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Abstract—The contribution of synthetic aperture
radar polarimetry in target detection is descritzel
found to add valuable information. A new target
detection methodology is described that makes novel
use of the polarisation (Huynen) fork of the tarJdte
mathematical formulation is general and can beiagpl
to any kind of single target, however in this paper
detection is optimised for the odd and even-bounces
(first two element of the Pauli scattering vectand
oriented dipoles. Validation against real data show
significant agreement with the expected resultetam
the theoretical description.

Index Terms—Synthetic Aperture Radar (SAR),
Polarimetry, Target Detection, Polarisation Forarget
Recognition.

1. INTRODUCTION

The ability of Synthetic Aperture Radar (SAR) tcaige
through cloud cover and without solar illumination,
addition to its ability to partially penetrate fagje cover
(dependent upon the wavelength), has establishedat
powerful technique for target detection [1]. Ire tlast
decade, attention has also been given to the egdimin
of how the polarisation of the signal may further
develop this performance [3-5]. The aim of thisdstis
target detection exploiting a particular aspectttod
polarimetric target response, namely the polaosati
fork, of the targets. The detector is not basedaon
statistical technique, but rather a physical apghoa
based on sensitivity of the polarimetric complex
coherence to changes in polarisation.

The approach is based on the possibility to extraet
target of interest in the target complex space. thisr
reason, full polarimetric data are required, beeatsy
represent a basis for the target space [6, 7].omes
way, it acts not dissimilarly to a decompositioedhem
[8], however it is more aimed on the detection of a
chosen single target type than the breakdown of the
partial target in predefined components.

The algorithm proposed is mainly focused on the
detection of single (or simple) targets that can be
completely characterised by one Sinclair (scattgrin
matrix [9, 10]. In case of monostatic sensor and

reciprocity of the medium the Sinclair matrix is
Hermitian and can be characterised by 6 paramdters.
the work of Huynen [10] these parameters are tirtke
phenomenological aspect of the target. These
parameters are related with the so called chaistitsr
polarisations that on the projective space of the
Poincare’ sphere can be represented by the Pdiarisa
Fork (PF) [11, 12]. The PF is mainly composed by X-
pol nulls, Co-pol nulls and X-pol Max. The X-polllsu
are polarisations that when transmitted do not reawe
return in the cross polarisation (optimum polaisa).
On the other hand, the Co-pol nulls when transohitte
not have any return in the co-polarisation. Finathe
X-pol Max when transmitted have the maximum cross-
polarisation return. The X-pol nulls, Co-pol nudisd X-
pol Max can always be visualised on the Poincare’
sphere on the same plane (they shape a fork). The
reason why we utilise the PF is because we cafyeasi
referee physical target characteristics.

The matrix representation (Sinclair matrix) can be
modified as a vectorial one [13, 14]:

k= %Trace([S]Y )= [k ko ko k] (1)

whereTracg.) is the sum of the diagonal elements of
the matrix inside and¥’ is a complete set of 2x2 basis
matrices under a Hermitian inner product. In theecaf
reciprocal medium and monostatic sendoris three

dimensional complex. The scattering vector
representation is particularly valuable for our r@eh
because it allows us to work in a linear geomedpiace
(3 dimensional complex), where we can easily apply
algebraic/geometric manipulations [15]. Finally, ig
possible to define the scattering mechanism (weight
vector) as a normalised vectgy=k/|K . It is always

possible to construal starting from its PF.

The target observed by a SAR system is not an
idealised scattering target, but a combination of
different targets which we refer to as a partiedj¢a [16-

18]. Decomposition theorems are able to repredet t
partial target as a combination of idealised siriglget
components [8]. In order to characterise a patdajet
the single scattering matrix is not sufficient snihe
partial target is a stochastic process and thenskco
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order statistics of the observables are requiradhis
context the target coherency matrix can be used:

[cl=(kx"). @)

Where K represents the scattering vector of the
observed scene ar(c} is the finite averaging operator.

Please note, we are not employing interferometne (o
flight pass). Some classical formulation of the

coherency matrix is withk expressed in Pauli basis

(i€ ko =YV2[Sy: + Swr Sy - Sw 25, || WhereH is

for horizontal andV vertical), or in Lexicographic basis

(i.e. KL:[%H:\/ESWSN}T)- In the latter case the

target coherency matrix is also called covarianerim
In general, if the scattering vector in a genedsib is

I§=[k1,k2,k3]T, where k;, Kk, and k, are complex
numbers, the coherency matrix is:

(KF) (ki) (k)
[cl= (ki) (ll?) (ki)
(ki) (ko) <\k3\2>

The methodology of this paper takes advantageeof th
polarimetric coherence [19]. If two different seaihg

®)

mechanisms w, and W, are considered, the
polarimetric coherence is:
_ (im) %" () , (4)
S @) iw,) 4" ()
Wherei is the image evaluated ia($q/j): Ky*jT . (5)
In terms of the target coherency matrix, the
polarimetric coherence is:
w,"([C]w, (6)

O (i (o,

Please note this coherence is only polarimetricrmt
interferometric.

