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Abstract—This paper applies the principle of radar polarimetry
to a synthetic aperture frequency-modulated continuous wave
(FM-CW) radar and presents results based on two-dimensional
(2-D) full polarimetric imaging. It is shown that the polari-
metric target reflection coefficients obtained by the synthetic
aperture FM-CW radar are elements of a Sinclair scattering
matrix, although the coefficients are derived from a wide band
signal. Using the scattering matrix optimization procedure, a 2-
D polarimetric imaging experiment (including Co-Pol maximum,
minimum, span, and phase imaging) of an orthogonally placed
linear target set was successfully carried out in the laboratory.
This result demonstrates the validity of \'-band (8.2-9.2 GHz)
FM-CW radar polarimetry, and it presents a demonstration of a
full polarimetric 2-D FM-CW imaging radar system.

[. INTRODUCTION

ADAR polarimetry, i.e., the full utilization of the vector
Rnature of electromagnetic wave information, has become
an indispensable tool for advanced high resolution radar sens-
ing systems [1], [2]. If the principle of radar polarimetry
[1]-[6] could be incorporated into the wide band FM-CW
radar, it would become a highly advanced high resolution
imaging system in the short range sensing, since the FM-
CW radar utilizes the continuous wave principle for which the
range resolution is determined by the frequency resolution. In
addition, it displays the potential ability for precisely mea-
suring distances in the near range with considerably simpler
instrumentation as compared to pulsed radar systems [7],
[8]. Our research goal is to develop a full polarimetric and
synthetic aperture FM-CW imaging radar aimed at detecting
and mapping objects in free space, or in snowpack and/or
occluded underground [9], [10]. However, the principle of
wide band FM-CW polarimetry is still in the development
phase, although the principle for the monochromatic (single
frequency) wave has already been well established [1], [2].

This paper extends the earlier work [I1] (on the one-
dimensional case) and incorporates the principle of radar po-
larimetry into a 2-D synthetic aperture FM-CW radar system,
and presents a full polarimetric imaging result of linear targets.
The main purpose of this paper is to show experimentally that
the FM-CW radar acts as a full polarimetric and 2-D imaging
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radar system if we regard the polarimetric target reflection
coefficients obtained by a synthetic aperture processing as the
elements of Sinclair scattering matrix, provided that the scat-
tering characteristics are almost constant within the operational
bandwidth. For this purpose, we carried out a 2-D imaging
experiment to confirm the theory.

In the following, the principles of polarimetric imaging
for the monochromatic wave case are briefly introduced in
Section II. The principle of 2-D synthetic aperture FM-CW
radar is outlined in Section III showing that a target reflection
coefficient may be replaced by a scattering matrix element.
Section IV is devoted to confirm the validity by showing an
experimental 2-D polarimetric image of orthogonally placed
metallic pipes, including the Co-Pol maximum and span
images. Also, an attempt was made to pick up target images
by a scattering matrix phase term when the magnitude of the
reflected signal is small. It is shown and concluded that radar
polarimetry can be applied to the 2-D FM-CW radar imaging.

II. POLARIMETRIC IMAGING USING THE
SCATTERING MATRIX OPTIMIZATION PROCEDURE

In this section, a brief introduction of polarimetric imaging
using scattering matrix optimization procedures [5], [6] is
given. If a Sinclair scattering matrix [S] is measured in the
polarization basis (HV).

Sy
stV = [gm g | m

it is possible to compute the Co-Pol channel power P, ac-
cording to

P. = [E(HV)T[S(HV)|E(HV)|” )
where E,(HV) represents the polarization state of a radar
transmitter and 7' denotes transpose. The Co-Pol channel
means that the receiving antenna has a polarization state
identical with the transmitter. In the above expression, the
amplitude factor due to path length and transducer antenna
properties are omitted because we are interested in primarily
in polarimetric information [3]. The E,(HV) is defined by
Jones vector form

1 1
V) = e ) @

where p is the polarization ratio. The polarization ratio is
defined by the ratio of two orthogonal components of E; in
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Fig. 1. Polarization state. (a) in the HV basis, (b) polarization ellipse in
terms of geometric parameters € and 7.

the basis (HV) as

By _|Ev

— o = S@v—on) — |p'616 — tanyej‘s. )
H H

p

The parameters of v and 6 = ¢y — ¢y are related to the
geometric parameters of the polarization ellipse (see Fig. 1) as

tan 27 = tan 2y cos 6, (5a)

sin 2e = sin 2y sin 6, (5b)

where ¢ and 7 are ellipticity angle (—7/4< ¢ < 7 /4) and tilt
angle (-7 /2< 7 < %/2), respectively.

