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Absfract - This paper attempts to apply the principle of 
radar polarimetry to wideband synthetic aperture FM-CW 
radar and presents a basic polarimetric detection result of a 
linear target in a laboratory measurement. Although the 
principle of radar polarimetry has well been established for the 
completely polarized wave and for the monostatic case, it still 
needs to be extended to wideband radar system. The FM-CW 
radar utilizes a wideband signal and the resultant beat signal 
whose frequency is proportional to range is different from the 
scattered wave in pulse radar. This paper points out that the 
Fourier transformed complex beat spectrum obtained by an 
synthetic aperture FM-CW radar acts like an element of the 
scattering matrix which plays the most important role in 
polarimetric imaging. The fact was verified by a polarimetric 
detection in a laboratory, demonstrating the validity of FM- 
CW radar polarhemy and indicating an establishment of a full 
polarimetric and synthetic aperture radar system. 

1. Introduct ion  
Radar polarimetry, i.e.. the full utilization of vector nature 

of electromagnetic wave information, has become an 
indispensable tool in advanced radar systems. The principle of 
radar polarimetry for monochromatic (single frequency) wave 
has already been established by many investigators [ 11-[7). 
However. the wideband polarimetry is still i n  the 
developmental phase. Since we have been dealing with a 
wideband FM-CW radar [8]. the problem is how to introduce 
the radar polarimetry into this radar system. 

In this paper, we regarded the polarimetric target reflection 
coefficient obtained by a synthetic aperture FM-CW radar as 
the element of scattering matrix. Although the coefficient is 
derived from a wideband signal. it is a single complex value, 
and we thought it represents target scattering information, 
provided that the scattering characteristics are almost constant 
under the bandwidth. The polarimetric measurement provides 
full scattering matrix elements. If the replacement, i.e., target 
reflection coefficient = scattering matrix element, is possible, 
the polarization synthesis (optimal power reception) should 
work well i n  detection or imaging problems. Therefore, the 
main purpose of the paper is to confirm the validity of the 
replacement. If the validity is confirmed, it leads to an 
establishment of wideband and full polarimetric synthetic 
aperture radar system. 

In the following, the principle of synthetic aperture FM- 
CW radar is given in Sec.2, a brief principle of polarimetric 
imaging by radar polarimetry is outlined in Sec.3. Sec.4 
shows experimental verification. A radar system operative in 
the X-band was applied to the polarimetric detection of a 
metallic pipe of different orientations. It is shown that the 
polarimetry can be applied to the FM-CW radar. 

2. Synthetic  Aperture  FM-CW Radar Signal  
FM-CW radar basically measures a distance between 

antenna and an object by the beat frequency of a linearly swept 
transmitted signal and reflected signal from the object. If a 

target is located in the Fresnel region and if the target reflection 
coefficient given by 

(1) 

remains the same or at least does not change so much within 
the swept frequency bandwidth, the frequency domain beat 
spectrum due to the target is given by 

U(x,z) = 1. f(z - g(xo A) h(x - xo dx0d7* ( 2 )  

g = g (xo. m 1 .  
( XO, 20 ) : coordinate of the object 

- I  

where 
sin[ a (  z-z,,)] 

[ a ( z - z , ) l  . 
f (  2 -  2,) = 

h ( x - x,, z,) = exp [ - j z, + ) ]  (3) 

One can see that this expression is of the convolution 
integral form at z = z, and can consider it as one kind of 
Fresnel hologram. The object distribution function g(xn. zn) 
can be recovered by an inverse convolution integral after 
multiplying the complex conjugated function h* by U. 
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g(xo, Q) = U(x,zo) h*(xo - x . 4  dx (4) ri 
L in q ( 4 )  is the antenna-scan width in the azimuth direction. 
This equation is the basis for the synthetic aperture FM-CW 
radar principle. It should be noted that (4) gives a single 
complex value although it is derived from a wideband signal. 

3. Application of R a d a r  Polarimetry 
Let E be the transmitted wave from a radar, and E be the 

scattered wave from a target arriving at the receiver. The 
scattered wave can be related to the transmitted wave via 
scattering matrix [SI ~~ 

E (AB) =[ 1 = [ :AA ][ E; 1 =[ S (AB)] E  (AB) 

( 5 )  
BA S U R  

where (AB) denotes the polarization basis. The amplitude 
factor due to path length is omitted in this expression because 
we are interested in polarimetric information. It is understood 
in ( 5 )  that the target can be regarded as the polarization 
transformer. The voltage at the receiving antenna is obtained 
from 

(6)  
where h is the polarization state of the receiver when it acts as 
a transmitter and the subscript T denotes transpose. It should 
be noted that the voltage does not depend on the polarization 
basis, i.e.. the voltage remains the same no matter how the 
basis is. This invariance leads to the transformation of 
scattering matrix under the change of polarization basis as 
follows: Since the basis transformation matrix [TI using the 

V = h T E ,  = h ( A B ) T [ S ( A B ) ] E , ( A B )  
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polarization ratio P from the basis (HV) to the new basis (AB) 
is given by 

the vector transformation is carried out as 

which leads to 
v ( H V ) =  ET(HV) [S (HV)I  E t W W  

E(AB)=[T]- 'E(HV),or  E(HV)=[ T]E(AB),  (8) 

= E 
= V (AB) . 

