Journal of Systems Engineering and Electronics
Vol. 32, No. 4, August 2021, pp.811 — 821

Data fusion of target characteristic in multistatic passive radar
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Abstract: Radar cross section (RCS) is an important attribute of
radar targets and has been widely used in automatic target re-
cognition (ATR). In a passive radar, only the RCS multiplied by a
coefficient is available due to the unknown transmitting parame-
ters. For different transmitter-receiver (bistatic) pairs, the coeffi-
cients are different. Thus, the recovered RCS in different trans-
mitter-receiver (bistatic) pairs cannot be fused for further use. In
this paper, we propose a quantity named quasi-echo-power
(QEP) as well as a method for eliminating differences of this
quantity among different transmitter-receiver (bistatic) pairs. The
QEP is defined as the target echo power after being com-
pensated for distance and pattern propagation factor. The pro-
posed method estimates the station difference coefficients
(SDCs) of transmitter-receiver (bistatic) pairs relative to the refer-
ence transmitter-receiver (bistatic) pair first. Then, it com-
pensates the QEP and gets the compensated QEP. The com-
pensated QEP possesses a linear relationship with the target
RCS. Statistical analyses on the simulated and real-life QEP data
show that the proposed method can effectively estimate the
SDC between different stations, and the compensated QEP from
different receiving stations has the same distribution character-
istics for the same target.
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1. Introduction

Automatic target recognition (ATR) is an important part
of modern radars. And radar cross section (RCS), which
contains abundant target information, is a fundamental
and important attribute of targets and is widely studied in
the field of ATR [1-5]. Generally, measuring target RCS
in an anechoic chamber [6,7] or in a standard testing
field [8] with dedicated equipment is the most accurate
way. However, if the anechoic chamber or targets are un-
available, those accurate measurement methods will fail
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to work.

In practice, for active radars, target RCS can be de-
rived from the radar equation [9—11]. On the contrast, it
is almost impossible to obtain target RCS from the radar
equation in a passive radar due to the unknown transmit-
ting parameters. Aiming at this problem, a method using
signals from the reference channel to help extract RCS
from target echo power was proposed in [12]. It intro-
duces direct path signals to help cancel out transmitting
parameters and obtains a recovered RCS which is the true
RCS with an unknown parameter. For a single transmitter-
receiver (bistatic) pair, the parameter is almost constant
for all detected targets and would not affect the target
characteristics.

However, in a real situation, it is hard to collect enough
and comprehensive data by a passive radar with only one
transmitter-receiver (bistatic) pair for analyzing target
characteristics and training a good classifier for ATR. For
one thing, for such a fixed passive radar, it is time-con-
suming to collect enough target data by only one receiv-
ing station due to its limited observation area. For anoth-
er, for civil aviation aircraft, the flight paths of the air-
craft change very little within a certain airspace, thus the
radar’s observation angle to the target is limited and tar-
get information collected by the radar is incomplete.
Thus, we hope to use multiple receiving stations to simul-
taneously observe the target at different angles so as to
improve the efficiency of data collection as well as ob-
tain comprehensive target information. Each receiving
station can form a transmitter-receiver (bistatic) pair with
the transmitting station. However, as the parameter set-
tings of different transmitter-receiver (bistatic) pairs are
not exactly the same, the unknown coefficient in the re-
covered RCS varies with different receiving stations.
Thus, the recovered RCS from different receiving sta-
tions is incomparable and cannot be fused. To the best of
our knowledge, there have been no literature reporting on
data fusion for target characteristics analysis in multista-
tic passive radars yet.

To tackle the aforementioned problem, in this paper we
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propose a quantity named the quasi-echo-power (QEP) as
well as a method for eliminating differences of this quanti-
ty among different transmitter-receiver (bistatic) pairs.
The relationship between the QEP compensated for sta-
tion difference and RCS is a simple linear relationship.
Thus, it is the same to analyze target characteristics using
the compensated QEP as using RCS. The compensated
QEP overcomes the problem that the recovered RCS in
different transmitter-receiver (bistatic) pairs is not com-
parable, which makes it possible to fuse data from differ-
ent receiving stations for target characteristics analysis
and further use in ATR.

