962

ACES JOURNAL, Vol. 35, No. 8, August 2020

Scattering Characteristic Extraction and Recovery for Multiple Targets
Based on Time Frequency Analysis

Xiangwei Liu?, Jianzhou Li?, Yi Zhut, and Shengjun Zhang?

1 School of Electronics and Information
Northwestern Polytechnical University, Xi’an, 710129, China
Ixwl1218@mail.nwpu.edu.cn, ljz@nwpu.edu.cn, 958637071@qg.com

2 National Key Laboratory of Science and Technology on Test Physics & Numerical Mathematical
Beijing, 100076, China
Zhangsj98@sina.com

Abstract — The multi-target scattering field consists of
the scattering fields of each target, but it is difficult to
know the scattering characteristics of the specific target
from the total scattering field. However, the scattering
characteristics of single target embedded in the total
scattered field have important research significance for
target recognition and detection. In this paper, a method
is proposed to extract and recover each target’s scattering
characteristics from the total scattering field of multiple
targets. The theoretical basis of the method is that the
scattering echoes corresponding to different targets
reach the receiver at different time. We acquire the
total scattering field at first. Then, we perform the signal
processing with time-frequency analysis to obtain the
arrival time of different scattering echoes. According to
the time slot difference, the time domain signal of each
target can be extracted to recover its scattering field.
Several examples validate the proposed method.

Index Terms — Extraction and recovery, radar detection,
scattering characteristic, time-frequency analysis.

I. INTRODUCTION

Since the scattering field of multi-target is redundant
and aliased, it is very difficult to obtain the individual
scattering characteristics of each target from the total
scattering field. However, the scattering characteristic of
each target is of great significance for target recognition
and radar detection [1-4]. In this paper, we extract and
recover scattering characteristics from the total scattering
field with time-frequency analysis. Time-frequency
analysis is used in [5] and [6] to process radar imaging
to reduce multiple scattering and clutter in radar images,
based on the principle that different scattering echoes
have different resolutions. Time-frequency analysis is
also used in [7] to process the target’s scattering field to
suppress the scattering centers caused by the coupling
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effect in radar imaging. All of them have used time-
frequency analysis only to improve the probability of
radar recognition. [8] uses the linear frequency-modulated
continuous-wave radar system and Gabor-Wigner
transform to realize the recognition of multiple targets,
which realizes the detection of the number of multiple
targets. [9] also wuses linear frequency-modulated
continuous-wave radar system to achieve the detection
of the speed and distance of each target in multiple
targets. In the field of multi-target detection, the existing
work is mostly to design radar detection systems or
methods to improve the detection efficiency and accuracy
of multiple targets [10-14], which mainly detects the
number, speed, and direction. [15-17] use image
processing methods to extract the scattering center in
radar imaging, and use the extracted scattering center to
rebuild the local scattering characteristics of the target.
They depend on the radar images of the target and cannot
extract and recovery the scattering characteristics of the
target through only one-dimensional data. In this paper,
we focus on extracting and recovering the individual
scattering characteristics of each target from the multi-
target’s total scattering field, which has very great
significance for multi-target recognition.

The paper is organized as follows. In Section II, we
introduce the theoretical basis of the method and its
numerical realization. In Section Il1l, some results are
presented, and we use specific examples to illustrate how
to extract the scattering field. Some conclusions are
made in Section IV.

I1. EXTRACTION AND RECOVERY
FORMULATIONS
In this section, we represent the theory and the
process of the extraction and recovery method. In
multiple target scattering case, times for scattering
echoes of different targets to reach the receiver are
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different. However, when the distance between two
targets is very close, it is difficult to distinguish the time
difference in testing, so the scattering field received by
the radar is usually the total scattering field, i.e., the
mixed scattering field of multiple targets. However, this
time slot difference can be used to achieve the extraction
and recovery of the scattering characteristics of different
targets from the total scattered field in simulation. For
instance, the distance between the i-th target and the
radar is D, , and the time from the electromagnetic wave

being transmitted to it being received by the radar is
T, =2D,/c, where c is the speed of light in free space.
There is a time slot difference AT, between the times

when the scattering echoes from different targets reach
the radar:

Di — Di+

—i T )
c

The total scattered E field E, of multiple targets is

obtained by calculation or experiment.
We perform Short-Time Fourier Transform (STFT)
[18] on the scattering field E, to obtain the time

difference, which is defined as (2):

ATi:Z‘

STFT, (t, ) = f E,(Dh(r—t)e " dr. )