The optimization of (2) as a function of p is well described
in [5], [6]. The characteristic polarization state theory [6]
shows that the maximum power is obtained by choosing the
polarization ratio as

-B++vB?-4AC
P12 = 24 ) )

where

B =|Suul’ - |Svv]%,
C =-A"

A= S;IHSHV + S;-IVSVVv

The polarization states in the form of (3) using p; and ps are
called Co-Pol maximum and Co-Pol extremum (saddle). Since
the two polarization states are orthogonal, i.e., p1p3 = —1, one
can constitute a new polarization basis (AB) based on p; and
p2. The change of polarization basis from the old basis (HV)

o~ A
M)

Fig. 2. Relation of frequency and time in FM-CW radars.

to the new basis (AB) guarantees the invariance of the span
of scattering matrix,

Span{[S(AB)]} = [Saal® +|San|* + |Sal* + |85/’
= |Sanl® +18av® + |Sval® +[Syv[®
= Span{[S(HV)]}, Q)
and the invariance of power,
P. = |E,(HV)T[S(HV)|E,(HV)
= |E(4B)T[S(AB)|E(4B)[". ®)

IZ

A similar theory applies to the Co-Pol minimum polarization
states which give P. = 0. Also the theory applies to the
Cross (X )-Pol channel case, where the polarization state of the
receiver antenna is orthogonal to the transmitter polarization.

The above discussion implies that polarimetric imaging on a
pixel by pixel basis can be achieved using the polarization ratio
in order to enhance or eliminate a target. This is, if a target
scattering matrix belonging to a pixel in a 2-D radar scene
is extracted, it is possible to calculate a specific polarization
ratio for which the radar channel receives optimal power, i.e.,
either maximum or minimum power correspondingly. Then,
using the polarization ratio and the resultant polarization state,
we can calculate the power in the other pixels according to
(2) or (8). Hence it is possible to obtain a 2-D scene by
the determined optimal polarization ratio. This methodology
describes the principle of polarimetric contrast enhancement
on a pixel by pixel basis.

III. PRINCIPLE OF 2-DIMENSIONAL
SYNTHETIC APERTURE FM-CW RADAR

Since the principle of FM-CW radar is well established
and documented [7}-{11], only a description of the beat
spectrum necessary for 2-D imaging is given. The FM-CW
radar measures a target range by the beat frequency of a
transmitted radar signal and received signal from the target.
The transmitted signal is linearly swept from fq — %-t to
fo+ %ﬁ with fo denoting the center frequency, and it is a
frequency modulated wave as shown in Fig. 2. If a point target
is located in the Fresnel region, shown in Fig. 3, where the
antenna is scanned in the z-y plane at z = 0, the beat spectrum
due to the target can be written as

U(z,y,z) = Bf(z — 20)g(x0, ¥0, z0)h(z — Zo,¥ — yo,20)
O
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Fig. 3. Positions of antenna and point target.

where B is an amplitude, g(zo,y0,20) is a point target
reflection coefficient at the position of (zg, Yo, 20), and f(z —
20) and h(z — o,y — Yo,20) are, respectively, sinc and
propagation transfer functions given by

o = S0 20
h(z — 0,y — 0, 20)
Y Y
:exp[j47rcfo{z[)+(x zo) 27:0(9 o) H’(“)

If the target possesses a two-dimensional distribution g =
9(xo, Yo, 20) in the z = zp imaging plane, the beat spectrum
received at the antenna position (z,y,0) can be written as

U =5 [ ” / ” (o = 20)9(xo, 4o, 20)

X h(z — 2o,y — Yo, 20)

X d.’E() dyg (12)
which becomes a maximum at z = zp, resulting in
U(z,y,20) = B/ / 9(z0, Yo, 20)
x h{x — zo,y — Yo, 20)
X dl‘() dyo. (13)

It is assumed here that the antenna has a wide beam so that
the target can be illuminated at any antenna position (z, y, 0).
Because of the convolution integral form of (13), U(z,y, 20)
can be regarded to be of the Fresnel hologram. The object
function can therefore be obtained by an inverse convolution
integral after multiplying the complex conjugated propagation
transfer function A* by U so that

g(z(]’yﬂaz(])
Lg Ly
=/ /L U(z':yvzo)h*(xo*xyyO‘y»ZO)dxdy
.

