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A novel multiview inverse synthetic aperture radar (ISAR) imaging method is proposed to simulate high-resolution and
identifiable ISAR image of complex targets by handling large-angle and wide-bandwidth scattering data. The scattering data are
simulated with the shooting and bouncing ray (SBR) method. The bidirectional ray-tracing algorithm is developed to reduce the
computation time. Simulation results indicate that the improved method is efficient and reliable to calculate electromagnetic (EM)
scattering of electrically large targets. To implement the multiview ISAR imaging method after data simulation, we divide the
large-angle and wide-bandwidth scattering data into subaperture data and conduct ISAR image processing for each subaperture
datum locally. Transforming each subaperture ISAR image to the global coordinate system and summing them together will
produce the high-resolution ISAR image that is meaningful for the database set up for synthetic aperture radar automatic target
recognition (SAR ATR). The final simulation ISAR images further validate the great performance of our scattering calculation

algorithm and ISAR imaging method.

1. Introduction

Inverse synthetic aperture radar (ISAR) imaging has been
widely used in target detection and recognition due to its
operation capacity of all day and all weather [1]. Many
methods such as bandwidth extrapolation [2, 3] and com-
pressive sensing (CS) [4, 5] have been studied in past several
years to obtain high-resolution ISAR images. These methods
focus on how to generate more radar data with the pa-
rameterization processing algorithm from the aspect of
signal processing. Imaging with electromagnetic scattering
(EM) echoes data simulated by EM scattering algorithms is
another method to achieve ISAR imaging. This method can
provide theoretical foundation for ISAR imaging and is
significant to ISAR imaging experiment. EM scattering
simulation algorithms are divided into low-frequency nu-
merical method and high-frequency approximation method.
The former method includes method of moments (MOM)
[6, 7] and multilevel fast multipole method (MLFMM) [8].
The computational ability of these methods is limited by the

target size. The shooting and bouncing ray (SBR) method
[9-12] is a high-frequency method which combines the
physical optics (PO) method and geometrical optics (GO)
method. It can calculate the far field scattering of electrically
large targets efficiently. In the SBR method, the intersection
tests are quite time-consuming especially as the target size
increasing. Many acceleration techniques, such as ray-box
intersection algorithm in FPGA [13, 14], multiresolution
grid algorithm [15], recursive subdivision octree algorithm
[16], and KD-tree based algorithm [17], have been developed
to reduce the computation time of ray-tracing process. In
this report, the bidirectional ray-tracing algorithm is pro-
posed to decrease the intersection tests between patches and
rays, further reducing computation time.

Automatic target recognition (ATR) of synthetic aper-
ture radar (SAR) has been significantly applied in military
tasks [18]. The SAR ATR system requires a large ISAR image
database of numerous computer-aided design (CAD) targets
for all observation angles to compare with test targets to be
classified and recognized [18, 19]. The multiview ISAR
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imaging method is quite essential to create the database of
CAD targets for various observation angles. In [20-23],
methods for multistatic ISAR imaging of moving targets
have been presented. The study [20] describes the ISAR
processing and fusion by coherent/incoherent summation in
different overlapping situations of the radar network. The
authors in [21, 22] develop the 3D reconstruction method
based on a multistatic InISAR system. In recent years,
circular synthetic aperture radar (SAR) [24] is developed as a
novel SAR mode. It is achieved by steering the radar plat-
form to rotate in a circular trajectory. The imaging process
includes generating subimages and the followed incoherent
procedure. Inspired by this circular trajectory concept, we
made attempt to conduct the multiview ISAR imaging
simulation according to the subaperture principle [25, 26].
In the proposed multiview ISAR imaging method, the
backward scattering data of a target are obtained from
multiple observation locations and stored as multiple sets of
subaperture data. Synthesizing these subaperture data is
equivalent to increasing the total imaging aperture; thus, the
image resolution will be greatly improved. In this technique,
each subaperture datum is simulated by the introduced SBR
method in large-angle range and wide bandwidth.

