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ABSTRACT Polarimetric high resolution range profile (HRRP) contains the geometrical structural informa-
tion along radar line-of-sight and has shown great potentials in target recognition. In existing researches, H /«
decomposition has been applied to exploit global polarimetric features of a single HRRP from its spatially
averaged coherent matrix, which loses target local scattering information. In this paper, we propose to apply
the H/« decomposition along the slow time dimension in a dual polarimetric HRRP sequence. The H and «
features are extracted for each target scattering center by averaging its samples in different observations of the
HRRP sequence, which provides both target local high resolution and polarimetric scattering characteristics.
We also design a novel six-zone H -« plane for geometrical structure classification of target scattering centers.
Simulation and experimental results show the effectiveness of the proposed method and display its good
potentials for practical applications.

INDEX TERMS High resolution range profile (HRRP) sequence, dual polarization, H/« decomposition,

geometrical structure classification.

I. INTRODUCTION

High resolution range profile (HRRP) represents the distri-
bution of target scattering centers along radar line-of-sight
(LOS). Because of its low requirement on the acquisition,
storage and processing, it plays an important role in radar
automatic target recognition [1]-[4], especially in recon-
naissance, surveillance and guidance applications. Polariza-
tion, as an important intrinsic property of electromagnetic
wave, reflects target physical scattering mechanisms [5]-[7].
Thus polarimetric information is generally used in conjunc-
tion with HRRP in order to enhance radar automatic target
recognition performance [8]-[10].

Full polarimetric system and dual polarimetric system are
the two options to obtain target polarimetric HRRP [11], [12].
Full polarimetric radar transmits two orthogonal polariza-
tions alternatively or simultaneously and records both at the
same time, thus obtaining the full polarimetric information
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of a target [13], [14]. Dual polarimetric radar, which trans-
mits a single linear or circular polarization and receives
two orthogonal polarizations simultaneously, obtains partial
polarimetric information of a target [15]-[18]. Although full
polarimetric system maximizes the target scattering infor-
mation in the measurement, its hardware complexity and
cost are much higher than dual polarimetric system. Thus,
dual polarimetric system still has great values in practical
applications at this stage.

Polarimetric decomposition technique is an effective
approach to interpret target polarimetric scattering infor-
mation, and has been widely used in remote sensing for
target classification [19]-[21]. Among many polarimetric
decomposition methods, the H/o decomposition method
developed by Cloude and Pottier [22] is probably the most
well-known technique and has been routinely applied for
the classification of terrain and land in synthetic aperture
radar (SAR) images [23]. Researchers also tried to use
this useful method for polarimetric HRRP recognition. For
instance, F. Berizzi et al. extracted the H and o parameters
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from polarimetric range profiles of man-made targets and
discussed the classification performance [24]. L. Guo et al.
investigated the effectiveness of H and « features for aircraft
HRRP recognition [25]. The above methods extract a single
pair of H and « features of target HRRP by averaging all
the range cells spatially. The resulting features only describe
the general scattering mechanism of the whole target, but
cannot depict the detailed information of local scattering
centers, which may reduce the performance of features for
distinguishing different targets.

In this paper, we propose a geometrical structure classifica-
tion method of target scattering centers based on H/« decom-
position technique using dual polarimetric HRRP sequence.
Our research is based on a slant 45° dual polarimetric mode,
in which a 45° linear polarization is transmitted followed by
reception in orthogonal 45° and 135° polarizations simulta-
neously. We use this mode because it has advantage of not
only low system complexity but also good recognition perfor-
mance for certain typical geometrical structures [26]. In our
method, the H and o features are extracted along the slow
time dimension in HRRP sequence rather than conventional
range dimension. This approach extracts H and « features for
each scattering center combining polarimetric information
with high resolution information. We also study the effect
of noise on H and « features, and further design a novel
six-zone H -« classification plane for classifying five typical
geometrical structures. The effectiveness and application of
classifying geometrical structure types of target HRRP scat-
tering centers using this six-zone H -« plane are demonstrated
via simulation and experimental results.

The reminder of this paper is organized as follows.
Section II introduces the scattering center model for target
polarimetric HRRP. Section III briefly reviews the conven-
tional H/o decomposition method for HRRP data at first,
and then proposes a H and « features extraction method for
target scattering centers based on dual polarimetric HRRP
sequence. Section IV discusses the impact of random noise on
H and « features and introduces a new six-zone H -« plane for
geometrical structure classification which resulted from the
analytical study of random noise on the features. Section V
presents experimental results using simulated and measured
data. Section VI concludes the paper.