14

L, and L, are the antenna-scan widths in the z- and y-
directions, respectively. The symbol * denotes complex conju-
gation. This equation establishes the basis of the 2-D synthetic
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Fig. 4. Measurement scheme viewed from antenna.
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personal
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converter
Fig. 5. Block diagram of FM-CW radar.
TABLE 1
RADAR SPECIFICATION
RF power 18 dBm
Polarization linear H,V
Polarization purity 30 dB (nominal)
Sensitivity -42 dBm
Sweep frequency range 8.2 - 9.2 GHz
Sweep time 5.2 msec
Range accuracy 1.52cm
Scanning area 94.5 x 94.5 cm?
Scanning interval 15cm

aperture FM-CW radar principle. The target reflection co-
efficient is recovered by scanning the radar antenna in the
(z-y) plane, and the signal processing can be carried out by
performing
9(x0, Y0, 20) = FTTFT(U) - FT(h*)] (15)

where FT denotes Fourier transformation and FT~! denotes
Inverse Fourier transformation.

The above equation holds for any polarization measurement.
If we measure g(zo, Yo, 20) in the conventional (HV) basis, it
is possible to obtain complete polarimetric information. In this
paper, we denote the polarimetric g(xo, yo, 20) as ggy where
the first letter “H” stands for reception, and the second letter
“V” for transmission. Since the value of g contains amplitude
and polarimetric phase (complex quantity), we can consider
correspondingly, each polarimetric g as the scattering matrix
element so that '

_|Sun Swv| _ |9uH gHV
[S(HV)]-—{SVH va]_[gvy gvv]. (16)
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Fig. 6. Target images in the (H 1) polarization basis:(a) HH, (b) VV, (¢) HV.

We will implement (16) in a 2-D polarimetric imaging exper-
iment which follows.

1V. 2-DIMENSIONAL POLARIMETRIC IMAGING

To confirm the applicability of this methodology, a 2-D
imaging experiment was carried out in our laboratory. The
target is a metallic pipe of 0.6 cm¢ x 50 cm that can be
regarded as a linear target. Two pipes were placed orthogonal
to each other on an imaging (x-y) plane as shown in Fig. 4.
Fig. 4 shows a planar view of the 2-D measurement. The angle
between the x-direction and target 1 is —30°, while the angle
for target 2 is 60°. The distance from the antennas and the
imaging plane is 70 cm. The block diagram of the FM-CW
radar is shown in Fig. 5. In this configuration, both transmitting
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Fig. 7. Polarization signature and Co-Pol max polarization state:(a) target
1, (b) target 2.

and receiving antennas are separated (i.e., slightly bistatic),
which allows one to carry out polarimetric measurement. The
antennas are standard rectangular horns of precisely the same
type operative within 8.2-9.2 GHz. the aperture size is 15
cm X 11 cm. The polarization combination is a set of H-
H, H-V, and V-V, where H stands for polarization direction
being parallel to the wx-direction, and V' to the y-direction,
respectively. The number of sampling points both in the z-
and y-directions is 64 x 64 with incremental width of 1.5 cm.
The radar specifications are listed in Table 1. The isolation level
between Co-Pol channel and X -Pol channel was found to be
less than —30 dB which is acceptable for this demonstration.
The phase error due to this slightly bistatic measurement
arrangement was calibrated by an extrapolation method as
described in [11].
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Fig. 8. Co-Pol maximum images: (a) target 1, (b) target 2.

A. Imaging by Power

The polarimetric measurement in the conventional (V)
basis produced 2-D images as shown in Fig. 6. These images
are obtained from synthetic aperture processing at the radar
range of z = 70 cm. It is seen that the target 1 appears strong
in the H H image [Fig. 6(a)], whereas target 2 appears strong
in the V'V image [Fig. 6(b)], and that both targets are of the
same magnitude in the HV image [Fig. 6(c)].

From the processing results of Fig. 6, it is possible to
extract target reflection coefficients (complex amplitude, i.e.,
magnitude and phase) in each pixel. Therefore each pixel
should have a scattering matrix with four elements assuming
that Sgy &~ Spyyv although the slightly bistatic measurement
adopted in the experiment. Now, we choose pixel values of
target | and target 2 at the center position of their images in
Fig. 6, which are expressed correspondingly by the scattering
matrices

target 1:

(S1] = —0.7656 — 70.0902  0.3529 — j0.1807
7 0.3529 — 50.1807  —0.2056 4 j0.2405 |

target 2:

—0.0640 + 50.4191

(53] = —0.2378 + j0.2607
217 1-0.2378 + j0.2607 :

—0.0961 + j0.8162

Using the optimization procedure for the scattering matrices
of targets 1 and 2, it is possible to determine the optimal
characteristic polarization states. The polarization ratios of the
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Fig. 9. Other polarimetric images: (a) Span image in the (HV) basis, (b)
Span image in the (AB) basis, (c) X -Pol image in the (AB) basis.

