
imaging, N = 2), and the k-th column of N x N identity
matrix g, the optimal weight of the beam-forming can be
determined.

Wi =Rx 'W(VHERy V) g (22)

According to the filter determined by this weight,
beam-forming is performed by weighting each channel image
and accumulating coherently to achieve focus imaging with-
out Doppler ambiguity. Let W = [W}, W], and we can solve
the scattering coefficient matrix.

wiy

H H HAT
Wi F = [wl, wi VA,,=|:W£{V

} A, =1A, = A,
(23)

C. SPARSITY-DRIVEN OPTIMIZATION IMAGING

According to the FLMC-SAR azimuth angle resolution
analysis, synthetic aperture contribute differently to the
azimuth angle resolution of different areas. As the target
approaches the trajectory, the azimuth angle resolution con-
tribution of the synthetic aperture is reduced and the cou-
pling of range-azimuth increases, which causes difficulty in
forward-looking SAR imaging. However, under the curve
trajectory, the curvature will contribute to the azimuth angle
resolution, which provides the possibility of high-resolution
in the forward-looking area. Moreover, in actual flight,
due to the influence of airflow and flight control sys-
tem error, especially in missile applications, the trajectory
usually has a certain curvature. Taking the azimuth angle
resolution gain brought by the curve trajectory into con-
sideration, a sparsity-driven optimization imaging algorithm
is proposed to improve the azimuth angle resolution in the
forward-looking area.

In FLMC-SAR imaging, different forward-looking areas
present different Doppler frequencies. One can separate the
echo of forward-looking area from that of forward-looking-
squint areas by the bandpass Doppler filtering. Let S be the
matrix of the pulse compressed echo of the forward-looking
area in the same range bin, which contains K channels. And
S could be written as

SKN = [sl(;v tmv )’1), S](;, tm’ y2), MR sl(;v tmv YK)]KN (24)

where N donates the azimuth dimension of forward-looking
area echo separated from the echo of forward-looking-squint
area. The forward-looking area is divided into N units, that
is, the angle is divided into N units, then Eq. (24) can be
rewritten into the following linear measurement equation.

SKN x1=Fgn o i Afr 1 TERN x 1 (25)
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where Ay | is the scene high-resolution imaging result,
€xkNx1 1s the measurement noise, and F is the KN X N
measurement matrix, which represents the array manifold
with the time-spatial diversity gained from both the synthetic
aperture along the Y-axis Ay and the real aperture D.

F=1[h1,hy, ...  hgl (26)

Each of its columns corresponds to a steering vector in a
different direction, expressed as

B 2
exp JTR(fm,)H)
'ZNR . T
n=| Pl (nyZ)_ @7

2
exp JTR (tm> YK)

The spatial freedom of the steering matrix depends on
Ay and the real aperture, which affects the forward-looking
SAR imaging performance directly. The method of
evaluating the measurement matrix is to analyze the
cross-correlation properties between the column vectors. And
small cross-correlations usually can guarantee the accuracy
of sparse reconstruction underdetermined measurements.
We define the spatial cross-correlation function to describe
the spatial freedom of the steering matrix.

(h} - hy)

Corr(hj, hj) =————L__
A TN TN

(28)

where h; and h; are two column elements of the measurement
matrix, (-) is the inner product operation, (-)* is the conjugate
transpose operation, ||-||, is the / norm,and Corr is is the
cross-correlation function. Under the curve trajectory, Ay
will provide gain to the azimuth angle resolution, reduce the
cross-correlation between the steering vectors, and improve
the accuracy of the sparse reconstruction.

Assume that each element in noise matrix € is indepen-
dently submitted to the same Gaussian distribution with a
mean of zero. Then the real part (¢,) and the imaginary part
(¢;) of the noise € are independent of each other and are
submitted to the same real Gaussian distribution with a mean
of zero. Let o2 be the variance of ¢, then its Probability
Density Function (PDF) is expressed as

P(e) ! ( y ||2)
€)= | ——— &XP| —53 ez
(27102) 2 20

! ( .y ||2)
X —MCXP 52 €illy
(27102) 2 20

1 1
= m xXp| =52 llell> (29)
7o
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where, ||-||, denotes the /> norm, which is defined as I[fII% =
> [f1?. Then the likelihood function corresponding to S is

1 1
P(S|A) = ————exp (—— IS — FA||%) (30)
(27_[0_2)KN 20—2

Generally, sparsity is an inherent property of a target scene.
According to the Compressed Sensing (CS), the Laplace
distribution is used to characterize the sparsity of the target
scene. So all the elements ay,, in A independently are submit-
ted to the same Laplace distribution with positional parameter
zero and scale factor y. Then the PDF of a,, is

P = (%) exp (vl (1)

where, ||-||; denotes the /; norm. Then, the PDF of A is
expressed as

V-1
Pay=TT (5)expriatn = (%) exp—rian
i=0

(32)

