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Abstract Based on the Huynen parametric decomposition of target scat tering matrix, the polarimetric ellipse
parameters are transformed and applied to decomposition of scattering mechanisms of a complex target in VHR
POL-SAR images (very high resolution, polarimetric synthe tic aperture radar). Making use of multi-aspect
(or circle-aspect) and wideband VHR POL-SAR images, scatte ring mechanisms of a volumetric target and its
structural components are recognized over image pixels. Ut ilizing the layover features, the target height pro le
is also estimated from two-dimensional image. As example, p olarimetric scattering data of some vehicles on
ground, including multi-aspect simulated data and experim ental measurements, are applied to validations of
scattering mechanism decompositions and target structura | feature recognition.
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1 Introduction

With advances of VHR POL-SAR (very high resolution, polarimetric synthetic aperture radar) imaging
technology, ne feature recognition and reconstruction of a conplex target have been of great interest in
broad applications. VHR POL-SAR is superior to the conventional optical photography due to the feasi-
bilities of all-weather and all-time observations with full polarization, wideband, and good penetrability
in microwave range. It has been seen that multi-aspect and multi-pas SAR imaging might present more
comprehensive information of structural features of a complex arget in views of both visual intuition
and inherent intention.

SAR imaging is produced by all scattering mechanisms as the scatters can represent |1]. To identify
intrinsic characteristics from scattering imaging, so-called targetdecomposition to categorize several
main scattering mechanisms |z, 3] was studied and applied to classi ¢@n of random surface media, e.g.
forestry or vegetation canopies. To recognize the randomly distbuted scatterers, the ensemble average
of scattering matrix were analyzed for target decomposition and tassi cation in statistical sense |4].
However, for a complex and electric-large target, e.g. vehicle or §h its scattering is largely governed

* Corresponding author (email: ygjin@fudan.edu.cn)

¢ Science China Press and Springer-Verlag Berlin Heidelberg016 info.scichina.com  link.springer.com



LiY C , etal Sci China Inf Sci August 2016 Vol. 59 082308:2

Specular scattering
Edge diffraction

Vertex diffraction Traveling wave

Specular scattering

fipiebcatennz Double scattering

Figure 1 lllustration of scattering mechanisms of vehicle structur al components.

by contributions from some main components, i.e. scattering centes, which can be typically categorized
into several mechanisms 1549]. For example, Huynen [5, 6] decomped target scattering matrix into 6
parameters for scattering classi cation in geometrical and physial relevance. Later on, Krogager 7]
speci ed target scattering as described by sphere, dihedral, andielix scattering. And then, Cameron et
al. [8,9] proposed a classi ed disc of a characteristic parameter t@ategorize 7 mechanisms. However,
how well to make these decompositions based on simple modeling to aalecomplex target, in both
classi cation and recognition, remained for further study.

To recognize the structural features of a complex and volumetridarget from multi-aspect VHR POL-
SAR observations, this paper utilizes the transformed Huynen paameters for classi cation of target
scattering in Section 2. Then, in Section 3, it shows how multi-aspecPOL-SAR imaging is implemented
and the height pro le of the target in three-dimensional (3-D) space is reconstructed based on the imaging
layover. As an example, in Section 4, multi-aspect simulated data an@xperimental measurements of civil
vehicles are presented to validate our classi cation of scattering machanisms and its structural feature
recognition.

2 Target scattering mechanisms and Huynen parameter transf ormation

2.1 Scattering mechanisms of a complex target

Following the geometrical structure of a complex target, its scatering mechanisms can be categorized
by canonical scattering: specular scattering, double and multiple sattering, edge di raction, vertex and
tip di raction, traveling and creeping waves and so on 10]. For exampe, a vehicle as shown in Figure 1
illustrates di erent scattering components, such as specular sdéering from the vehicle roof, side planes,
wheels, and some other curved surfaces, double scattering befen the vehicle body and ground, triple
scattering from some special structures (e.g. rear side); edge khction on the straight or curved edges,
vertex di raction over corners; traveling wave on some smooth sufaces of the vehicle body.

As usual, vertex diraction and traveling wave are very small and negligible. This paper is focused
only on three scattering mechanisms, i.e. specular scattering, mufle scattering, and edge di raction.

