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SUMMARY This paper applies the principle of radar polar-
imetry to the synthetic aperture frequency modulated continuous
wave radar. First, the principle of monochromatic wave radar
polarimetry using scattering matrix and polarization ratio neces-
sary for introducing polarimetric imaging is given. In order to
accommodate this principle to a wideband radar, a scattering
matrix must be introduced, because FM-CW radar utilizes a
wideband signal. This paper points out that the polarimetric
target reflection coefficient obtained by the synthetic aperture
FM-CW radar works as the scattering matrix element. This
replacement, i.e., polarimetric reflection coefficient = the scatter-
ing matrix element, was verified by an experiment based on the
polarization ratio which maximizes and minimizes a target. A
radar system operative in the microwave X-band was success-
fully applied to the polarimetric detection of a metallic pipe of
different orientations, demonstrating the validity of FM-CW
radar polarimetry, and indicating an establishment of full polar-
imetric radar system.

key words: measurement and metrology, radio applications,
radar

1. Introduction

Radar polarimetry, i.e., the full utilization of vector
nature of electromagnetic wave information, has
become an indispensable tool in advanced radar sys-
tems. The principle of radar polarimetry for mono-
chromatic (single frequency) wave has already been
established by many investigators [1]-[7]. However,
the wideband polarimetry is still in 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 in
order to introduce the polarimetry. Although the
coefficient is derived from a wideband signal, it is a
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single complex value, and we regard it represents target
scattering information, provided that the scattering
characteristics are almost constant under the band-
width. The polarimetric measurement provides full
scattering matrix elements. If the replacement, i.e.,
target reflection coefficient = scattering matrix ele-
ment, is possible, then the polarization synthesis
(optimal power reception) should work well in detec-
tion or imaging problems. Therefore, the main pur-
pose of the paper is to confirm the validity of the
replacement. If the validity is confirmed, it leads to an
establishment of full polarimetric synthetic aperture
radar system.

In the following, the principle of radar polar-
imetry for the monochromatic wave is given, which is
the basis for polarimetric detection and imaging. The
principle of synthetic aperture FM-CW radar is out-
lined in Sect.3 indicating that a target reflection
coefficient can be replaced by a scattering matrix ele-
ment. Section 4 shows an experimental verification. A
radar system operative in the microwave X-band was
applied to the polarimetric detection of a metallic pipe
of different orientations using a phase calibration
technique. It is shown that the polarimetry can be
applied to the FM-CW radar.

2. Principle of Polarimetric Imaging with Scatter-
ing Matrix and Polarization Ratio

In this section, the rigorous principle of radar polar-
imetry necessary for introducing polarimetric imaging
is given. In the polarization basis (4B) with unit
vectors A and B, the electric field vector of a time
harmonic plane wave can be expressed in the transverse
plane as

E(AB)=E A+ E;B ¢))
The polarization ratio in this basis is defined as
_Q_. |E3l J(bp—9a) — JAB
=g =1E.© =|oasle (2)

where ¢ap=ps— @, is the phase difference. Using this
polarization ratio and assuming that the magnitude of
the electric vector is unity, the wave can be written in
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the Jones vector form as

1
ran ) R

Now, 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 [S].

E¢
ES(AB)z[EB}

s

_[SAA SAB] [E;‘]
| Ssa Sesl LEP
=[S(4B)]E.(AB) (4)

The amplitude factor due to path length is omitted in
this expression because we are interested in polar-
imetric information. It is understood in this equation
that the target can be regarded as the polarization
transformer. The voltage at the receiving antenna is
obtained from

V=h"Es=h(AB)"[S(AB)|E(4B) (%)

where 4 is the polarization state of the receiver when it
acts as a transmitter and the subscript T denotes trans-
pose. Therefore the power expression is given as

P=|V]*=|h"El’=|h(HV)"[S(HV)EHV)P
=|h(AB)"[S(4AB)]E(4B)[* (6)

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 [7'] using the
polarization ratio from the basis (HV) to the new
basis (4B) is given by (see Appendix, this [77] is
different from the one in Ref. [4])

1 ej¢1 p*ej¢2
[T]Zm[pej"" —e”z]’ @

the vector transformation is carried out as
E(AB)=[T]E(HV), or E(HV)=[T]E(4B),
. (8)
which leads to
V(HV)=EXHV)[S(HV)|E:(HV)
=E(AB)"([TT"[S(HV)I[TDE(A4B)
=V (AB). 9)

Therefore the scattering matrix is transformed from the
old basis (HV) to the new basis (AB) as
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(a) Ellipticity and tilt angles of a polarization ellipse.
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(b) Polarization ratio in the H-V basis.

Fig. 1 Geometric parameters of a polarization ellipse.