The rest of this paper is organized as follows. In Section
2, the principle of the bidirectional ray-tracing algorithm is
described and followed by backward scattering simulations
of a dihedral reflector as well as two electrically large targets.
The comparison of simulation results between MLFMM and
the improved SBR method is given to validate the cor-
rectness of our method. Then, the theoretical model of the
multiview ISAR imaging method using large-angle wide-
bandwidth subaperture data is figured out. Section 3 shows
numerical examples including the comparison of image
quality of large-angle and wide-bandwidth ISAR imaging
between the direct FFT method and the PRA method and
multiview ISAR imaging simulations of the missile and
airplane model. The results of the multiview ISAR imaging
simulation confirm the validity of our method.

2. Theoretical Model

2.1. Backward Scattering Simulation by SBR Method. In the
SBR method, the target model is subdivided into small
triangle patches and the incident wave is assumed as dense
grids of ray tubes shot toward the target. The propagation
direction of the incident ray can be determined according to
the law of GO. The backscattered field of illuminated patches
will be calculated by PO. Although the SBR method is more
effective compared to numerical algorithms, the ray-tracing
process for electrically large target is still time-consuming.
Thus, we proposed the bidirectional ray-tracing algorithm to
reduce the computation time during ray-tracing process.
As shown in Figure 1, the incident ray reflected by patch
A of the plate 1 intersects patch B of the plate 2. First, we can
search neighbor patches of patch B (that is, patch C, patch D,
and patch E) according to KD-tree of the target model. Then,
assume that the rays are shot from the neighbor patches in
the direction reverse to that of the first reflected ray from
patch A. If the reverse direction rays intersect with patch A,
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FiGURE 1: Illustration of bidirectional ray tracing.

then their original patches are illuminated by the first re-
flected field from patch A. Subsequently, the same reverse
ray-tracing process will be conducted on the illuminated
neighbor patches one by one. As for the computation about
the second reflection, we replace the patches illuminated by
the incident wave by the ones illuminated by first reflected
rays. Finally, far field scattering of illuminated triangles
found out by the ray-tracing process should be calculated,
respectively, by physical optics (PO) as follows:

E = ]ke%(;]kll) ”r/ -k, x (ES X f)exp jkk, - 7'ds’,
(1)

in which 5 = (e,/uy)"'?; ] is the current density at 7' on the
triangle patch.

Figure 2 shows monostatic RCS of a dihedral reflector at
10 GHz. The side length of the dihedral reflector is 0.3 m. The
results of our method are compared with those of MLFMM
in FEKO. It can be seen that the two sets of data match well.
However, the simulation results of the PO method present
significant difference, which indicates the effect of multiple
reflections on the RCS simulation of such dihedral construct.
In the following, we applied the SBR method to backward
scattering data simulation of a missile. The length of the
missile model is 6.8 m, and the wingspan is 2.6m, as il-
lustrated in Figure 3. The azimuthal angle of the incident
wave changes from 0° to 360" at the elevation angle 6, = 30°.
The backscattering RCS results at 10 GHz for both HH-
polarization and VV-polarization are shown in Figure 4. It
can be seen obviously that the RCS of the missile varies
greatly with the incident angle and reaches to the peak value
when the incident wave illuminates both vertical sides of the
missile. To further verify the efficiency of the introduced SBR
method, an airplane model with length 15m and wingspan
9m is set up (as shown in Figure 5). The monostatic RCS
results for HH-polarization and VV-polarization are cal-
culated as shown in Figure 6. The incident angles are set as
@; =0 ~360°, 0, = 45°. As can be seen from the results, the
RCS of the aircraft changes more significantly with the
incident angle and gets the maximum value when the
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FIGURE 4: Monostatic RCS of a missile at 10 GHz.

incident azimuths are 90° and 270°. Table 1 illustrates the
comparison of runtime performance between the MLFMM
in FEKO and the SBR method. It is worth to notice that the
improved SBR method has achieved great speedup. All
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FIGURE 6: Monostatic RCS of airplane at 10 GHz.

simulation results indicate that the bidirectional ray-tracing-
based SBR method is able to calculate the backscattering of
complex targets with good accuracy and efficiency.