In high frequency approximation, scattering of a complex target isdescribed by local scattering centers
of the target [11{13]. Under wideband and wide angle incidence, somgeometrical models are simply
utilized to describe those scattering contributions [14{16]. For exanple, a plate, a cylinder, and a sphere
may represent the specular scattering from a plane, single curvate, and double curved surfaces, respec-
tively; a dihedral may describe double scattering, and a trihedral may present triple scattering; a thin
cylinder or dipole may represent edge diraction. The relationship beween scattering mechanisms and
geometrical models, as well as the scattering matrices, are listed ithe columns 1{3 of Table 1. Total
scattering of a complex target is seen as the combination of scatting from all geometrical models.
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Table 1  Scattering matrix for scattering mechanisms and the Huynen  parameters

Scattering Simple geometrical Scattering Huynen paramete rs Ellipse parameter
mechanism models matrix m m a
#
Specular/multiple  Sphere (cylinder, plate)/ 1 1 A.d 0 0 45 2 45 0
(odd) scattering trinedral 1
" #
; 1
Multiple (even) Dihedral 10 A. 45 45 2 45 0
scattering 1
" #
; 1
Edge di raction Short, thin 1 0 0 A 0 1 0 0
cylinder/dipole 0

a) A. (Arbitrary) represents any value

2.2 Elliptic transformation of Huynen decomposed paramete rs

The scattering matrix of a target in far- eld [17] is written as

" #
S = Shh Shy : )
Svh va

where h; v represent horizontally and vertically linear polarizations (pol), respectively. Correspondingly,
the polarimetric radar cross section (RCS) is given by

pq =4 jsp;qu; p;g= h;v: )

Under the reciprocity to make the symmetric Spy, = Sy , Huynen decomposed the scattering matrix (1)
into 6 parameters, which are used to describe target shape, origation, position etc. [5,6]. According to
the eigen analysis, the scattering matrixS can be expressed by pseudo-eigenvalues:

S u= 1u; S U= U, 3)

where denotes conjugate, andu;u-, are orthogonal unit vectors with hu;u-i = 0. Because Huynen
decomposition is di erent from the eigenvalue decomposition, ;; » are seen as the pseudo-eigenvalues
in the polarimetric domain [2,17].

AssumingU =[u;u-], the pseudo-eigenvalues can form a diagonal matrix:

" #

S U=[S u;S u,]=[ 1u; 2u,]=U ; (4)
2

whereU is a unitary matrix, i.e. UT U = U" U = | with | denoting the identity matrix, and the su-
perscript T, H represent transpose and conjugate transposegspectively. Finally, Huynen decomposition
of scattering matrix is written as [5, 6]

S=U Sp uf; (5)
where " # " ”

) a2
Sp = = me'2 .
2 tan? e 12

; (6)

m is the target scattering amplitude, is the transmission phase, the phase term gives the phase
di erence of diagonal components and is called as the target \skip agle" with the range of 45 6
6 45 [6]. The value of is ambiguous, and a particular solution =0 indicates odd scattering and
= 45 is for even scattering under the constraint of the real number fo the diagonal components of
Sp [2]. The characteristic angle is with the range of 0 6 6 45 .
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The vector u can be characterized by polarimetric ellipse parameters of the elecmagnetic wave

" - # #
cos sin cos
u(; m)= o (7)
sin  cos isin
Thus, the unitary matrix U(; ) is derived as
" - # o #
cos sin COS 1, isin
UG m)=[uls m)iua (G ml= oo " (8)
sin  cos isin m COS

where is target orientation angle de ned by radar line of sight (LOS), 90 6 6 90; n isa
parameter of target symmetry ( , =0 ) or asymmetry ( , 60 ), 45 6 ,, 6 45.

It has been noted in Table 1. that the Huynen parameters cannot sparate three scattering mechanisms
for the same values of and [18,1Y].

