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ABSTRACT: Inverse sliding spotlight synthetic aperture radar (SAR) is not as high as sliding spotlight SAR in azimuth resolution. Its
azimuth resolution is constant, and it cannot meet the needs of multiple different azimuth resolutions. In order to solve this problem, a
spaceborne inverse sliding spotlight SAR for nonuniform scanned scene is proposed. The design of the proposed inverse sliding spotlight
SAR includes two parts: the design of the adaptive azimuth beam steering law and the design of the imaging algorithm. In the first part,
the design of the adaptive azimuth beam steering law is based on multiple specific azimuth resolution requirements and the parameters
of scanned scene. In the second part, the design of the imaging algorithm for the proposed inverse sliding spotlight SAR consists of
three steps: filtering processing, phase compensation and upsampling processing, and image formation. Compared with the conventional
inverse sliding spotlight SAR, the proposed inverse sliding spotlight SAR can achieve different azimuth resolution requirements for
scanning targets at different positions in the scanned scene. Finally, the correctness of the proposed inverse sliding spotlight SAR is

verified by simulation experiment and UAV SAR experiment.

1. INTRODUCTION

paceborne sliding spotlight synthetic aperture radar (SAR)

obtains high azimuth resolution by rotating the azimuth
beam steering around a virtual rotation point, but the sliding
spotlight SAR is limited by the swath [1-3]. The azimuth beam
of the inverse sliding spotlight SAR adopts a backward-forward
rotation mode, in the same scanning time, and its beam azimuth
scanning range is higher than that of the sliding spotlight SAR
and strip SAR. The types of targets in the scanned scene are
also enriched, and the azimuth resolution requirements are in-
creased. In order to meet the resolution requirements of multi-
ple targets as far as possible, inverse sliding spotlight mode is
studied [4]. Because of its large illumination range, it is applied
in many fields [5-8]. However, the azimuth resolution of the
inverse sliding spotlight SAR is not very good [9].

In order to improve the azimuth resolution of the inverse slid-
ing spotlight SAR to achieve high resolution and wide swath
imaging requirements, many scholars have studied inverse slid-
ing spotlight SAR. A converse beam cross (CBC) sliding spot-
light SAR and its data block back projection algorithm are pro-
posed. By finding a unified sliding factor suitable for sliding
spotlight SAR and CBC sliding spotlight SAR, combined with
data block back projection algorithm, good azimuth resolution
can be achieved [10]. An imaging algorithm for spaceborne-
airborne bistatic SAR (SA-BiSAR) is proposed, and this mode
requires the radar transmitter and receiver to work in the slid-
ing spotlight mode and inverse sliding spotlight mode, re-
spectively, which increases the beam-overlapping area. The
imaging algorithm applied to this mode can achieve good az-
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imuth resolution [11]. However, the azimuth resolution of
the above mode is constant, which cannot meet the require-
ments of multi-resolution. Terrain Observation by Progressive
Scans (TOPS) SAR can be seen as a combination of multi-
ple inverse sliding spotlight SARs. TOPS SAR has a wider
range swath and wider scanning area than a single inverse slid-
ing spotlight SAR. In order to improve the azimuth resolu-
tion of the TOPS SAR, a multi-channel single-phase center
multi-beam TOPS SAR is proposed, but this method cannot
flexibly meet the requirements of different azimuth resolutions
[12]. A new full-polarization spaceborne MIMO-TOPS high-
resolution wide-swath mode is proposed, but its improved az-
imuth resolution is not flexible enough for the change of az-
imuth resolution required by TOPS SAR specific scanned scene
[13,14]. Similarly, Extended Terrain Observation by Progres-
sive Scans (ETOPS) mode of burst pulse imaging is proposed,
which improves the azimuth resolution of TOPS by increasing
the extended pulse duration before and after the pulse duration,
but its improved azimuth resolution is not flexible enough [15].

If the conventional inverse sliding spotlight SAR works in a
scanned scene with nonuniform targets distribution, due to the
nonuniform distribution of targets, the required azimuth reso-
lution is not constant. At this time, the conventional inverse
sliding spotlight SAR cannot meet the needs of all regions for
azimuth resolution. So in order to make the azimuth resolution
of the inverse sliding spotlight SAR more flexible, an inverse
sliding spotlight SAR for nonuniform scanned scene is pro-
posed. The proposed inverse sliding spotlight SAR for nonuni-
form scanned scene realizes the high-resolution requirements
of special areas by the adaptive beam steering law. The design
of adaptive beam steering law includes six steps: determination
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sensor track

scanning scenes with non-uniform
azimuth resolution requirements

FIGURE 1. The scanning geometry model of the inverse sliding spotlight SAR for non-uniform scanning scene.

of the beam scanning angular velocity of targets, calculation of
the targets scanning time, determination of the wave foot mov-
ing speed at the center time, calculation of the total scanning
time, educing the fitting curve, and calculation of the number
of resident pulses. Combined with the signal characteristics of
the proposed inverse sliding spotlight SAR, an imaging algo-
rithm is designed. The designed imaging algorithm includes
three steps: filtering processing, phase compensation and up-
sampling processing, and image formation.

