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Abstract: Scattering characterization of obliquely oriented buildings (OOBs) from polarimetric
synthetic aperture radar (PolSAR) data is challenging since the general double-bounce scattering
does not support their dominant scattering mechanism. In this paper, a physical scattering model
combining the eigenvalues of coherency matrix is proposed to characterize the scattering of OOBs.
The coherency matrix is first operated by eigenvalue decomposition and a refined OOB descriptor
is presented based on these eigenvalues. Considering the actual proportions of co-polarization and
cross-polarization components, the descriptor is then adopted to modify the matrix elements of the
well-known cross scattering model, thus introducing the OOB scattering model. Finally, strategies
of model parameter solution are designed and the involved decomposition is complete accordingly.
The proposed method is tested on spaceborne and airborne PolSAR data and the results confirm its
effectiveness, which clearly call for further research and application.

Keywords: obliquely oriented buildings; polarimetric synthetic aperture radar (PolSAR);
scattering model

1. Introduction

Scattering behavior understanding is a bridge between the collected polarimetric synthetic
aperture radar (PolSAR) data and real applications [1-4]. Concerning this, numerous studies have gone
into model-based decomposition (MBD) of the coherency matrix as the summation of several scattering
components and the product MBDs proposed by Freeman [1] and Yamaguchi [2] are widely applied.
As a specific data processing method, the MBD provides insights into the scattering mechanism over
the scenes with different land covers and thus is still developing at a considerable speed.

Despite all of this, outputs from the MBDs are sometimes confusing when discrimination between
obliquely oriented buildings (OOBs) and natural areas is made. For an OOB whose main scattering
center is at an oblique direction with respect to the radar illumination (its orientation angular
domain approximately ranges between 22.5° and 45° (or between —45° and —22.5°) [4]), intense
cross-polarization powers instead of co-polarization powers will be induced [4-7]. Simultaneously,
there also exist significant cross-polarization responses in natural areas. This phenomenon, known as
the overestimation of volume scattering (OVS), can lead to scattering mechanism ambiguity as well as
misinterpretation. In reaction to this issue, many approaches are proposed and have met with varying
degrees of success [8-21]. One well-known technique is adopting the mathematical operation for the
input coherency matrix. Representative examples of such works include non-negative eigenvalue
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decomposition (NNED) [8-10] and orientation angle compensation (OAC) [11-13]. However, the
NNED generally has high computational complexity due to the pick of the optimal coefficient. While for
the OAC, it sometimes produces non-robust results when dealing with buildings with large orientation
angles. On this occasion, studies are inclined to introduce more sophisticated scattering models [14-21].
Among them, the cross scattering model (CSM) [21] dedicates to separate powers caused by OOBs
from the overall cross-polarization components and achieves the relatively high property of scattering
characterization. Nevertheless, the CSM is data-dependent and still suffers severe OVS to some extent.

To address the aforementioned issues, an OOB scattering model which integrates the CSM
and the eigenvalues of coherency matrix is proposed in this paper. The main work includes the
following aspects. First, an eigenvalue-related OOB descriptor proposed by [22] is revisited and a
refinement is put forward on this basis. Second, the refined OOB descriptor is utilized to construct a
scattering model (OOB scattering model), which considers the actual proportions of co-polarization
and cross-polarization components. Third, to achieve the accurate scattering contribution estimation,
strategies of modular calculation and quadratic discriminant with root determination are elaborately
designed for the involved MBD. Finally, different spaceborne and airborne PolSAR data are utilized
and the effectiveness of the proposed method is comprehensively verified.

2. Methodology

2.1. Refined OOB Descriptor

Subject to the reciprocity condition, the acquired full polarimetric information can be expressed in
the form of the coherency matrix as

Tin T T3
([T]) = <k3pk§{p> = | Ta Tn T @
T3 Tz Ts3

where k3p, represents the Pauli vector. The superscript H and the notation (-) indicate the conjugate
transpose and ensemble averaging, respectively. The eigenvalues and eigenvectors of the 3-D
Hermitian coherency matrix can be computed with

3
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where the real numbers A; are the eigenvalues and u; is the unit orthogonal eigenvector.

Recently, Quan et al. [22] proposed a robust descriptor to characterize the polarimetric
characteristics of OOBs via the combination of eigenvalues. The robustness reflects in that the
eigenvalues for different building orientations are roll-invariant. Considering that the eigenvalues
have been ordered as A1 > Ay > A3, the descriptor of OOBs is defined as

405
SPAN

A=Ay

Doog = Dpp - Drp - (1 — Dpa) = A3 - ~ SPAN - 3\3

(1 ) @)
where SPAN is total power of the radar return. Dpp, Drp, and Dpa denotes the measurement
of depolarization, randomness, and polarimetric asymmetry, respectively. According to [22], the
descriptor is constructed based on the following facts.