Il. SCATTERING CENTER MODEL FOR

POLARIMETRIC HRRP

In high frequency, scattering of a complex target is approx-
imated to a sum of responses from local scattering sources,
which are known as scattering centers [27]-[29]. Scattering
centers mainly arise from discontinuous curvature or sur-
face of target structures, such as edge and corner. Following
the geometrical structure of a complex target, its scattering
sources can be categorized by canonical scattering: specular
scattering, double and multiple scattering, edge diffraction,
traveling waves and so on [30]. Fig. 1 illustrates different
scattering components of a vehicle, including specular scat-
tering from the vehicle side planes or roof; double scattering
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FIGURE 1. lllustration of a HRRP sample from a vehicle target, where
scattering sources of vehicle geometrical structures form some scattering
centers. The vehicle figure is cited from [31].

between the vehicle body and ground, triple scattering from
some special structures (e.g. rear side); edge diffraction on
the straight or curved edges; traveling wave on some smooth
surfaces of the vehicle body [31].

HRRP characterizes the projection of the responses from
target scattering centers onto the radar LOS [32] as shown
in Fig. 1. In scattering center model, HRRP can be expressed
as

I
i 2r, i .4JT ri

() = ,;S’h(t ) exp(—j——), M
where ¢ denotes the light speed; A is the signal wavelength
and [ is the scattering center numbers; h(t) represents the
high resolution impulse response function after pulse com-
pression; r; is the radial range of i-th scattering center to
the radar; S; represents the complex scattering coefficient
of the i-th scattering center in / polarization measurement
(I = hh,hv,vh,vv, where h, v represent horizontally
and vertically linear polarizations respectively), and Sli is
the corresponding element of target polarization scattering
matrix (PSM) in far-field, which is written as [33]

1 1
Si — |:S;im ‘;flw:| ) )
vh 124

It can be observed from (1) that target HRRP is seen as
the combination of scattering from all scattering centers, and
their scattering characteristics are described by the polar-
ization scattering matrixes as shown in (2). Thus polari-
metric HRRP has become an efficient approach to analyze
the scattering information about target local details. Some
geometrical models are simply utilized to describe those
scattering contributions [34]-[36]. For example, a plane,
a cylinder, and a sphere may represent the scattering from a
plane, single curvature, and double curved surfaces, respec-
tively; a dihedral may describe double scattering, and a tri-
hedral may present triple scattering; a dipole may represent
edge diffraction [31]. In this paper, we select five kinds of
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TABLE 1. Polarization scattering matrixes and « values for typical
scattering geometrical structures.

Geometrical Structure Normalized PSM « value (°)
BEER
Trihedral (Plane or Sphere) 0 1 0
‘ 1 o
Cylinder 18.34
| 0 05
Dipol 1 _ 45
ipole
L 0 .
. )
Narrow diplane 71.57
L 0 —05
, (1 0
Dihedral 90
| 0 -1

typical geometrical models: 1) trihedral (plane or sphere);
2) cylinder; 3) dipole; 4) narrow diplane; 5) dihedral, which
are commonly used to represent typical scattering types
of man-made target, to characterize target scattering cen-
ter types. Their normalized scattering matrixes are shown
in Table 1. In the following sections, we will classify the
geometrical structure types of target scattering center accord-
ing to these five kinds of geometrical models based on the
extracted H and « features.

IIl. H AND o FEATURES EXTRACTION FOR

TARGET SCATTERING CENTERS

A. REVIEW OF CONVENTIONAL H/o DECOMPOSITION
METHOD FOR HRRP

F. Berizzi et al. studied how to use H/x decomposition
on full polarimetric HRRP data to extract target H and «
features [24]. Under the assumption of scattering reciprocity
(i.e. Spy = Syn), the PSM of each range cell can be represented
as a scattering vector k on the Pauli’s basis [37]

1 T
k = ﬁ [Shh + S Shn — Sw 2Shv] s (3)
where the superscript (-)T denotes transpose operation.
The 3 x 3 averaged coherency matrix T is defined by

T = (kk'), 4)

where superscript (-)H is conjugate transpose, and (-) means
an spatial averaging operation of all range cells in a single
HRRP as shown in Fig. 2. The eigenvalues and eigenvectors
of averaged coherency matrix T can be obtained through
eigendecomposition as follows