The structure of this paper is as follows. In the second sec-
tion, the inverse sliding spotlight SAR for nonuniform scanned
scene is proposed, and the adaptive azimuth beam steering law
of the inverse sliding spotlight SAR for nonuniform scanned
scene is designed. In the third section, the signal characteris-
tics of the proposed inverse sliding spotlight SAR are analyzed,
and the imaging algorithm is designed according to signal char-
acteristics of the proposed inverse sliding spotlight SAR. In
the fourth section, the correctness of the proposed inverse slid-
ing spotlight SAR is verified by simulation experiment and un-
manned aerial vehicle (UAV) SAR experiment. The fifth sec-
tion is the summary.

2. INVERSE SLIDING SPOTLIGHT SAR FOR NON-
UNIFORM SCANNED SCENE

2.1. The Inverse Sliding Spotlight SAR with Adaptive Azimuth
Beam Steering

Inverse sliding spotlight SAR antenna beam steering law uses
an inverse scanning method compared with a sliding spotlight
SAR. The azimuth resolution of inverse sliding spotlight SAR
can be expressed as:

Lo (R
pa =2 (w °+1>
Vg

(M

where w,. is the azimuth beam rotation rate, L, the length of the
azimuth antenna, v, the actual wave foot moving speed along
the ground of the inverse sliding spotlight SAR approximate
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plane geometry model, and Ry the shortest distance from the
radar to the ground.

The conventional inverse sliding spotlight SAR obtains the
characteristics of wide azimuth swath at the expense of high
resolution by the beam scans from back to front. Therefore,
under the scanning characteristics of wide azimuth swath, the
targets in the scanned scene of inverse sliding spotlight SAR
may be more abundant. In the scanned scene where the density
of targets is sparse, at this time, there is no need for any im-
portant information to be obtained in the whole scanned scene.
Therefore, the inverse sliding spotlight SAR can be used to scan
a wide imaging area where the density of targets is low. How-
ever, if the conventional inverse sliding spotlight SAR works in
a nonuniform scanned scene, as shown in Fig. 1, there are two
islands in different positions of the scanned scene, and the rest
are the sea surface. Therefore, there is no information for the
sea surface that needs to be obtained, and more information on
the island is needed. If the conventional inverse sliding spot-
light SAR is used, more information on the island cannot be
obtained. At this time, the conventional inverse sliding spot-
light SAR is sub-optimal. In order to solve this problem, an
inverse sliding spotlight SAR for a nonuniform scanned scene
is proposed. This mode can be well realized for different az-
imuth resolutions required at different positions in a nonuni-
form scanned scene.

For example, the scanned scene of Fig. 1 is a nonuniform
scanned scene, and there are three targets in Fig. 1: P, P,
P5;. P, and P; are on the land which have many targets, and
P, is on the sea which has almost no target. Therefore, for the
land where there are many targets, high azimuth resolution is
required to better observe the targets in the area, and for the sea
where there is no target to observe at all, high azimuth reso-
lution is not required. The conventional inverse sliding spot-
light SAR cannot meet the requirements of azimuth resolutions
of targets P;, P, Ps at the same time. The proposed inverse
sliding spotlight mode can achieve the azimuth resolution re-
quirements of targets at different azimuth positions through the
adaptive azimuth beam steering law. Therefore, the required
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azimuth resolutions of targets P;, P», Ps can be realized dur-
ing one-time beam scanning.

2.2. Adaptive Azimuth Beam Steering Design

The adaptive azimuth beam steering law design of the proposed
inverse sliding spotlight SAR is divided into six steps: calcu-
lating the beam rotation rate required for the target position,
determining the azimuth time, calculating the moving speed of
the azimuth beam on the ground at the central time, calculating
the total scanning time, fitting the azimuth beam rotation rate
curve, and calculating the number of resident pulses required
for the target position.

