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SUMMARY In this paper, we propose a simple algorithm for detecting
a vehicle trapped in flooded urban area by using quad-polarimetric SAR
data. The four-component scattering power decomposition and phase dif-
ference of HH-VV co-pol ratio are effectively used in the proposed algo-
rithm. Here we carry out polarimetric scattering measurement for a scaled
vehicle model surrounded by two buildings model in an anechoic cham-
ber, to acquire the quad-polarimetric SAR data. It is confirmed from the
results of the image analysis for the measured SAR data that the proposed
algorithm for vehicle detection works well even under severe environment
where the vehicle is set in the shadow of the building and/or the alignment
of the vehicle or the buildings is obliquely oriented to direction of the radar
line of sight.
key words: radar polarimetry, vehicle detection, flooded urban area, dis-
aster mitigation, co-pol ratio phase difference

1. Introduction

Guerrilla rainstorm is a localized downpour of heavy rain in
a short period of time. It causes a devastating disaster and
it frequently occurs in recent years due to global warming
phenomena. Because of unexpected and sudden downpour
of rainfall, there exist victims who cannot escape from the
flooded area. In case of urban flooding, people are often left
and trapped inside vehicles in the valley of buildings. It is
necessary to detect such vehicles as soon as possible from
the rescue point of view.

High resolution synthetic aperture radar (SAR) [1] is
expected to play a key role for widely monitoring flooding
event. Since it works under overcast and night conditions,
it provides us with the best solution to monitor the flooded
area.

The most important factor in SAR observation for sav-
ing victims of urban disasters is the identification of dam-
aged objects, e.g., correct detection of vehicle in flooded
area. In observation of vehicle between buildings, radar re-
ceives scattered EM wave directly from the object as shown
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Fig. 1 Lit region and shadow region.

Fig. 2 Real image and ghost image.

in Fig. 1 (a) when the incidence angle is small. In this lit re-
gion case, all the scattered EM wave is perfectly acquired as
in the normal radar observation. When the incidence angle
becomes large as shown in Fig. 1 (b), there exists shadow
region where the radar beam is blocked and shadowed by
buildings. In this case, there will be small reflected sig-
nal from object due to multiple-bouncing effect. There is
a possibility to detect it by the multiple-bouncing signal. In
both cases, it is necessary to identify the object correctly
regardless of observation scenario. Even if the object un-
der investigation is detected in the lit or shadow case, we
have to know what kind of objects are there. It is necessary
to classify the object and determine whether it is metallic
or non-metallic object in the valley of buildings. The sec-
ond problem is “ghost image” created by multi-bouncing
scattered wave from the object, as shown in Fig. 2. Since
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the path length of multi-bounce scattered wave from object
is longer than that of direct scattered wave, it appears as a
ghost in the slant-range direction of SAR image. For the
example of Fig. 2, the double-bounce scattered wave from
the vehicle (V) is depicted as the “real image” in front of
the 2nd building (B2) in the lit case (Fig. 2 (a)), whereas the
quadruple-bounce scattered wave from the vehicle (V) is ap-
peared as the “ghost image” behind the 2nd building (B2)
in the shadow case (Fig. 2 (b)). It is necessary to reject the
ghost.

In this paper, we propose to use polarimetric techniques
for identification of objects, and present a simple algorithm
for detecting a vehicle in flooded area. In order to achieve
this purpose, we first acquired fully polarimetric data in an
anechoic chamber. The various flooding situations were
modeled at Ku-band using metallic objects and concrete
blocks. The data sets were used for identification of a ve-
hicle using the four-component scattering power decompo-
sition [2], [3] and by the phase information of HH-VV co-
pol ratio [4]. Based on the analysis results, a simple vehicle
detection algorithm is proposed. In the following, analysis
methods are presented in Sect. 2, polarimetric measurement
is described in Sect. 3, followed by experimental results in
Sect. 4, and detection algorithm in Sect. 5.

2. Polarimetric Analysis Method for Vehicle Detection

To detect a vehicle trapped in flooded urban area and cor-
rectly obtain its position by using quad-polarimetric SAR
data, the following two steps should be considered.

Step 1) Extraction of manmade objects region (buildings
and vehicles) from whole PolSAR image.

Step 2) Recognition between the vehicle and the sur-
rounding building in the manmade objects region
extracted by Step 1, and judgment whether the
pixels recognized as the vehicle are “real image”
or “ghost image”.

There are many candidates in polarimetric analysis meth-
ods [4]–[7] to execute the two steps. In this paper, we use
the following two effective polarimetric analysis methods,
by considering the results of our pilot study [8]. For Step 1,
we use the four-component scattering power decomposition.
For Step 2, we adopt phase difference of the HH-VV co-pol
ratio. In this section, we briefly explain these methods.