Total scattering of a complex target above underlying surface is gually decomposed into several com-
ponents, i.e. specular scattering of plane or curved surface, mufile scattering of dihedral or trihedral
structures, and di raction of target edges. b p_

Assuming that an incident eld is 45 linear polarization, i.e. E; =[1= 2;1= 2", and Sp in (6) is
considered as a target scattering matrix, and then the scatterig eld is written as [20]

" #" p_# " #
1 1= 2 1 1

E.= _ = — . 9

s 5 1:p > p_2 5 ( )

A wave vector can be represented by polarimetric ellipse parametsr such as rotation angle and
ellipse angle . Thus, scattering eld Es with polarimetric ellipse parameters is written as
" s #
cos  sin cos ‘
Es=a €y (10)
sin  cos isin

where a is the wave amplitude, and is the absolute phase. Due to independence of parameters , it
assumes =0 in the following. According to (9.10), the relationship between pseud-eigenvalues 1; »
and polarimetric ellipse parameters; is derived as

1= IOia(cos cos isin sin ); (11)

2= IOEa(sin cos +icos sin ): (12)

Substituting (5] into (1.1), (2.2) and simply ignoring the parameter , the relationship between the
polarimetric ellipse parametersa; ; , and Huynen parametersm; ; , is presented as follows (see the
derivations in appendix):

2tan? 1 tan?2
tan2 = ; 13
1 tan* 1+tan?2 (13)

2tan? 2tan?2
sin2 = ; 14
r1+tan4 l+tan?2 (14)

a=m 71“&”4 : (15)
2
The ellipse parameter can be seen as a classi cation parameter for 3 scattering mechamis in the
column 1 of Table 1. Figure 2 shows versus; , where the region ! 0 indicates the edge diraction,
theone ! 45; ! 45 indicates double scattering, andthe one ! 45; | 0 represents specular
or triple scattering. In the last three columns of Table 1, the corresponding polarimetric ellipse parameters
are listed.
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Figure 2  Ellipse parameter  versus Huynen parameters ;

As for the range of 45 6 6 45, the classi cation threshold is set at 15 to divide the range of
into three equal intervals with each interval representing one sctiering mechanism. It gives classi cation
of three simple geometric models as

H( )= f'spherej > 15¢g[f ‘dipole'jj j6 15 g[f ‘dihedral'j < 15g¢: (16)

Note that under high-frequency approximation, one classi cation of “sphere' covers odd-scattering and
specular scattering [ 7].

There is another way to obtain directly from a 4 4-dimensional (4 4-D) Kennaugh matrix K,
which is transformed from the scattering matrix S, and the Huynen parameters; can be derived 120].
The parameter can be calculated as follows, as (A11) in appendix:

(A0+ Bo)2 (C2+H2+F2) L2 M2

tan2 = @7

WC2+H2+F2 L2+ M2’

2.3 Dierence between polarimetric ellipse parameter and C ameron parameter

Cameron decomposed scattering from a 3-D target into 7 mechamiss, which contained 3 mechanisms of
Krogager decomposition. In this paper, the Huynen parameters & transformed, and classi cation of this
transformed parameter is especially compared with Cameron decoposition. It is found that Cameron's
four mechanisms, at least, were mixed in Huynen's. And, it is believedhat the parameter transformation
of Huynen decomposition is well feasible in the target decompositionof SAR image analysis.

Both the parameter and the complex parameterZ of Cameron decomposition are used for classi ca-
tion. The scattering matrix of a symmetric scatterer in Cameron decomposition is written as a vectored
form [2,8,9]:

Ss4 1= bd Ry( )p%[lOOZ]T; (18)
1+jzj?

whereb is the scattering amplitude, is the absolute phase, is the scatterer orientation angle as in (/),
and the rotated transforming operator R4( ) is given by
" 4
cos sin

Ra( )= R2() R2(), R20)= . ; (19)
sin  cos

where represents the Kronecker product.
Transforming S, ; to a2 2-D matrix, the Cameron's Z is written as a diagonal matrix,
" #

be 1 0
S, = p———R Ro()': 20
2 2 ijij 2( ) 0 7z 2( ) (20)
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Figure 3 Imaging geometry of a complex target. (a) Multi-aspect obse rvation; (b) wavenumber range.