(1) In practical applications, a large cross-polarization component is typically associated with
significant depolarization of the scattered energy [23]. The minimum eigenvalue A3 is actually a
measurement of completely depolarized component of the total power [24]. When A3 = 0, the entire
return is polarized. However, when A3 > 0, the depolarized component increases. As a result, OOBs
have high value of A3.
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(2) Influenced by the oblique orientation, double reflection signal no longer travels back to the
radar for OOBs. This results in that other direct reflections from the ground begin to dominate and the
signals appear more random [22]. Therefore, OOBs have a high amount of randomness.

(3) Through plentiful experiments, Quan et al. [22] found that buildings approximately aligned
with the flight trajectory generally have medium polarimetric asymmetry, while natural areas have
high polarimetric asymmetry. On the contrary, OOBs have a low level of polarimetric asymmetry.

The descriptor has been proven to highlight the polarimetric characteristics of OOBs effectively.
Nevertheless, there are still risks that the misjudgment can occur in some natural areas if they have
very high amounts of depolarization and randomness. Given this, we refine the descriptor as follows

Co 4N G- Mt )2
OOB = SpAN SPAN — 313’

(4)

Expectedly, the square of the second term can reduce the impact of natural areas with high
depolarization and randomness since polarimetric asymmetry in OOBs is significantly smaller than
that in natural areas [22]. It needs to be emphasized that the square processing is ascertained through
plentiful tests on datasets with different sensors and wavebands. Too high exponent will cause
remarkable loss of local information of OOBs. In addition, notice that the descriptor is constructed
mainly from a qualitative perspective and therefore, the impact of eigenvalue estimation is insignificant.

2.2. OOB Scattering Model

The CSM is derived according to the fact that a cosine squared distribution is generally used
for vertical structures [21]. According to the algebraic model of cross scattering, it consists of the
approximatively equal amount of co-polarization component (the T, term) and cross-polarization
component (the T33 term). Specifically, the maximum difference between the elements is only
+1/15 [21]. However, in real OOB landforms, cross-polarization power is found to be more intense
than co-polarization power [4-7]. In this case, we incorporate the refined OOB descriptor Coop and
propose the scattering model of an OOB as follows

0 0 0
Tloop=] 0 Oxn 0 (5)
0 0 Os
where
Coos M %OOBH
Op = ,O33 = ——oot . (6)
Coon + ycodire Coon + ycodire

The notation M denotes the maximum value of Coog. &, and is an infinitesimally small positive
number which prevents the denominator from becoming zero. As noticed, the matrix form of the
proposed model is designed to be identical to the one of the CSM since it can effectively extract the
cross scattering feature. However, the model is an optimization in two aspects. First, without any
priori information, the original Ty, term in [21] is replaced with Coop, which represents a certain
amount of co-polarization components in OOBs. Second, in consideration of the cross-polarization
component in OOBs, the original T33 term in [21] is replaced with Coop/ (M — Coog). The rationale
lies in that Coop/ (M — Coog) is much greater than Coop, which corresponds to the relative proportion
of co-polarization and cross-polarization components. Even though Coop is large in OOBs, the above
manipulation always makes the co-polarization component small compared to the cross-polarization
component. Thus, the cross-polarization component is greatly elevated. Finally, the matrix elements
are rigorously normalized to [0, 1] since there is no definite range of Coop. On comparing the relative
magnitudes of Oy and Os3, these approximations are more reasonable and closer to the actuals.
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In addition, instead of directly fitting the original T33 term to Coop, we believe that the proposed
adjustment is more promising.

2.3. Model Solution

In a similar manner as [18,21], the coherency matrix is decomposed as a weighted sum of five
kinds of basic scattering (surface, double-bounce, helix, volume, and OOB scattering, respectively), i.e.,

(M) = fslTls + folTlp + fulTly + fv(Tly + folTloos: )

where fs, fp, fc, fv, and fo are scattering coefficients to be computed.[T]g, [T]p, [Ty, and [T]y are the
corresponding specific models and their mathematical forms as given as [1,2]

1 B 0 > « 0|
Ms=| B B* 0|, [Tp=] & 1 0
0 0 0 0 0 0| @
0 0 0 2 00
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Thereinto, « and B denote the model parameters of double-bounce scattering and surface
scattering, respectively. j represents the imaginary unit and the positive (negative) sign indicates right
(left) helix scattering. After careful mathematical operations, a set of equations can be derived with the
aforementioned models, i.e.,

fs +‘fD‘“‘2'+‘%¥ =Tn

fS‘,B‘Z + fo + %V + fTH + foO2 = T

L+ Bt o035 =T ©)
fsB* + fou = Thz

fu :’Im(ng)‘.