The remainder of this paper is organized as follows.
Section 2 presents the formulation of station difference
coefficient (SDC) and QEP. Section 3 shows the simula-
tion results of SDC estimation and statistical analysis of
distribution characteristics of QEP. Section 4 uses experi-
mental data to validate the effectiveness of the proposed
QEP as well as the method of eliminating station differ-
ence in a real situation. Conclusions are drawn in Section 5.

2. Formulation of SDC and QEP
For a single transmitter-receiver (bistatic) pair, the clas-
sical bistatic radar equation is defined as follows [13]:
P _ PTG[F?(QI,QD[)GrFE(Qr,QD,)/].ZO'

T (41)’ R2R?
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where P, is the received echo power of the target; P, is
the transmitting power of the signal; G, is the gain of the
transmitting end; F,(6,,¢,) is the pattern propagation
factor for the transmitter-to-target path; 6, and ¢, are the
two components of the angle between the transmitter-to-
target line and the normal direction of the transmitting an-
tenna; G, is the gain of the receiving end; F,(6,,¢,) is the
pattern propagation factor for the receiver-to-target path;
0. and ¢, are the two components of the angle between
the receiver-to-target line and the normal direction of the
receiving antenna; A is the wavelength; o is the bistatic
RCS (BRCS); R, is the transmitter-to-target range; and R,
is the receiver-to-target range.

In a real situation, the transmitting antenna is often om-
nidirectional in the azimuth plane and the antenna beam
in the vertical plane is able to cover targets in low alti-
tudes. Thus, the pattern propagation factor for the trans-
mitter-to-target path can be taken as an angle-independ-
ent variable, i.e., F,(6,,¢,)=1. Meanwhile, the pattern
propagation factor for the receiver-to-target path is
known to us. Thus, F,(6,,¢,) can be compensated. Under
this assumption, (1) can be rewritten as follows:
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where P, denotes the target echo power that is com-
pensated for the pattern propagation factor for the receiv-
er-to-target path. Pick out and denote parameters related
to receiving and transmitting as a coefficient k, then we
have k as follows:

k= P.GG.2? .

(4n)’ @)

For a certain transmitter-receiver (bistatic) pair, this &
parameter is a constant and we call it the constant of the
transmitter-receiver (bistatic) pair. With this constant, we
can find out the difference of parameter settings between
different transmitter-receiver (bistatic) pairs so as to com-
pensate target echo power in different receiving stations
to the same power level.

Assume there is a multistatic passive radar with one
transmitter, which is denoted as T, and two receivers,
which are denoted as R,; and R,;. The two receivers ope-
rate on the same frequency and polarization state. Denote
the transmitter-receiver (bistatic) pair composed of R,;
and T, as transmitter-receiver (bistatic) pair i, whose con-
stant of the transmitter-receiver (bistatic) pair is k;, the
transmitter-receiver (bistatic) pair composed of R,; and
T, as transmitter-receiver (bistatic) pairj, whose con-
stant of the transmitter-receiver (bistatic) pair is k;, and
choose R,; as the reference receiving station. And as-
sume there is a target whose BRCS under incident angle
of (0,,¢;) and observation angle of (6,,¢;) is o . This tar-
get is moving in the detection area of the radar. At two
different moments of # and ¢;, the two receiving stations
receive two target echo powers, i.e.,, P, and P,;, under
the same incident angle (6;,¢;) and observation angle
(6,,9;), as shown in Fig. 1. The incident angle (6;,¢;) and
observation angle (6,,¢,) are defined in the target co-
ordinate system, and the coordinates of the two positions,
i.e., (X4, Yi,24) and (x,;,¥,;,2,;), corresponding to ¢ and ¢,
are defined in the radar coordinate system. It should be
noted that (x,,y,,z;) and (x,;,y,;,z,;) are not necessarily
two points in a same track, but the (6,,¢;) and (6,,¢;) at
these two positions are the same. And since the BRCS of
a target is only related to its own characteristics as well as
the frequency, wave form, and polarization state of the in-
cident electromagnetic wave but has nothing to do with
other factors such as the observation time, the target
BRCSs observed by the two receiving stations at ¢ and ¢;
are equal, i.e., o;=0;=0. For R, the target comes
from angle of (6,;,¢,;) in the radar coordinate system with
R, as the origin. For R,;, the target comes from angle of
(6,j,¢,;) in the radar coordinate system with R,; as the
origin.
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radar and the target

