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SUMMARY This paper presents a three-dimensional polarimet-
ric detection result of targets buried in snowpack by synthetic aperture
FM-CW radar system. Since the FM-CW radar is suitable for short
range sensing and can be equipped with fully polarimetric capability,
we further extended it to a polarimetric three-dimensional SAR sys-
tem. A field experiment was carried out to image and detect targets in a
natural snowpack of 280 cm deep. The polarimetric detection and iden-
tification schemes are the polarimetric filtering, three-component de-
composition, and the power polarization anisotropy coefficient. These
approaches to acquired data show the usefulness of three-dimensional
polarimetric FM-CW SAR system.
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1. Introduction

This paper discusses the three-dimensional polarimetric im-
aging in a natural snowpack by synthetic aperture FM-CW
radar. Since the FM-CW radar is suitable for short range sens-
ing, it is convenient to detect targets buried in the ground
and/or in the snowpack. The FM-CW radar can be extended
to a synthetic aperture radar system [1], to a fully polarimet-
ric radar [2], and to a real-time system [3]. It has been con-
firmed in a laboratory that the FM-CW radar can be equipped
with fully polarimetric capability, and provides precise scat-
tering matrix elements, and is useful for polarimetric imag-
ing [2]. We further extended it to a three-dimensional polari-
metric FM-CW SAR system to detect targets buried in snow-
pack. It is our purpose to show the usefulness of three-di-
mensional polarimetric FM-CW SAR.

This paper briefly describes the principles of the three-
dimensional synthetic aperture processing in Sect. 2, prin-
ciples of radar polarimetry in Sect. 3, including polarimetric
filtering, power polarization anisotropy coefficient classifier,
together with three component decomposition. These polari-
metric approaches are collaboratory devoted to retrieve in-
formation obtained by the experimental data. Section 4 dem-
onstrates the snowpack field measurements for three-dimen-
sional imaging of embedded targets, polarimetric classifica-
tion and identification results, obtained by the radar system.
It is confirmed that the developed system is effective for short
range sensing, especially for polarimetric detection of ob-
jects in snowpack, etc.
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2. Principle of Three-Dimensional Synthetic Aperture
FM-CW Radar

An FM-CW radar measures a distance between the antenna
and target by beat signal of transmitted and received signal.

_— A
The transmitted signal is linearly swept from f,— Tf to

Af

Jo+ > where J, is the center frequency and Af is the band-
width of the transmitted signal. If a target, whose point target
reflection coefficient function is given by g (X, Yo, 2) , is
located at distance 7;, from the transmitted antenna in the
three-dimensional space, the beat spectrum S, can be writ-
ten as

Sy =& (X0, Yo, Z0) P (X = X0, ¥ = Yo, Z¢) sinc[a(z — r,)]
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where ¢ and €, are the velocity of light and relative permit-

.. . . . .. sin(x)
tivity, p is propagation function, and sinc is —

. If trans-

mitting and receiving antennas are scanned on a two-dimen-
sional x-y plane, the following procedure makes three-dimen-
sional image. The beat spectrum received at the antenna po-
sition (x,y,0) by two-dimensional antenna scan can be writ-
ten as

Sy(x, y,2) = fo f 8(X0, Yo 20) P(X = X0, ¥ = Yo» Zo)
- sinc[a(z — 7,)] dx, dy, dz, . )
At =2, the beat spectrum can be rewritten as
Sp(X, ¥, 20) = f 8 (%o, Yo, 20)

c P (X=X, ¥ = Yo, 20) dX Y, . €

The reflection coefficient distribution function can be obtained
by an inverse Fresnel transform
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—L,/2 J-L,N2
P (X=X, Y= ¥, 20) dx dy @)

where L is the antenna scan width. The symbol * denotes
complex conjugation. Therefore, execution of Eq. (4) with
respect to range z-direction yields a three-dimensional im-
age.