Saa  Sas

[s<AB>J=[T]T[s<HV>][T]=[ ] (10)

BA BB
This transformation indicates that the scattering matrix
in any polarization basis can be obtained, provided
that the scattering matrix elements in the conventional
HYV basis are given. The polarization ratio o in the
HYV basis is related to the field vector components and
the geometric parameters of the polarization ellipse
(see Fig. 1) as

Ey

o= P I (l1a)
Ey

tan 2r=tan 27 cos Puv (11b)

sin 2e=sin 2y sin ¢uy (11c)

where e and r are ellipticity angle (—n/4<e<n/4)
and tilt angle (—7/2<r<x/2), respectively.

Let’s consider the power in the new basis (A4B).
The unknown is the polarization ratio. It is known [4]
that the diagonalization of scattering matrix provides
the characteristic polarization state of a radar target.
Letting S.s=0 in (10) gives, for the monostatic case
Sap= Sga,

oSy +(1—00%)Suy — 0* Sun=0. (12)

The diagonalization factor, i.e., the polarization ratio
in the old basis, is determined to be

—B+/B*—4A4C

Aol,2= 2A (13)

where

A=S¥uSuv+ SEvSw, B=|Sul*—|Swl,
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C=—4*

Therefore the scattering matrix is in a diagonal form

A

with
o291

A=3S8%4(p1) =m

(Suz+201Suv + 01 Sw)

(15)

e.i2¢2

/1225,33(;01)= % (.OikZSHH_zpikSHV"{‘ SVV)

1+01101
(16)

The Co-Pol power in terms of the polarization ratio o’
in the new basis is given as

L) 0 /12 .0,

The Co-Pol means that the receiving antenna has the
same polarization state of the transmitter. The maxi-
mum of (17), Co-Pol Max, is obtained from p'=0 in
the new basis which gives P.=|A;|>. The maximum
power thus is derived by the corresponding polariza-
tion ratio of o, in the old basis. On the other hand,
Co-Pol null (which gives P.=0), is given by o=
*V(—Ai/A2) in the new basis. The same theory and
procedure apply to the X-Pol channel power [4].

The above discussion means that the polarimetric
imaging in the pixel by pixel basis can be done using
the polarization ratio for which we wish to enhance or
eliminate a target. That is, if a target scattering matrix
in a pixel in a radar scene is extracted, it is possible to
calculate the polarization ratio for which the radar
channel receives the optimal power. Then, using the
polarization ratio, we can calculate the power in the
other pixels according to (6). This methodology is the
principle of polarimetric imaging in the pixel by pixel
basis.

2

PC: IEtT[S(AB)]Et’z:

3. Synthetic Aperture FM-CW Radar

In this section, a brief description of synthetic aperture
principles for an FM-CW polarimetric imaging is
given.

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. The FM-CW radar utilizes a
wideband signal from f;—A4f /2 to fo+ Af /2 where f;
is the center frequency. If a point target is located in
the Fresnel region (see Fig. 2) and the target reflection
coefficient, given by
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Fig.2 Positions of antenna and a target.
g=g(xo, %) (18)

(X0, 20): coordinate of the object,

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

U(x, Z)ZB‘/O‘OO'[:f(Z-%)g(xo, 20) h(x — Xo, 20)

'd)CodZo (19)
where
_sinfa(z—=)] _ 2zdf
S(z=2)= [a?z—zﬁ 0 T ﬂc ’

h(x—xo, z))=exp[j 47£f5 {&)_*_ (x;;(])z }:| (20)

At zx 2, Eq. (19) can be modified as
U(x, ZO)ZB/:mg(xo, 20)h(x0— x, 2) dxo. (21)

One can see that this expression is of the convolu-
tion integral form and that this expression is equivalent
to Fresnel approximation to Kirchhoff-Fresnel
diffraction integral equation. We can consider it as
one kind of Fresnel hologram. The target reflection
function g(x, z) can be recovered by an inverse con-
volution integral after multiplying the complex con-
jugated function A* by U

9(xo, 2)= [ » Ux, 2)h*(x0—x, z)dx (22)

L in Eq. (22) is the antenna-scan width in the azimuth
direction, and symbol * denotes complex conjugation.
This equation is the basis for the synthetic aperture
FM-CW radar principle. It should be noted that (22)
gives a single complex value although it is derived
from a wideband signal.

The above discussion does not include the polar-
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imetric information. The polarimetric target reflection
coefficient can be obtained by a combination of polar-
imetric measurement. If we measure a target according
to (22) making use of HV polarization basis, it is
possible to obtain full polarimetric data under the
condition that the target scattering characteristics does
not depend on the swept frequency band and incidence
angle, etc. Since (22) is a complex signal representing
a target scattering information, we regard it as an
element of a scattering matrix as follows;

Sur Swv gun  Gav
S(HV)|=, = 23
[ ( )] {SVH vaj\ [QVH gvv:l ( )

where the first subscript indicates the polarization state
of transmitter and the second subscript represents the
receiver polarization. If this (23) is valid, the polar-
imetric theory in Sect. 2 applies to the FM-CW radar.

