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Abstract—This article proposes a novel polarization orien-
tation angle (POA) estimation algorithm for steep terrain by
applying physical scattering characteristics of natural surface.
The algorithm extends the range of POA from [—45°,45°]
to (—90°,90°] and achieves consistent estimation with the
widely used circular polarization algorithm (CPA) and minimum
cross-polarization algorithm (MXPA) over flat area, but avoids
the POA wrapping caused by the restriction of CPA and MXPA
over precipitous area. Besides, detailed comparison among these
deorientation algorithms is presented for clarifying their relations
and analyzing the wrapping and unwrapping issue of POA. Both
simulated data of Bragg scattering model and PolSAR data of
L-band ALOS PALSAR and P-band NASA/JPL AIRSAR are
used to substantiate the proposals.

Index Terms—Circular polarization algorithm (CPA),
polarimetric synthetic aperture radar (PolSAR), polarization
orientation angle (POA), range extension, steep terrain.

I. INTRODUCTION

OLARIMETRIC synthetic aperture radar (PolISAR) sys-

tem can acquire the fully polarimetric scattering
information of target. It has been successfully applied to
terrain/land-use classification and target recognition. However,
the polarization orientation angle (POA) induced by target
rotation about the line of sight (LOS) of radar will change the
target scattering characteristics and result in misclassification
and misidentification [1], [2]. Deorientation operations have
been proposed to estimate POA and compensate its effect on
target polarization states [1]-[12]. The current deorientation
techniques can be broadly attributed into two categories. One
is the circular polarization algorithm (CPA) developed by
Lee et al. [4]-[6] on the basis of terrain reflection symmetry
hypothesis. CPA restricts POA in the range of [—45°,45°]
after removing a bias and shows very consistent POA esti-
mation with the real topography acquired by interferometric
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SAR system. The other is the minimum cross-polarization
algorithm (MXPA), which was first proposed by Xu and
Jin with POA ranging from 0° to 180° [7], and An et al.
then combined deorientation process into model-based
decomposition with POA ranging from —90° to 90° (but the
POA utilized by An et al. for deorientation is restricted into
[—45°,45°] finally [8], [9]). In 2011, Yamaguchi et al. [10]
developed the four-component model-based decomposition
with rotation of coherency matrix by implementing POA
compensation before decomposition so as to minimize the
cross-polarized (x-pol) component. Moreover, Chen ef al. [11]
extended the range of Yamaguchi POA from [—22.5°,22.5°]
to [—45°,45°] and investigated the deorientation effects
over oriented built-up areas. Even if these algorithms are
proposed for different application scenarios, all of them make
deorientation an indispensable preprocessing procedure for
model-based decomposition and classification [7]-[15].

Nevertheless, there are still two vital issues on POA estima-
tion that need to be addressed. First, since the POA estimated
by most algorithms is limited to [—45°,45°], even if it is
physically true in many cases, wrapped estimation will be
inevitable over steep terrain. Second, the similarities and
differences of different deorientation algorithms need to be
clarified so that given PolSAR data can be compensated with
the most appropriate algorithm.

In this article, the £ = 0 deorientation algorithm (EDA)
category which includes CPA and MXPA, where E is the
Huynen parameter, is analyzed based on the physical scat-
tering properties of Huynen parameters. By further applying
the physical constraint of the terrain, a vertical-polarization
dominated EDA (VEDA) is proposed to extend the range
of POA to (—90°,90°] and remove the POA wrapping for
steep terrain. VEDA can not only achieve the consistent POA
estimation with EDA over flat terrain, but also avoid the
wrapping caused by the restriction of CPA and MXPA over
precipitous area. Experiments on ALOS PALSAR data of
Mount Fuji and NASA/JPL AIRSAR data of Chiang Mai
validate its nice performance. Besides, detailed comparison
among these deorientation algorithms is presented for clarify-
ing their relations and analyzing the wrapping and unwrapping
issue of POA.

The remainder of this article is arranged as follows.
Section II briefly presents the fundamental theories on deori-
entation and radar imaging geometry. Based on EDA and the
newly introduced physical constraint, VEDA is developed in
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Section III. Section IV compares VEDA with CPA and MXPA
in detail, which is substantiated on both simulated data of
Bragg scattering model and PolSAR data of L-band ALOS
PALSAR and P-band NASA/JPL AIRSAR in Section V. The
article is concluded in Section VI.

II. DEORIENTATION AND RANGE OF ANGLES IN RADAR

IMAGING GEOMETRY

A. Deorientation Theory

The fully polarimetric scattering of a pure/single target can
be modeled by the scattering matrix

Sun  Suv
Sl = .
3] |:SVH va}

(1

Under the reciprocity condition, we have Syy = Sy, and the
Pauli vector k is obtained as

Sau + Svv
Sur — Syv |. (2)
28uv

=5

The target coherency matrix is then expressed as [1], [2]

T T Ti;
[T1=(k k'Y= |T Tn Tn
T3, T Tz
240 C—jD H+jG
— |C+jD By+B E+jF 3)
H—-jG E—jF By—B

where superscript ¥ denotes the operation of complex conju-
gation and transposition, (-) denotes ensemble average, T;; is
the (i, j) entry of [T], and Ay, By, B, C, D, E, F, G, and
H are the Huynen parameters [1].

