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SUMMARY This paper applied the polarimetric filtering
principle to Synthetic Aperture Radar (SAR) image sets in three
possible polarimetric radar channels and compared the resultant
imagery. The polarimetric radar channels in consideration here are Co-
Pol, Cross (X)-pol, and Matched (M)-pol channels. Each channel has
its own polarimetric characteristics for imaging. Using the formulation
of the contrast enhancement factors based on the Stokes vector
formalism, polarimetric enhanced images for three channels are
shown using NASA JPL DC-8 AIRSAR data sets (CC0045L, Bonanza
Creek, AK/USA). It is shown that the optimally enhanced Co- and X-
Pol channel images play a decisive role in imaging in a complex
featured background.
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1. Introduction

Radar polarimetry, i.e., the full utilization of the
electromagnetic vector wave information, has become an
indispensable tool in modern radar and imaging technology
[1]-[4]. Polarimetric imaging (polarization filtering) has
been carried out by many investigators. Boerner’s group
(Kostinski, et al. [S]-[7], Tanaka, et al. [8]-[9]) have founded
the polarimetric-filtering principle for both coherent and
incoherent cases using the polarization ratio and the Stokes
vector formulations. The CAL-TECH/JPL (NASA) group
(van Zyl et al. [10]-[11]) applied the principle based on the
Stokes vector formulation to the imaging of polarimetric
Synthetic Aperture Radar (SAR) data acquired at NASA
JPL. Touzi [12] proposed a filtering technique for SAR
images for reducing speckle. Swartz et al. [13] solved the
problem by using a decision-theoretic covariance matrix
approach.

Although many approaches are available for
polarization filtering, all of them use a distinct radar channel
formulation, i.e., either the Matched (M)-Polarization
channel, the Co- or the Cross (X)- Polarization channel
[31,[91,[11]. This paper applies the filtering principle to three
possible polarimetric radar channels and compares the
resultant imagery. The radar channels in consideration here
are Co-Pol, X-Pol, and M-Polarization channels. Co-Pol
means that the receiving antenna has the same polarization
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state as that of the transmitting antenna, X-Pol channel has
the orthogonal polarization state relative to the transmitting
antenna, whereas the M-Pol channel has an antenna whose
polarization state is matched to the scattered wave on
receiving. These channels can be synthesized by the
principle of radar polarimetry. First, the principle of
characteristic polarization imaging is outlined based on
Stokes vector and Kennaugh matrix formulation because
this approach holds both for completely polarized and for
partially polarized wave cases. Then, using the definition of
contrast enhancement factor, i.e., the power ratio of wanted
target versus other target as a discriminator between two
target classes, enhanced polarimetric images for these three
channels are shown and compared using the NASA DC-8
AIRSAR data sets (CC0045L, Bonanza Creek, AK). It is
shown that the optimally enhanced polarimetric Co-Pol and
X-Pol channel imagery play a dominant role in imaging and
that the polarization state which yields optimally enhanced
image does not necessarily coincide with the one
minimizing unwanted target power in the X-Pol channel.

2. Channel Power Expression

The polarization state of a completely polarized wave can be
expressed by a 4 X 1 Stokes vector, which in terms of tilt
angle 7 and ellipticity angle £is given as

8o 8o
& | | 8cos 2T cos 2¢€

& 80 sin27 cos 2¢ (1)

g 8o sin 2¢

where g, is the total power carried by the wave. The tilt angle
7 and ellipticity angle € are geometric parameters of an
elliptic polarization state and are in the range of
-45°<e<45°, -90° <1<90°, respectively. The relation
of these parameters and the Stokes vector are illustrated on
the Poincaré sphere in Fig.1. Any polarization state is
specified on a point on the Poincaré sphere, and there is a
one-to-one correspondence between all possible
polarization states and points.