3. Brief Principle of Radar Polarimetry

In the polarimetric FM-CW radar [2], if the polarimetric
measurement is conducted in the HV polarization basis, the
set of polarimetric monostatic complex reflection coefficient
(8mm » 8uv andgyy ), given in Eq.(4), provides a scattering ma-
trix [S(HV)].

s @#Y)]=

Suv Sw 8uv 8w

S SHV]

Sy gHV:| (5)

If the scattering matrix [S(HV)] is given, it is possible to syn-
thesize the received power P at any polarization state.

E. (HV) =[S (HV)| E, (HV) ©)

Py
2

P= ’ h (HV)TE, (HV)

)
2

= ‘ h (HY)"[S HV)|E, (HY) (7

where E, and E; is transmitted wave from antenna and scat-
tering wave from target, respectively. The superscript T de-
notes transpose and h is the polarization state of the radar
receiver expressed in terms of the polarization ratio p de-
fined by

h= 1[ ! } . (8)
V1+pp [P

Since polarimetric synthetic aperture image consists of the

scattering matrix, it is possible to re-calculate the image at

any polarization state by Eq. (7) .

There are many radar polarimetry applications such as
target enhancement, classification, and interferometry, etc.
We employed polarimetric filtering [4], [5], power polariza-
tion anisotropy coefficient [6] and the three-component de-
composition technique [7] for the effective detection and iden-
tification of targets in snowpack.

3.1 Polarimetric Filtering
We define a contrast enhancement factor by the power ratio

as

_ P (Power of target 1)

¢= P (Power of target 2)
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‘ h (HV)" [$,(HV)|E, (HV) }
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h (HY)" [S,(HV)| E, V)

The subscript 1 corresponds to a desired target for which we
wish to enhance and the subscript 2 corresponds to undesired
target to be eliminated. The optimal polarization state which
maximizes the contrast factor of desired target is the null
polarization of undesired target. In Co-pol channel case
(h=E,), this is analytically derived from

C =0 : P(Power of target2)

2
E,(HV)" [52 (HV)] E, (HV)’ =0. (10)

The null polarization states are given by [4]

= Som £ N S;,HV = S5 Sy

S2,VV

(I1)

pm,L’ =

The null-polarization state imaging will eliminate undesired
target, provided certain area occupied by the radar target had
similar scattering matrices.

3.2 Power Polarization Anisotropy Coefficient

The scattering matrix has two invariants regardless of the
polarization basis which can be related to its eigenvalues A,
and A, . The first invariant is the span, i.e., the sum of the
square of scattering matrix elements

Span [S HV)| = | S| + 2| S|+ [Sw |

= [+ |2 (12)

The second invariant is the determinant of scattering matrix

‘ 2

‘De;[S(HV)]‘:‘SHHSW—S;V‘zmxz .

(13)

The power polarization anisotropy coefficient 1 is defined
in terms of these two invariants as follows,

2
RN 221 I LS L
\/ SpanlSJ t)‘li +|7»2
’)\1‘2|)\,2],Osusl, (14)

If the power polarization anisotropy coefficient W is equal to
0, the target is isotropic target (such as sphere or plate). On
the other hand, if this coefficient is close to 1, the target is
anisotropic target (such as a straight wire or a helical target)
or any other polarimetrically sensitive target.

These invariants contribute to classification of man-made
targets, especially in a case such that the precise polarization
state is difficult to define because of near range or in an inho-
mogeneous medium.
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Table 1 Contribution of magnitude factors for fundamental targets.

K s K d K h
sphere, plate 1 0 0
diplane 0 1 0
line(wire) 0.5 0.5 0
right ~ .1
okt “helix 0 0 1

3.3 Three-Component Decomposition Technique

In the monostatic radar case, the off-diagonal elements of the
scattering matrix are identical with each other. It is possible
to decompose the scattering matrix into three components,
as if the target consists of a sphere, a diplane and a right or
left helix.