Sketch map of the relationship between the multistatic

Then we have two relationships of the target echo
power and the BRCS according to (2), i.e.,
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As mentioned before, we have o, =0 ; =o. Thus, we
can obtain the following relationship between k; and k;
according to (4) as
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where «;; is defined as the SDC of k; relative to ;.
Meanwhile, we also have «;; from (3) as follows:
_ P.GiGi

= , 6
w P'.iGY.iGr.i ( )

Equation (6) is the definition formula whereas (5) is for
calculation. Then, divide P, in (4) by «; and com-
pensate both P;; and P;; for distance and denote the com-
pensated target echo power as P,; and P,;, respectively.
We call P,; QEP and P,; the compensated QEP. In other
words, the QEP is the target echo power only com-
pensated for the pattern propagation factor and distance,
whereas the compensated QEP is the one also com-
pensated for station difference. Then we have
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Since o; = 0}, as mentioned before, we have P, = P,;.
Moreover, if o; # o}, then P,; # P,;. In this case, the dif-
ference between P,; and P,; only comes from target RCS
but not from the parameter setting of the two transmitter-
receiver (bistatic) pairs, which makes the compensated

QEP in R,; equivalent to be in the same station as the
QEP in R,;. Since the SDC of the reference receiving sta-
tion relative to itself is 1, the QEP in the reference receiv-
ing station can also be seen as the compensated QEP.
Thus, data in the two stations become comparable and
can be fused for the analysis of target characteristics.
Moreover, the compensated QEP has a linear relation-
ship with BRCS, which means the compensated QEP is
also equivalent to a quasi-BRCS. Thus, we are able to
know the characteristics of a target’s BRCS by analyzing
the compensated QEP.

3. Simulation results
3.1 Estimation of SDC

There are three targets used in the simulation, namely
Cessna 172, Airbus 320, and Boeing 747, as shown in
Fig. 2(a), Fig. 2(b), and Fig. 2(c). For each target, we ran-
domly generate 1000 tracks and pick 953 tracks that are
in the area of interest. The length of each track is 20
points. The start points of these tracks are uniformly dis-
tributed in the area of interest while their orientations
conform to the uniform distribution in [0,27]. We set the
target speed to 200 m/s for all three targets. The simula-
tion scenario is shown in Fig. 2(d), where the black paral-
lelogram whose size is 8 kmx8 km denotes the given
area for target moving; the red triangle marked with 7, is
the simulated transmitting station; the three blue triangles
marked with R,,, R,, and R,; are the three simulated re-
ceiving stations. Their receiving gain are set to be 10 dB,
15 dB, and 20 dB, respectively. Thus, the true values of
SDCs of R, and R,; relative to R,; can be obtained ac-
cording to (6), which are 3.16 and 10. The array antenna
used in the three receiving stations are all set to be uni-
form linear array but with 5 elements, 7 elements, and 11
elements respectively. It should be noted that the loca-
tion coordinates of the three receiving stations and the
height of the given area are not shown in true proportions
in order to show their relationship clearly. At the mean-
time, the BRCS database of the three targets is calculated
by the commercial software High Frequency Structure
Simulator (HFSS) at a frequency of 546 MHz. Then, the
incident angle and the scattering angle of the electromag-
netic wave in the target coordinate system corresponding
to each point on the track are estimated according to the
target position, the station layout of transmitting station,
and the receiving station and the target attitude which is
estimated according to the method proposed in [14]. Us-
ing the estimated angles, we extract BRCS for each point
on the track from the aforementioned BRCS database.
Then, we generate the simulated target echo power for
each track. Without loss of generality, assume all echo
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power data are received with an array pattern formed at
the azimuth angle of 45°. The array patterns for the three
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receiving stations are shown in Fig. 2(e).
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Fig. 2 Configuration for simulation

