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Abstract

This paper considers the problem of detecling far-
gets in a forest using a wideband, polarumetric syn-
thetic aperiure radar (SAR). Firsi, we find that
SAR forest measurements are well-modeled by the I{-
distribution. Second, we display histograms of the
Huynen parameters of SAR data in order to describe
clutter behavior. We then focus on oplimal lech-
niques for exploiling polarimelric information to de-
tect point targels. We assume that the point targel has
an unknown amplilude, unknown orientation about the
radar line-of-sile, and unknown absolute phase. This
assumplion leads to a composile-hypothesis deteclion
problem with nuisance parameters. We develop a gen-
eralized likelthood ratio test to accomodate the un-
knowns and demonsirate a bounded {wo-dimenstonal
search for finding their mazimum likelihood estimales.

1 Introduction

This paper considers the problem of detecting tar-
gets of interest in a clutter-filled environment by pro-
cessing radar data which is fully-polarimetric and is
collected over an ultra-wide bandwidth by a low-
frequency SAR. We are interested in1 techniques which
combine information across polarization for the pur-
pose of detecting point targets in forest clutter. We
assume that the frequency diverse measurements are
used to obtain high resolution, complex in-phase and
quadrature (1Q), time-domain pulse responses at each
position along the synthetic aperture. Thus, we have
three complex responses (HH, HV, and VV) at each
aperture position. These angle diverse responses are
combined using a SAR or tomographic imaging tecl-
nique to create two-dimensional HH, HV and VV im-
ages of the observed area [1].

In many problems of practical interest, the detec-
tion 1s complicated by a target which is incompletely

specified. We make the realistic assumption that the
target amplitude, orientation about the line-of-sight,
and absolute phase may be unknown. We design a
generalized likelihood ratio test (GLRT) for detecting
a target with these unknowns [2, 3].

In order to design the GLRT, we need models for
target and clutter scattering. In our application.
the clutter consists of scattering from a forest and
the targets of interest are canonical scattering cen-
ters. The full-polarization scattering characteristics
of many canonical point targets such as dipoles, ilat
plates, and dihedrals are well-documented [4, 5]. In
our application, we require clutter pixel statistics at
1.0 x 1.0 ft resolution in the frequency range 0.2 - 1.5
GHz. These clutter statistics are not widely available
in the literature. Hence, this research begins with a
statistical analysis of forest clutter at the resolution
and frequency range given above. We then use these
statistical results to develop a GLRT-based detection
algorithm.

The next section briefly describes the SAR system
and forest clutter environment. Section 3 presents the
polarimetric mean and covariance of the forest clutter
measurements . Section 4 compares the ability of the
Gaussian and K-distributions to model forest clutier
scattering. Section 5 provides histograms of the lluy-
nen parameters of the SAR 1mages. Section § presents
a polarimetric GLRT approach to scattering center de-
tection. Section 7 presents some preliminary results in
the iimplementation and performance of the polarinet-
ric GLRT. The final section presents our conclusiouns.

2 SAR System Description

Forest clutter data was measured by a proof-of-
concept linear aperture SAR. The SAR lias an aper-
ture length of 120 ft while the aperture spacing be-
tween successive measurements 1s 4 Inches giving a
total of 361 measured signals. The aperture 1s approx-
imately 95 ft above ground level and the radar views
the forest at a declination angle of 8°. The forest clut-



ter image area extends the length of the aperture (120
fu), has a downrange dimension of 50 ft, and begins
at a range of 147 ft. Figure 1 shows the radar geom-
etry. This central Ohio site consists of gently rolling,
glaciated upland that supports a mixed deciduous for-
est dominated by northern red oak, black cherry, and
hickory. Tree sizes range primarily from 4-12 inches
dbl (diameter at breast height) with relatively few
larger trees exceeding 20 inches dbh. The site is fully-
forested with a basal area of 106 sq ft/acre in trees
exceeding 2 inches dbh.

Measurements were made in the ultra-wide, low
frequency range 0.22 - 1.56 GHz. These frequency
mieasurements were used to synthesize the complex IQ
time domain pulse responses. Complex HH, HV, and
VV images were formed using a modified convolution
backprojection algorithm [1] applied to the pulse re-
sponses. The downrange resolution of the imagesis 8.9
inches and the crossrange resolution at the maximum
frequency of 1.56 GHz is 10.4 inches.

3 Clutter Mean and Covariance

Let X¢; be the complex vector containing samples
of the HH, HV and VV images at the i'* pixel and
let Xg; be the real 6-vector contalning the real and
Imaginary parts of the elements of X¢y;

[ HH;, HV; vv; T (1)
[ Re(HH;) Im(HHy) ---)7. (2)

Neg =

XRi

I

The sample mean and covariance of the X¢; and Xpg;
were computed as simple block averages over the num-
ber of pixels. The experimental results are presented
n polar format with angle in degrees:

c =

[ o.6754 ~ 144.3 0.1584 — 118.1 03504 — 143.4 |7 (3)
CoOV(Xc) =

0.65120 0.0246/ — 132.5 0.0722/L — 82.3
0.0246£132.5 0.1196/0 0.00744 — 120.5 (4)
D.0722482.3 0.0074/£120.5 0.2371 20
Xg =
[ ~0.552 —0.388 —0.075 ~-0.140 —0.289 -0.215 |7 (5)
COV(XR) =
0.3308 0.0110  —0.0101 0.0076 0.0108 0.0393
0.0110 0.3203 —0.0106 —0.006> —0.0323 —0.0011
~0.0101 —0.0106 0.0586  —0.0028 0.0016 0,0025 6)
0.0076  —0.0065 —0.0028 0.0610 —0.003% —0.0053 (s)
0.0108  —0.0323 0.0016  —0.0039 0.1066  ~0.0021
0.0393 —-0.0011 0.0025 —0.0053 =0.0021 0.1305

Notice from (3)-(6) that the pixel values are largely
zero mean and that for any polarization the real and
imaginary parts of a pixel value are largely uncorre-
lated. These observations agree with findings in [6].
Our measurements show a weaker VV response rel-
ative to HH and a smaller correlation coeflicient be-
tween HH and VV than do those of Novak [7]. (In [7]
the radar has a resolution similar to ours but operates

at a much higher frequency of 33GHz.) We expect
that the difference in HH-VV correlation is due to the
small declination angle and lower frequency range of
our radar.