2.2. Multiview ISAR Imaging. The first two steps of the
multiview ISAR imaging algorithm are collecting back-
scattering data from different looking angles (as shown in
Figure 7) as subaperture data and obtaining subaperture
ISAR images in their local coordinates. Each subaperture
image is obtained using large-angle and wide-bandwidth
subaperture data. Then, the subimages are transformed into
the global coordinate system and synthesized to generate the
total ISAR image.
The algorithm can be summarized as follows:

(i) Collect the backward scattering data for wide
bandwidth and large angular range. Record the data
as E (f,¢). In this report, the backward scattering
data in the form of two-dimensional matrix can be
obtained effectively by the above introduced SBR
method for different looking angles at different
frequencies.



TaBLE 1: Summary of runtime performance.

Method MLFMM SBR
Dihedral 5197.3 4.2
Runtime (s) Missile — 20.3
Airplane — 92.7

Incident wave x \ \ ky

\\Ey

Ficure 7: Illustration of multiview ISAR.

(ii) Repeat step (i) and obtain subaperture data from

different observation locations for N groups. These
N groups subaperture data are all in polar
distribution.

(iii) Apply polar reformatting algorithm (PRA) and

IFFT to obtain N subaperture ISAR images utilizing
N group data from the former steps.

Asis known to all, the ISAR image is proportional to
the following integral:

92 (ko s
S(x, y) ~ J Jk E (k,¢)- exp(jZ(kX Xtk y))dk do,

P 1
(2)
in which

k, = kcos g,

. (3)
k, = ksing.

N
Here, E (k, ¢) is the backward scattering data of the
target requiring ISAR image. If the backward
scattering data are collected in large-angle range and
wide bandwidth, it will be presented in the polar
grid in the k, — k,, domain, as shown in the point
array in Figure 7. In this situation, fast Fourier
transform is inappropriate to be directly employed
in imaging process. To transform the original polar
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format data into rectangular grid on the k, —k
plane, k, and k,, is resampled equally between the
maximum and the minimum value, that is
[min (k cos @), max (k cos ¢)],

[min (k sin ¢), max (k sin ¢)]. The resampling pro-
cess will generate a new k, —k, grid. Then, every
original scattering datum is set into the nearest
point on the new k, —k, grid. To minimize the
error associated with this reformatting procedure,
the four nearest neighbor scheme interpolation
method is used in polar format data.

(iv) Transform each subimage from their local coordi-
nate system into the global coordinate system by
PRA introduced above.

Assuming there are N subapertures, the center
looking angle of each subaperture is ¢, (as shown in
Figure 7), where k=1,...,N. The backscattered
data of each subaperture are collected over azimuth
angle ¢ € [¢p — ¢,,/2, @i + ¢,,/2], where ¢, is the
total scan azimuth angle of each subaperture.
However, each subaperture has its own coordinate
in the direction of ¢;. Let ¢ = ¢ — ¢, denote the
local azimuth angle in the kth subaperture’s local
coordinate system. k, and k,, are the wave number
in the kth subaperture’s local coordinate system.
Then, the corresponding global coordinate wave
number k,, k, can be written as

k. =kcos(p +¢i) =k, cos g, —k, singy,

e o )
ky, =ksin(p + ;) =k, cos g, + k, singy,
where
k, = kcos @,
o (5)
k, =ksing.

Form equations (4) and (5), we can see that the
global coordinate image can be obtained from the
local coordinate image by a rotation of ¢;. For the
multiview ISAR image, the rotation angle is dif-
ferent for each subaperture.

(v) Sum up all the transformed subimages to get the
total ISAR image of the target.