We choose R, as the reference receiving station and
then estimate SDCs of R,, and R,; relative to R, accord-
ing to (5). It should be noted that when matching the in-
cident angles and observation angles of two sets of data,
we do not require the corresponding angles to be exactly
equal in value, but when their difference is less than a
threshold, they are considered to be equal. In this paper,
the threshold of angle difference is set to 1° in considera-
tion of the limited angle measurement accuracy of real-
life radars. In a real situation, influences from noise and
fluctuation of BRCS on the target echo power are inevit-
able, which would lead to estimation error of SDC. Two
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(a) 3D figure

simple and intuitive ways to reduce the estimation error
are to average multiple measurements and to increase the
signal-to-noise ratio (SNR). Due to the angle matching
strategy used, it is required that the target echo power
should be slowly fluctuating with the attitude angle, in or-
der to employ the method of averaging multiple measure-
ments to reduce the estimation error of SDC. Thus, in the
SDC estimation, it is required to use targets of Swerling |
and Swerling III. We generate multiple sets of target echo
power with different SNRs. The SNR ranges from 5 dB
to 50 dB with a step of 5 dB. The estimated SDCs for R,
and R, are shown in Fig. 3 and Fig. 4, respectively.
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Fig. 4 SDC estimation of R,3

In Fig.3, the true value is 3.16; the black part in Fig.3(c)
denotes that there are many curves gathering around the
same value, which means the estimation converges to that
value.

In Fig. 4, the true value is 10, and the black part in
Fig. 4(c) denotes that there are many curves gathering
around the same value, which means the estimation con-
verges to that value.

It can be seen from Fig. 3(d) that when SNR > 30 dB
and the number of repeated measurements is greater than

35, the estimated value of the SDC becomes stable. This
result indicates that the SDC converges to the true value
when SNR and the number of repeated measurements in-
crease. In particular, SDC of R,, converges to 3—3.5 with
the number of repeated measurements increasing, as
shown in Fig. 3(b). At the meantime, when the number of
repeated measurements for average reaches a certain
amount, the SDC of R,, would also converge to 3—3.5
with the SNR increasing. As shown in Fig. 3(c), the es-
timation curves concentrate on around the value of 3,
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which indicates that most of the estimations are close to
3. The same variation trend and conclusion are also ap-
plied to the SDC estimation of R,;, as shown in Fig. 4.
What is different is that the SDC estimate of R,; con-
verges to about 10.

3.2 Analysis of distribution characteristics of QEP

In this section, we choose simulated target data whose
SNR = 30 dB to estimate the SDC for the reason that this
SNR is in accordance with the real situation in our pas-
sive radar system. Fig. 5 shows the SDC estimates of R,,
and R,; between different SNRs when the number of re-
peated measurements is 100. It can be seen from Fig. 5
that when SNR = 30 dB, SDC estimates for R, and R
are 3.16 and 10.55, respectively. Compared to the values
we set in the simulation, which are 3.16 and 10, the per-
centage errors are 0.00% and 5.50%, respectively. Using
these two SDCs, we compensate the simulated QEP
and get the compensated QEP data. For each track, we
have a time sequence of the QEP. For each sequence, we
calculate three features, i.e., the minimum value, the
median value, and the maximum value. The following
statistical analysis is made based on the tracks corres-
ponding to angle ranges of 90° < 6, <120°, 0° < ¢; < 30°,
90° € 6, < 120°, 90° < ¢, < 120° in the target coordinate
system.