The deorientation of scattering matrix [S] is conducted

by [1]
(5] = [ cos ¢

sin ¢ 5] cos @
—sing

—sing @
cos @ sin ¢

cos ¢

where ¢ is the POA of target, [S] and [S] are scattering matrix
with and without deorientation, respectively.'
The deorientation of coherency matrix [T] is done by

[T]=[R,ITIR,]" Q)
where [R,] is the SU(3) rotation matrix
1 0 0
[Ry]= |0 cos2¢ sin2gp |. (6)
0 —sin2¢p cos2¢p

B. Imaging Geometry and POA Range
Lee et al. [4] indicated that the POA of terrain surface is
geometrically related to the topographical slopes and radar

look angle, following
_ tan @ 7
tang = —tany cos¢ + sin ¢ (
where ¢ is the POA of the ground patch, w is the azimuth
slope angle, y is the ground range slope angle, and ¢ is the
radar look angle. Fig. 1 shows the radar imaging geometry.

"Hereinafter, we represent the deoriented parameter with a superscript ~
for convenience.
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Fig. 1. Radar imaging geometry of a tilted ground surface patch.
(a) 3-D view, and the projected view of (b) xoz-plane and (c) yoz-plane,
where Nxoz and Nyoz are projected components of surface normal on
xoz-plane and yoz-plane, respectively.

The range of POA can be theoretically derived from (7)
when ranges of other angles are given. There is no doubt that
radar look angle ¢ varies within [0°, 90°] (see Fig. 1(a)), and
azimuth angle w is limited in [—90°, 90°] (see Fig. 1(b)). As
shown in Fig. 1(c), the detectable range of ground range angle
y is [¢—90°, $490°], which depends on ¢. Here, the negative
value of w and y means clockwise direction in the corre-
sponding planes xoz and yoz, as shown in Fig. 1(b) and (c).
Fig. 2 shows that ¢ changes as a function of w and y, where
we set ¢ = 30° without loss of generality. It is shown that
@ ranges within [—90°,90°], consistent with the physical
reality of steep terrain observed by Lee er al. [16]. The
function is nonlinear because POA is determined by both @
and y, while @ plays a major role seemingly.

III. UNAMBIGUOUS POA ESTIMATION
FOR STEEP TERRAIN
A. Ambiguous Estimation of EDA
CPA and MXPA can be collectively called EDA, because
both of them regard E = 0 as the necessary condition

of terrain zero-POA state [6], which will be discussed in
detail later. This reasonable constraint can also be interpreted
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Fig. 2. POA variation as a function of topographic azimuth slope angle w
and ground range slope angle y with the radar look angle ¢ = 30°. The POA
ranges within [—90°, 90°].

based on the physical scattering properties of Huynen para-
meters, taking the three prevalent models of terrain surface
scattering into account, i.e., Bragg scattering [17], extended
Bragg scattering [18], and scattering of reflection symmetry
[19]. Even though all of them hold the common property that
E, F, G, and H are all zero when with zero-POA rotation,
however, as described in [6], only one parameter can be
adjusted to zero by rotation mathematically. Compared with
parameters G and H, the physical significances of E and
F are more relevant to target asymmetry [20], [21], which
should be minimized when terrain is flat. Moreover, since F is
roll-invariant [6] and represents the helix power [10], the least
but optimal choice is to tune parameter E.
Accordingly, EDA can be expressed as

find ¢

st. E=0 (®)

where the deoriented Huynen parameter E can be derived
from (3) and (5) as

E = —Bsin4g + E cos4g. 9)

Since the range of ¢ is [—90°, 90°], as shown in Fig. 2, two
¢ values with 90° difference can both satisfy (8), which makes
POA not unique. To overcome this, POA estimations such as
CPA, restrict ¢ in [—45°,45°] (it will be detailed in Section IV
that POA derived by (8) in [—45°,45°] is consistent with that
obtained by CPA of Lee et al. [4]). Such restrictions, however,
will deeply influence the application of EDA to steep terrain
slope estimation because wrapping will arise when actual
POA exceeds the interval [—45°,45°]. As shown in Fig. 3(a),
beyond the interval [—45°,45°], the CPA-estimated POA ¢,
in solid red line is inconformity with the real value derived
from DEM in blue broken line. The target is modeled by Bragg
scattering, which has the same condition as [16].

B. Unambiguous Estimation of VEDA

The ambiguous problem of POA estimation over steep
terrain can be solved felicitously by combining the physical
scattering characteristics. As for the natural terrain domi-
nated by Bragg scattering, when POA is zero, the vertical-
polarization (v-pol) power |Syy|> is not less than the
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horizontal-polarization (h-pol) power |Syz|? [17]. This indi-
cates a significant fact that deorientation should not only
make E = 0 but also restrict C < 0, where C =
(ISHHI2 - |SVV|2)/2. Therefore, (8) becomes

find ¢

|

where the deoriented Huynen parameter C can be derived
from (3) and (5) as

C = Ccos2¢ + Hsin2gp.