In comparison of Huynen decomposition in (%), it is found that they are identical under , = 0, and
Cameron'sZ is represented by Huynen parameters as follows:

1 tan?2 2tan2
Z =tan? [ 21
1+tan?2 1+tan?2 (21)
Meanwhile, based on (13), the ellipse parameter is expressed byZ, as follows:
2
tan2 = ———Re(Z); 22
1 tan? @) (22)

where Re() represents the real part. It is seen that the ellipse parameter , as a classi cation of three
scattering mechanisms, is a combination of Cameron'€ and Huynen's

3 Multi-aspect imaging of target scattering

3.1 Imaging geometry

Complex and asymmetric structure of a target might obstruct or shadow the radar-wave incidence in one-
aspect imaging. It promotes the utilization of multi-aspect imaging of VHR POL-SAR. Figure 3(a) shows
a scene of multi-aspect (circle-aspect path) imaging under radar icident aspect (;" ), where g(x;y; z)
represents the scattering amplitude of one grid. The scattering \@ve-vector is written as

ks = kxR + ky¥ + k;2 = kcos" cos R + kcos"sin §+ ksin"2: (23)

All-aspect wavenumbers can be described as a ring of cone surfa@s shown in Figure 3(b), whose
width depends on the bandwidth of incident wave, and the dark grayregion represents the wavenumber
range at one-aspect.

As in Figure 3(a), dividing the surfaces of the target with underlying plane into many meshed grids
with scattering amplitude gp.q(X;y;z) (p;q represent h;v polarization, respectively) in each grid, the
target scattering of one polarized channel in (1) from all these gds is written as [21{23]

Z ZZ
Spiq(Kx: Ky kz) = O (XY 2)expl i2(kxx + Kkyy + k,z)]dxdydz; (24)

which is the Fourier transform (FT) of the scattering amplitude fro m target surface grids. Conversely,
scattering amplitude of each grid is the inverse FT (IFT) of scattering measurements. Neglecting the

subscripts p; q for simplicity, it is written as
2227

a(x;y;z) = S(Kx; Ky; kz)expli2(kxx + kyy + kzz)]dkydky dK;: (25)
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Eqg. (25) in the Cartesian coordinate needs to be transformed totie polar coordinate, and then target
reconstruction or imaging is written as 21{2%]
Z 7ZZ
ag(x;y;z) = S(k;"; )jk?cos"jexp(i2kr)dkd"d ; (26)

where
r = xcos"cos +ycos"sin + zsin™ 27)

3.2 Back projection imaging algorithm

It has been known that the back-projection (BP) imaging algorithm can integrate multi-aspect scatter-
ing measurements and encode the intensity distribution of target sattering. The BP algorithm rstly
operates one-dimensional (1-D) IFT of target scatteringS(k;"; ) to obtain the range pro le:
Z
Q- (r)= S(ki"; )h(k)exp(i2kr)dk; (28)

where h(k) is seen a ltered kernel, i.e. jk? cos"j in (26). Consequently, BP algorithm is also named as
a ltered back-projection (FBP) or a convolution back-projectio n (CBP) algorithm [22|. Generally, the
Itered kernel h(k) is replaced by a ltered window function for reducing sidelobes of IFT.

The ltered value Q- (r) equals to the projection of target scattering amplitude g(x;y; z) on the plane
perpendicular to the incident aspect ('; ). Conversely, Q- (r) can be back-projection to reconstruct
a(x;y; z). Thus, 3-D imaging of target scattering based on both of multi-azmuth ; and multi-elevation
", observations is

X X X X
a(x;y;z) = Q. (rij)= Q- (xcos"jcos j + ycos'isin | + zsin"j); (29)

i j i i
which can be executed by 1-D linear interpolation 124]. However, mosbvf SAR imaging is two-dimensional
(2-D) with multi-aspect observations in the azimuth at the same elewation, such as circle SAR. Taking
the ground as an imaging plane, 2-D imaging is written as

X
a(x;;y;;0) = Q- (xcos"cos j + ycos"sin j + zsin"): (30)
i
3.3 Target layover of two-dimensional imaging

Two-dimensional imaging is the projection of 3-D target scatteringon a 2-D plane, which produces the
layover of target position on the imaging plane. The reason of the lagver is that the target elevation
relative to the imaging plane yields the o set of target imaging to radar LOS. To separate the layover
e ects, we utilize the radargrammetry to estimate target height pro le.