To solve the underdetermined problem, assumptions need to be made to reduce the unknowns.
Similar to [21], one of the unknowns can be fixed according to the sign of Ty; — T + fH/2.
If T11 — Top + fu/2 > 0, then fp = 0, assuming the surface scattering is dominant in the remaining
matrix (subtracting the helix scattering component from the input coherency matrix), otherwise
fs = 0, assuming the double-bounce scattering is dominant in the remaining matrix. Nevertheless,
although the expressions shown in (8) are compact, the direct achievement of the analytic solutions is
complicated. In fact, if Coop is small, the foO», term can be directly omitted. If Coop is large and close
to its maximum value, the foOp term can also be omitted since the normalization always makes Oy
negligible. In this case, the equation sets are solvable and the following expressions can be acquired
via modular calculation, i.e.,

Ty — Toy + 4 > 0: Re(p) = %T12) im(p) = =~ Tiz)

e m(T, (10)
Ty — Too + fTH <0:Re(a) = gu),lm(uc) =1 1{1?2).

Further apply Equations (8) and (9) to obtain

TH—Tzz-I—fTH >0>0Zf52+(ZTzz—fH—Tll)fS_z‘Tu'Z:0

(11)
T — Ty + fTH >0<0: 2]%4— (TH +fH —2T22)fD—’T12‘2 =0.
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Ty — T+ f7H >0:f2+ (2T — fu—Tu)fs —Z‘le‘z =0
Ty — Top+ 8 < 0: 22 + (T + fiu —2T22)fD—’T12‘2 —0.

Apparently, the quadratic discriminant in Equation (10) is always positive, ensuring that the
quadratic equation has two roots. This splits in the following operation: (1) If the larger root is negative,
fs (or fp) is forced to zero; (2) If the larger root is positive while the smaller root is negative, fs (or fp)
is equal to the larger root; and (3) If the smaller root is positive, fs (or fp) is still equal to the larger root.
This constrains the estimation of fy from not being overwhelming.

Once the surface or double-bounce scattering coefficient is determined, the rest scattering
coefficients can be computed. Their expressions are given as

Ti1 — Ty + fTH >0:fp=0,fug= 2|Im(T23)\

\/(ZTzz—fH—Tu)2+8\T12\2—(2T22—fH—T11) (12)

fS = 7
fv=2(Ti—fs), fo= %ﬂ-

33

or
Ti1 — Ty + fTH >0:fs=0,fg= 2|Im(T23)\

fo = \/(Tu +/fu —2T22)2+SLT12 >~ (Ti+fu—2Tx) (13)

fv =2(2Tn —2fp — fu), fo = 2L

As a result, the corresponding scattering contributions Ps, Pp, Py, Py, and Pp are estimated as

Ps = fs(1+|Bl2), Po = fo(1+|al2) (14)
Py = fi, Po = fo, Py = SPAN — P5 — Pp — Py — Po.

3. Experimental Results

3.1. Validation on Spaceborne Data

The spaceborne PolSAR data are acquired over a test site in San Francisco, USA. Figure 1a displays
the Radarsat-2 C-band Pauli color-coded image, where the red channel denotes the Ty, term, the green
channel denotes the T33 term, and the blue channel denotes the T1; term. The ensemble average is
performed with factors 10 and 5 in the azimuth and range direction, respectively. Accordingly, the
resulting resolution corresponds to 24.1 m x 23.7 m in the ground area. To evaluate the performance
of the proposed method, the National Land Cover Database 2016 (NLCD 2016) [25] is used as the
ground reference image, where pixels in red represent the actual distribution of urban areas. It can be
seen that various types of urban landforms are included ranging from streets, highways, and bridges
to buildings with different orientations. Therefore, the effectiveness of the proposed method can be
properly evaluated.

Figure 1c,d illustrates the comparison of the original and refined descriptors. On inspection, it is
clear that OOBs are shown by brown regions while other land covers are colored blue. This explains
that the polarimetric characteristics of OOBs are notably highlighted by the descriptor. However, some
natural areas (outlined by the circles) and OOBs have approximate values with respect to the original
OOB descriptor. This increases the risk that natural areas may be treated as OOBs. Meanwhile, by
further considering the square of polarimetric asymmetry, natural areas are obviously impaired while
OOBs are retained (see the rectangular areas). This helps for better representation of OOBs. In addition
to this, one can notice that the depth of color indicates the oblique extent of buildings. The darker the
color, the larger the building orientation.
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Figure 1. Radarsat-2 C-band data and the obliquely oriented building descriptors. (a) Pauli color-coded
image (red: The Ty, term, green: The T33 term, and blue: The Tj; term). (b) Ground reference from the
National Land Cover Database 2016. (c) The original OOB descriptor. (d) The refined OOB descriptor.