14
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T
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10 20 30 40 50
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—&— R : Ry.

Fig. 5 SDC estimates of R, and R,3 between different SNRs
when the number of repeated measurements is 100

(1) Comparison of characteristics of QEP among differ-
ent stations

We take Cessna 172 as an example to investigate the
distribution characteristics of each QEP feature of the tar-
get in different receiving stations, as shown in Fig. 6. It
should be noticed that to conveniently make comparisons,
we take the amplitude of the histogram, connect it into a
broken line, and express the histogram into a broken line
graph. The upper figures in Fig. 6 are results with com-
pensation only for distance and the pattern propagation

factor for the receiver-to-target path whereas the lower
figures are results with compensation also for the station
difference. It can be seen from figures on the upper row
in Fig. 6 that the distributions of the features in different
receiving stations are quite different from each other be-
fore compensation for station difference. Not only do the
peak locations of the distribution curves from different
receiving stations differ from each other, but also their
abscissa ranges differ. However, after compensation for
the station difference, distribution curves for the same
feature almost coincide with each other, as shown in
Fig. 6(d), Fig. 6(e), and Fig. 6(f). These results indicate
that the compensated QEP from different receiving sta-
tions are comparable and can be fused. We can also see
from Fig. 6(d), Fig. 6(e), and Fig. 6(f) that distribution
curves of the same feature from different receiving sta-
tions are not exactly the same, even if they are com-
pensated for the station difference. The reason about this
is that the amount of tracks used to make statistical ana-
lysis in each receiving station is not equal. Since the dis-
tribution of occurrence rate is an approximation of the
probability distribution, the unequal amount of data used
to make statistical analysis will lead to differences in the
distribution of the occurrence rate.

(i) Comparison of characteristics of QEP among dif-
ferent targets

In this section, we discuss the influence of the station
difference on target characteristics and show the neces-
sity to compensate for the station difference in order to
obtain correct characteristics of the targets from the fused
data. We fuse target data from different receiving sta-
tions by packing them according to the target type. Both
the data with and without compensation for the station
difference are fused in order to make comparison. Re-
sults of statistical analysis are shown in Fig. 7. It can be
seen from Fig. 7(d) that the right end of the distribution
curve of Cessna 172 after compensation is only about 25 dB,
whereas the right end of the one before compensation is
extended to about 40 dB, as shown in Fig. 7(a). The main
reason for this is that the value range of the QEP before
compensation is extended by the SDC. The extension of
the QEP value range could cause the values not belong-
ing to Cessna 172 to be mistakenly classified as Cessna
172’s. And just because of the extension of the value
range, the distribution histogram of the occurrence rate is
changed and deviates from the true target characteristics.
As shown in Fig. 7(a) and Fig. 7(d), the distribution be-
fore compensation differs a lot from the one after com-
pensation. The aforementioned phenomenon and analysis
coming from the distribution characteristics of the mini-
mum value are also applied to the other two features.
These results demonstrate that compensation for the sta-
tion difference is necessary to obtain the correct target
characteristics.
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4. Experiment results

Experimental data are collected in Luoyang Beijiao Air-
port with multistatic passive radar developed in Wuhan
University, whose configuration is shown in Fig. 8(a).

The multistatic passive radar consists of one transmitter

and two receivers, namely R,; and R,,. Two receiving an-
tenna arrays directing to different directions are used to
collect abundant information of airplanes. Information of
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cooperative targets, which are SR20 and MA600, are ob-
tained and confirmed by the automatic dependent surveil-
lance broadcast (ADS-B), as shown in Fig. 8(b) and
Fig. 8(c). It should be noted that SR20 is a small plane
whose size is smaller than that of MA600. High-preci-
sion tracks with target echo power are obtained by using
methods proposed in [15].