Co-Pol maximum (=X-Pol null) are found to be

p1 = 1.822 + j0.435
p2 = —0.498 — 50.294 for target 2,

for target 1, and

which correspond to the characteristic polarization states of
T = —282°%¢ = —13.1° for target 1, and 7 = 62.3°, ¢ = 5.6°
for target 2, respectively. The polarization ellipses together
with these polarimetric signatures are illustrated in Fig. 7,
where we can see that the corresponding tilt angles of the
ellipse are very close to the actual target orientations. Since
these targets are orthogonally placed, the Co-Pol max polar-
ization states are expected to be orthogonal to one another.
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Fig. 10. Phase images in the (AB) polarization basis: (a) ®ap, (b)
11(é44 — ®BB).

This can also be checked by the orthogonality relation
01p5 = —1.0352 + j0.319 =~ —1.

Although the above relation is not strictly satisfied due to
measurement errors and because of monostatic approximation
is used, the results show that the polarimetric FM-CW imag-
ing radar theory applies to the polarimetric target reflection
coefficients.

Fig. 8 shows the Co-Pol maximum images for both targets 1
and 2, respectively. The polarization ratio p;, and the resultant
state of [1,p,]" or equivalently (r = —28.2°,¢ = —13.1°)
are used to calculate all pixels in the 2-D scene, enhancing
the target 1 while suppressing target 2 in Fig. 8(a). It can be
seen that target 2 is almost suppressed by the characteristic
polarization state of target 1 because the orientation of the
target 2 is orthogonal to target 1. Conversely, the same
is true for the image in Fig. 8(b), where the polarization
state is matched to target 2. This result shows that the
polarimetric theory is applicable to the 2-D FM-CW imaging
radar principle.

Next, the span images and the X-Pol image in the (AB)
basis are illustrated in Fig. 9. The polarization basis (AB)
means a basis such that “A” is the polarization state of [1, pl]T
that maximizes target 1 and “B” is orthogonal to “A”. Since,
the span image is independent of polarization basis, the same
image is obtained in both the (HV) basis and the (AB)
basis. On the other hand, the X-Pol (i.e., AB) image does

not show any anticipated image, because the power is small
enough to depict the scene. It is understood from Figs. 8-9 that
any polarimetric contrast enhancement imaging is possible by
implementation of the 2-D FM-CW radar data.

B. Imaging by Phase

If the scattering matrices in a 2-D scene are given, it is
possible to depict images based on phase of the scattering
matrix element. If the amplitude of the scattering matrix is
small or contaminated by noise due to small target reflec-
tion amplitudes, phase imaging may be preferable for target
mapping because the phase range is limited within 0 to 27.
Two phase images based on ¢4p and %(¢AA — ¢Bp) of
the previous 2-D scene in the (AB) polarization basis are
illustrated in Fig. 10, where the phase term ¢ap is defined
such that

daB = arg(Sap), 0< dap < 2m.

The phase term %(qﬁ a4 — ¢pp) is related to target principal
curvatures [12], and is expected to play a dominant role in
high resolution polarimetric imaging [13].

The target locations can be recognized in both phase images
of Fig. 10. The ¢ 4 p image provides two target locations which
cannot be obtained by the corresponding power image of Fig.
9(c). The %((;SAA — ¢pp) image are close to the ¢ 4p image,
however, the interpretation in detail needs to be investigated
in the future because the phase is derived from a wideband
signal of FM-CW radar.

V. CONCLUSION

In this paper, the principle of radar polarimetry was applied
to the 2-D synthetic aperture FM-CW radar imaging. Since the
beat spectrum obtained by the radar has a complex amplitude
bearing target information, we regarded it as an element of
the scattering matrix to incorporate the polarimetric theory in
FM-CW imaging. The validity of the replacement in the 2-
D case was confirmed by a polarimetric imaging experiment
in our laboratory, where two orthogonally placed metallic
pipes were employed. Although there exist some measurement
errors inherent with the FM-CW radar system, it was shown
that 2-D polarimetric imaging was possible. Also polarimetric
phase imaging using the scattering matrix was carried out to
show the usefulness of target mapping when the corresponding
amplitudes of the scattering matrix were very small. This
polarimetric phase imaging may be useful for target detection
in a lossy medium such as snow, sand, or soil, and this subject
will be treated in the near future.
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