MM 0 0
T=UAU'=U|0 1 0 |U", 5)
0 0 A3

where A is a diagonal matrix containing three real eigen-
values (A1 > A2 > A3 > 0), and U is a unitary matrix
containing three orthogonal eigenvectors. Each eigenvector
has the following form

U=[e1 ez e3], (6)
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FIGURE 2. The conventional averaged coherency matrix T calculation
method along the range dimension.

el coSq;
e;= | e | =€V | sinajcospiel i=1,2,3. (7)
e3; sina;cosB;e'’i

Then the polarimetric scattering entropy H and the
polarimetric scattering angle « are defined as follows

3

H == pilogspi, ®)
i=1
3

a=-) pei ©)
i=1

where p; = 4;/(A1 + A2 + A3), a; = cos T (|ey;]).

It can be seen that the H and « features are extracted from
all target scattering centers [22]. Since the polarimetric status
of each scattering center is commonly different as we dis-
cussed in section II, the features extracted in this way can only
represent the mean scattering mechanism of the whole target,
leading to the under-utilization of target detailed scattering
characteristics such as the scattering property of each scatter-
ing center. This method will reduce the feature performance
for classifying different targets. In order to make full use of
target detailed scattering characteristics, we propose a H and
o features extraction method for target scattering centers in
the following subsection.

B. H AND o FEATURES EXTRACTION METHOD BASED
ON DUAL POLARIMETRIC HRRP SEQUENCE
In SAR image applications, H/o decomposition method is
proposed to analyze distributed targets, from which radar
returns are partially polarized. It employs a statistical model
which sets out with the assumption that there is always a
dominant ‘“‘average™ scattering mechanism in each cell and
then uses an eigenvalue analysis of the spatially averaged
coherency matrix T to find the parameters of this average
component [22].

In HRRP applications, a radar system generally receives
a number of pulses of echoes during dwell time, and thus
obtain a HRRP sequence of target [38]. For a certain target
scattering center in HRRP sequence, radar returns are also
partially polarized because of some unideal factors such as
the presence of random noise and the fluctuation of scatter-
ing center during dwell time. Under the condition that the
time series consisted of this certain target scattering cen-
ter in HRRP sequence satisfies stationarity and ergodicity,
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FIGURE 3. The proposed averaged coherency matrix T calculation method along the slow time dimension.

H/a decomposition method can be used in time domain to
estimate the statistical parameters of this target scattering
center. Thus, we propose a H and « features extraction
method for target scattering centers based on dual polarimet-
ric HRRP sequence. In the proposed method, we calculate
the averaged coherency matrix T for each scattering center
along the radar slow time dimension rather than conventional
range dimension as shown in Fig. 3. In this way, original
resolution of target HRRP is preserved and feature parameters
are extracted for each scattering center.

In slant 45° dual polarimetric measurement mode, which
transmits a 45° linear polarization and receives 45° and 135°
linear polarizations, target 45° and 135° linear polarimetric
HRRP sequences are used to extract H and « features for tar-
get scattering centers. Assuming that the migration of target
scattering centers can be ignored relative to sampling interval
in HRRP sequence, the proposed method can be summarized
as the following steps:

Step 1: Obtain the measurement vector of target scattering
center in slant 45° dual polarimetric mode. Under the assump-
tion of scattering reciprocity (i.e. S, = Syp), the measure-
ment vector of scattering center is given by [26]

L[ Spn(n) + 28p(n) + va(n)]

k(n) = Nz [ Sy(n) — Spa(n)

where 7 indicates the n-th scattering center in a sequence as
shown in Fig. 3.

Step 2: Calculate the coherency matrix of target scattering
center using vector k(n)

(10)

T(n) = k(n) k(n)". (11)

Step 3: Calculate the averaged coherency matrix T

1 N
T =(T)): = N ZT(H), (12)
n=1

where (-); represents the temporal averaging operation and N
is the number of elements in the temporal averaging window
as shown in Fig. 3. In dual polarimetric case, T becomes a
2 x 2 matrix [39].
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Step 4: Perform eigenvalue decomposition of the averaged
coherency matrix T

T=UAU". (13)

Step 5: Extract H and o features from eigenvalues and
eigenvectors

2

H ==Y pilogpi. (14)
i=1
2

@ == paei (15)
i=1

where p; = XA;j/(A1 + X2). A; is the eigenvalue, and
a; is calculated from the unitary eigenvector e; =
&i [cosai sino;iei‘si]T i =1,2.