4. Experimental Verification

To confirm the applicability of synthetic aperture
FM-CW radar polarimetry, 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 which
can be regarded as a linear target. The block diagram
of an FM-CW radar system is shown in Fig. 3. In this
configuration, transmitting and receiving antennas are

saw tooth wave sweep directii)na.l
generator | oscillator coupler
transmitting
1
clock

receiving
antenna

AD

converter

¥ high pass filter
low pass filter Limiter

Fig. 3 Block diagram of FM-CW radar.

tr. A\ A\ rec.
A AAX azimuth direction
............................................. >

()

personal
computer

polarization

[P

Fig. 4 Measurement scheme.
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separated, which allows one to carry out dual or-
thogonal channel polarimetric measurement. The
separation distance of the antenna is 16.5cm. The
antennas used are standard rectangular horns of pre-
cisely the same type operative at 8.2-9.2 GHz. The
aperture size is 15.8cmX11.8cm. The polarization
combination is a set of HH, HV, VH, and V'V, where
H stands for polarization direction being parallel to
the scanning direction (Fig.4) and ¥V for orthogonal.
The radar specifications are listed in Table 1.

4.1 Calibration

Since two antennas are used in the system, the radar
system is bistatic. On the other hand, the principle of
radar polarimetry is derived for the monostatic case.
Although two antennas are located very close to each
other with the apertures in a common plane looking
into the same direction, calibration of the system is
crucial to the performance of the system.

Amplitude '

The purity of polarization is determined by the X-Pol
power level relative to the Co-Pol level. In this radar
system, the isolation level between these two channels
was found to be less than —30dB in the operative
frequencies. This level was obtained from a reflection
measurement using a large flat metallic plate (I mX1
m) as a calibration target placed at 1.0 meter distance

Table 1 Radar specifications.

RF power 23.5dBm
Antenna rectangular horn
Polarization linear
Sensitivity -42 dBm
Sweep frequency 82-92GHz
Sweep time 5.2 msec
Range resolution 1.52 cm
Scanning width 128 cm
Scanning interval 1cm
. \%
@
f®
rec.2 ey (3
0 @ n
........................ : T N | T R LT P YRS »...........
i rec.1
object

Fig. 5 Phase calibration scheme viewed from top: polarization
and target orientation with respect to the scanning direction.
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from the radar in an anechoic chamber, and was
acceptable to carry out the polarimetric measurement.
Phase

The phase obtained by the system is essentially
different from the one in the monostatic radar. To
accomodate and calibrate the phase in this system to
the monostatic case, we used an extrapolation method.
Figure 5 shows the phase calibration scheme, viewed
from the antennas (plan view). In the actual situation,
the receiving antenna is located in the place of rec. 1 or
rec. 2 depending on the polarization with the transmit-
ting antenna fixed at “tr.,” for example, rec. 1 for the
V-Pol reception and rec.2 for the H-Pol reception
with the F-polarized transmitting antenna. Let’s
denote the scattering matrix obtained by this bistatic
system as

[sbi(HV)]z[ (24)

guu gHV]
gve  gvv '

e
)
=
2
]
=
=7
location of receiver (cm)
(a) VH
300
——
e
250 @
200
= }
B 1501
2
«
S, 100
q
50 £
0 T T T

0 5 10 15 20

location of receiver (cm)

(b) HV

Fig. 6 Phase measured at a 60° oriented pipe (0.6 cmg X 100
cm).
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The matrix elements contain the phase error due to the
antenna position. So, we examined the phase change
of these elements by moving the receiving antenna from
the position of rec. 1 to the direction of 1 and 4, or
from the position of rec. 2 to the direction of 2 and 3,
at an incremental interval of 1 cm. This procedure was
repeated for all polarization combination of HH, HV,
VH, and VV. It is now possible to estimate the phase
for the monostatic case by the extrapolation technique
applied to the measured data. If we let Tpo= Trnono
— ¥,; as the phase difference between the estimated
monostatic case Pynono and the bistatic case ¥p; with
the receiving antenna located at the position of rec. 1,
the scattering matrix for the monostatic case can be
obtained as

(25)

¥va i¥yy
gvué gvvé

[SmonO(HV)] :{

gHHeiUfHH 'gHVeinV]

Figure 6 shows one example of the experimental phase
measured for a 60° oriented pipe. Although the phases
for the bistatic case are different for VH and HV, the
estimated monostatic phase by the extrapolation con-
verges to a certain value. We took the averaged phase
at 0 cm as the phase ¥yono. Thus, the phase is calibrat-
ed at the place where the transmitting antenna is locat-
ed at the zenith of the target using the above procedure.