0
0 (10)

[@1Mesl
IA

(11

According to (3) and (5), deorientation by the two different
POA solutions of (8) affects the sign of C (see Appendix A).
Hence, ¢ is unique when fixing the sign of C and can be
succinctly expressed as

E
sin(4p +360° - n) = —
/E2 2
E‘y B n=-1,0,1 (12)
COS(4(0 + 360O . l’l) = m

where ¢ € (—90°,90°] (the half open interval is determined
by the periodicity of the trigonometric function), and the value
of n depends on the sign of C and the range of POA. Note that
C is calculated by (11) with (4¢ 4 360° - n), which equals the
solution of EDA in [—45°, 45°], e.g., ¢ derived by Lee et al.
[4]-[6] (proved later in Section IV-A). Accordingly, if C<o,
then ¢ = ¢ (viz., n = 0); if C > 0and —45° < o < 0°, then
o = o +90° (viz.,, n = —1); if C>0and 0° < o < 45°,
then ¢ = ¢; — 90° (viz., n = 1).

Specifically, C < 0 means that the derived POA satisfies
the assumption of Bragg scattering and needs no correction,
thus n = 0 and the solution is just the same as EDA-derived.
When C > 0, POA should be corrected, and there are two
different cases thus deriving two different values of n. This is
because POA after correction should be limited in its effective
range, i.e., (—90°,90°], to be consistent with the range of
terrain POA. Therefore, the sign of POA in [—45°, 45°] further
determines the sign of n. For convenience, the proposed POA
estimation (10) is termed as VEDA. Fig. 3(b) shows POA
obtained by VEDA. The result overlaps the DEM-derived
POA without wrapping, which substantiates the proposed
algorithm perfectly.

IV. COMPARISON OF VEDA AND OTHERS

Similarities and differences among VEDA, CPA, and
MXPA are discussed in detail in this section from multiple
perspectives, which is substantiated by the simulated data.

A. CPA

1) CPA Proposed by Lee et al.: CPA was developed for
medium of reflection symmetry [4], which takes advantage
of the circular polarization parameter SgrS;,; based on the
hypothesis that

Im{SgrS;,;} =0 (13)
where

Sop — —j2

Skr SRRe.2 (14)

Spr = Spre’??
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POA versus azimuth slope angle plots. The blue broken line in each plot denotes the DEM-derived POA ¢pgm. The solid red line denotes

(a) CPA-derived POA ¢ developed by Lee et al. [4], (b) VEDA-derived POA ¢, (c) MXPA-derived compensated POA ¢y ; by Xu and Jin [7], (d) MXPA-derived
compensated POA ¢4 by An [9], and (e) MXPA-derived POA ¢y by Yamaguchi et al. [10], respectively. The green dotted line in (c) plots MXPA-derived
POA ¢,, by Xu and Jin without compensation [7]. Terrain surface is modeled by Bragg scattering with &, = 9 4 j2.5, w varies from —90° to 90°, y = 0°,

and ¢ = 30° [16].
Then, the expression of POA proposed by Lee et al. is [5], [6]

1, n <45°
= 1
oL n—90°, 5> 45° (15)
where
n= 7 tan ! ——B + 180° (16)

2) Alternative Solution of CPA: The solution above is
not strict, and it is interesting to note that there exists
another expression from the hypothesis of reflection symmetry.
According to (13) and (14), we have

4

49 4 180°
where Arg{-} denotes the extraction of phase term. Obviously,
POA in (15) is derived from the first equation of (17),
ie., Arg{SrrS;,} = 4¢, while the second equation will lead
to an alternative solution undoubtedly because it also satisfies
the constraint (13). We use o to represent the new POA, and”

E
«/Ezl—;k B?

v E?*+ B?

where a = ¢, (see Appendix B). Therefore, we can directly

use (18) to perform CPA, which is more succinct than (15).
According to (18), CPA belongs to EDA category, and as

aforementioned, its estimation of POA will be wrapped over

the steep terrain when the real orientation exceeds [—45°, 45°]

for no dominated co-pol power is specified.

2It should be stressed that (18) cannot be expressed as a
(1/4)tan"'(E/B), otherwise o will be restricted within [—22.5°,22. 5°]
instead of [—45°,45°] in (18). The expression of POA like (18) will be used
hereinafter to avoid ambiguity.

Arg{SRRSZL} = (17)

sindo =
€ [—45", 45"} (18)

cosda =

B. MXPA

1) MXPA of Xu-Jin and An et al.: Xu and Jin [7] proposed
a deorientation algorithm by minimizing the x-pol scattering
power of target. They indicated that concentrating power
onto the co-pol backscattering can make the corresponding
parameters more effective in describing target characteristics.
They proved that the MXPA-derived POA ¢,, is in agreement
with the CPA-derived POA a [7]. However, technically their
relation is

a>0
a <0

a)

o +90°, (19)

Om =
and the range value of ¢,, is [0°, 90°). Furthermore, Xu and
Jin indicated that deorientation with ¢,, will turn a target into
two orthogonal states and ¢,, should be corrected by

¢ma CEO
om +90°, C <0

Thus, the range of Xu-Jin POA is extended to [0°, 180°).