Firstly, according to the different azimuth resolution require-
ments p1, P2, - - Pn, ---, PN DY target points in the scanned

scene, the required azimuth beam rotation rates wy, wa, . . ., Wy,
., wy respectively are expressed as:
o = Vg (200 — La) Q)
" ROLa

Then, according to the azimuth positions x1, x2, . . ., T, -
xy of targets and the different required azimuth resolutions, the
azimuth time 7y, 12, . . ., N, - . ., Ny Of scanning targets can be
determined.

After that, the moving speed of the azimuth beam on the
ground at the central time can be expressed as:

weR
vf,ovg( " 0+1)
g

where w,, i1s the azimuth beam rotation rate at the central time.
Then, the total scanning time of the proposed inverse sliding
spotlight SAR can be obtained:

(€)

L+Lf

Uf,0

T = 4)

where L is the distance of the beam moving on the ground, and
Ly is the length of the azimuth beam projected on the ground.
The total scanning time range is obtained as [—7"/2,7T'/2].

After that, the varying curve of the azimuth beam scanning
rate of the proposed inverse sliding spotlight SAR for nonuni-
form scanned scene is fitted by (11, w1), (2, w2), - - (M, wn),

.» (N, wn) which are obtained from the first step and second
step. As shown in Fig. 2, when the number of target points is
more than three, the quadratic fitting curve cannot meet the az-
imuth resolution requirements of all target points, and the cu-
bic fitting curve can meet the azimuth resolution requirements
of more target points at the same time. In order to meet the
azimuth resolution requirements well and reduce the computa-
tion, take the cubic fitting curve. The equations used to fit the
cubic curve can be expressed as:

©)

wy (1) = we + a1n + azn® + azn’®
wr (Mn) = wpyn € [1,2,...,N]

where a1, as, as are the coefficients of the fitting curve of az-
imuth beam rotation rate.

R ====Quadratic fitting curve
Y — Cubic fitting curve
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FIGURE 2. Comparison of two fitting curves.

Then, the number of resident pulses required for these target
points Ny, Na, ..., Ny, ..., Ny under the scanning of the pro-
posed inverse sliding spotlight SAR is obtained. The number
of resident pulses can be calculated as:

N,, = round ( ¢ _ . PRF)
|wr ()]

where round (+) is the rounding operator, PRF the pulse repeti-
tion frequency, and q the step angular interval for azimuth beam
step scanning in the phased array antenna (PAA).

(6)

3. IMAGING ALGORITHM OF THE INVERSE SLID-
ING SPOTLIGHT SAR FOR NONUNIFORM SCANNED
SCENE

3.1. Signal Analysis

The Doppler centroid frequency of the proposed inverse sliding
spotlight SAR can be expressed as:

2Usfc .
fae (n) = - sin [0 (n)]
2v, fe
~ 2 [ myan )
N 2vs fe ay o G2 3 A3 4
Y e (”C”+2"+3"+4”)

where f, is the radar frequency, c the speed of light, v, the radar
platform speed, and 6 (7)) the azimuth beam steering angle.

Combining (5) with (7), the Doppler centroid varying rate of
the proposed inverse sliding spotlight SAR is expressed as:

6fdc (77)
on

~ 2Usfc
C

krot (77) =
®)

(we + a1n + aon® + asn®)

According to (8), the total azimuth Doppler bandwidth By,
of the proposed inverse sliding spotlight SAR can be expressed
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FIGURE 3. The azimuth time-frequency relationship diagram of the proposed inverse sliding spotlight SAR. (a) The initial azimuth time-frequency
relationship diagram of the proposed inverse sliding spotlight SAR; (b) The azimuth time-frequency relationship diagram of the proposed inverse

sliding spotlight SAR after traditional deramping method.

as:

Biot = Bf + Brot

+ krot (77) dn

_ 2Usfcaa
o ©)

vl

3
:27}5fc 9a+wcT+ a2T
c 12

where B,.,; is the Doppler bandwidth caused by the azimuth
beam steering, and By is the azimuth beam bandwidth.

Under the condition of simulation parameters such as Ta-
ble 1, the time-frequency relationship diagram of the proposed
inverse sliding spotlight SAR is shown in Fig. 3(a), and the to-
tal azimuth Doppler bandwidth is greater than the PRF of the
SAR system, so Doppler aliasing will occur. The two-step pro-
cessing is often used to eliminate this Doppler aliasing phe-
nomenon [16]. The time-frequency relationship of the signal
after deramping processing of the two-step processing is shown
in Fig. 3(b). The total azimuth Doppler bandwidth after tradi-

TABLE 1. Simulation parameter.