The window function h(t) isa Kaiser window in (2),
which is defined as (3):
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where J is Oth-order Bessel function of the first kind, n

and N are the width of the window function and the
length of the signal, respectively. s is a parameter used

to adjust the performance of the window function.
Afterwards, the time domain signal R(t) consisting
of multiple peaks at @ in STFT_(t,w) is extracted:
R(t)|w:w =STFT,(t, ). 4)

R(t) is a time-domain signal composed of multiple
peaks, we can simplify it as (5) and the times
corresponding to different peaks are the time when the
scattering signal of different targets are received:

R(t) = P(AL,) + P(AL,) ++- -
+P(At) +---+P(AL)
where P(At,) is the peak occupying the time period of
At, , lis the number of peaks that R(t) has.

Since the scattering echo of a scatterer may
correspond to multiple peaks, the group delay processing,
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defined as (6), is performed on the scattering field before
STFT for better observing the time slot difference [15]:

E. =E e 2, (6)
where d is the group delay time, and E, is the scattering

data obtained after group delay processing.
We extract the P(At)s, which is the set of peaks

belonging to the same scatterer from R(t) , and fill them
with zero at the default time, so that the length of the
reconstructed signal R'(t):

R'(t) = P(At)s+ Z(t—At), )
and remain the same with R(t) . In (7), Z(t—At) is the

zero signal at the occupied time of other peaks. For the
time-domain signal, there is no good way to identify
different scatterers correspond to each peak in R(t) .

However, in principle, we can distinguish each peak in
this way. The larger the amplitude of the peak, the earlier
the corresponding scattering echo reaches the receiver,
since the EM wave is continuously attenuated during the
propagation. And, the larger the peak, the larger the
volume of the corresponding scatterer.

Finally, the extracted scattering signals are
reconstructed with the Inverse Short-Time Fourier
Transform (ISTFT) defined as (8) [18]. Thus, the
scattered fields of each target in multiple targets can be
recovered:

1 +00 400 .
o j j STFT, (@, ) dad 1z . 8)
The steps of extraction and recovery of scattering
characteristics mainly include (see Fig. 1).

S(t) =

Simulation/
Experiment

[

Group delay
preprocessing
Time-frequency
analysis

1
! 1

Time of different targets’ The time signal at each
scattering signal arrival frequency

[ I
{

Decomposition
and extraction

I

Inverse time-
frequency
analysis
I
Scattering field
of different
targets

Fig. 1. The steps of extraction and recovery of scattering
characteristics.
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The range resolution Ar=c/2B needs to meet

certain conditions. Where B is the frequency bandwidth.
Firstly, the resolution needs to be smaller than the size
of the target. If the resolution is larger than the size of
the target, we cannot observe the scattering echo
corresponding to the target in the time-domain signal.
Secondly, the resolution also needs to be smaller than the
distance between the targets. This is because when the
resolution is greater than the separation between objects,
the scattering echoes of different objects in the time-
domain signal will overlap, which is not conducive to
the extraction and recovery of their scattering
characteristics.

I1l. NUMERICAL EXAMPLES
In this section, we explain in detail the method for
extraction and recovery of the scattering characteristics
through several examples. The incident wave in the
paper is horizontally polarized.

A. Double PEC spheres

Firstly, we use double-PEC spheres shown in Fig. 2
to specifically explain the application of this algorithm
for scattering characteristic extraction and recovery of
different targets. The diameter of the big ball is 1m, and
the diameter of the small ball is 0.1m. The Shooting
and Bouncing Ray (SBR) algorithm is used to calculate
their scattering field [19-20]. The incident direction
is 6=20",p=0", where 0 is the angle between the
incident wave and z axis, ¢ is the angle between the

projection of the incident wave on the xoy plane and x
axis, and the frequency is from 3GHz to 6 GHz, with
0.05 GHz interval, and the range resolution Ar =0.05m
is smaller than the diameter of the small sphere. The
radar cross section (RCS) is shown in Fig. 3.

Fig. 2. The double PEC spheres.

Then, group delay is performed on the scattering
field to obtain E_, where d =9x10°s . Afterwards, we
performthe STFT onthe E. with n=61, # =6, and these

parameters are designed to maximize the resolution of
time-frequency analysis.
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Fig. 3. The RCS of double PEC spheres.