The height pro le of a target has been usually studied using interfeometric SAR technology [25].
The method of the spectral estimation is also applicable to making heilgt resolution [26]. Di erent from
those approaches, in our multi-aspect observation, the imaging pjection is utilized to describe the target
height pro le.

In light of radargrammetry, the target elevation relative to the ima ging plane yields 2-D layover.
Conversely, using the incident angle and target position on the grond, the layover length of the target
can be used to estimate target height as a 3-D target description.

Figure 4 illustrates the layover geometry of a point on the imaging plare x; vy,. Let P(x;y;z) be
a point target under the wave incidence (; ). The slant plane xs Vs is described by the coordinate
vector [2/]:

Rs =[cos" cos; cos"sin; sin"]"; $s=[ sin; cos; O]': (31)

The imaging point of P(x;y; z) on the slant plane xs s is the projection point Ps(Xs;Ys),

Xs = XC€0S"cos +ycos'sin + zsin"; ys= Xsin + ycos: (32)



LiY C , etal Sci China Inf Sci August 2016 Vol. 59 082308:8

A X,
P
.\\
4 y(¥y)
// 7
e 4
/d R
VAV .o
/M ya. - '
/ 70’4
/
/ x,

x(x;)

Figure 4  Layover geometry of two-dimensional imaging.

This slant imaging on the planexs ys can be transformed to the ground imaging on the planeg vy,
and yields the image as
Xs
= — = Ys! 33
Xg cos"’ Yg = Ys (33)

Figure 4 shows that the imaging planexy yq rotates the angle from the reference planex; v,

o Y #
X cos sin X
= ¢ (34)
Yi sin  cos Yy
Substituting (32), (33) into (34), the ground imaging point of P(x;y;z) [17,27] is
H " # " #
X X Ccos
b= +ztan" ; (35)
Yi y sin

where ztan " is the layover of target imaging, and the o set of the imaging point depends on the ob-
servation angle . It can be seen that multi-aspect observation is greatly meaningfunot only for 2-D
fully-aspect imaging, but also for 3-D reconstruction 128, 29].

4 Example validations

4.1 Simulated data of two vehicles

Multi-aspect simulated data [30] and experimental measurements: [¥] of some vehicles are used for 2-D
fully-aspect imaging and decompositions of structural feature aalysis.

Numerical simulation of multi (circle 360 )-aspect scattering is for two vehicles, Tacoma and Camry,
with the radar-wave incidence 30, center frequency 9.6 GHz, and bandwidth 5.35 GHz. The Hamming
window is chosen for scattering imaging.

Figures &(a) and 6(a) show these two vehicle models in 6 di erent aspcts, 15;45 ;75 ;105 ;135 ;165
respectively. The imaging aperture width of 30 is chosen to make the azimuth resolution close to the
range resolution, and Figures 5(b) and 5(b) give their normalizechh-pol images, respectively. Figures 5(c)
and 6(c) demonstrate the classication or structural feature decomposition using the Huynen ellipse
parameter . The threshold of the pixel amplitude is set to 30 dB. The classi cation are indicated by
dihedral (dih.), dipole (dip.), sphere (sph.), and un-classi cation (uncla.) as given in Table 1.
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dip.

sph.

uncla.

Figure 5  Tacoma imaging and structural feature decomposition from d ierent aspect observation. (a) Tacoma in six
di erent aspects; (b) Tacoma imaging from six di erent aspe  cts; (c) Huynen ellipse parameter decomposition (dih.: dih edral,
dip.: dipole, sph.:sphere, uncla.: un-classi cation).

(a)

(b)

dip.
sph.

uncla.

Figure 6  Camry imaging and structural feature decomposition from di  erent aspect observation. (a) Camry in six
di erent aspects; (b) Camry imaging from six di erent aspec  ts; (c) Huynen ellipse parameter decomposition (dih.: dihe dral,
dip.: dipole, sph.:sphere, uncla.: un-classi cation).

It can be seen that the images and feature decompositions in di enet aspects look much di erent,
because many structures of the vehicle cannot be well seen due tbstruction from a single aspect. In
other words, multi-aspect can provide more information of a compl& target with less obstruction.

Now, taking all-aspect (circle-360) data of these two vehicles, Figure 7 gives the normalizedih-pol
images in (a) and (b), Huynen -decompositions in (c) and (d), respectively. As comparison, Figue 7(e)
and (f) also give Cameron classi cation 18, 9].