In this method, all elements in temporal averaging window
as shown in Fig. 3 have the same dominant scattering property
because they come from the multiple independent repeat
observations of the same target scattering center. Therefore,
the feature parameters extracted in this way are efficient in
describing the properties of target scattering centers, which
allows subsequent scattering analysis for a scattering center
based on H and « features. Accordingly, it should also be
ensured that the scattering centers are aligned along the time
dimension in HRRP sequence and target HRRP will not
fluctuate significantly during processing period. Otherwise,
it may cause the deviation in scattering analysis of scattering
centers based on the extracted features.

C. INTERPRETATION OF H AND « FEATURES IN SLANT
45° DUAL POLARIMETRIC MODE

The polarimetric scattering angle «, whose value range within
the interval [0°, 90°], is a key parameter used for physical
characteristics classification because its value is bound up
with the basic scattering mechanisms of scatterers. To illus-
trate the mapping relations between feature o and typical
scattering geometrical structures under the slant 45° dual
polarimetric mode, we calculate the o values of the five typ-
ical scattering geometrical structures, which are introduced
in section II. The results are listed in column 3 of Table 1.
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FIGURE 4. The « values of different scattering cases.

It can be seen that these typical geometrical structures are
corresponding to different o values respectively.

To further explore the specific correlation of feature o
value and target scattering property, we consider a general
normalized canonical form diagonal scattering matrix of
symmetric scatterer [40]

= 1 0
S = |:0 va/Shh:|’ (16)

and calculate feature o from scattering matrix S considered
with Sy, /Sp, continuous variation from —1 to 1 using the pro-
posed method. The results are shown in Fig. 4. It can be seen
that o is a smoothly decreasing function of S,,/Su, as the
Syv/Sky increases so the v approaches 0°. This results indicate
that valid range of feature o corresponds to a continuous
change of target scattering properties as well as scattering
geometrical structures. As the o changes from 0° to 90°,
corresponding geometrical structure starts from the trihedral
(plane or sphere, « — 0°), and goes through the cylinder
(¢ — 18.34°) to the horizontal diplane (@ — 45°). Then
it passes narrow diplane (¢« — 71.56°) and finally changes
into dihedral (¢ — 90°). Thus, feature o gives information
on the target scattering property, and is useful for geometrical
structure classification.

The value range of scattering entropy H is [0, 1]. In appli-
cation of polarimetric SAR data classification, H describes
the statistical randomness of target scattering characteristics
in spatial averaging window [22]. This randomness is gen-
erally effected by two factors: the complexity of scattering
types and the strength of noise. For example, the theoretical
noise-free H value of a definite scatterer is zero, and it of a
true noise or a completely depolarized signal or is one. In our
method, the elements used for feature extraction in temporal
averaging window have the same scattering property as we
discussed in the previous subsection. Thus, the scattering
type is pure in temporal averaging window proposed in our
method and it will no longer be the factor that affects the value
of H. The noise becomes the only factor which influences H
value and this effect will be discussed in detail in the next
section.
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IV. GEOMETRICAL STRUCTURE CLASSIFICATION OF
SCATTERING CENTER USING H AND o FEATURES

In this section, we discuss the effect of random noise on H
and o features. Based on the comprehensive analysis and
results, we propose a redesigned six-zone H -« classification
plane in order to classify different geometrical structures of
target scattering centers effectively and accurately even in the
presence of random noise.

A. THE EFFECT OF NOISE ON H AND o FEATURES
Practical high resolution radar data often contains noise
which arises from random thermal noise in the radar system’s
receiver. The random noise has great influences on the quality
of HRRP, especially for the weak scattering centers. In this
part, we focus on discussing the effect of white noise on
H and « features and its impact on geometrical structure
classification using the H-« plane, which is a useful tool for
target classification [22], [41].

Assuming that radar measured data contains target echo
signal and white Gaussian noise, the time-domain measured
data X (¢) can be expressed as

X(t)=S#)+N(@), a7

where S(¢) and N(¢) represent target echo signal and white
Gaussian noise, respectively. Here we define the signal-to-
noise ratio (SNR) for a target measured in the slant 45° dual
polarimetric mode as follows

SNR = 1010g10(£2), (18)
9
where E is target echo signal power in 45° linear polarization
receiving channel and o is the standard deviation of white
Gaussian noise.