An et al. [8] estimated POA for model-based decomposition
by minimizing 753 which bears the same form as a. Similarly,
An further corrected POA by judging the predominated polar-
ization in his dissertation [9], and the An POA ¢4 can be
finally expressed by a as

PxJ = (20)

a, C>0
pa=4a+90°, C<0anda <0 20
a—90°, C <0anda > 0.

The range of ¢4 is (—90°, 90°] [9].

Essentially, the algorithms developed by Xu-Jin [7] and An
[9] are the same, i.e., minimizing the x-pol power and correct-
ing the result based on the sign of C. However, the ranges of
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pxy and @4 are different because of their different rotation
directions. ¢x,; in (20) is always positive which indicates
the same rotation direction, while ¢4 in (21) is symmetric
around 0°, which indicates two different rotation directions.

2) MXPA of Yamaguchi and Chen et al.: In 2011,
Yamaguchi et al. [10] indicated that the x-pol component can
also be created by multiple scattering in man-made structures
with oblique incidence angle which will confuse the recogni-
tion of urban area. Hence, the deorientation process is required
so as to minimize the x-pol component 733 like Xu-Jin [7] and
An et al. [8], [9]. The Yamaguchi POA ¢y is obtained from
derivation

T3/3 = 2(T22 — T33) sin 4(p — 4RC{T23} COS 4(p =0 (22)
and formulated as
E
tan 4py = 3 (23)

It should be noted that (23) is derived only by (22), which
specifies tan4py with no information on the sign of sin4gy
and cos4gy. Therefore, even if it seems equivalent to (18),
the main range of gy is limited in [—22.5°,22.5°].

Besides, only the first derivative condition cannot guarantee
that T3; will be minimized by rotation. Accordingly,
Chen et al. [11] introduced the second derivation condition
when they estimated POA for built-up areas

Ty, = 8(Tay — Ts3) cos4g + 16Re{Tos} sindg > 0. (24)
The Chen POA ¢ is then expressed as [11]

1 L E
pc = —| tan E:l:nn , n=0,1. (25)

4
The range of ¢¢ is [—45°,45°]. In Appendix C, we prove that
@c is equivalent to the CPA POA a.

3) Remarks: As shown in (20), (21), (23), and (C.5), ¢x/,
®4, @y, and ¢ obtained by MXPA are directly related to o
in (18) achieved by CPA despite the differences on range.
Like CPA, MXPA also supports POA is 0 when E = 0,
because the minimizing of x-pol entry is, in fact, equivalent
to the maximizing of B, which further requires E> to be
minimized by rotation, i.e., rotation is not needed if E = 0,
as can be simply derived from (3) and (5). Therefore, CPA
proposed by Lee et al. [4] and MXPA developed by Xu-Jin [7],
An et al. [8], Yamaguchi et al. [10], and Chen et al. [11] can
be unified as EDA.

C. Comparison of Deorientation Algorithms

As aforementioned, £ = 0 is the common requirement of
CPA, MXPA, and VEDA. The correction process in MXPA
of Xu-Jin and An is dedicated to extend the POA range
according to the sign of C, and this idea is also adopted by
VEDA. Nevertheless, VEDA uses C < 0, taking the scattering
mechanisms of the natural surface into consideration, while the
correction in MXPA uses C > 0. Therefore, MXPA developed
by Xu-Jin and An obtain different POA estimation from VEDA
although the variation range is extended from 90° to 180°,
as shown in Fig. 3(c) and (d), where the blue broken line
denotes the real POA computed from DEM data by (7). Red
solid line and green dotted line in Fig. 3(c) denote the results
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TABLE I
COMPARISON OF DIFFERENT POA ESTIMATION ALGORITHMS

Symbol  Quantity Range Value Pngr‘f:ated
©DEM DEM-derived [—90°,90°] |Syvv |2

© VEDA (—90°,90°] ISy v

#L CPA by Lee [—45°,45°] undetermined
e MXPA by Chen

oxJ MXPA by Xu-Jin [0°,180°) |SHm?

oA MXPA by An (—90°,90°] |S e |2

% MXPA by Yamaguchi [—22.5°,22.5°]  undetermined

with and without range extension, respectively. ¢, is wrapped
and only overlaps with the DEM-derived POA ¢pgpm when
opeM > 0 without extension. However, gy is totally deviated
from gpgwm after the range scope of POA is corrected because
their definitions of the POA rotation direction and stipulations
of the dominated co-pol power are different. Fig. 3(d) depicts
@4 in (21) with solid red line, which shows another kind of
wrapping comparing to gpgy. Note that p4 and gy are equal
in their common range and both have 90° shift from @pgwm.
This is reasonable since range scope is the only difference
between the two and they both select the h-pol power as
dominated, which is different from gpgy.