4 Gaussian and K-Distributions

Several families of distributions have been used to
model clutter scattering. Gaussian statistics hLave
been assumed in many instances [6, p. 237], [8]. Prod-
uct models such as Weibull, lognormal, and the K-
distribution have been found to more accurately 1model
“heavy-tail” forest clutter distributions [6, 7], [91-
[11]. We compare the ability of the Gaussian and K-
distributions to adequately model forest clutter scat-
tering at our low frequencies and wide bandwidtli.

The real Gaussian distributed vector X with 1nean
mg and covariance Xy is denoted X : N(m. X,).
Similarly, the real K-distributed vector Y 1s dencted
Y o K(a,my, Xy) where o is the shape-adjusting pa-
rarneter for the K-distribution. In our work, we use
the one-parameter, non-zero mean version of the K-
distribution that is derived using the homodyned ap-
proach [6].

Figure 2 shiows the Gaussian and K-distributed den-
sities overlayed on the histograrn of the real part of
HH. To generate the analytical pdf curves, we assiuimne
that the clutter is zero-mean (m; = my = 0), as
supported by experimental evidence. The clutter co-
variance is given by (6). Using the technique of {6,
pp. 242, 248) we estimated the parameter o tc bLe
a = 2.56. Qualitatively, we see that the narrower ceti-
tral lobe of the K-distribution more accurately models
the histogram of the clutter scattering. The plots for
HV and VV polarizations are similar.

5 Clutter Huynen Parameters

Huynen [4] expresses a general scattering matrix i
terms of several geometrically relevant descriptors

S = me U (¢, 7, v) {: (l) t.a1?2 ; } Um0
where U(-, -, ) is unitary. The positive-valued de-
scriptor i is the radar target magnitude. ¢ € {U. 7]
and 7 € [—45°45°] are the tilt angle aud elliptic-
ity, respectively, of the polarization state that leads
to maximum power received fromn the target. The
angle v € [—45°,45°] is the target skip angle and s
related to the number of bounces of the reflected sig-
nal. The angle v € [0°,45°] is called the characteristic
angle of the target and relates the strengths of the
maxirmum and minimum responses of the target to an
mecident wave of varying polarization. The absclute



Next we test the ability of the ML search procedure
described above to produce accurate estimates of the
true target amplitude, phase, and orientation. To each
of 50 clutter pixels {C;, 1 = 1,...,50} taken from the
polarimetric clutter images we added a linear dipole of
amplitude m = 0.0104, phase p = 907, and orientation
v = 0° to produce {¥;, 1 =1,...,50} giveu by

Yo = Ci+0.0104- R(90°)P(0°)T,
T, = [100 00 0]

For each of the Y;, we computed the ML estimates of
m, p, and 1 using the two-dimensional search proce-
dure described above. The search was carried out 1n
59 increments of p and . We then repeated the same
experiment except that this time we set the dipole
orlentation to 1 = 90°.

Figure 4 shows the ML estimates of m, p, and %
for the two experiments plotted against their true val-
ues. In addition, the figure shows the target-to-clutter
ratio t/c = 201og({]0.0104 - R(90°)P(0°)T{I/|IC;l]) in
dB. When b was estimated to be 175° in (c), we plot-
ted it as —5°. Figure 4 shows that the experiment
with a target orientation of iy = 90° produced quali-
tatively (and quantitatively, as measured by standard
deviation) better ML estimates of target amplitude m
and phase p than did the experiment with ¢ = 0°.
This is explained by noting that the clutter histogram
of ¥ (see Figure 3(c)) is concentrated around 0° and
1s relatively small at ¢ = 90°. As expected, the ML
estimmates improve when the target-to-clutter ratio is
large.

8 Conclusions

The goal of this work 1s to develop methods for de-
tecting scattering center targets in clutter using ultra-
wideband fully-polarimetric SAR data. First, we ana-
lvzed the statistics of forest clutter and found that the
K-distribution provides a better model of the clutter
than does the Gaussian distribution. In addition, his-
tograims of the Huynen parameters of the forest clut-
ter are provided to characterize the scattering mecha-
nisms present in the forest and hence to lend insight
into the types of man-made scattering centers that are
more easily distinguished from clutter with an appro-
priate detector. Next, we presented a new approach to
polarimetric scattering center detection that leads to
a generalized likelihood ratio test for scattering center
detection in K-distributed clutter (PGLRTK). This
test provides detection capability in the presence of
unknown target amplitude, absolute phase, and ori-
entation about the line-of-sight. This polarimetric
GLRT approach is applicable to other clutter types.

Further work is needed to assess the performance of
the proposed PGLRTK relative to that of currently
available detectors.
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Figure 4. (a)-{c) ML estimates and

true values of unknowns for the 50
trials. (d) ¢t/c in dB. *:
solid: ¥ = 0° trials, dashed: o =
90° trials.

Figure 3. Histograms of clutter Huynen parameters. Y-axes give # of

pixels, X-axes of (b} - () are in degrees. true value,