N
Define the /1 norm of the matrix as ||f||; = Y_ |f|,. Based

i=1
on the Maximum A Posteriori (MAP) rule, the estimation
function of A is

A(S) = argmax [P (A |S)] (33)
Based on the Bayesian rule, Eq. (33) can be rewritten as
A(S) = arg max [P(S|A)P(A)] (34)
€ Nx1

By taking the logarithmic, Eq. (34) will be
A($) = arg max_{log[P (S |A)] +log [P (A)]}

Nx1
1
= arg ma ——— IS = FAI2 — v |A
g Nxx.{ 202” Iz — v |I1}

= arg min IS — FAI} + 207y 141,

€ Nxl1

arg min {15 — FAIE + pulall | (35)
Nx1

Assuming that the noise obeys the Gaussian distribution
and the target image obeys the Laplace distribution, the above
problem is equivalent to the /1 -constrained optimization prob-
lem, where M:Zazy denotes the /{-constrained coefficient,
depending on the statistical parameters of the noise and
the target distribution. The high-resolution imaging result of
the forward-looking area can be reconstructed according to
Eq. (35).

D. COMPUTATION COST
The proposed approach runs in a two-step process:

1) The Doppler ambiguity of BP image is solved by adap-
tive beam-forming. To perform BP imaging on a Ng x Ng
grid with N, pulses, we need NéNp times coherent accu-
mulation. The total computation of the BP imaging of K
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(a)

(b)

FIGURE 4. The Simulation parameters.

channel is O(KNéN,,). In the beam-forming processing of
Ng % Ng points image with K channel, there are Ng/2 times
matrix inversion of size K x K. The total computation of
beam-forming processing is O(K 3NG).

2) A sparsity-driven optimization imaging algorithm is
developed to enhance the azimuth angle resolution in the
forward-looking area. To achieve sparsity-driven optimiza-
tion imaging on a Ng x N grid, we need Ng times sparse
reconstruction with vector of size N x 1. For the number
of the iterations to achieve sparse reconstruction being Ny,
we need Nj; times matrix inversion of size N x N. The total
computation of sparse reconstruction is O(NgN; N 3’).

The total computation of the proposed method is
O(KNZN,, + K3Ng + NGN;N*). The number of the channel
K and the number of the iterations N;; is much smaller than
the size of imaging grid Ng. Therefore, the computation
complexity of the proposed method is determined by BP
imaging, which is of order O(KNéNp).

IV. EXPERIMENTS AND ANALYSIS
In order to demonstrate the performance and effectiveness
of the proposed approach for forward-looking SAR imaging,
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TABLE 1. Simulation parameters.

Parameter Value  Parameter Value
Carrier frequency 25GHz PRF 8000Hz
Bandwidth 55MHz Beam azimuth width 8degree
Number of array elements 5 Beam pitch width 22degree

Platform height 4000m Real aperture length 0.4m
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FIGURE 5. Imaging result of the forward-looking-squint area.

we perform different experiments to show its superiority
from different aspects. The simulation experiment of the
FLMC-SAR system under the curve trajectory is carried out.
The curve trajectory is shown in Fig. 4(a), and the simulation
parameters are shown in Table 1.

Part A: For the forward-looking-squint area, we perform
a point target simulation to verify the compatibility of BP
imaging and beam-forming.

Part B: For the forward-looking area, we analyze
how Ay affects the reconstruction results. Based on the
sparsity-driven optimization imaging algorithm, we per-
form a point target simulation experiment under the curve
trajectory.

Part C: In order to further verify the effectiveness of the
algorithm, we perform a synthetic simulation with multiple
targets and extended scene. And the proposed two-step algo-
rithm is utilized to achieve forward-looking SAR imaging.

A. BP IMAGING AND BEAM-FORMING
As shown in Table 1, the carrier frequency f, is 25GHz and
the real aperture length D is 0.5m, then the angle resolution
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FIGURE 6. Cross-correlation of measurement matrix column vector under
different values of Ay.

of the real aperture can be calculated as C/fc/D=1.71°.
For the area where || < 1.71/2 = 1°, the azimuth angle
resolution is insufficient and beam-forming cannot solve
Doppler ambiguity. Therefore we can define the area where
|6] < 1° as the forward-looking area and the area where
|6] > 1° as the forward-looking-squint area. In the point
target simulation experiment, 14 point targets were placed
in the imaging area as shown in Fig. 4(b). Here, the X-
axis denotes the target reference slant range and the Y-axis
denotes the target azimuth angle 6. There are 5 point targets
in the forward-looking area and 9 point targets in the forward-
looking-squint area. Fig. 5(a) shows the BP imaging result.
As can be seen, the point targets can be distinguished clearly
and well-focused. Apparently, the BP imaging result is sym-
metric about the center of the scene, which is caused by the
Doppler ambiguity problem. We use beam-forming to solve
the Doppler ambiguity problem of BP imaging result, and the
result is shown in Fig. 5(b). By beam-forming, the forward-
looking SAR imagery could be achieved without Doppler
ambiguity. Clearly, the algorithm uses space-time cascad-
ing to ensure compatibility between BP imaging and beam-
forming.