Now, let’s assume that the radar has three channel
modes for operation as shown in Fig.2, i.e., Co-Pol, X-Pol,
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Fig.1 Stokes vector and geometric parameters relation on the
Poincaré Sphere.

monostatic radar

Matched—- Pol target
Fig.2 Three polarimetric radar channels.

and M-Pol channel configurations. In polarimetric radar
operation, what we can obtain is the polarimetric scattering
characteristics of target. This scattering nature can be
measured in a orthogonal polarization basis such as H-V
polarization combination. Since we are interested in
polarimetric information, we assume that the transmitted
wave g, has a unit magnitude and is completely polarized,

go2=812+822+g32=1 . 2

If the polarimetric scattering nature of target is measured in
4 X 4 real Mueller or Kennaugh matrices, the power for each
channel is given [14], [15] as

(a) Co-Pol
P =gl [K]8, 3
1 0 00O
01 00
[K]c “loo1 o0 [ M] )
0 0 0-1

where the superscript T denotes transpose,
(b) X-Pol

L1
P* =g [K]8 ©)
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P" = g[K],8 ™
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0000 1 1
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where [K] is the Kennaugh matrix and [M] is the Mueller
matrix. The reason why we adopted this formulation is due
to the fact that a reflected wave from natural distributed
target in general becomes partially polarized wave
(completely polarized component plus depolarized
component) even if a completely polarized wave is
transmitted and that these two matrices hold both for
completely polarized case and for partially polarized case.
The degree of polarization is included in [K] and [M].
Appendix gives the relation of Kennaugh matrix and
Sinclair scattering matrix elements for the completely
polarized case. The power expressions (3), (5), (7) omit a
proportionality factor, which is a function of transmitting
power, path length, antenna gain, and wavelength. The
Matched Pol channel receives the total power of the
scattered wave, which is the sum of Co-Pol channel and X-
Pol channel. Although both matrices [K] and [M] represent
scattering properties of a radar target, it should be noted that
Mueller matrix is defined such that the origin of coordinate
system of the scattered wave is taken on the target, whereas
Kennaugh matrix case the origin of coordinate system is
taken on the radar (see chap.7 of [16]). In the backscattering
case which we treat in the NASA DC-8 AIRSAR data, the
Kennaugh matrix formulation is preferable.

3. Polarimetric Imaging Methodology

It is possible to produce any polarimetric channel image by
choosing a polarization state of the transmitter. There would
be infinite number of polarimetric imagery because the
number of polarization state is infinite as anticipated in
Fig.1.

If a Kennaugh matrix is given for one pixel or a specific
target in a polarimetric SAR imagery, it is possible to
optimize the radar channel power as a function of g, . The
polarization states which yield stationary points in the radar
channel power signature are called the characteristic
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polarization states. It is known [4] that there exists
physically a total of eight distinct characteristic polarization
states for a target. These characteristic polarization states are
subject to target, incidence angle, aspect angle, etc. If we
choose a specific g, among eight characteristic polarization
states for one target, say Co-Pol Maximum, then it becomes
possible to re-calculate all pixel powers again according to
the power expressions with g,, which results in the Co-Pol
Max image for the target. This methodology is referred to as
characteristic polarization filtering technique, and this kind
of techniques cannot be performed without a full
polarimetric SAR data. The polarimetric filtering technique
has advantages such that the target is maximized in the scene
while the other is weakened and the polarization state itself
provides some polarimetric information on the target which
may be useful for target identification or classification.

4. Polarimetric Contrast Enhancement in Radar
Channel

The power expression applies to every pixel, in other words,
it applies to any point in an entire scene. SAR imagery
usually consists of thousands of pixels. There exist many
discrete targets as well as speckle noise inherent to SAR
imagery. Sometimes we need to discern the details of a
specific target within a complex featured scene against
undesired background images or against noise. In this case,
discrimination of a target or optimization of one target
against the other becomes important. This requirement leads
to a target enhancement technique which is different from
the characteristic polarization filtering in the previous
section. As a discriminator between two target classes, let’s
define a contrast enhancement factor as the ratio of power of
wanted target versus power of other target to be compared
with:

_ power of wanted target

~ power of other target

©)

which leads to the following expression for
(a) Co - Pol channel

PC gtT[K]C,l gt
Co=—te— (10)
Py gtT[K]C,z 8:

(b) X - Pol channel

- & [K], &
s — an
gtT[K]x,Z &

(c) Matched - Pol channel
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g‘T [K]m,lg’
= 12)

_ P
Py g"[K],,e

m

where [K], represents the Kennaugh matrix for which we
wish to maximize the received power by changing the
components of g,, and [K], is the one to be minimized.
Using the formulation of enhancement factors, we
examined how the polarimetric contrast behaves in the
image for each radar channel.