Parameter Value
Relative platform velocity 7643 m/s
Satellite altitude 600 km
Azimuth beam width 0.33°
Pulse repetition frequency PRF 3052Hz
Radar carrier frequency 9.875 GHz
Pulse bandwidth 100 MHz
Pulse duration 8 us
Distance sampling frequency 120 MHz
Azimuth antenna length 6.2m
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tional deramping processing method is 4682 Hz, and it is still
greater than the PRF of the SAR system. Therefore, Doppler
aliasing will still occur, which is not convenient for subsequent
imaging. The total azimuth Doppler bandwidth B, ; after de-
ramping processing can be expressed as:

Btot,l = Bf + BT'es

T
2Usf09a 2
= f + _% krot (77) d77 - krot,OT (10)
205 fe asT?
c ( * 12 )

where B, is the residual Doppler centroid varying bandwidth
after traditional deramping processing, and 6, is the azimuth
beam width.

From (10), it can also be seen that after the proposed inverse
sliding spotlight SAR signal is processed by the traditional der-
amping processing method, and there is still a residual Doppler
bandwidth B,..s generated by azimuth beam steering. There-
fore, it can be concluded that the traditional deramping pro-
cessing is no longer suitable for the signal processing of the
proposed inverse sliding spotlight SAR.

3.2. Design of Imaging Algorithm

In order to better deal with the proposed inverse sliding spot-
light SAR signal, an imaging algorithm is designed in this pa-
per. The designed imaging algorithm is mainly divided into
three steps, as shown in Fig. 4.

The imaging processing steps are as follows. The first step is
filtration, and the filtering processing makes the signal energy
concentrate at 3 dB beam width. The secondly step is phase
compensation and upsampling processing, including Doppler
centroid removal, reramping processing, convolution upsam-
pling processing, and Doppler history recovery. The thirdly
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FIGURE 4. The flow chart of the designed imaging algorithm.

step is image formation, including range migration correction,
range compression, and azimuth compression.

Firstly, In order to make the signal mainly concentrated in the
beamwidth range, it is necessary to take a filtering processing
to filter the signal outside the beamwidth range.

Then, the signal is processed by phase compensation and up-
sampling for subsequent accurate imaging. In order to com-
pletely eliminate the azimuth Doppler bandwidth caused by az-
imuth beam steering of the proposed inverse sliding spotlight
SAR, the signal is multiplied by the Doppler centroid removal
function. The Doppler centroid phase shift function can be ex-
pressed as:

—jarvsfe .
) =exp { =T sinfo )] - 1)
- _j47T'Usfc_ ai o 42 3 43 4\
exp[c (wen+ S+ 2+ 520 ) o
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At this time, the total azimuth Doppler bandwidth of the signal
is less than the PRF of the SAR system.

After that, the signal is subjected to reramping processing.
The reramping function can be expressed as:

ha (1) = exp [jmkresn’] (12)

a9 2)
ot g
(w 19

The sampling interval after convolution upsampling prepro-
cessing should meet:

with
2’US fC

kref - (13)

1

~— = Biot (14)

The numbers of azimuth sampling points N’ after upsam-
pling are updated to:

N, =

1
kref . Aﬁ’ : AU‘
(15)

c
20 fe (we + %T72) - Ay - Ap

where An is the sampling interval of the original signal. At
this time, the signal has sufficient total sampling frequency in
the azimuth direction for subsequent more accurate imaging.

In order to obtain more accurate imaging, the original
Doppler history of the signal needs to be recovered. The
original Doppler history recovery processing of the signal
is realized by multiplying the signal after the convolution
upsampling processing by a phase shift function, which can be
expressed as:

ma o) mexp { PEL (4 %
(16)
az N4 as N
+ 2+ 2w}

where = N’ - Ay,

Finally, range migration correction, range compression, and
azimuth compression are performed to obtain the initial SAR
image.

4. SIMULATION

In this section, the effectiveness of the proposed inverse sliding
spotlight mode is verified by Matlab simulation experiment and
UAV SAR experiment. According to the parameters shown in
Table 1, a design example of the proposed inverse sliding spot-
light SAR for nonuniform scanned scene is given. In the simu-
lation scene shown in Fig. 5(a), the azimuth resolution require-
ments of point targets P, P», P3, Py, and P; are respectively
10.89m, 9.52m, 8.89m, 8.27 m, and 6.75 m. According to the
specific azimuth resolution requirements, the required azimuth
beam scanning rates of Py, P>, P3, Py, and Ps are respectively:
1.707°/s, 1.404°/s, 1.255°/s, 1.134°/s, and 0.801°/s. The cor-
relation curve is fitted by specific experiment, and the azimuth
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FIGURE 5. The simulation experience. (a) The simulation scene by design; (b) The adaptive azimuth beam steering curve; (c) The number of resident
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FIGURE 6. The simulation results of point targets. (a) The imaging results of five point targets; (b) Contour plots of P;; (¢) Contour plots of Ps;