It can be well seen that the contours of the vehicles are well identied by both classi cation of Huynen
ellipse parameter and Cameron parameter. It is expected that sompixels of dihedral scattering along the
internal rectangle decomposed by Huynen's are indicated as narrow dihedral scattering by Cameron's
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dip.
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hel.

dih.

1 n.dih

1 w.qua

) ) uncla.

Figure 7  Scattering imaging and structural feature decomposition o f two vehicles. All-aspect imaging Tacoma (a) and
Camry (b); Huynen decomposition Tacoma (c) and Camry (d); Ca meron decomposition for Tacoma (e) and Camry (f)
(hel.: helix, dih.:dihedral, n.dih: narrow dihedral, w.qu a: wave quarter, dip.: dipole, cyl.:cylinder, sph.:sphere , uncla.:
un-classi cation).

Z, because they belong to the same scattering mechanism, as aforentioned. The classi cation of dipole
for two methods are also similar for edge di raction of the vehicle.

Figure 8 gives the proportion of each model decomposed by thoseufinen's and Cameron's parameters,
respectively. It can be seen that main scattering contributions ae produced by sphere, cylinder, dipole,
dihedral, and trihedral. The proportions of 1/4 wave quarters and helixes are very small. It means that



LiY C , etal Sci China Inf Sci August 2016 Vol. 59 082308:11

@ . ® I Huy.
0.5 [ ICam. [ Jcam. ||
0.4
0.3
0.2
0.1 H ﬂ 1
0 | . I -
sph. cyl. dip. w.qua n.dih dih. hel. sph. cyl. dip. w.qua ndih dih. hel

Figure 8  Comparison of Huynen ellipse parameters and Cameron classi cation for each model proportion. (a) Tacoma;
(b) Camry (Huy.: Huynen, Cam.: Cameron, sph.:sphere, cyl.: cylinder, dip.: dipole, w.qua: wave quarter, n.dih: narrow
dihedral, dih.:dihedral, hel.: helix).

(a)

2 3

Figure 9 Layover inversion of vehicle scatterers. (a) Tacoma; (b) Ca mry (red: specular scattering, yellow: edge di raction,
blue: double scattering).

the main scattering mechanisms are specular scattering, edge diaction, and multiple scattering, which

Huynen parameter clearly classi es. Essentially, more scatterersdentied by Cameron's parameters

describe the similar mechanisms, such as the spherical and cylindecattering to specular scattering,
and narrow dihedrals and dihedrals to double scattering. The Huyne ellipse parameter can clearly
identify main mechanisms with less ambiguity or complexity frequently caused by complex operation of
multi-aspect observations.

4.2 Height estimation using the layover

It can be seen that the red pixels of Figure 7(c) and (d) describe tk external outline indicating the
specular scattering, whose positions in the 2-D image correspondtlayovers due to vehicle elevation
above the ground.

Similarly, the blue pixels, which are indicated by the dihedral and look like a rectangle in the image,
demonstrate double scattering between the vehicle body and grad. In scattering imaging of a dihedral,
the strong double scattering points lie on the axis line, which might outine the vehicle body.

As radargrammetry in Figure 4, the layovers of Figure 7(c){(d) exceeding the blue outline are inverted
to obtain the relative height of Tacoma and Camry, respectively. Asthe aspect angle of incidence is
perpendicular to the vehicle surface, the specular re ection is stong as a dominant role in scattering
imaging. Thus, we chose four normal incidence aspects, i.e. =0 ;90 ;180 ;270 , and then the height
is estimated based on (35).

Figure 9 shows that the red points represent those specular sc&ring lying on the vehicle body, and the
blue ones represent those double scattering, and some yellow poinare edge di raction on the structural
edges. Note that this layover inversion may roughly evaluate the hight pro le of the vehicle, as long as
such height distribution is decomposed as adequate description faarget detection or classi cation.
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Figure 10 Scattering imaging and classi cation of civilian vehicles : the 1st column (a)(d)(g), Camry imaging and clas-
si cation; the 2nd column (b)(e)(h), Taurus imaging and cla  ssication; the 3rd column (c)(f)(i), SantaFe imaging and
classi cation (red: specular scattering, yellow: edge di  raction, blue: double scattering).