The problem here is to find a polarization state which
optimizes the enhancement factors. The variable is the
transmitting polarization state g,. There exists no closed-
form analytical method for solving the optimal polarization
state for Eqs.(10)-(12). Some trials [7]-[11] have been
carried out to solve for the enhancement factor, however,
they still employ a numerical method at the final stage.
Therefore, we employed a numerical approach for finding
the optimal polarization state from the outset.

The data set analyzed is a full polarimetric scene of
Bonanza Creek, AK, USA, which has been acquired with the
NASA AIRSAR system (data set no.CC0045L) on March
19, 1988. It consists of a set of 1024 pixel X 750 line data
and is stored in an equivalent Mueller matrix form, but
different from those of (A3) in Appendix. Each pixel
(resolution) represents an area echo of 7.5 m (in range
direction) X 11 m (along flight direction) measured at L
band with the wavelength 24 cm. The selected area contains
a forested area and wet land regions (river side) for which we
wish to enhance the image of the river side. This is
accomplished by maximizing the polarimetric power
densities pertaining to the pixel sets of the river side versus
minimizing those pertaining to the forest. For this purpose,
we have selected several pixels within river side and forested
area. The number of chosen pixels in each area was 42 for
river side and 36 for forest. These numbers were determined
by typical polarization characteristics as shown in Fig.3.
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Fig.3 Distribution of X-Pol Max Polarization state for river side and
forest.
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Figure 3 shows a distribution of the X-Pol Max polarization It is now possible to determine the polarimetric
state for each region as a function of tilt and ellipcity angles. response of these two targets. Polarimetric power densities
The Kennaugh matrices of these two areas were averaged and contrast enhancement factor signatures for the X-Pol
and found to be: channel case are shown in Fig.4. It should be noted in
River side Fig.4(a) and (c) that a polarization state which maximizes

the radar return for one specific target is different from the
one which maximizes the contrast ratio of (11). The
maximum contrast (two white points in (c)) is achieved
03716 20150 00426 —0.0274 around th'e X—P'o‘l Saddle.polarization states (two
[ K ] =] 00391 0.0426 —09294 —0.1669 |’ corresponding positions of (¢) in (b)) for the forested area. It
) ) ' ) is interesting to note in this case that the X-Pol Saddle yields

0.0060 -0.0274 ~0.1669  1.5047 the maximum contrast rather than the X-Pol Min. This

shows that the maximum of (11) is not achieved by

minimizing the denominator of (11). This point is different

Forested area from the completely polarized wave case where a
polarization state yielding the maximum contrast is equal to
the polarization state minimizing the unwanted other target.

25903 03716 0.0391 0.0060

1.2749 03539 -0.0614 -0.0298 The polarization states which give the maximum contrast
[ K] _ 0.3539 1.0870 -0.0007 0.0010 enhancement factors, together with the X-Pol Max and Min
2 |1 -~0.0614 -0.0007 03154 07949 | polarization states for the river side, are listed in Table 1.

-0.0298 0.0010 0.7949 -0.1276

Table 1 Polarization state and contrast in the X-Pol channel.