2. METODOLOGY

Any (normalised) single target can be represented
uniquely in the target space by a scattering mashan

Ww. The image obtained with eq.5 evaluates the scalar
projection of the observed targét on the scattering

mechanism to be detect(-:lﬂ}’j (e.g. sphere). When the

two imagesi (ﬂl) and i(ﬂ/z) are similar, the amplitude
of the polarimetric coherencg is high (by definition).
The detector can be briefly presented in this wayen

w, and w, are close (in the target space) the

polarimetric coherence is expected to be high ifhia
averaging cell the component of interest (propagldo
w,) is higher than the others. First step in order to
demonstrate this property is to define a basistlier
target space where the target to be detected iietirm
just one component of the 3 dimensional complex
vector. Geometrically, this operation can be
accomplished with a change of basis (in this exanitpl
sets one axis exactly over the target of interast) a
Gram-Schmidt ortho-normalisation for the calculatio
of the other two orthogonal components (in order to
build up the target coherency matrix). In the faliiog,

the scattering mechanism after the change of basis

operation will be refereed ag/; =[1,0,O]T. In other
words, W, is the ideal target we want to detect. The
idea is to choose a second scattering mechanisiasim
to w; named pseudo-targew, and expressed as

Wy, = [a, b,C]T, with a, b and c complex numbers. In

order to havew, similar to i, the polarisation fork in

its whole is slightly varied. This is obtained witslight
unitary rotation of the X-Pol Nulls, Co-Pol Nullaé X-
Pol Max around the Poincare’ sphere. Consequently:

|8 »1, |o»0 and|d»0. The resulting image when

W, is utilised isi(u; ) = k . The other two components

of the scattering vector (i.k, andk;). In other words,

the projection ofk over w, selects the component of

interest in the partial target. This operation banseen
as an ideal filter for the target of interest i thcene.
Unfortunately, this filtering alone is not adequdte
target detection since it is strongly affected pgckle.
Furthermore, the occurrence of a strong compotent

does not generally assure the presence of thettirge
detect. It is necessary to consider the recipraeadht
between the components.

The polarimetric coherence in this basis is:

oo )= (i(wi )i (ws)) )
T i) A ) i) 5 ()

where:

(i) () = k| + bk, 46 + k46 )

()i ) = () ®)

()8 ) =[a (o) +10f* () +1e7(i*) +
+2R a*b<k1>k;>)+2R a*c<kl>4<;>)+2Re(b*c<k3>4<;>)
After normalisation for‘d2<‘&‘2>, the amplitude of the

polarimetric coherence becomes:
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1+9<k1xk;> +£<k1"k;>
a (k) " a (k)

)

‘g(ﬂ/T’ZVP] =
f*{Jf*)

We refer to|b|/|aj and |c|/|aj as Reduction Ratios for

the reason that will be clear soon. The pseudoetarg
are chosen in order to have small reduction ratios.
Hence, in the sum the elements containing the tetuc
ratios are lowered (i.e. all the elements excepgmtine

sought componenk, appear alone, i.e<‘k1‘2>). These

terms are refereed as clutter terms. There exist tw
typologies of clutter terms: cross-correlations and
powers. The cross correlations are generally sisiaite
for a partial targets the componentslofare likely to be

uncorrelated (the mean of the products becomes the
product of the means, which are 0). The power terms
depend on the power of the cluttky and k; . Finally,

when <‘k1‘2> is higher than the clutter terms, the

reduction ratio combined with the normalisation for
<‘k1‘2> makes the clutter terms negligible in the sum and

the polarimetric coherence has unitary amplitude.

In conclusion, the detector is obtained setting a
threshold on the coherence amplitude. In case the
component of interest is not dominant, the clutéems
start to have more influence in the final sum, long
the coherence amplitude.

o

Coherence amplitude

SCR, = SCR; = SCR

Figure 1. Coherence amplitude mean and standard
deviation.