POA ¢¢ proposed by Chen et al. in (25) is the same as
CPA-derived a in (18). As shown in Fig. 3(a), ¢ and « in
solid red line are both limited in [—45°, 45°], since both CPA
and MXPA of Chen et al. have no additional constraint for
further selecting POA from the two solutions of (8). When
@peM in blue broken line is in the range of [—45°, 45°], ¢ and
o are consistent with gpgy. Otherwise, they are wrapped into
the limited range, and inaccurate estimation is then inevitable.
Fig. 3(e) plots ¢y developed by MXPA of Yamaguchi et al.
[10], which further restricts POA in [—22.5°,22.5°] due to
the use of the first-order derivative condition only. Thus,
target deoriented by ¢y not only has no fixed sign of C,
but also cannot guarantee a reduction of its x-pol power. The
range value and specified dominated co-pol power of each
POA estimation algorithm are summarized in Table I, which
enumerates their similarities and differences clearly.

V. EXPERIMENTAL RESULTS
A. Experiment on Simulated Mount Fuji Data

The ALOS PALSAR sample simulated data of Mount Fuji is
utilized in this part to illustrate the efficacy of VEDA. Fig. 4(a)
shows the Pauli image. The radar platform was moving from
the left to the right of the image and was looking toward its
right, i.e., the ground range direction is from the top to the
bottom. The original single-look complex scattering matrix
data is averaged in both azimuth and slant-range directions
using a 2 x 10 boxcar filter to reduce the speckle noise and
to make the multi-look pixel nearly square in pixel spacing.
The aerial view of the same area from Google earth is shown
in Fig. 4(b), and Fig. 4(c) displays the DEM data acquired
by Shuttle Radar Topography Mission (SRTM) at a resolution
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(b)

(©

Fig. 4. Multi-source images of Mount Fuji in Japan used in the experiment.
(a) Pauli RGB image of the sample PolSAR data from ALOS PALSAR.
(b) Image of corresponding area from Google earth. (c) DEM image of
corresponding area from SRTM.

of 1 arc-second (30 m). The leftmost area in the image is
the Suruga Bay. A singular mountain lies to the left of Mount
Fuji, which is the highest mountain in the center of the image,
and its right is a mountain range. The rest area is flat ground,
which can also be recognized from DEM data. Since PolSAR
data is imaged in slant range while Google earth image and
DEM data are formed based on ground range, differences
among the images are caused. Besides, Fig. 4(a) shows severe
perspective shrinkage in the main peak area due to the
radar imaging geometry which seems totally different from
Fig. 4(b) and (c).

Fig. 5(a) shows the orientation angle gpgy derived by (7)
from DEM data, indicating the dramatic mountainous terrain
fluctuation with large POA. From the color-bar we can see
that the most of |ppgMm| are greater than 45°. Fig. 5(b) shows
the estimated POA ¢ by VEDA with (12). It can be observed
that except for the different angles of view, ¢ and gpgm are
highly consistent. POA ¢ of ocean and flat ground in Fig. 5(b)
approaches 0, which is the same as ¢pgym in Fig. 5(a). The
left side and the right side of a mountain possess POA of
opposite signs in both images, which further brings Fig. 5(a)
and (b) the tidy POA distribution, and we will analyze this in
detail later.

POA o estimated by CPA is displayed in Fig. 5(c), which
shows a chaotic and disordered orientation angle distribution.
Since some of |pppMm| in this precipitously mountainous scene
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(b)

(@

Fig. 5. POA estimation results achieved by (a) DEM based on geometrical
relationship, (b) VEDA, (c) CPA, and (d) MXPA proposed by An [9] with
angle unwrapping processing.

are larger than 45°, exceeding the limited range of «, large
angle will be wrapped as a result. Hence the distribution of «
will no longer take the middle of the mountain as a boundary,
i.e., o cannot reflect the real terrain situation in Mount Fuji,
despite the flat areas such as ocean and flat land have no
wrapping in Fig. 5(c).

Fig. 5(d) shows An-derived POA ¢, with unwrapping
operation, which extends the range of angle to (—90°, 90°]
[9]. However, ¢4 looks strongly inconsistent with gpgy. For
ocean area in the left side and some flat terrains between
mountains, ¢4 is about £90° alternatively in Fig. 5(d), instead
of the real condition of 0° in Fig. 5(a). This is because ¢4
is derived based on the assumption of h-pol power domi-
nated, which will induce bias for the v-pol power dominated
targets such as ocean and natural terrain modeled by Bragg
scattering. Nevertheless, except for the 90° offset, the POA
information in Fig. 5(d) and (b) is equivalent essentially.
The POA estimated by Yamaguchi er al. [10] has been
corrected by Chen ef al. [11] which has the same expression
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Fig. 6.
(d) MXPA proposed by An [9] with angle unwrapping processing.

as CPA-derived POA and is represented in Fig. 5(c) also. Here,
the result of MXPA by Xu and Jin is not demonstrated, because
the algorithm is derived based on the Pauli vector k of a single
target, instead of the coherency matrix [7'] of distribute target
[7]. Besides, the range of ¢y is quite different from others
and is hard to compare under the same color-bar system. Thus,
we will not show them in the following experiments as well.

Fig. 6 further displays the POA estimations of the right
mountain range, as framed by the white square in Fig. 5(a).
The reason why POA of the left side of the mountain is
opposite to that of the right side in Fig. 6(a) and (b) can
be explained through analyzing the geometrical relationship
of the two sides. Since the illumination direction is from
the top to the bottom, the left and right sides of mountain
have opposite azimuth slope angles, i.e., the left with negative
azimuth angles while the right with positive ones. Fig. 2 shows
that if two surface patches have the same ground range slopes
but opposite azimuth slopes, their POA will be opposite to
each other irrespective of whether the data is formatted in
slant range or not. Such opposite POA in fact holds in all the
mountain areas in Fig. 5(a) and (b).