18 Pol. state Stokes Vector Contrast
, I T
14

H 12 Max. for | 1.9 45.4]-0.0137 0.9976 0.0679

river side |-1.9 -44.6| 00137 -0.9976 -0.0679| 41247

Min. for |0.0 90.0 [-1.0000 0.0000 0.0000 | 5 jeoe
06 forest  [0.0 0.0 | 1.0000 0.0000 0.0000 |

-90 0 90
Tilt angle (degree)
(a) Polarization signature of river side

02 Maximum| 16.4 45.8|-0.0235 0.8402 0.5417

0 Contrast |16.4 -44.2| 0.0235 -0.8402 -0.5417 8.0906

L1

0.9
0.8
0.7
0.6
0.5
04
03
02
0.1

Ellipticity angle (degree)

-90 0 90
Tilt angle (degree)

(b) Polarization signature of forest

&

Ellipticity angle (degree)
(=]

A
@

90 0 90
Tilt angle (degree)

(c) Contrast signature

S =~ N W A WV N O

(b) Maximum contrast image (river side / forest)

Fig.4 Power and contrast signatures in the X-Pol channel. Fig.5 Polarimetric filtered images in the X-Pol channel.
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The polarimetric enhanced images using these polarization
states are shown in Fig.5. It is seen that the maximum
contrast enhanced image (b) is superior to the X-Pol Max
image (a). This superiority can also be confirmed by
comparing the value of contrast enhancement factor in Table
1. In addition, the boundary of river and river side becomes
apparent in this maximum contrast image (b). It is

Ellipticity angle (degree)
o

-45.
-90 0 90
Tilt angle (degree)
(a) Polarization signature of river side

Ellipticity angle (degree)

-90 0 9%
Tilt angle (degree)
(b) Polarization signature of forest

Ellipticity angle (degree)

90 0 90
Tilt angle (degree)
(c) Contrast signature

(a) Co-Pol image which maximizes river side
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understood that the image contrast is strongly dependent on
the polarization state.

A similar procedure was repeated to the Co-Pol channel
and the M-Pol channel cases. The results are shown in
Figs.6-9, and in Table 2 and 3. The polarization state which
gives the maximum contrast is close to the polarization state
which minimizes the unwanted power, i.e., Co-Pol Min or

Ellipticity angle (degree)

90 0 90
Tilt angle (degree)
(a) Polarization signature of river side

Ellipticity angle (degree)

90 0 90
Tilt angle (degree)
(b) Polarization signature of forest

Ellipticity angle (degree)

-90 0 9%
Tilt angle (degree)

(c) Contrast signature

Fig.8 Power and contrast signatures in the M-Pol channel.

(b) Maximum contrast image (river side / forest)

Fig.7 Polarimetric filtered images in the Co-Pol channel.
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Table 2 Polarization state and contrast in the Co-Pol channel.
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Table 3 Polarization state and contrast in the M-Pol channel.

Pol. state Stokes Vector Contrast Pol. state Stokes Vector Contrast
£E T g 4] 83 E T 8 5] 4]

Max. for 1.08 07 | 0.9993 0.0244 -0.0279| 1.7458 Max.for 10.5 30 | 09944 0.1045 0.0175 | 1.8297

Min. for 1246 53.6(-0.1932 06242 0.7570 | 7.1744 Min.for |24 85.1(-09820 0169 0.0837| 2.4412

Maximum|.y7 o 53.8(-0.1777 0.5603 -0.8090| 7.3860 aximum| 43 795 [ -0.9236 0.3545 0.1461 | 24534

(a) M-Pol image which maximizes river side

(b) Maximum contrast image (river side / forest)

Fig.9 Polarimetric filtered images in the M-Pol channel.

M-Pol Min of the unwanted target. It is seen in Fig.7 that the
forested area appears much darker in the maximally
enhanced image (b) than that in the Co-Pol Max image (a). It
is possible to see the details (distribution of black color)
within the forested areas in this enhanced images Figs.5(b)
and 7(b) although the power from the forest area is
minimized. This is one of contrast enhancements in a reverse
sense that we can see the minimum power (black color)
distribution within a scene rather than in the maximum
power (white color) distribution in an enhanced contrast
image.