The color conventions of decomposition results are used and given in Figure 2, where the
red channel denotes the urban scattering (the sum of double-bounce, helix, and the OOB/cross
scattering), the green channel denotes volume scattering, and the blue channel denotes surface
scattering. In addition, the OOB and cross scattering components of the proposed and CSM methods
are presented individually in Figure 2. Expectedly, cross scattering powers are remarkable for OOBs
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but negligible for other land covers. Nevertheless, apart from some special OOBs (see the rectangular
area), cross scattering powers stay at a relatively low level for most OOBs. This may increase the risk of
the emergence of the OVS. Meanwhile, the proposed method generates more promising results, which
is reflected in the brightness of almost all OOBs (e.g., the circular area). It gives a full-scale observation
and is able to find more of the smaller OOB regions though few are missed out. These signify that the
OOB scattering is remarkable and valid. One may notice that the color composite results produced
from the proposed method are similar to those from the CSM. However, this is not the case and the
quantitative analysis will illustrate it in the following.

I L
Low High Low High
(©) (d)

Figure 2. Decomposition results. (a,b) Color composite results of the proposed and cross scattering
model methods, respectively (red: Urban scattering, green: Volume scattering, and blue: Surface
scattering). (c,d) OOB and cross scattering components of the proposed and CSM methods, respectively.
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To quantitatively compare the cross and OOB scattering models, different districts (the black
rectangular areas in Figure 2) are demarcated for further analysis. District A covers high rise OOBs
which tilted by about 37° from the flight trajectory [3]. District B is a residential area which includes
buildings approximately aligned with the flight trajectory (AABs). The corresponding normalized
scattering power statistics are shown in Tables 1 and 2. Thereinto, three cases of the CSM with different
OAs are involved in the evaluation. Specifically, when the OA is 0°, the CSM degenerates into the
one in [19]. When the OA is 22.5°, the CSM have the same form as the one in [20]. The model in [19]
indicates that the orientations of rotated dihedral structures formed by buildings mainly centered
about zero degree, while the model in [20] demonstrates that the orientations of man-made rotated
diplane structures prefer to follow a random distribution.

With respect to the CSM, it is intuitive that different OAs results in varying estimation of cross
scattering powers. Unfortunately, the CSM methods still suffer the deficiency in the OVS for district A
(65.97%, 65.93%, and 65.95%, respectively). While for the proposed method, a significant decrease in
volume scattering alongside a simultaneous increase in surface scattering can be observed. On one
hand, this explains that the proposed method can moderate the OVS remarkably. On the other hand,
a large proportion of the decrements of volume scattering are transferred to the increments of surface
scattering. This can be interpreted as odd-bounce returns from roofs, streets, and structures between
two buildings, which are more reasonable and conform to reality. Another notable observation is that
small percentages of double-bounce scattering are produced. This is in compliance with the fact that
the cross-polarization component is much greater than the co-polarization component in OOBs.

What is noteworthy is that the OOB scattering is significantly increased (about 15%) compared to
the CSM methods. This explains that the proposed method can not only preserve, but also enhance
the cross-polarization components in OOBs. In this case, the building scattering can be characterized
with more certainty by further emphasizing the OOB scattering. For district B, it is apparent that the
dominant mechanism is double-bounce scattering (about 65% for all these methods). Moreover, the
scattering powers all remain at the same level. This indicates that the proposed method can improve
the scattering characteristics of OOBs while keep the estimation accurate for AABs.

Table 1. Normalized scattering power statistics for district A.

P CSM (with Specific OA)
roposed
0° 22.5° Adaptive

Surface scattering 20.49% 1.77% 1.75% 1.76%
Double-bounce scattering 4.19% 4.25% 4.25% 4.25%
Volume scattering 32.37% 65.97% 65.93% 65.95%
Helix scattering 6.44% 6.44% 6.44% 6.44%
OOB/Cross scattering 36.51% 21.57% 21.63% 21.60%

Table 2. Normalized scattering power statistics for district B.