Sy S
[S(HV)]: SZ]: SI;VV
cos20 sin26
sin20 —cos290
= oio K[é(l) v oo IR D)
+K, 1._j
+j 1

where K, K, and K, show the magnitude of the funda-
mental scattering matrix corresponding to a sphere (odd
bounce reflection target), a diplane (even bounce reflection
target) and a helix, respectively. Each contribution is given
by

L,(z’:s,d,h). (16)

K.+K;+K,
The three-component decomposition can be utilized to clas-
sify a target into four basic types based on Eq.(16) and as
shown in Table 1. The decomposition technique can be car-
ried out easily in the circular LR basis[4].

Since this decomposition directly applies to the scatter-
ing matrix data, it is very fast approach to classify and iden-
tify radar targets and is suitable for a real-time classifier.

4. Three-Dimensional Polarimetric Imaging in Snow-
pack

In order to confirm the usefulness of three-dimensional pola-
rimetric imaging, we carried out an experiment to detect tar-
gets in natural snowpack at Yamakoshi village, Niigata pre-
fecture, Japan on Feb. 2, 1997. The measurement specifica-
tions are shown in Table 2. Since the L-band wave can pen-
etrate deeply into snowpack, we used a rectangular horn an-
tenna operating from 1.1 to 2.2 GHz. The snow structure is
illustrated in Fig. 1. The snowpack consisted of some snow
layers (new snow, fine grained snow and depth hoar layer).
The average relative permittivity of snowpack was 1.5. The
targets were used a metallic cylinder of 3 cm diameter and
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Table 2 Measurement specifications.

Radar system FM-CW
Transmitted center frequency 1.65 GHz
Transmitted frequency width 1.1 GHz
Sweep time 5.1 msec
Antenna type Rectangular horn
Measurement point 64 X 64
Measurement interval 2 cm
Average relative permittivity of snow 1.5
Measurement polarization HHHV,VV

Snow surface

0cm
New snow
depth hoar layer
80 cm
100 cm

fine grained snow

280 cm

Fig. 1 Structure of snowpack.

180 cm long (target 1), and a metallic plate bar of 4 cm wide
and 180 cm long (target 2), respectively. The transmitting
and receiving antennas were scanned two-dimensionally on
the snow surface to acquire the three-dimensional image. The
number of sampling points both in the x- and y-directions is
64 x 64, with incremental width of 2.0 cm. Moreover, polari-
metric measurement was conducted to obtain the scattering
matrix element (HH, HV and VV where H stands for polar-
ization direction being parallel to the x-direction, and V to
the y-direction, respectively).

4.1 Experiment 1

The measurement situation is depicted in Fig. 2. The target 1
was buried at a depth of 60 cm and oriented 45 degree with
respect to the y-direction. The target 2 was buried at a depth
of 110 cm and orthogonal to target 1. Since three-dimensional
volume data acquisition was conducted, it is possible to slice
the data at any depth. The V'V polarization detection result of
target 2 is shown in Fig. 3. This result is a real aperture slice
image at the depth of 110 cm. Although the image is unfo-
cused in Fig. 3, the synthetic aperture processing yields fo-
cused image in Fig. 4. The target appears more clearly than
the real aperture image. The two-dimensional (x-y) SAR pro-
cessing with respect to a range (z) direction yields three-di-
mensional SAR images as shown in Fig. 5. These images
was obtained with the same threshold level. It is easy to rec-
ognize the situation of buried targets and see the inhomoge-
neity within the snowpack under the depth of 170 cm. More-
over, we can see the position of ground surface in these im-
ages. Since the synthetic aperture processing can not focus
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the ground surface correctly due to the inhomogeneity of
snowpack, this surface is not smooth. However, this three-
dimensional FM-CW SAR is useful to examine inhomoge-
neous medium such as snowpack and ground.

280cm

Fig.2 Measurement situation 1.

x-direction [cm]}
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Fig.3 Real aperture image of target 2 at the depth of 110 cm (VV).
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Fig.5 Three-dimensional image of experiment 1.