Although the nice consistence, the slant-range ¢ cannot be
exactly the same as the ground-range ¢pgy in each image
pixel just due to the difference on viewpoint. It can be
observed from both Figs. 5(b) and 6(b) that the sight-toward
side of mountains, what we call sunny side, is compressed,
while the opposite side, i.e., the nightside, is stretched
severely in the PolSAR data because of the foreshortening
effect of SAR imaging. Consequently, PoOISAR-derived POA
sketches more details than DEM-derived POA at nightside but
misses some information on sunny side. Such a slant-range
point of view makes Figs. 5(b) and 6(b) more stereo than
the counterparts in Figs. 5(a) and 6(a). Note that POA of the
nightside in Fig. 6(b) is slightly different from that in Fig. 6(a),
but the difference is obvious for the 3776-m-high main peak
of Mount Fuji between Fig. 5(a) and (b). This is also because
of their different viewpoints primarily. Since PolSAR data is
imaged in slant range, its relative topography will be different
from the ground range data. And the difference will be more
obvious for areas with more severe perspective shrinkage,
e.g., the main peak. Hence, the nightside of the mountain
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Comparison of the POA estimations in steep mountain area obtained by (a) DEM based on geometrical relationship, (b) VEDA, (c) CPA, and

shows a clearer positive—negative POA boundary in the
middle of image than the DEM-derived result, even though
they both present the phenomenon that the left and right sides
of mountain have opposite POA. Besides, the process for
SRTM data may also influence the accuracy of gpgy since
interpolation is used after registering the DEM data to the
same direction with PolSAR data.

In addition, since the data used in this subsection is the
sample simulated data of ALOS PALSAR, even though it
has been applied by some other researchers [22], another
measured PolSAR data is employed to further substantiate the
proposal.

B. Experiment on AIRSAR Data of Chiang Mai

Another interesting experiment is conducted on the real
measured P-band PolSAR data of Chiang Mai, Thailand,
from NASA/JPL TOPSAR. Fig. 7(a) shows its optical image
from Google earth, as well as the flight and illumination
directions of the radar. The illuminated mountainous ground
is covered with vegetation, crops, and some village areas.
NASA/JPL TOPSAR also acquired the corresponding DEM
using C-band interferometric SAR, and the DEM-derived POA
gpem 1S shown in Fig. 7(b). It can be seen that ¢ppym is
within [—90°,90°] and a nonnegligible amount of them are
beyond [—45°, 45°] (about 7% statistically). The CPA-derived
POA a given in Fig. 7(c) shows apparent inconformity with
DEM-derived result because of the narrow range. Fig. 7(d)
shows POA ¢ estimated by VEDA, which is somewhat noisier
than the DEM result, but the terrain profile and the POA
distribution are highly consistent with Fig. 7(b). Fig. 7(e) is
the filtered ¢ with 7 x 7 boxcar filter which seems less noisy
than its original and it will be discussed in detail later. The
PolSAR data has been filtered using a 5 x 5 boxcar filter to
reduce the speckle effect.

It is noticeable that POA achieved by both CPA and VEDA
are unclear and noisy in Fig. 7(c)—(e). In addition to the
influence of vegetation on the ground, the low resolution and
speckle of P-band PolSAR data may also contribute to the
imperfection. As a result, many minuscule slope variations
drowning in the noise cannot be identified, which leads to the
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Fig. 7.

Images of experimental area in Chiang Mai, Thailand. (a) Optical image from Google earth. POA estimation results obtained by (b) DEM based on

geometrical relationship, (c) CPA, and VEDA (d) without and (e) with POA filtering operation, respectively. The PolSAR data has been filtered using a 5 x 5
boxcar filter to reduce the speckle effect, and (e) is the filtered result of (d) by a 7 x 7 boxcar filter.

vague estimation results. Nevertheless, the better performance
of VEDA can still be observed.

For a detailed comparison, we focus on a small area
with size 140 x 300, as circumscribed by the yellow square
in Fig. 7(a). It can be seen from Fig. 8(a), (b), and (d) that
even though the ground is mantled by trees, VEDA is effective
in POA estimation, while the result of CPA, in Fig. 8(c),
can hardly reflect the topographic information. Furthermore,
Fig. 9 exhibits a quantitative comparison of estimated POA
for a 300-pixel cut in azimuth direction of Fig. 8 (i.e., the red
line). Three profiles of estimated POA derived by DEM,
CPA, and VEDA are given, respectively. It can be seen that
VEDA-derived POA ¢ matches ¢pgym in general, though with
certain fluctuations at some special points, which can be
attributed to the land vegetation on the ground and the reason