4.3 Experimental measurements

Gotcha is a fully polarized and 360 experimental data set of civilian vehicles with incident elevation
angles 437 45 (including 8 passes), X band, center frequency 9.6 GHz, bandwidti640 MHz [21, 31].
Using the 1st pass data (incident elevation angle 45, three vehicles, Camry, Taurus, and SantaFe, and
the correspondinghh polarized images with BP algorithm are shown in Figure 10(a){(c) and @d)(f),
respectively.

Further, the classi cation of Huynen ellipse parameter is in Figure 1qg){(i). From Figure 10(g){(i),
the external discontinuous ring represents specular scatterin@r triple scattering of the vehicle object,
and the mixing blue and yellow points of the internal ring represent daible scattering and edge di raction,
respectively. With comparison to previous simulation data, the resdution in range direction of Gotcha
experimental data is lower for small bandwidth, while the classi cation of scattering mechanisms for both
of them are consistent.

5 Conclusion

To make structural feature analysis for a complex 3-D target in VHR-POL-SAR imaging, Huynen de-
composition parameters are transformed to polarimetric ellipse paameters. The BP imaging algorithm
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is applied to produce multi (circle)-aspect polarimetric imaging. Basel on Huynen's polarimetric el-
lipse parameters, the structural features of a complex targetfom VHR POL-SAR images can be well
decomposed and analyzed.

Furthermore, utilizing the layover features, the estimation of height pro le of a complex target can
be inverted from 2-D image. It is meaningful to identify the target characteristics in both 2-D and 3-D
structures from VHR POL-SAR images.

Numerical simulated data and experimental measurements of somehicle models in multi-aspect POL-
observations are presented for validations. Results show that mniti-aspect observations and structural
feature decomposition are well feasible for the missions of targetercognition.
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Appendix A Transformation of Huynen's parameters

The polarimetric ellipse parameters a; ; are transformed from Huynen decomposed parameters m; ; . Substituting (6)
into (11), (12), it gives

8 p_
g 2acos cos = mcos2;
p- ) )
2asin sin = msin2;
P ’ _ (A1)
E o 2asin cos = mtan? cos2;
2acos sin = mtan? sin2:
It can be derived that S
1+tan 4
a=m ——; (A2)
2
2tan? 2tan2
sin2 = ; (A3)
l+tan4 1+tan22
2m2tan2 1 n22
sin2 cos2 = a ta : (A4)
a2 1+tan 22
Due to
cos2 cos2 =cos? cos’ cos® sin?  sin®? cos® +sin? sin? : (A5)
With substitution of (A1), it yields
2
m
c0S2 cos2 = a—z(l tan® ): (A6)

Egs. (A4) and (A6) give
2tan? 1 tan?2
tan2 = an an : (A7)
1 tan4 1+tan?22

As the scattering matrix is rewritten as Kennaugh matrix K [2] as follows:

2
Ao+ Bo C H F
C Ao+ B E G
K = 0 %: (A8)
H E Ao B D
F G D Ao+ Bog

The Huynen decomposed parameters [19] are derived as

r S
R T R Ao+Bo CZ+HZ+F?2 L
m= Ao+ Bop+ CZ+HZ2+F2;, tan* = 4 ; tan2 = &
Aog+Bo+ C2+HZ2+F2
q
C2+H?2 C F
tan = H ;o an2 m = H sn2 +C cos2 '

withB:la cos4 +E sin4d; D =D cos2 G sin2; E = E cos4 B sin4d; M =Dcos2m Esin2n,; L=
B Ao+ (B Ag)2+ M2,

It can derive q
Ao+ Bo C2+H?+F?
tan? = g : (A9)
(Ao+ Bo)2 (C2+HZ+F?)
and substitutes Kennaugh parametric components into (A2), (A3), (A7) [20], it yields
q
(Ao+ Bo)? (C?+H?+F?)
. 2LM
sin2 = ; (A10)
Ao+ Bo L2+ M2
q
(Ag+ Bo)2 (CZ+H2+F2) 2 2
tan2 = g ; (A11)

\102+H2+|:2 L2+ M2’

P
a= Ao + Bo: (A12)
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