In order to investigate the effect of such noise on H and «
features, white Gaussian noise is added to the slant 45° dual
polarimetric scattering vectors for the five typical scattering
geometrical structures which are considered in section II.
A total of 5000 Monte Carlo simulations are performed for
each of different SNR values (within the range 0-30dB with
2dB step). The H and o features for each target case are
extracted using the proposed method, where the parameter N
is set to 30 in (13). Fig. 5 plots the feature distribution clusters
for each target case, and the mean center of each cluster is
also marked in the figure, where “@”’, “p>, “4”’, “W” and
“<” indicate the mean centers of trihedral, cylinder, dipole,
narrow diplane and dihedral case, respectively.

From the results, it can be seen that the noise increases
the polarimetric scattering entropy H values, as the SNR
decreases so the entropy approaches unity (i.e., a complete
random noise process). In addition, as SNR reduces, polari-
metric scattering angle o gradually approaches to 45° in
either target case. The standard deviation of each feature
distribution cluster also increases as SNR decreases. This
phenomenon infers that the geometrical structure classifica-
tion performance of H-« plane gets worse with the decrease
in SNR. In the effective area of H-« plane, the valid range of «

141683



IEEE Access

T. Long et al.: Geometrical Structure Classification of Target HRRP Scattering Centers Based on Dual Polarimetric H/a Features

90 ® Trihedral

Cylinder
80 - 20d8 ¢ Dipole

" Narrow diplane
NN g g - odE Dihedral
20dB . [ |
- |
60 [ -
|
~ 50} 20dB 1048

S M0 4 4 ¢ 4 4 0B

40

([ ]
I 20dB e
20 C
10dB L4
([ ]
W gille /
[ ] Noise increase
o e - . . ! |
0 0.2 0.4 0.6 0.8 1

H

FIGURE 5. (H, o) feature distributions of five typical geometrical
structures for SNR = 0 to 30dB in 2dB increments.

90

—_— ;
1 1
80 i Curve NN 1
1 1
L ! N\
1 1
I i 1 21
1
1
L 1 A

FIGURE 6. Original H-« feature classification plane [22].

is decreasing as the H increases, which implies a increasing
inability to distinguish two adjacent geometrical structures.
In particular, when H = 0, o could be any value between
interval [0°, 90°], which means that the geometrical structure
type of this certain scattering mechanism could be judged by
o value accurately. However, when H = 1, o can only be
45°, indicating that the scattering is caused by random noise
and becomes complete depolarization. In this case, effective
polarimetric information goes zero and feature « becomes
invalid for classification.

B. A REDESIGNED SIX-ZONE H-oa PLANE FOR
GEOMETRIC STRUCTURE CLASSIFICATION

The H-a plane proposed by Cloude and Pottier [22] is a well-
known classical unsupervised classification method. The
original H-« classification plane, which is shown in Fig. 6,
is divided into nine zones and the data can be classified
to different scattering mechanisms according to its location
on the plane. However, if this nine-zone H-« classification
plane is used for geometrical structure classification in our
application, the same target type will stride across several
different zones which will obviously cause target classifica-
tion ambiguity as we discussed above. Thus the classification
zones of H-a plane should be redesigned in order to be
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effective in classifying different geometric structures due to
the presence of random noise in our application.

Combining the analysis of H and « features in the pre-
vious subsection, we know that the presence of random
noise shifts the feature distribution toward the region where
noise is located. Thus the five banded H-« structures shown
in Fig. 5 motivate the development of a redesigned H -« plane
so that the five types of typical geometrical structures: trihe-
dral, cylinder, dipole, narrow diplane, dihedral, can be more
effectively and accurately classified even in the presence of
random noise.

Specifically, the redesigned H-« plane is shown in Fig. 7.
Not all regions are feasible in H-o plane. The boundary
curve between feasible and unfeasible regions in the plane
is determined by the extreme distribution of the coherence
matrix T. In dual polarimetric case, the boundary curves are
defined in the following form [42]

T1=|:(1) 31i| and

T2=[’" O] 0<m<l. (19)
0 1

Further, the feasible region is divided into six target classifi-
cation zones numbered from 1 to 6 as shown in Fig. 7. Zones
1-5 are located on the left side of the plane corresponding
to trihedral, cylinder, horizontal dipole, narrow diplane and
dihedral, respectively. They are separated by four boundary
curves which are determined by the middle o value of two
adjacent geometrical structures for different SNR cases. A fit-
ted conic is adopted for setting the bound of zone 6 and the
other five zones, because low SNR may cause the misclassifi-
cation of target types by H -« plane. Consequently, the region
on the right side of the bound is zone 6, which corresponds
to the scattering points with highly noise so that cannot be
classified to a certain geometrical structure type.