will be analyzed later. CPA-derived POA shows an inferior
result which seems uncorrelated with gpgy. Considering many
opem are fluctuating around £45°, this may be because of its
limited range. The scatter diagrams of ¢pgy versus o and
@ are given in Fig. 10(a) and (b), respectively, where blue
dashed lines show the theoretical results of the two algorithms,
and the theoretical wrapped POA achieved by CPA can be
seen clearly in Fig. 10(a). Though there are several unideal
biased points in the plot Fig. 10(b), ¢ is accordance with the
theoretical values. The unideal performance of a may due to
the joint effect of noise and phase wrapping. Take ppgy as the
reference, we compute the mean and root mean square (rms)
of the differences, as well as the Pearson product-moment
correlation coefficient (PPMCC, which ranges from —1 to
1) between o and ¢pgym and that between ¢ and @ppMm.
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Fig. 8. Detailed analysis of the experimental data on a 140 x 300 area, with
(a) optical image and derived POA by (b) DEM, (c) CPA, and (d) VEDA.
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Fig. 9. Comparison of DEM-derived POA, CPA-derived POA, and
VEDA-derived POA of the azimuth range cut samples shown in Fig. 8(a).
Result of VEDA is more accordance with the result of DEM.

As listed in Table II, CPA holds large mean, large rms
difference, and negative PPMCC, i.e., 40.43°, 45.43°, and
—0.37, because of the range limitation, while VEDA shows
better performance as the mean difference is 21.84°, rms
difference is 26.92°, and PPMCC is 0.73. It can be derived
that the theoretical value of PPMCC between ¢ and gpgy, and
o and gpgy is 1 and —0.25, respectively, where the negative
sign of the latter is ascribed to the phase wrapping. Actually,
the quantitative result of VEDA 1is barely satisfactory, about
which will be analyzed in the following.

It should be noted that a 7 x 7 boxcar filter is imposed
only on the VEDA-derived POA ¢ in this detailed comparing
experiment, i.e., Figs. 8-10, and Table II all display the
results of filtered ¢ and unfiltered CPA-derived POA a. There
are two important reasons for this. First, no filtering on a is
not only because of the following to Lee er al. [4]-[6], [16],
but also because of its range restriction. In this experiment,
many ¢@pgpm are fluctuating around =£45°. After filtering,
some ¢ppm exceeding [—45°,45°] are smoothed and move
into [—45°,45°]. For instance, if 5 contiguous ¢@pgm
distribute as

40° 47° 43° 46° 45°
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Fig. 10. Scatter diagrams comparing DEM-derived POA with

(a) CPA-derived POA and (b) VEDA-derived POA. The dashed blue lines
represent the theoretical values of CPA-derived POA and VEDA-derived POA,
respectively.

TABLE I

STATISTICAL DIFFERENCES BETWEEN DEM-DERIVED
POA AND POLSAR-DERIVED POA

Algorithms  Mean of Difference RMS of Difference = PPMCC
CPA 40.43° 45.43° —0.37
VEDA 21.84° 26.92° 0.73

after filtering by an average filter of length 2, it becomes
43.5° 45° 44.5° 45.5° 45°.

However, because of the limited range, CPA-derived POA
o exceeding [—45°,45°] are wrapped before filtering, which
will change the angular sign, as (ideally)

40° —43° 43° —44° 45°.
Then, the filtered result is
—1.5° 0° —0.5° 0.5° 45°

which holds a large difference with @gpgy. It is worth men-
tioning that we have experimented a lot about filtering on o
(not only in this scene), and the results show that it cannot
increase the CPA accuracy, and only lead to over-smoothing.
Therefore, it is rational to leave the CPA-derived POA unfil-
tered as done by the previous work [4]-[6], [16]. Second,
compared with CPA and other estimation algorithms which
limit the POA range in [—45°, 45°], VEDA is somewhat more
susceptible to the noise, because it strongly relies on the
relative value of [Syy| and |Syy|. Even slight fluctuation of
the co-pol powers may change the result of VEDA. As can
be seen in Fig. 7(d), which shows unfiltered VEDA-derived
POA ¢, even though it is consistent with the general profile of
opem Vvisually, the noise spots in the figure are non-negligible,
and the value of POA fluctuates around £90° severely, which
greatly reduces the feasibility for further quantitative analysis.
In contrast, the filtering result shown in Fig. 7(e) significantly
suppresses the noise. Thus, it is necessary to filter the result of
VEDA for reducing the influence of random noise. Here we
employ the 7 x 7 boxcar filter on ¢, which is a nice compro-
mise between the image resolution and noise level. Even so,
the undesired fluctuations still greatly decrease the accuracy
of VEDA, as aforementioned. Undoubtedly, the stronger the
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imposed filter is, the less the number of the outlier points (as
can be seen in Fig. 10(b)) will be, nevertheless, the estimated
POA will also be over-smoothing meanwhile. Accordingly,
there needs to be more efforts to investigate the relationship
between random noise suppression and detail preserving of
the POA estimation in the future work.