2.1 Four-Component Scattering Power Decomposition

As solution of Step 1, we use the four-component scattering
power decomposition to extract urban area. Let us briefly
show the decomposition in the following.

By using a quad-polarimetric SAR system, we obtain
the Sinclair scattering matrix [S (HV)] from the scatterer as

[S (HV)] =

[
S HH S HV

S VH S VV

]
, (1)

where S HV = S VH for monostatic case. The Pauli scattering

Fig. 3 Powers obtained by the scattering power decomposition.

vector kP, which is equivalent to the scattering matrix of
Eq. (1), is expressed as

kP =
1√
2

⎡⎢⎢⎢⎢⎢⎢⎢⎣
S HH + S VV

S HH − S VV

2S HV

⎤⎥⎥⎥⎥⎥⎥⎥⎦ . (2)

By using Eq. (2), the 3×3 ensemble average Coherency ma-
trix 〈[T ]〉 is obtained as

〈[T ]〉 = 1
n

n∑
kP kP

† =

⎡⎢⎢⎢⎢⎢⎢⎢⎣
T11 T12 T13

T21 T22 T23

T31 T32 T33

⎤⎥⎥⎥⎥⎥⎥⎥⎦ , (3)

where 〈·〉 and † denote data averaging n pixels and complex
conjugate transpose, respectively.

As shown in Fig. 3, by applying the scattering power
decomposition procedure, the measured matrix 〈[T ]〉 can be
decomposed into fundamental physical models as surface
scattering, double-bounce scattering, volume scattering and
helix scattering as

〈[T ]〉 = fs[T ]sur f ace + fd[T ]double + fv[T ]vol + fc[T ]helix,

(4)

where [T ]sur f ace, [T ]double, [T ]volume and [T ]helix are the ex-
pansion matrices, respectively. By determining the un-
known expansion coefficients fs, fd, fv, fc, the total scatter-
ing power Pt is decomposed into the scattered powers as
Pt = Ps + Pd + Pv + Pc, where Ps, Pd, Pv and Pc are the
decomposed powers for surface scattering, double-bounce
scattering, volume scattering, and helix scattering, respec-
tively. The relationship between each decomposed power
and the expansion coefficient is shown as

Pd = fd(1 + |α|2),
Ps = fs(1 + |β|2),
Pv = fv,
Pc = fc,

(5)

where α and β are unknown coefficients concerning the dou-
ble bounce scattering and surface scattering, respectively.
They are included in the corresponding expansion matrices
[T ]double and [T ]sur f ace (See Refs. [2], [3] in detail).

The dominant double-bounce scattering generated
from the dihedral structures composed by building walls and
ground surface can be utilized to extract urban areas in a
SAR image.
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Fig. 4 χ of buildings and vehicle.

When flooding occurs in urban areas, surface of the
ground is changed to that of the flooding water. The water
surface may act as a conducting surface, so we expect that
the double-bounce scattering after flooding is much larger
than that before flooding. However, when urban building
is rotated to the radar illumination direction, it may be diffi-
cult to accurately identify the urban area using the SAR data,
since the effective detection indicator, strong double-bounce
scattering, is not observed for this case at all, and undesired
cross-polarized scattering component S HV becomes large.
S HV sometimes degrades the detection rate of the buildings.
In this paper, to mitigate the negative effect due to S HV and
reduce the false detection, we carry out the orientation an-
gle compensation (OAC) [3], [9], [10] before doing the four-
component decomposition.

2.2 Phase Difference of Co-Pol Ratio

It is expected that the four-component scattering power de-
composition is used for accurately detecting both building
and vehicle in urban area. However, the double-bounce
scattering Pd obtained in the decomposition practically
shows the even-bounce scattering including double-bounce,
quadruple-bounce, sextuple-bounce, and so forth. Hence it
is difficult to identify whether Pd from the vehicle is gener-
ated by double-bounce scattered power (real image) or by
higher order multi-bounce scattered power (ghost image)
(See Fig. 2 again). Therefore, we introduce an additional
indicator, phase difference of co-pol (S HH and S VV ) ratio,
to distinguish the double-bounce scattering from the multi-
bounce scattering.

In this paper, the phase of the HH-VV co-pol ratio, χ,
is defined as

χ = ∠
S VV

S HH
. (6)

The OAC is again performed to the elements of both S HH

and S VV before obtaining the phase angle χ [3], [9], [10].
We now consider the case of flooding in urban areas.