B. SPARSITY-DRIVEN OPTIMIZATION IMAGING

In this experiment part, we verify the effectiveness of
the sparsity-driven optimization imaging algorithm in
forward-looking area by comparing the imaging result of
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FIGURE 7. Sparsity-driven optimization imaging result. (a) Ay = Om.
(b) Ay = 0.5m. (c) Ay = 1m.

curve trajectory with different values of Ay. First of all,
to analyze the impact of Ay on the reconstruction results,
we give the cross-correlation characteristics between the
different column vectors of the measurement matrix under
the curve trajectory with different values of Ay.

Figs. 6(a), 6(b), and 6(c) are the cross-correlation of
the measurement matrix for Ay of Om, 0.5m, and Im.
Figs. 6(d), 6(e) and 6(f) show the variation of the mean and
variance of the cross-correlation with different values of Ay
and different numbers of array elements. It can be seen
that no matter the number of array elements or the Ay
increases, the cross-correlation of the measurement matrix
decreases, which is beneficial to improving the accuracy of
sparse reconstruction. However, the contribution of Ay or the
number of array elements alone to the reconstruction of the
forward-looking area is limited. Integrating the two aspects
to maximize resource utilization is crucial.
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FIGURE 8. Surface target imaging result. (a) Reference image. (b)
Forward-looking- squint imaging result. (c) Forward-looking imaging
result. (d) Sparsity-driven optimization imaging result.

Then we give the sparsity-driven optimization imaging
results with different values of Ay shown in Figs. 7. The
resolution of the point target imaging results with different
values of Ay are shown in Table 2. It clearly reveals that
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TABLE 2. Resolution of the forward-looking area.

Resolution of the forward-looking area(m)

Ay (Rs,-0.1°) (Rs1,-0.5°) (Rs1,0.6°)
Om 28.51 6.08 6.91
0.5m 8.28 3.86 3.59
Im 4.64 3.48 3.31

as Ay increases the target resolution of the forward-looking
area is improved. Especially the point target with an azimuth
angle close to zero (highlighted in the figures by a circle),
the resolution is improved significantly. Therefore, for the
forward-looking area, the azimuth angle resolution gain due
to the curve trajectory should be considered to enhance the
resolution.

C. SYNTHETIC SIMULATION WITH MULTIPLE TARGETS
AND EXTENDED SCENE

In order to further verify the feasibility of the method, a sim-
ulation experiment of surface target under the curve tra-
jectory is carried out. The curve trajectory with Ay of 1m
and the parameters are the same as shown in Table 1. The
simulation uses the SAR image obtained by real data as
a reference image, as shown in Fig. 8(a). High-resolution
imaging of the forward-looking-squint area (|6| > 1°) can
be performed by beam-forming, as shown in Fig. 8(b). How-
ever, beam-forming does not work for the forward-looking
area (|0 < 1°), highlighted in Fig. 8(b) by a cir-
cle. The sparsity-driven optimization imaging method can
achieve the target resolution of the forward-looking area,
as shown in Fig. 8(c). The forward-looking area, highlighted
in Figs. 8(b) and 8(c), is amplified in Fig. 8(d). The target of
imaging failure in the forward-looking area by beam-forming
are well reconstructed and can be distinguished clearly. The
experiment validates our method for forward-looking SAR
imagery.

V. CONCLUSION

Forward-looking SAR imaging faces the Doppler ambiguity
and the difficulty of resolution caused by the strong cou-
pling of the range-azimuth. The degree of coupling varies
in different areas; Therefore, different treatments should be
taken for different areas. For the forward-looking-squint area,
beam-forming can be used to obtain high-resolution images
without ambiguity. Thus, the imaging method compatible
with beam-forming is essential for forward-looking-squint
area. The space-time cascading algorithm proposed in this
paper can guarantee the compatibility between beam-forming
and SAR imaging. However, for the forward-looking area,
beam-forming cannot be used to solve the Doppler ambi-
guity due to limited system resolution. But the curve tra-
jectory will contribute to the azimuth angle resolution.
Accounting for the contribution of the curve trajectory to the
azimuth angle resolution, sparsity-driven optimization imag-
ing processing can achieve high-resolution imaging results
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in the forward-looking area. The simulations indicate that
a comprehensive use of beam-forming and sparsity-driven
optimization imaging method can lead to high-resolution
images of both forward-looking-squint and forward-looking
areas.
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