The influence of vegetation and village areas on POA
estimation is discussed as follows. POA results of these
areas are inconsistent with gpgy, and this is because of the
inconformity of the scattering models. As aforementioned,
VEDA is proposed for terrain POA estimation, and it relies
on the relative value between |Syx|*> and |Syy|?. Since both
vegetation areas dominated by volume scattering and village
areas dominated by double-bounce scattering dissatisfy the
hypothesis, the result of VEDA will be inaccurate. Therefore,
VEDA should be employed on suitable scenes, i.e., for
terrain surface. On the other hand, this also implies that
the scattering characteristic-dependent algorithm VEDA may
differentiate the natural surface and other scattering type effec-
tively, which may be employed in terrain classification in the
future work.

VI. CONCLUSION

This article presents a novel POA estimation algorithm
VEDA for terrain slope estimation on the basis of the natural
surface scattering characteristics, which extends the range of
POA to the unwrapped range calculated by DEM data. The
ALOS PALSAR sample data of Mount Fuji and AIRSAR data
of Chiang Mai substantiate the algorithm well. The influence
and necessity of filtering on estimated POA are also discussed
in the experiments. Due to the influence of volume scattering
from vegetation and the different polarization characteristics
of the villages, some unexpected noises are also shown
in the results, which needs further investigation to resolve.
In conclusion, for bare and less vegetation surface, VEDA
can estimate POA accurately without angle wrapping and
ambiguity.

Current deorientation algorithms are analyzed and compared
with VEDA in the article for investigating the essential rela-
tionship among them. By deriving the alternative solution
of CPA, we provide the proof that CPA and MXPA are
equivalent. Besides, their differences in angle definition and
range limitation are discussed in detail, which clarifies the
wrapping and unwrapping mechanisms of POA. Since all of
them take Huynen parameter E as zero when target has no
orientation, they can be collectively called EDA.

APPENDIX A

This appendix presents the two solutions of (8) in
Section III-A and proves one of it is the solution of VEDA,
i.e., it satisfies (10) and (11) in Section III-B.

According to (8) and (9), the solution of EDA in
[—45°,45°] is

E
sin4f)) = ——
! /Ezéi_ BZ

VE? B2

, 01 e[—45°,45°]. (A.])

cos40, =
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Since the range of POA is [—90°, 90°], we can derive the other
solution as
{91 +90°, —45° <6 <0°
60, =

(A2)
0° < 0, < 45°

01 —90°,

where 6, not only ranges in [—90°, 90°], but also satisfies (8)
and (9). Therefore, 0, and 6, are the two solutions of (8).

According to (11), the deoriented Huynen parameter C
by utilizing the two solutions of (8) can be expressed
respectively as

(A3)

C, = Ccos?20; + H sin 20,
Cy = Ccos20, + Hsin26, .

Substituting (A.2) into (A.3), we have

C, = Ccos(26, £ 180°) + H sin (2(91 + 180°)
= —C cos 20, — H sin 20,

=—-C,. (A.4)

Therefore, C; and C, have opposite signs, which indicates that
one of the solutions of (8) always satisfies (10) and (11).
APPENDIX B

This appendix is devoted to deriving & = ¢; mentioned in
Section IV-A. Let

—FE
tan~! — =40 (B.1)
—B
which means that
in 460 £
Sin4) = ——
VEILB? | ge[-45°,45°]. (B2
cosdt) = ——
/EZ + BZ
Then, (15) can be expressed by 6 as
0+45°, 0<0
= B.3
oL {9—450, 6>0. -3

On the other hand, based on the property of trigonometric
function,

o E o —E o
tan~ — =tan~ —— £ 180 (B.4)
B —B
thus (18) can be rewritten as
o =0 +45° (B.5)
Since the range of a should be limited in [—45°,45°],
it becomes
0+45°, 0 <0
o = T4 - (B.6)
0 —45°, 0>0

which is the same as (B.3).

Theoretically, there is a one-to-one correspondence between
the calculated POA and the real orientation angle. But a
bias may exist because of the periodicity property of the
trigonometric function. Essentially, this involves in how to
define the zero-orientation direction of a target, which will
affect the value of POA. The two solutions of (17) represent
two opposite zero-orientation directions. The procedure of
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removing bias by adding 180° as Lee et al. did just changes
the direction from one solution to another, which matches the
data characteristics better. That is the essential reason why o
and ¢; have the same expression.

APPENDIX C

Here, we solve (22) and (24) to formulate an explicit
expression of (25) given by Chen et al. in the range of
[—45°,45°] and to prove a = ¢c.

Equations (22) and (24) can be simplified as

Bsindpe — Ecosdpc =0 (C.1)

Bcosdpc + Esindpc > 0. (C.2)

From the previous discussion we know that if the sign of
sin4¢ and cos4¢ are given, the range of ¢ can be extended to
[—45°, 45°]. Therefore, the second order deviation condition
is indispensable. From (C.1), E can be represented by

in 4
E = g 227¢ (C.3)
cos4pc
Substituting (C.3) into (C.2), we have
. 24
Bcosdpe + BE2PC g 2 -0 (C4
cosdoc cosdpc

which means B and cos4¢¢ are of the same sign. Similarly,
it is easy to derive that £ and sin4¢c are of the same sign.
Therefore, pc can be derived in the range of [—45°,45°]
by

(C.5)

cosdpc = ——
=T B

which is equivalent to the expression of a. Hence, the POA

result of the MXPA proposed by Chen ef al. is the same as

CPA developed by Lee et al..
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