[ T I T [  S (HV) I [ T I  I E t(AB) (9) 

Therefore the scattering matrix is transformed from the basis 
(HV) to the basis (AB) as 

(10) 

This nansformation indicates that the scattering matrix in any 
polarization basis can be obtained, provided that the scattering 
matrix elements in the conventional HV basis are given. 

Now, we regard the signal given by (4) as the element of 
the scattering matrix [SI because it is a complex value and 
represents target scattering characteristics. The polarimetric 
measurement mvides full scattering matrix elements 

[ S(AB)]=  [TIT[ S ( H V ) ] [ T ] = [  :M 
BA SBB 

where the first subscript indicates the polarization state of 
transmitter, and the second subscript represents the receiver 
polarization. If this (1 1) is valid, the polarimetric theory holds 
for the FM-CW radar. The receiving power for the monostatic 
case is given as 

P =I VI = I hTE, 1' =I h WVT [S(HV)I E t (HV I* (12) 

It is known in the characteristic polarization state theory [4] 
that the polarization ratio which diagonalizes the scattering 
matrix gives CO-Pol maximum power. Also there exists a 
polarization ratio which gives CO-Pol null power. The details 
are given in [4] and [7]. Based on the polarimetric theory, we 
carried out a fundamental experiment to confirm the validity of 
the replacement (1 1). 

=I h (AB)T [S(AB)] E t (AB) 1' 

4. Fundamental Polarimetric Detection 
A laboratory experiment was carried out to detect a linear 

target of different orientations with respect to the polarization 
direction. The target is a metallic pipe of 0.6 cm$ x 100 cm. 
The block diagram of an FM-CW radar system is shown in 
Fig. I .  In this configuration, both transmitting and receiving 
antennas are separated, which allows one to carry out dual 
orthogonal channel polarimetric measurement. The antennas 
used are standard rectangular horns of precisely the same type 
operative at 8.2 - 9.2 GHz. The aperture size is 15.8 cm x 
11.8 cm. The polarization combination is a set of HH, HV, 
VH, and VV, where H stands for polarization direction being 
parallel to the scanning direction (Fig.2) and V for orthogonal. 
The fmt letter H or V is for the bansmitter polarization and the 
second letter is for the receiver. 

The antennas are scanned one-dimensionally at 1 cm 
incremental interval from 0 up to 179 cm in the azimuth 
direction. Fig.3 shows the synthetic aperture images for each 
polarization at 60 degrees. The power is calculated according 
to (12). the range is measured from the antenna aperture, and 
the azimuth dimtion indicates the scanned width. It is seen 
that the image with VV pol produces the largest power. 

The. scattaing ma& for this casc was found to be 
0.284 + j 0.339- 0.046 + j 0.439 =[: 0.046 + j 0.439- 0.417 + j 0.4221 

From this scattering matrix, the CO-pol channel power can be. 
calculated as a function of geometric parameten of polarization 
ellipse, which is called "polarimetric signature". The 
polarimetric response is illustrated in Fig.4. The CO-Pol Max. 
is given for the polarization ratio of p=1.53 - j 0.14, which is 

equivalent to the tilt angle of z = 57.0 O and the ellipticity angle 

of E = - 2.4 '. This tilt angle is close to the orientation angle of 

the target (ao) and the ellipticity angle indicates the 
polarization state is almost linear. This fact coincides with the 
physical experimental situation. On the other hand. CO-Pol 
null is given by p=- 0.45 - j 0.502. The polarimevic images 
using these polarization ratios are illustrated in Fig. 5.  It is 
seen that the CO-Pol max image provides the largest power, 
and that the CO-Pol null image eliminates the target The result 
shows the polarimetric imaging based on the synthetic aperture 
FM-CW radar coefficient is possible. 

5. Conclusion 
In this paper, we have demonstrated the fundamental result 

of radar polarimetry applied to the synthetic aperture FM-CW 
radar. Since the target reflection coefficient obtained by FM- 
CW radar is complex signal, we re arded it as the scattering 
matrix element. It is possible to o h  complete scattering 
matrix element by the polarimctric measurement, which leads 
to an establishment of full polarimetric FM-CW radar system. 
The validity was confirmed by a fundamental experiment 
using a linear target. The experimental results show that the 
FM-CW radar polarimetry works well. This polarimetric FM- 
CW radar seems to have a potential ability in imaging because 
we can choose any polarization state. 
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Fig.1 Block diagram of FM-CW radar 
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Fig.5 Optimal polarization image 
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