As shown in Fig. 4, χ for the dihedral structure between wa-
ter surface and the side surface of vehicle may become close
to 180◦, since the water surface may act as horizontal Per-
fect Electric Conductor (PEC) flat plane, and consequently
the dihedral of the vehicle behaves as a PEC dihedral, whose
parts are constructed by horizontal and vertical PEC planes.
On the other hand, χ for the dihedral between the water sur-
face and the sidewall of dielectric building may be smaller

than 180◦. The Fresnel reflection at the side surface of each
object (vehicle or building) indirectly describes conductive
or dielectric characteristics, respectively, and the different
reflection characteristics can convert to the different behav-
ior of χ. Hence, the behavior of χ can be used as an indi-
cator to realize distinction between vehicle and building in
such flooded urban area.

Furthermore, it is assumed for the even-bounce scatter-
ing Pd from the vehicle that χ for the double-bounce scatter-
ing in the lit case (between water surface and side surface of
the vehicle) is different from that for the higher order multi-
bounce scattering in the shadow case (between water sur-
face, side surface of the vehicle, and sidewall of the dielec-
tric building), since the number of times of the reflections at
the dielectric plane may degrade the conductive behavior of
χ and have strongly influence on the change of χ. Taking
into account these features, the difference between χ in the
lit region and χ in the shadow region may be useful as an
additional indicator to distinguish the real image from the
ghost image due to the higher order multi-bounce scattering
in the PolSAR image.

3. Polarimetric Scattering Measurement

We do not have actual high-resolution quad-polarimetric
SAR data including vehicles in flooded urban areas unfor-
tunately, so we need to acquire the SAR data for the model
of a vehicle in flooded urban areas by ourselves.

In this section, we carry out polarimetric scattering
measurement for a scaled vehicle model in simplified urban
valley environment, to acquire quad-polarimetric SAR data
for the model.

The polarimetric scattering measurement for the ve-
hicle model in anechoic chamber is carried out by using
4 standard horn antennas and Vector Network Analyzer
(VNA) with 4-port capability at Ku band (the center fre-
quency is 15 GHz), 4 GHz band width and 2.6 m synthetic
aperture length are used in the measurement.

The model considered is composed of a small con-
ducting rectangular parallelepiped (vehicle) surrounded by
dielectric ones (buildings), as shown in Fig. 5. The size
of each model is given in Figs. 5 (b) and (c). The vehi-
cle model is made of styrene foam covered by aluminum
tape. It is assumed here that the tires of the vehicle are
mostly submerged below the water surface. The building
model is made of concrete, and its complex permittivity at
Ku-band (15 GHz) is about 3.00 − j0.45, whose value was
obtained by a measurement using a dielectric probe kit (Agi-
lent 85070E). The buildings model is placed on a conducting
plate imitating flooded water surface. The vehicle model is
set at the center of the valley space between the buildings.
The plate is made of thin square aluminum. The experi-
mental setup is depicted in Fig. 6. The incidence angle θ,
squint angle φ to the entire model (vehicle and buildings),
and squint angle ξ to the vehicle are all varied (See Fig. 5 (a)
and Table 1). The slant-range between the antennas and the
vehicle model for θ = 25◦ and θ = 55◦ are about 1.92 m and
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Fig. 5 Geometry of the problem.

Fig. 6 Measurement setup in anechoic chamber.

3.03 m, respectively. The measured PolSAR data descrip-
tion is shown in Table 2.

After multi-look processing of the acquired data, we
first carry out the OAC to the coherency matrix 〈[T ]〉 and
the scattering matrix [S (HV)], and then execute the four-
component decomposition and obtain the phase of the co-
pol ratio. In the next section, we shall show the results of
PolSAR image analysis using these two methods.

Table 1 Measurement parameters.

Center frequency 15 GHz (Ku-band)
Band width 4.0 GHz

Incidence angle θ 25◦, 55◦
Squint angle (building and vehicle) φ 0◦, 10◦, 20◦, 30◦

Squint angle (vehicle) ξ 0◦, 10◦

Table 2 Measured PolSAR data description.

Mode HH, HV, VH, VV
Pixel size 99 × 68 [pixels]
Resolution 0.010 m × 0.0375 m

Multilook size (Azimuth × Slant-range) 3 × 2 [pixels]

4. Analysis for the Measurement Data

In this section, we show the analysis results for the mea-
sured quad-polarimetric SAR data obtained in the previous
section.

4.1 Power of Double-Bounce Scattering: Pd

As described before, Pd is considered as a useful indicator
to extract buildings and vehicle from the whole PolSAR im-
age, when the alignment of the building or the vehicle is
almost normal to the radar illumination direction. So here
we examine the behavior of Pd when the alignment is not
only normal but also oblique to the radar direction.