The time-frequency analysis result is shown in Fig.
4 (a). In addition to the two strong scattering echoes,
there are obvious smears in Fig. 4 (a). The scattering of
the big sphere produces the strongest scattering echo,
and the scattering of the small one corresponds to the
second strong echoes, while the multiple scattering
between the double spheres produces weaker scattering
echo and smears [21].
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Fig. 4. The time domain signal extracted from the time-
frequency result. (a) The time-frequency analysis result,
and (b) the extracted time domain signal.



We extract the time domain signal R(t) from the

time-frequency analysis result at 6GHz, which is shown
in Fig. 4 (b). In R(t), there are three peaks, and they

can be decomposed according to the time occupied by
themselves. The peakl indicates the time when the echo
by the big sphere reaches the radar, the peak2 is occupied
by the small sphere, and the peak3 occupies the time
of multiple scattering echoes between the two spheres
reaching the radar. When the range resolution cell
contains different scatterers, these corresponding
scattering echo will be mixed together and appear in the
same peak of the time domain signal. Therefore, after
we extract the scattering field of such peak in R(t), the

extracted scattering field will contain the fore mentioned
multiple scatterers’ scattering characteristics, and this will
cause the extraction and recovery failure in this case.

We do the same for every time domain signals in the
time-frequency analysis result. After that, it’s necessary
to extend the length of extracted signals to N by ‘zero
padding’, and then they are processed with ISTFT to
obtain the scattering characteristics corresponding to
different targets.

We calculate the scattering field of the big sphere
by SBR with the same parameters, and compare the
calculated scattering field with the extracted one to
verify the validity of the recovered scattered field.

The RCSs of the double spheres and the large sphere
are shown in Fig. 5. In Fig. 5, due to the existence of the
small sphere, the RCSs of the double-PEC spheres and
the large sphere are quite different, with a maximum
difference of nearly 3dB. The recovered RCS of the large
sphere and its calculated RCS are in good agreement
from 3.1GHz to 5.8GHz, which shows that peakl
corresponds to the scattering field of the large sphere.
Since the side lobe of the window function h(t) used in
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STFT is large, so they do not match well at both ends of
frequency. This can be improved by using different
window functions.
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Fig. 5. The comparison of RCSs.

Calculate the scattering E field of the double PEC
spheres from 6=20°,p=180" to 8=20",p=0" with
0.67° interval, and the frequency from 3 GHz to 6GHz,
with 0.05 GHz interval, and the radar image of the
double PEC spheres is shown in Fig. 6 (a), in which there
are two scattering centers according to different spheres
[22-23]. It is easy to know that the scattering center
located at (20,20) corresponds to the large sphere and the
scattering field of the small sphere forms the scattering
center located at (20,30).

Similarly, we perform the decomposition process
on the scattering field at every angle, and image the
extracted and recovered scattering fields individually as
shown in Figs. 6 (b) and (c). The scattering E fields of
the large sphere and the small sphere are recovered well.
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Fig. 6. The radar images of different spheres (calculated and recovered). (a) The double PEC spheres (calculated), (b)
the small PEC sphere (recovered), and (c) the big PEC sphere (recovered).

B. Plane with corner reflector
A plane can disguise its own scattering characteristic
by emitting a corner reflector as shown in the Fig. 7. Here

a plane about 16m long and 10m meters wide, and a 1.5m
corner reflector, are shown in Fig. 7. The SBR algorithm
is used to calculate the scattering E field at 6=0",¢p=0",
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and the frequency is from 1.5GHz to 4.5 GHz, with
0.005 GHz interval. The RCS is shown in Fig. 8.
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Fig. 8. The RCS of the plane with corner reflector.

The scattering E field is recovered according to the
proposed method. In order to verify the accuracy of
the recovered field, the RCS of the plane without the
corner reflector is calculated with the same calculating
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parameters. The calculated and recovered RCSs of the
plane are shown in Fig. 9.
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Fig. 9. The calculated and recovered RCSs of the plane.

The two RCS curves in Fig. 9 match very well,
which demonstrates that the scattering characteristic of
the plane is well recovered and the influence of the
corner reflector is eliminated.

Similarly, we calculate the radar image of the
plane with the corner reflector, which is shown in Fig.
10 (a). The angle range is form 6=-30",p=0" to
0=30",0=0", with 0.1 interval, and the frequency is
from 1.5GHz to 4.5GHz, with 0.005 GHz interval.