(b) HV
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In order to verify the effectiveness of polarimetric fil-
tering principle to three-dimensional data, we tried to pro-
duce an image which enhances the target 2 against target 1.
Figure 6 shows the Co-pol null image of target 1 by Eq.(11).
Since polarimetric filtering suppress the target 1, the maxi-
mum contrast image for target 2 is obtained. The polarimet-
ric filtering is available and useful to the three-dimensional
polarimetric experimental data.

4.2 Experiment 2

The measurement situation 2 is depicted in Fig. 7. In this
experiment, two targets (target 1 and 2) were buried at a depth
of about 100 cm. Figure 8 is the three-dimensional SAR im-
ages. The cylinder target (target 1) is detected in the HH, HV
and VV images. However, the center part of the image disap-
peared due to inhomogeneity of snowpack.

In this situation, we attempted to extract the polarimet-
ric information of each target. Figure 9 shows the three-com-
ponent decomposition result for classification and identifi-
cation of target. The cylinder target in the air has theoreti-

120

»

60 1

x-direction fcm]

0 T T T T T ] T
0 60 120
»
y-direction [cm]

Fig.4 Synthetic aperture image of target 2 at the depth of 110 cm (VV).

1264%

(Vv

Fig. 6 Co-pol null of target 1.
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100

280cm
200 1

(a) HH

(a) Sphere

(b) Diplane

Fig.9 The result of three-component decomposition technique.

cally the sphere component and diplane component with the
ratio of 1:1 similar to the wire. This characteristic applies to
target 1. On the other hand, the plate bar, target 2, in this
measurement was decomposed into a sphere component, be-
cause the HV component of target is small compared to the
VV and HH components. This experimental result indicates
that target 2 is close to plate. Therefore, it is useful to inter-
pret the difference of polarimetric scattering property between
targets.

The power polarization anisotropy approach to classify
target is applied to this measurement situation. Figure 10
shows histogram of power polarization anisotropy coefficient
in the neighborhood of each target(target 1:14x8x1 pixels,
target 2:8x10x1 pixels) and clutter(12x14x1 pixels). It is seen
that clutter appears under the depth of 170 cm in Fig. 8. This
clutter seems to be caused by snow removal by shovelling
machine aprior to the measurement. The anisotropy coeffi-
cient result of targets supports three-component decomposi-
tion result. The polarization anisotropy coefficient of clutter
is more uniformly distributed than that of targets in Fig. 10.

(¢) Helix

1967

Target 2

100“"’

2001

300
[cm] W
z

(b) HV

©)VV

Fig.8 Three-dimensional image of experiment 2.

mm Target 1(pipe)
BB Target 2(plate)
= Clutter

Frequency

0.0°

(plate,sphere) (\;ire)
Power polarization anisotropy coefficient

Fig. 10 The distribution of power polarization
anisotropy coefficient.

Therefore, this coefficient can be used to discriminate the
man-made polarization sensitive target and clutter.

5. Conclusion

This paper discussed three-dimensional polarimetric SAR
image in snowpack obtained by an FM-CW radar operating
in the L-band. It is first trial to obtain three-dimensional po-
larimetric data in inhomogeneous medium and to apply the
polarimetric processing to this three-dimensional polarimet-
ric data of buried objects. The experiment was carried out to
detect buried targets at Yamakoshi village, Niigata prefec-
ture, Japan. We tried the three-dimensional polarimetric de-
tection at two situations. Since this radar could clearly map
the buried targets, the ground surface and also the inhomoge-
neity of snowpack, it is useful to know the buried situation
and target type. Moreover, we applied the polarimetric
processings based on a three-component decomposition tech-
nique, power polarization anisotropy coefficient and polari-
metric filtering to experimental results. The polarimetric fil-
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tering was useful to enhance and eliminate the target. The
three-component decomposition technique provided the dif-
ference of polarimetric property of plate bar and cylinder tar-
gets. The power polarization anisotropy coefficient showed
the capability to discriminate target and clutter. Therefore,
these results support the usefulness of three-dimensional po-
larimetric FM-CW SAR.
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