Figures 7 and 8 show the RGB color composite images
obtained by the Four-component scattering power decompo-
sition for the lit case of θ = 25◦ and for the shadow case of
θ = 55◦, respectively, where Red is assigned for Pd, Green is
for Pv, and Blue is for Ps. The horizontal and vertical axes in
the images indicate the azimuth and slant-range directions.
The squint angle is varied as φ = 0◦, 10◦, 20◦, and 30◦. Here
we also show the image of the total power Pt for each case
(Figs. 9 and 10). One can see from the figures that strong
Pd can be clearly observed when φ is up to 10◦ for both the
lit and shadow cases. Also, it is found from the comparison
between the RGB (Figs. 7 and 8) and the total power images
(Figs. 9 and 10) that the pixel positions with Pd dominance
are almost the same as those with strong Pt. These results
lead to a situation that even-bounce scattered power gener-
ated by vehicles and buildings in urban areas is relatively
stable for change of the viewing condition. So Pd may be
used as a reliable signature to extract pixels of the manmade
objects from the whole SAR image. It is also verified from
the results in the lit case of θ = 25◦ that Pd from the vehicle
model is observed at the correct location, i.e. at the position
in front of the building model, as shown in Fig. 2 (a). On the
other hand, in the shadow case of θ = 55◦, we see that Pd

from the vehicle is seen at the incorrect location, i.e. at the
position behind the building, as in Fig. 2 (b). This is due to
the fact that the path length of the multi-bounce (quadruple-
bounce) scattering in the shadow case is longer than that of
the double-bounce scattering in the lit case.

Next, we examine the phase characteristics of the HH-
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Fig. 7 RGB color composite image. θ = 25◦ (lit case).

Fig. 8 RGB color composite image. θ = 55◦ (shadow case).

VV co-pol ratio, as an additional polarimetric indicator for
the distinction between “real” and “ghost” images.

4.2 Phase Difference of Co-Pol Ratio: χ

Figures 11 and 12 depict the SAR images of the phase of
HH-VV co-pol ratio χ. The pixels with relatively strong
total power Pt (Pt > −30 dB) are shown in the images. Also,
the pixels with Pt < −30 dB are masked by black color. In
comparison between the lit and shadow cases for each φ, it
seems that the difference of χ of the building part is larger
than that of the vehicle part when φ ≤ 10◦.

Figure 13 shows the squint angle dependency of χ. In
this figure, the phase is the mean value of χ calculated by
the pixels of the vehicle and the buildings parts, after the

Fig. 9 SAR image of Pt . θ = 25◦ (lit case).

Fig. 10 SAR image of Pt . θ = 55◦ (shadow case).

OAC for the measured quad-polarimetric SAR data acquired
in Sect. 3. Here the pixels of the vehicle and the buildings
parts are extracted by considering the actual positions of the
vehicle and the buildings models in the measurement. In
the figure, the results for the lit ( θ = 25◦ ) and shadow (
θ = 55◦ ) cases are included. It is found from the comparison
between the vehicle and buildings parts for the lit case that
the phase of the vehicle part is larger than that of the building
part. This tendency can be clearly observed for the shadow
case. So, in addition to the information of Pd, by making
use of this feature of χ, it may be possible to distinguish
vehicle from buildings, and extract the vehicle shadowed by
the buildings.
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Fig. 11 Phase of co-pol ratio. θ = 25◦ (lit case).

Fig. 12 Phase of co-pol ratio. θ = 55◦ (shadow case).

Fig. 13 Phase behavior of co-pol ratio for vehicle and building.

5. Vehicle Detection Algorithm in Flooded Urban Area

In this section, we shall propose a simple vehicle detection
algorithm using quad-polarimetric SAR data, by consider-
ing the analysis results discussed in the previous section.

Figure 14 shows the flowchart of the proposed algo-
rithm. In the algorithm, we firstly use the double-bounce
scattering Pd obtained by the four-component decomposi-
tion to judge whether or not the pixels considered are in ur-
ban area. Secondly, we use the phase of HH-VV co-pol
ratio, χ, to carry out the distinction between the vehicle and
the building. Finally, we estimate “real” vehicle position,
by using the phase difference between χvehicle and χbuilding,
i.e. χdi f f erence = |χvehicle − χbuilding|, where χvehicle is χ for the
pixels judged as vehicle, and χbuilding is χ for the pixels eval-

Fig. 14 Flowchart of the vehicle detection algorithm.
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Fig. 15 Vehicle detection result. φ = 0◦, ξ = 0◦.

uated as building. If χvehicle is close to χbuilding, i.e. χdi f f erence

is small, then the pixels are considered as “real” image. So
they provide us with correct position of the vehicle. On the
other hand, when χvehicle is apart from χbuilding, i.e. χdi f f erence

is relatively large, the pixels are considered as “ghost”. For
such case, the “ghost” pixels should be removed or handled
with the utmost care in the final SAR image, to prevent the
wrong estimation of the vehicle position.