5. Comparison of Three Channel Imagery

As can be seen in Figs. 5, 7, and 9, the image contrast is
strongly dependent on polarization state in the X- and Co-
Pol channels than in the M-Pol channel. This fact is due to
the scattering characteristics difference by polarization. The
image qualities (contrast) in the X-Pol and Co-Pol channels
were almost the same in this example. Howeyver, for the case
of M-Pol channel, the polarization change does not provide

Table 4 Average power in three channel imagery.

Co-Pol X-Pol M-Pol

Horizontal 1.0000 0.1426 1.1427
Vertical 0.7335 0.1426 0.8761
45 degree Linear 0.5355 0.4778 1.0133
135 degree Linear 0.5278 0.4778 1.0056
Left Handed Circular 0.6278 0.3890 1.0177
Right Handed Circular | 0.6084 0.3890 1.0012

significant change in the image contrast. This is because the
M-Pol channel power is the sum of Co-Pol and X-Pol
powers and hence the dynamic range in the power variation
on pixel to pixel becomes small. Although we have chosen
specific targets in this paper, these are typical natural
objects, i.e., non man-made objects. Therefore it is
understood that the polarimetric enhanced X-Pol and Co-Pol
channel images play a dominant role in imaging in a
complex featured background rather than the M-Pol image.
Various polarimetric channel images can be obtained
based on Egs. (3), (5), and (7) by choosing a polarization
state. For a qualitative comparison of three channel images,
we examined average power densities over the entire scene
of Bonannza Creek as a function of polarization state. Since
there exists an infinite number of polarization states, we
employed some typical polarization states to calculate the
power according to (3), (5), and (7). For the sake of
comparison, all power densities in these three channels are
normalized by the power density of the Co-Pol channel with
linear horizontal polarization. The result is listed in Table 4.
It is seen that the M-Pol channel gives the largest power
density because the channel receives all the energy of the
scattered wave on receiving. For the case of X-Pol channel,
the averaged power densities are always less than that of the
Co-Pol channel power. The X-Pol power achieves its
maximum around 45 and 135 degree linear polarizations for
this scene. From inspection of various specific polarimetric
images (CM0045, CM0117, CM1077), it is observed that
the image brightness (power) and the contrast are strongly
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dependent on the polarimetric channel and the transmitting
and the receiving polarization states.

6. Conclusion

Three polarimetric channel images are illustrated to show
how the polarization plays in SAR imagery using NASA
JPL DC-8 AIRSAR data sets. By using the definition of
polarimetric contrast enhancement factor and characteristic
polarization states, we examined image quality and/or
contrast with respect to transmitter polarization state. Two
target categories (river side and forest) within a SAR image
were selected for enhancement procedure. It is shown that a
minimum polarization state which gives minimum power
for unwanted target does not necessarily yields the
maximum contrast in the X-Pol channel image. This fact is
different from the result in the completely polarized wave
case where the minimum polarization state always provides
the maximum contrast regardless of radar channel. The
maximum contrast polarization state in the Co-Pol and M-
Pol channel was close to the polarization state which
minimized the undesired power. However, the M-Pol
channel does not provide high contrast because it always
receives the total sum of reflected power resulting in a flatter
contrast signature than those of the Co- and X-Pol channels.

The maximum polarization states (Co-Pol and X-Pol
maxs) for a specific target do not provide maximum contrast
or high quality image in complex featured background radar
scenes.

The average power was calculated to show the
difference in radar channel as a function of typical
polarization states. The M-Pol channel always yielded the
brightest image, the Co-Pol channel provides the second
brightest, and the X-Pol the third. The polarimetric enhanced
Co-Pol and X-Pol channel images play a dominant role in
imaging and retrieving information (such as distribution
information) on specific targets.
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Appendix : Relation of Matrices Elements

For a completely polarized wave and for the backscattering
case, the elements of [K ]c are related to the elements of

Sinclair scattering matrix [ S ] as
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Care should be taken about the sign of these elements in the
power calculation’.

t References by JPL [17], [10], etc. are based on a different
formulation of Stokes vector, resulting in a Stokes matrix
different from the definition of Kennaugh matrix [16].
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