4.2 Polarimetric Detection of Pipe

The same pipe which was employed in the previous
section was used as a linear target and was placed 80
cm from the antenna as shown in Fig. 4. The orienta-
tion angles are 60° and 45°. The antennas are scanned
one-dimensionally at 1 cm incremental interval from 0
up to 127 cm in the azimuth direction. Figure 7 shows
the synthetic aperture images for each polarization
when the pipe orientation angle is 60°. The power is
calculated according to (6) using the uncalibrated
scattering matrix, the range is measured from the
antenna aperture, and the azimuth direction represents
the antenna-scanned direction. It is seen that the image
with V'V-pol produces the largest power. Using the
phase calibration procedure, the scattering matrix for
the target was found to be

—0.284+/0.339  —0.046+ j0.439]
—0.046+j0.439  —0.417+;0.422
(26)

From this scattering matrix, the Co-Pol channel
power can be calculated as a function of geometric
parameters of polarization ellipse, which is called
“polarimetric signature.” The polarimetric response is
illustrated in Fig. 8. The Co-Pol max is given by the
polarization ratio of p=1.53—0.14, which is equiva-
lent to =57.0°, e=—2.4°. This tilt angle corresponds

[s<HV>]=[
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= 127
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(c) HH

Fig. 7 Detection result of a pipe by H-V polarization combina-
tion.

Co-Po\ Power

Fig. 8 Polarimetric response of the pipe.

to the orientation angle of the target (60°), 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 0=0.45—;0.502. Using these polariza-
tion states, the polarimetric images can be synthesized.
The resultant Co-Pol max image is displayed in Fig. 9
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(a) Uncalibrated

azimuth direction (cm)

(b) Calibrated

Fig. 9 Co-Pol max image of the pipe.

azimuth direction (cm)

127

Fig. 10 Co-Pol null image of the pipe (calibrated).

where (a) is derived from the scattering matrix before
the phase calibration and (b) is from the calibrated
scattering matrix. It is seen that the phase calibration
is very important for the precise imaging. Figure 10
shows the Co-Pol null image after the phase calibra-
tion. The power is maximized in Fig. 9, wheres it is
completely suppressed in Fig. 10, and these images are
all different from the fixed polarization images of HH,
HV,or VV.

A similar result is obtained for the orientation
angle of 45°. The result is omitted to display to save
space.

It is understood that the power is enhanced or
suppressed by optimal polarization states using the
calibrated scattering matrix (26). This fact shows that
the radar polarimetry applies to the wideband FM-CW
radar and confirms the validity of the replacement of
polarimetric target reflection coeflicients as the scatter-
ing matrix elements.
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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 sig-
nal, we regarded it as the scattering matrix element. It
is possible to obtain complete scattering matrix ele-
ment by the polarimetric 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 phase error due
to the bistatic configuration of the experimental radar
system is calibrated by the method of extrapolation.
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.
Although a fundamental detection result is presented
in this paper, practical applications for the two-
dimensional mapping or target detection in cluttered
environment will be treated in the near future.
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Basis and Vector Transformation
Matrices Using Polarization Ratio

Appendix:

In general, a vector w can be expressed in any basis.
For example, let w be expressed in the (ab) and in the
(xy) basis as

(A-1)

where a and b are the new basis vectors, and, x and y
are the old basis ones. In a matrix notation, it becomes

ctesf el

(4] 2

w=a1a+afzb=b’1x+82y

(A-2)

[ ] represents a 2X2 matrix and () represents a 2 X 1
vector component in this appendix. The basis vectors
can be transformed as

L b
(0, ]=[x y][z b]=[x, 7] (A-3)

where [ T'] is the basis transformation matrix from the
old basis (xy) to the new basis (ab) expressed in the
basis (xy). On the other hand, the vector component
can be transformed from the (xy) basis to the (ab)
basis as

a1 ,81 B]
1| =] | (A8
[QJ 32 ] ;82
or in an equivalent vector notation,
w(ab)=[T] 'w(xy)=[U]w(xy) (A-5)

where [U]=[T]™! is the vector transformation matrix,
which is different from the one described in Ref. [4].
These transformation matrices are unitary and must
satisfy the following conditions,

[T]'=[T]*"=[T]", and |det[ T]|=1 (A-6)

where 1 denotes hermitian conjugate.

Now, consider two orthogonal basis vectors which
are expressed in term of the x-y components and the
polarization ratio as

( )_[ax}_ put [1}

a\xy)=— a, - /_;1_’_‘0‘0*_ 0 s
. bx . ei¢2 p* )

s =5 | i

Therefore the basis transformation matrix [ 7] and the
vector transformation matrix [ U] are given as
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1 ej¢1 p*ej¢2
N e P (A-5)
1 e—j¢1 p*e—j¢1
Ul=[T]'=— . (A9
T I

_e‘J¢2
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