3. Results and Discussion

In this section, ISAR imaging for large angular bandwidth
and wide frequency bandwidth using the direct FFT method
and the PRA method is compared firstly. Afterward, the
multiview ISAR imaging process is implemented on the
realistic missile and airplane model, respectively. The sub-
aperture backscattering data of missile model are presented
in matrix form, and each subimage is illustrated then. Fi-
nally, the synthesized ISAR image generated by our method
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is compared with the small-angle and narrow-bandwidth
ISAR image. All simulated ISAR images are in linear scale.

3.1. ISAR Imaging for Large-Angle Wide-Bandwidth Data.
The top view of the missile model is shown in Figure 3. The
length of the model is 6.8 m, and the wingspan is 2.6 m.
During this simulation, the incident wave central frequency
is set at 8 GHz. The bandwidth is 4 GHz including 256
equally spaced frequency steps. Also, the azimuth angle was
altered from —15° to 15° with 256 sampling points.

Figure 8 shows the ISAR image obtained directly from
IFFT. The image is blurred and unfocused because of the
nonuniform distribution scattering data in the k, - k,, do-
main. After reformatting the data by the PRA, the image is
shown in Figure 9. It can be seen that polar reformatting
followed by IFFT processing provides very fine resolutions
both on range and cross-range dimensions. Nevertheless, the
numerical noise due to reformatting the data from polar
format to the rectangular format is unavoidable.

3.2. Multiview ISAR Imaging for Missile Model. Next, the
multiview ISAR image of the missile model is simulated. The
incident wave frequency varies from 6 GHz to 10 GHz with
256 equally spaced frequency steps. We select 8 represen-
tative subapertures with center azimuth angle 0°, 45°, 90°,
135°, ..., 315°, successively. The angle bandwidth of each
subaperture is 30" with 256 sampling points. The simulation
steps are the following:

(1) Collect backscattered data over given angle and
frequency bandwidth for each subaperture. This will
provide a total of 8 different subaperture data, and
each has 256 x 256 data value. The simulated back-
ward scattering data in spatial-frequency domain are
shown in Figure 10. It can be seen that in center
azimuth ¢ =90° and ¢ = 270°, the backscattering
data have obviously strong scattering points. This
reflects the fact that the missile has strong back-
scattering when incident from vertical sides. In
center azimuth ¢ = 0° and ¢ = 180°, the backscat-
tering is weaker but still has strong scattering part
because of the warhead and wing structures. In the
other center azimuths, the backscattering data vary
with the frequency and look-angles. We can easily
search the parameters for strong scattering, which
provide important data support for the target de-
tection and recognition of the SAR ATR system.

(2) Use the PRA method and IFFT to simulate the ISAR
image of each subaperture. The backward scattering
data processed with PRA in k, —k, domain are
shown in Figure 11. After polar reformatting, the
data in Figure 10 have been presented in uniform
rectangular in k, — k, domain. Figure 12 illustrates
eight sub-ISAR images in the eight different look-
angles after [FFT. Each subimage is simulated in its

Cross-range (m)

Range (m)

Fiure 8: ISAR image with direct FFT for large-angle wide
bandwidth.

Cross-range (m)

-4 -2 0 2 4
Range (m)

FIGURE 9: ISAR image with PRA for large-angle wide bandwidth.

local coordinate system. It can be seen that each
subimage has high resolution and presents a part of
the missile model. The two edges of missile are
clearly outlined in 3th and 6th subimages when the
center azimuth is ¢ = 90" and ¢ = 270, respectively.
Meanwhile, the wings of the missile appear ap-
parently in the 1th and 5th subimages. The 2th and
the 8th subimages show the warhead of the missile,
as the incident wave directly illuminates this part.
As for the 4th and 6th subimages, the incident wave
is oblique incident at the missile body, so the
backscattering is not strong and the image is fuzzy.

(3) Rotate each subimage from the local coordinate
system to the global coordinate system. The sub-
images in the global coordinate are shown in
Figure 13.

(4) Finally, all subimages are summed up to form the
final focused ISAR image, as shown in Figure 14(a).