(b) SR20

(c) MAG0O

Fig. 8 Configuration of the multistatic passive radar and the co-
operative targets

Before conducting ATR with the output data, prepro-
cessing including eliminating the station difference of
data from different receiving stations is required so as to
obtain correct target distribution characteristics from stat-
istical analysis. We choose R,; as the reference station
and estimate the SDC of R, relative to R,,. Result of the
SDC estimation is shown in Fig. 9.
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Fig. 9 Estimated SDC of R,,

The horizontal axis in Fig. 9 denotes the number of re-
peated measurements of SDC. As can be seen from

Fig. 9, with the number of repeated measurements in-
creasing, the value of the estimated SDC tends to be
stable, which means the estimation is convergent and val-
idates the use of averaging on repeated measurements in
SDC estimation. Thus, we choose the value after an aver-
age of 100 times as the final estimation of R,,’s SDC,
which is 0.34.

We compensate target echo power from R,, for station
difference using the aforementioned SDC estimate.
Meanwhile, target echo power from R,, and R,, are both
compensated for distance and pattern propagation factor
for the target-to-receiver path. In this way, we obtain the
corresponding compensated QEP. To validate the SDC
estimate of R,,, a comparison between the target distribu-
tion characteristics of SR20 obtained from the data be-
fore compensation for SDC and those obtained from the
data after compensation for SDC is made in Fig. 10. It
should be noted that the following statistical analysis is
made based on tracks corresponding to the angle range of
90° <6, <120°,0° < ¢; < 30°,120° < 6, < 150°,210° < ¢, <
240° in the target coordinate system.

It can be seen from Fig. 10 that distribution curves of
the same target in different receiving stations differ from
each other. Difference of the curve shape comes from dif-
ferent amounts of data. Since these curves are approxima-
tions of the probability distribution function and the
amount of data used in analysis would affect the curve
shape, the difference in the curve shape is reasonable and
acceptable in consideration of the similar change trend of
these curves. However, difference in abscissa ranges of
the curve should be eliminated since it comes from the
station difference. This difference will lead to obtaining
wrong distribution characteristics of the fused data. As
shown in the upper row of Fig. 10, there is a deviation for
the green curve from the red curve which is the reference
curve. After compensation for station difference using
SDC, this deviation is offset, as shown in the lower row
of Fig. 10. Results shown in Fig. 10 validate the correct-
ness of the estimated SDC.

A further comparison between target distribution charac-
teristics obtained from fused target data before compens-
ating the station difference and those obtained from fused
target data after compensating the station difference is
also made in Fig. 11. For one thing, the curve span is re-
duced after compensation for station difference. Reason
for this is that the station difference reflecting on the SDC
makes the QEP level in R,, lower than that in R,;. Thus,
the value range of QEP is extended on the lower bound-
ary after data fusion, making the curve span before com-
pensation wider than that after compensation. For anoth-
er, an obvious change in the curve shape is observed from
the comparison. As shown in Fig. 11(c) and Fig. 11(%),
position of the curve peak of MA600 changes from
around 180 dB to larger than 200 dB. If we consider this
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peak location as an identifying feature, the difference res-  strates the necessity to compensate station difference of
ulted by station difference could lead to very different re-  QEP in target characteristics analysis for multistatic pass-
cognition results. Comparison shown in Fig. 11 demon- ive radars.
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5. Conclusions

In this paper we propose a method to eliminate the sta-
tion difference in target echo power for multistatic pas-
sive radars. We estimate the SDCs of all receiving stations
relative to the reference receiving station and com-
pensate the QEP data with them. Statistical analysis on
the simulated and real-life QEP data show that the sta-
tion difference can be effectively compensated by the es-
timated SDC, which validates the effectiveness of the
proposed method. Moreover, statistical results also
demonstrate that the features defined on the time se-
quence of the compensated QEP possess obvious differ-
ence for different targets, which indicates that they are
beneficial features to be used in ATR.
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