V. RESULTS

In this section, we test the proposed geometrical structure
classification method using the simulated data of five struc-
ture models and real data of both corner reflectors and volume
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TABLE 2. Model diagrams and simulated dual polarimetric HRRPs of typical geometrical structures.

Trihedral Cylinder Dipole Narrow diplane Dihedral
e
Model — 2
a ———
k
| I —
Parameter a=20cm a=20cm; b=10cm a=20cm a=20cm; b =10cm a=20cm; b =20cm

[==25° polarization
:»+ 135° polarization

Dual Polarimet-
ric HRRP

Normalized Amplitude

Normalized Amplitude
Normalized Amplitude

45 polarization
35° polarizatio|

Normalized Amplitude

Normalized Amplitude

Range/m

Range/m

Range/m Range/m

TABLE 3. Configurations for target HRRP simulation.

Parameter Value Parameter Value

Center Frequency | 94GHz Bandwidth 500MHz
Azimuth 0° Elevation 30°
Transmitting 45° linear Receiving 45°/135° linear
Polarization Polarization

targets. In our experiment, peak points of HRRP are picked
as target scattering centers for analysis, and the parameter N
in (13) is set to 30 in feature extraction algorithm.

A. SIMULATION RESULTS

In this part, we verify the effectiveness of the proposed
method using the simulated data of the five typical geo-
metrical structures. These simulations are conducted using a
commercial electromagnetic simulation software, Computer
Simulation Technology (CST). The model diagrams and
dimension parameters are shown in the first and second row
of Table 2 respectively. Target simulated HRRP data are com-
puted according to the configurations given in Table 3 and
shown in the third row of Table 2. For each geometrical
structure, we generated three sets of HRRP sequences by
adding white Gaussian noise for three different SNRs (SNR
= 10, 15 and 30dB) using Monte Carlo method.

Fig. 8 shows the classification results of each tar-
get scattering center under different SNR conditions. The
extracted H and « features for each case are plotted on the
new six-zone classification plane and the original nine-zone
classification plane for comparison. Fig. 8(b) exhibits that the
H -« distributions of different geometrical structures, such as
trihedral and cylinder, may locate in the same zone. It means
that this original nine-zone plane shown in Fig. 6 will cause
target classification ambiguity, and thus it does not apply
to geometrical structures classification application. However,
from Fig. 8(a), it can be seen that each scattering center is
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FIGURE 8. Classification results of five simulated typical geometric
structures in SNR = 10, 15 and 30dB. (a) Classification using the proposed
six-zone plane; (b) Classification using the original nine-zone plane.

classified to the right class type using the proposed H-o
classification plane in the different SNR conditions. The
locations of these feature pots extracted under three different
SNR conditions are also well consistent with the previous
analysis in section III, which validates the effectiveness and
accuracy of the proposed method.

141685



IEEE Access

T. Long et al.: Geometrical Structure Classification of Target HRRP Scattering Centers Based on Dual Polarimetric H/a Features

y 90
=== HRRP
® ° T(ihedral 75
© 038 < Dihedral
2
é 60
<06 =
g S 45
=04
<
£ 30
S
z02 15
0 - 00
-2 1 0 1 2 0 0.2 0.4 0.6 0.8 1
Range/m H
() (b) (©

FIGURE 9. Geometrical structure classification of corner reflectors scattering centers. (a) Photographs; (b) and

(c) Classification results.

(@) (®) ©
1 1 1
=——HRRP =—HRRP =—HRRP
© ® Trihedral © ® Trihedral ® ® Trihedral
k] 0.8 Cylinder ° 0.8 Cylinder ] 0.8 + Dipole
%_ % % = Narrow diplane
Eos Eos Eos
o e o
g 8 3
504 =04 504
£ £ £
o (=} o
Z02 Z02 Z0.2
0 0 \ANMM 0
-4 2 0 2 4 -4 -2 0 2 4
Range/m Range/m Range/m
(@ (e) ®
90 90 90
75 75 751
60 60 60
S5 545 Sast
30 30 30
15 15 15
[
0 0 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
H H H
® () ®

FIGURE 10. Geometrical structure classification of volume targets scattering centers: the first column (a)(d)(g), van classification
result; the second column (b)(e)(h), car classification result; the third column (c)(f)(i), transmission tower classification result.