In Fig. 10 (a), the scattering center located at
(300,300) is generated by the corner reflector and the
scattering centers located at upper area correspond to the
plane. Figures 10 (b) and (c) are the radar images of the
recovered scattering fields of the plane and the corner
reflector respectively, which demonstrate the total
scattering filed is decomposed well.
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Fig. 10. The radar images of plane and corner reflector (calculated and recovered). (a) Plane with corner reflector
(calculated), (b) plane without corner reflector (recovered), and (c) corner reflector (recovered).

C. Target array

As shown in Fig. 11, three types of targets form a
target array. The space occupied by the target array is
approximately 9mx11m.

The SBR algorithm is used to calculate the
scattering field of the target array at 8=-30",¢9=0°, and

the frequency is from 1.5GHz to 4.5 GHz, with 0.01 GHz

interval. The result is shown in Fig. 12.
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Fig. 12. The RCS of the target array.

We process the total scattering field to recover the
scattering fields of each targets. Simultaneously, we
calculate the scattering characteristics of each targets
separately, and compare the recovered results with the
calculated ones as shown in Fig. 13. The respective
comparison of target 1 and target 2 are very consistent,
indicating that their scattering fields recovered from the
total scattering field are very accurate.

However, there is a significant difference between
the calculated and the recovered RCS of target 3 in Fig.
13 (c). This is because part of target 3 is blocked by target
1 at 6=-30",p=0", which is quite different from the
calculated result in which there is no shielding effect
from other object.
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Fig. 13. The calculated and recovered RCSs of each
target: (a) target 1, (b) target 2, and (c) target 3.
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Fig. 14. The calculated and recovered RCSs of target 3
at 9=30",9p=0".

In order to verify such analysis, we recalculate
the scattering fields of the target array and target 3
respectively at =30",9p=0", and the recovered and

calculated RCSs of target 3 are shown in the Fig. 14,
which shows good agreement. Therefore, to recover the
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true scattering characteristics of each target in target
array, it is necessary to obtain scattering fields at multiple
angles to prevent the target from being shadowed.

D. The test double-PEC spheres

The double-PEC spheres as shown in Fig. 15 are
measured in a chamber to obtain the scattering field. The
large metal sphere has a diameter of 300mm. The small
metal sphere has a diameter of 116mm. The distance
between the two spheres is 38mm. The angular is from
0=20",p=180" to §=20",p=0", with 1’ interval, and
the frequency is from 6GHz to 12GHz, with 0.15GHz
interval, and the measured radar image of the test double-
PEC sphere is shown in Fig. 16.

Fig. 15. The test double-PEC spheres.

In Fig. 16, there are three scattering centers. The
scattering center at (13,15) is formed by the scattering of
the large sphere, while the scattering field of small
sphere forms the scattering center at (22,18). The
scattering center at (20,20) is caused by multiple
scattering between the double spheres [24]. Despite the
interference of multiple scattering, the proposed method
can still effectively extract and recovery the scattering
characteristics of each sphere.

40
30 4
25
20 1
15 1

Range(*0.025m)

0 5 10
Cross Range(*0.024m)

Fig. 16. The radar image of the test double-PEC spheres.
We use the proposed method to deal with the

measured scattering field of the double spheres, and
extract and recover the scattering fields of the large and
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small spheres respectively from the total scattering field.
Because the scattering mechanism contained in the
measured scattering field is more complicated than the
calculated one, we directly image the extracted scattering
field to observe whether the scattering field has been
accurately extracted and recovered.

The recovered scattering fields of the large and
small spheres are imaged as shown in Figs. 17 (a) and
(b) respectively, which shows that the double spheres’
total scattering field is well decomposed, and we have
completely extracted the large and small spheres’
scattering fields from it, and accurately recovered their
scattering characteristics.
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Fig. 17. The rebuild radar images: (a) the large sphere,
and (b) the small sphere.

In addition, we extract multiple scattering from
the total scattering field, which is imaged in Fig. 18.
Extracting different scattering mechanisms from the
total scattering field is also of great significance for deep
understanding and further controlling of the scattering
characteristics, and has a wide range of applications in
radar detection such as to improve the accuracy in the
target recognition based on radar image.
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Fig. 18. The radar image of the multiple scattering.

V1. CONCLUSION

In this paper, we extract and recover the scattering
characteristics from the total scattered filed of multiple
targets based on time-frequency analysis to determine
the time of each scattering echoes arrival. For the double
PEC spheres, the plane with corner reflector, the target
array, and the test double PEC spheres, their scattering
characteristics are well recovered, indicating that the
proposed method is very useful for scattering field
decomposition, and is also of great significance for
complex target’s electromagnetic scattering cognition
and feature recognition.
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