Proposed CSM (with Specific OA)
0° 22.5° Adaptive
Surface scattering 24.86% 25.02% 25.01% 25.02%
Double-bounce scattering 63.56% 63.53% 63.50% 63.52%
Volume scattering 9.42% 9.10% 9.11% 9.11%
Helix scattering 1.73% 1.73% 1.73% 1.73%
OOB/Cross scattering 0.43% 0.62% 0.65% 0.62%

To further highlight the differences between the OOB and cross scattering components, the yellow
rectangular areas in Figure 2 are zoomed in and pixels of the bridge (the yellow dashed rectangular
areas in Figure 3) are selected. The extent of scattering components’ change on the pixels is given
in Figure 3. The red and black dotted lines denote the averaged cross and OOB scattering powers,
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respectively. It can be seen that results generated by the CSM are distributed with more discontinuous
regions, introducing underestimated and erroneous scattering contributions. From Figure 3c, it is
noteworthy that OOB scattering powers are observably greater than cross scattering powers, resulting
in the clear identification of the bridge.

Scattering Power
<) o
rS o
-
e ————

.
A

| SN AV A W UV BN
AN AWV IR (WOVAL

0 10 20 30 40 50 60 70
Pixel distance
(c)

Figure 3. Detailed excerpts from the decomposed yellow rectangular areas in Figure 3. (a) Cross
scattering component. (b) OOB scattering component. (c) Profile of scattering components from the
bridge, where CRS, OOB, AvCRS, and AvOOB are the abbreviations of cross scattering, OOB scattering,
averaged cross scattering, and averaged OOB scattering, respectively.

3.2. Further Inspection on Airborne Data

The airborne data acquired by the L-band AIRSAR are located in San Diego, USA. It has a
resolution with 9.25 m in azimuth direction and 3.33 m in range direction. Figure 4 presents the results
of the proposed method and the CSM, respectively.

As can be observed, for urban areas comprising AABs (pixels in red), they clearly show a
dominance of double-bounce scattering mechanism. Meanwhile regarding OOBs, it can be seen from
Figure 4c that the majority of pixels exhibits OOB scattering behavior and the contours of OOBs
are veraciously highlighted. Whereas, for the cross scattering the powers are quite low and most
of the OOB details are lost. On comparing Figure 4a with Figure 4b, it is apparent that the results
generated by the proposed method appear light yellow rather than green, which means that there exist
remarkable OOB scattering and less volume scattering in OOBs.

Central Latitude: N32°41'22" N
P e —
0 0.5 1km Central Longtitude:W117°9'39" A
' ang e \ F— Range ' .

Figure 4. Cont.
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(©) (d)

Figure 4. Results of AIRSAR L-band data. (a,b) Color composite results of the proposed and CSM
methods, respectively (red: Urban scattering, green: Volume scattering, and blue: Surface scattering)
(c,d) OOB and cross scattering components of the proposed and CSM methods, respectively.

For quantitative analysis purpose, a low-rise OOB district (the red rectangular areas in Figure 4)
is selected and the normalized scattering power statistics are given in Table 3. It is obvious that
the proposed method outperforms the CSM methods in moderating the OVS and enhancing the
cross-polarization components of OOBs. In addition, the odd-bounce contributions (the surface
scattering) by the proposed method are about 20% more than those by the CSM methods, which are
attributed to radar returns from streets and roofs. The above observations agree well with those from
the spaceborne decomposition, which further confirm the effectiveness of the proposed method.

Table 3. Normalized scattering power statistics for district C.

P CSM (with Specific OA)
roposed
0° 22.5° Adaptive

Surface scattering 43.85% 23.26% 23.25% 23.26%
Double-bounce scattering 11.06% 12.45% 12.44% 12.45%
Volume scattering 18.10% 50.28% 50.24% 50.27%
Helix scattering 9.47% 9.47% 9.47% 9.47%
OOB/Cross scattering 17.53% 4.54% 4.59% 4.56%

4. Conclusions

Vast sections of OOBs appear to be dominated by volume scattering in traditional MBD
approaches since small variations in building orientation lead to significant drops in co-polarization
power. Concerning such orientation sensitivity, this paper proposes an OOB scattering model by
integrating the roll-invariant parameters, i.e., the eigenvalues of coherency matrix. The modeling is
implemented by modifying the matrix elements of the CSM in consideration of the actual proportions
of co-polarization and cross-polarization components. On this basis, model parameter solutions are
further designed for the estimation of scattering powers. Two PolSAR data with different sensor
configurations and geographic locations are utilized and the efficacy of the proposed method has been
objectively assessed. Experimental results demonstrate that the OVS is remarkably moderated and
more reasonable surface scattering is enhanced. More importantly, the OOB scattering components are
further enhanced, which enable better characterization of OOB scattering.
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