(d) Contour plots of Ps.

resolutions of Py, Ps, P3, Py, and P; are respectively 10.913 m,
9.506 m, 8.876 m, 8.294m, and 6.753 m, which is very close
to the expected values. Through the specific design, the adap-
tive azimuth beam steering curve and the number of resident
pulses curve are shown in the Figs. 5(b) and (c). It can be seen
from Fig. 5(b) that as the requirements for azimuth resolution
gradually increase, the rate of azimuth beam steering varying
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gradually slows down. It can be seen from Fig. 5(c) that as the
azimuth resolution gradually increases, the number of resident
pulses at each azimuth beam steering gradually increases.

The image shown in Fig. 6(a) is obtained by simulation. In
order to better observe the focusing effect of P, Ps, and Ps,
the contour plots of P, P;, and P5 are shown in Figs. 6(b)—
(d). From the contour map of the three point targets, it can be
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FIGURE 7. The results of UAV SAR experiment.
(d) Contour plots of Ps.

seen that the focusing effect from point P; to point Ps gradu-
ally becomes better, and the azimuth resolutions of P;, Ps, and
P5 are close to the expected azimuth resolution requirements.
These simulation experimental data confirm the correctness of
the proposed inverse sliding spotlight mode.

In order to further verify the correctness of the proposed SAR
scanning mode, a flight experiment is carried out by using a
UAV SAR system with a very large azimuth width of the an-
tenna beam. Then, the UAV SAR signal is combined with the
azimuth time-frequency filtering to realize the adaptive beam
steering law. The imaging results of the equivalent SAR raw
data generated by the UAV SAR system data are shown in
Fig. 7(a). It is assumed that the azimuth resolutions of P;, P,
and Pj are reduced in turn. It can be seen from Fig. 7(a) that
Py, P,, and Pj all show excellent focusing effect.

In order to better observe the varying of the azimuth focusing
effect of the target points Py, P», and Ps, Figs. 7(b)—(d) are re-
spectively the contour maps of the target points Py, P», and Ps.
From Figs. 7(b)—(d), it can be seen that the azimuth focusing
effect of P, is significantly better than that of P, and Ps, and
the azimuth focusing effects of P;, P, and P3; become worse
in turn. Therefore, the azimuth resolutions of P, P, and P3
gradually decrease, which meets the requirements of azimuth
resolution.
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(a) The imaging results of three point targets; (b) Contour plots of P;; (c) Contour plots of P»;

5. CONCLUSION

This paper proposes an inverse sliding spotlight SAR for
nonuniform scanned scene, which is mainly divided into two
parts: the design of the adaptive beam steering law and imaging
algorithm. In the nonuniform scanned scene, the proposed
inverse sliding spotlight mode can well meet multiple azimuth
resolution requirements that the conventional inverse sliding
spotlight SAR cannot meet. Firstly, the adaptive azimuth beam
steering law designs a specific adaptive azimuth beam steering
through specific resolution requirements. Then, according
to the signal characteristics of the proposed inverse sliding
spotlight mode, an imaging algorithm suitable for this mode
is designed. The imaging algorithm firstly takes a filtering
process to filter the signal outside the beamwidth range;
then, the Doppler bandwidth generated by the azimuth beam
steering is eliminated, and reramping processing is performed,;
after that, the convolution upsampling processing is used to
make the signal have sufficient sampling frequency; then, the
original Doppler history of the signal is restored to facilitate
subsequent accurate imaging; finally, imaging is performed by
range migration correction, range compression, and azimuth
compression. The results of simulation experiment and UAV
SAR experiment show the flexibility of the proposed inverse
sliding spotlight SAR in achieving azimuth resolution. In
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summary, through the specific design, the proposed inverse
sliding spotlight SAR realizes the specific requirements of
different azimuth resolutions in nonuniform scanned scene and
overcomes the limitations of the conventional inverse sliding
spotlight SAR in azimuth resolution. In order to make the
azimuth resolution more flexible and accurate, further research
can be carried out on more flexible azimuth beam steering
control strategy and its hardware implementation. In terms of
hardware implementation, the design of phased array antenna
and real-time control system can be used to realize the adaptive
adjustment of beam steering, and the calculation task of beam
adaptive steering can be realized by Digital Beamformer
(DBF) and high-performance digital signal processor.
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