5.1 Verification of the Accuracy of the Proposed Algo-
rithm

In this subsection, we verify accuracy of the proposed al-
gorithm by applying it to the quad-polarimetric SAR data
obtained by the measurement in Sect. 3.

Figure 15 shows the vehicle detection result estimated
by the proposed algorithm when both the building and the
vehicle are normally aligned to radar direction (φ = 0◦, ξ =
0◦). Here, the thresholds for judging whether Pd is large
or small are −11 dB in lit case and −20 dB in shadow case.
The mean values of χ obtained by the pixels of the manmade
objects (the vehicle and buildings parts) are utilized as the
thresholds for judging whether χ is large or small. Also,
the threshold for χdi f f erence is here set as 9◦. In the figure,
‘white’ and ‘light gray’ are painted for the pixels judged as
‘vehicle’, whereas ‘gray’ is for those as ‘building’. Now
please take a notice that the contribution of the building at
the near side is not depicted in each image, since no double-
bounce scattering (no strong scattered power) is generated
by the building (See Figs. 2 and 6). It is found from the result
of Fig. 15 (a) for the lit case (θ = 25◦) that the pixels with
“white” color show right position of the vehicle model. On
the other hand, for the shadow case of Fig. 15 (b) (θ = 55◦),
the ‘light gray color’ pixels indicating the vehicle are ob-
served at the wrong position behind the“gray” color pixels
indicating the building at the far side. They are considered
as “ghost” image of the vehicle.

Figure 16 presents the vehicle detection result when
the building is obliquely oriented to the radar direction as
φ = 10◦. The alignment of the vehicle is normal to the di-
rection as ξ = 0◦. It is observed from the result that the cor-
rect judgment for estimating the right vehicle position is per-
formed for both the lit (Fig. 16 (a)) and shadow (Fig. 16 (b))
cases.

Similarly, one can observe from Fig. 17 that the vehi-

Fig. 16 Vehicle detection result. φ = 10◦, ξ = 0◦.

Fig. 17 Vehicle detection result. φ = 0◦, ξ = 10◦.

cle detection accuracy of the proposed algorithm is still high
even when the vehicle is obliquely oriented to the radar di-
rection as ξ = 10◦.

6. Conclusion

In this paper, we proposed a simple algorithm for detecting
a vehicle trapped in flooded urban area, by making use of
quad-polarimetric SAR data. In the vehicle detection algo-
rithm, the four-component decomposition and phase differ-
ence of HH-VV co-pol ratio were used. To acquire the quad-
polarimetric SAR data, we carried out polarimetric scatter-
ing measurement for a simplified model of flooded urban
area in anechoic chamber. It was found from the result of the
PolSAR image analysis for the measurement data that the
proposed algorithm is effective to detect a vehicle trapped in
flooded area even when the vehicle is located at severe po-
sition shadowed by building and/or its alignment is oblique
to the radar illumination direction.

In this paper, however, we could not determine the ap-
propriate criteria to judge whether Pd is large or small, and
χ is large or small, for any incidence and squint angles. In
particular, the characteristics of χ was not clear even for
relatively small variation of φ (φ < 10◦). So, to try to
make clear the characteristics of χ and determine the cri-
teria, we will examine polarimetric scattering features from
the vehicle model based on computational electromagnetic
analysis. Furthermore, we could not confirm the validity of
the proposed algorithm for high resolution PolSAR data ac-
quired by actual sensors (ALOS-2/PALSAR-2, Pi-SAR-L2,
Pi-SAR2, and so forth), since we did not have good quad-
polarimetric SAR data including any vehicles in flooded ur-
ban area. So, in the future work, we will manage to obtain
some actual quad-polarimetric SAR data including similar
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situation and verify the validity of the algorithm to them.
As a future work, to realize a robust algorithm for more

realistic environment and find out additional polarimetric in-
dicators to extract vehicles in urban areas, we will examine
polarimetric scattering characteristics caused by complex
dihedral structures in flooded urban areas including floating
debris, rough water surface due to wind, and so on, by car-
rying out additional measurement and computational simu-
lation for the complex models.
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