International Journal of Antennas and Propagation

¢ =45 ¢ =90° ¢ =135
30 .

3 3 40 0 B 130
] ® P ®
ik 2 Nt -2
2 2 2 2

) ® B 2 140
< < < <

60 150

Frequency (GHz) Frequency (GHz) Frequency (GHz) Frequency (GHz)
¢ =180° ¢ =225° ¢ =270° ¢ =315
300 g -
170

9 0 3 310
2 2 2
& & &
= 180 ) <
2 2 2

S E§ 2 320
< < <

190
330
6 8 10 6 8 10 6 8 10
Frequency (GHz) Frequency (GHz) Frequency (GHz) Frequency (GHz)

FIGURE 10: The backward scattering data in spatial-frequency domain.

¢ =45° ¢ =90° ¢=135°

(=}
(=}

50
&R
100
0 50 100 -150 -100 -50 0
ky ky
¢ =180° ¢ =270° ¢ =315°
-200
-150 -150
-150
-100 -100
< <2100 <&
=50 50 =50
0 0 0
-200 -100 0 -150 -100 -50 0
k k,

F1Gure 11: The backward scattering data in k, -k, domain.

The final multiview ISAR image is well focused, and ~ 3.3. Multiview ISAR Imaging for Airplane Model. In the
the missile is perfectly outlined. Figure 14(b) shows  following, an airplane model (the length is 15m, and the
the multiview ISAR image simulated with small  wingspanis 9 m) is established as shown in Figure 5. We select
angle and narrow bandwidth data. The angle rangeis 8 same observation locations as those of the missile model.
8.6° and the frequency bandwidth is 1.5 GHz foreach ~ The central frequency is set as 6 GHz, and the bandwidth of
subaperture. We can see that the ISAR image in  each subaperture is 2 GHz. The azimuth range of each sub-
Figure 14(b) is unfocused and blurred compared  aperture is fixed in 20°. Both frequency and azimuth sampling
with that in Figure 14(a). The left image better re-  points are 256. The multiview ISAR imaging procedure is the
flects the fine structure of the target. same as before. Figures 15 and 16 show the subimages of the
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airplane model in the local coordinate system and global  strong backscattering from the airplane nose, and wings

coordinate system, respectively. When the center azimuth is ~ dominate the subimage. In the 3th and 7th subimages, the
0°, that is, the wave incidents from the nose of the airplane,  sides of the airplane are presented.
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FIGURE 14: Final multiview ISAR image of the missile model. (a) Simulated by large-angle and wide-bandwidth data. (b) Simulated by small-

angle and narrow-bandwidth data.
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FIGURE 15: Subaperture images in different look-angles.

The other subimages show less target information
because the backscattering intensity is relatively weak in
those azimuths. Even so, these images are quite useful for
SAR ATR to conduct recognition tests. The final mul-
tiview ISAR image of the airplane model is illustrated in
Figure 17(a). It can be seen that the outline of the

airplane model is clearly presented. Figure 17(b) shows
the multiview ISAR image simulated with small angle
and narrow bandwidth. The angle range is 4.3° and the
frequency bandwidth is 750 MHz for each subaperture.
This ISAR image is blurrier compared with that in
Figure 17(a).
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FiGgure 17: Final multiview ISAR image of the airplane model. (a) Simulated by large-angle and wide-bandwidth data. (b) Simulated by

small-angle and narrow-bandwidth data.

4. Conclusion

In this paper, the multiview ISAR imaging method of
electrically large objects with large-angle and wide-band-
width data in each subaperture is proposed and validated.
The scattering data are obtained by the improved SBR
method using the bidirectional ray-tracing algorithm. The
comparison of simulation results between the improved SBR
method and MLFMM method in FEKO demonstrates that
the improved method is able to calculate the backscattering
of electrically large targets in high efficiency and accuracy.
The final multiview ISAR image has good resolution to
clearly outline the target model.
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