B. EXPERIMENTAL RESULTS

This part presents measurement examples of common man-
made targets in practice. The experiments are divided into
two parts. In the first part, two typical geometrical structures:
a dihedral and a trihedral corner reflector, are measured to
validate the effectiveness of the proposed method. In the sec-
ond part, three complex volume targets are measured outfield,
including two civilian vehicles and a man-made building.
All the experimental data are collected by a dual polari-
metric wideband high resolution radar, which transmits a
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45° linear polarization and receives 45° and 135° orthogo-
nal polarizations simultaneously. The polarization isolation
of the two polarimetric receiving channels is higher than
25dB. The radar system operates at W-band and uses stepped-
frequency linear frequency modulated signal with a synthetic
bandwidth of 1250MHz. In the acquired HRRP sequence
data, frame rate is over 100 frames per second. In addition,
the sum power HRRP of two polarimetric receiving channels
is used for display for simplicity and clarity in the following
part.
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1) EXPERIMENTAL RESULTS ON CORNER REFLECTORS

A trihedral and a dihedral corner reflector are measured
outfield, where the dihedral corner reflector is set up in front
of the trihedral corner reflector for 0.5 meter along the radar
LOS direction. The photographs of the two corner reflectors
are shown in Fig. 9(a).

Fig. 9(b) and (c) show the geometrical structure classifica-
tion results of their scattering centers. It can be observed from
Fig. 9(c) that the two feature plots are located in zone 1 and
zone 5 of the redesigned six-zone H-« classification plane,
indicating a trihedral and a dihedral structure respectively.
The results validate that the geometrical structure types of
corner reflector scattering centers are well classified using the
proposed method as expected.

2) EXPERIMENTAL RESULTS ON VOLUME TARGETS

In this part, two common civilian vehicles: a van and a car,
and a man-made building: a transmission tower, are measured
outfield to verify the applicability of the proposed method
for man-made volume target. The photographs of these three
volume targets are shown in Fig. 10(a), (b) and (c), respec-
tively. In the experiment, radar LOS points to the front of
the vehicles with incident elevation angle about 10°, and the
actual geometric structures of HRRP scattering centers can
be known based on the distance of target geometry relative
to the radar. Fig. 10(d)-(i) show the geometrical structure
classification results of target scattering centers.

From Fig. 10(g) and (h), it can be seen that the scatter-
ing centers of vehicle targets are classified to trihedral and
cylinder types. This result is probably caused by the specular
scattering and single curvature surface scattering of vehicle
body. For a further comparison between the two vehicles,
it can be observed from Fig. 10(a) that van body consists
of a large number of surface plate structures, and thus its
most scattering centers present specular scattering and are
classified to trihedral (plane) type. Unlike it, most scattering
centers of the car are classified to cylinder type because its
body surface are mainly smooth curved surface structures
as seen in Fig. 10(b), which present single curvature surface
scattering.

From Fig. 10(i), it can be seen that the scattering centers of
transmission tower are mainly classified to dipole and narrow
dihedral types, which represent double scattering and edge
diffraction respectively. This can be explained by the fact that
the transmission tower is composed of plenty of metal narrow
dihedral structures which can be seen in Fig. 10(c). Double
scattering occurs between the two planes and edge diffraction
occurs on the straight edges on the back of narrow dihedral
structures. In addition, there is also a scattering center being
classified to trihedral type. This is probably because the scat-
tering center arises from the joint of metal brackets, whose
scattering presents as a trihedral scattering.

The experiment on the real data demonstrates the effec-
tiveness and feasibility of the proposed method to classify-
ing structural types of volume target scattering centers in
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practice, and the results also indicate good potentials of the
proposed method in application of recognition for different
targets.

VI. CONCLUSION

In this paper, we propose a geometrical structure classifi-
cation method for target scattering centers based on dual
polarimetric HRRP sequence. In the proposed method, the H
and « features of target scattering centers are extracted along
the slow time dimension in the sequence, and a six-zone H -
« classification plane is designed for classifying five typical
geometrical structures effectively even in the presence of
random noise. The proposed method is validated using both
simulated and measured data. The results demonstrate the
effectiveness and accuracy of the proposed method, and also
indicate its good potentials in application of radar automatic
target recognition.
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