Figure 1 presents the simulation of the coherence
amplitude estimated as a stochastic process comipose

by a deterministic targek1 (target to be detected) and

two random variables complex Gaussian zero mean (i.
k, and K;), independent each other. The plot shows
the mean value of the coherence (over 250 realissiti

confined in the standard deviation boundaries. & 5x
window and reduction ratios of 0.5 are conside&dR

is for Signal to Clutter RatioSCR =<\k1\2>/<‘kj‘2>

with j =23. In the plot, both the SCRs are increased
simultaneously i.eSCR= SCR = SCR.

3. BIAS REMOVAL

As explained before, the plot in Figure 1 is obsain
following a hypothesis: the three components of the

scattering vectork are independent each other, hence

the cross correlations terms are almost 0 (it fifeidint
from O just because the number of samples is finite
This condition can be not fulfilled for single tatg. As
an example, we can consider the detection of hotéo

dipole (the scattering matrix has exclusively tBg,

element), when the target presents in the SAR idatia
45 degree dipole. The latter has all the componehts
the scattering vector correlated each other (i.e.

k, :[SHHI\/ESHV’S/V]T)' This correlation increases the

value of the polarimetric coherence (that will
theoretically be with unitary amplitude). A simileffect
is obtained if the observed target is a sphere. In
conclusion, correlation between target and clutter
creates bias able to increase or decrease theeruiger
amplitude (depending on the phase relation of thes
terms).

Aim of this section is to remove this bias. Firstiye
recognize that the cross terms do not add usable

information for the detector. In case of uncorretak

components they merely add noise related with the
finite averaging [19] (the substitution of the exfssl
value deletes them completely) and they increase th
variance of the coherence (for very high cohergheg
do not introduce appreciable bias). On the contrary

when thek components are correlated, they bring bias

affecting the results with false alarms or miss
detections. Consequently, the detector is comprelssi
improved when they are neglected.

In order to obtain the latter effect, the polaririeet
coherence operator is substituted with anotheraiper
that works on the space of the target componem&po

‘KV;T<[P]>KVP‘

o \Wr s We )| = -
R N
(k) o o
where[p]: 0 <‘k2‘2> 0 -
0 0 <‘k3‘2>
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12)
1
1KVPX =

o el (el

" ) e ()

The modified coherence in Eq.12 will be refereed as

detector The latter is dependent simply on the power

A

components of the scattering vectdr. Looking at

Eqg.12, the effect of lowering played by the redugati
ratios is clear. If the clutters power is lower rihtne
target power the two terms on the denominator are
negligible and the detector is 1. The trend of the
detector can be seen in Figure 2. Comparing Fidure
and 2 the variance appears strongly reduced, mereov
the two means look very close for values highen b
(lower values suffer the coherence bias). For
uncorrelated components the cross terms bring just
increasing in variance.

°

Detector amplitude
T
L

bl _os
S

250
realisations

oo b b

] 1
SCR,

3
=SCR, = SCR

Figure 2. Detector mean and standard deviation.

Partial target Filtered target Partial target Filtered target
Qr ) | )
1 2 1 kZ k3 kl
1oy o F @ L.
bk, Ky ky Ik k, k, k, k,

(a) detection achieved (b) no detection achieved
Figure 3. Visual explanation of the filter with tget and
pseudo target.

In order to give an intuitive vision of the detecto
Figure 3 represents it as a cartoon. The vertieas b

stand for the power of the threlé components. The
image formation with targels; and pseudo target ,

behaves similar to a filter. The former (first roiw)ideal
and delete completely the orthogonal components. Th
latter (second row) is a linear combination of sheight
component (slightly lowered) plus a small amounthef
orthogonal ones. In the first column (a), the match
between the target and pseudo target is high. iEhist
true in the second column (b).

Regarding the uniqueness of the detection, this is
justified by the uniqueness of the mapping from e

dimensional complex space of the targets to a targe
space defined with the squared amplitude of the 3

complex components ok (i.e 3 dimensional real

positive). This link is exclusively unique from the
complex to the real space. Weather the detector is
located in this “power” space it will be uniqueipked

to the complex space. Consequently, the detectat mu
have a detection rule defined exclusively on the
components power (e.g. SCR). Fortunately, thishés t
most common requirement for target detectors.

4. PARAMETERS SELECTION
a. Reduction ratios and threshold

The detector (modified polarimetric coherence) is a
stochastic process composed by the clutter comp®nen

of the scattering vectok, and k;, namely complex

Gaussian random variable with zero mean. In order t
set optimally the threshold, and assess probabiifty
false alarm and miss detection, the probabilitysitgn
function (pdf) of the detector is required. Its lexsion

is out of the aim of this first paper, hence welaoking

for an expression of the detector independent @n th
statistical realisation. For this purpose, thetéirdverage
operator<_> is substituted with the expected valgg].
The result is refereed as sample detector. Consgler
the detector uses high value of coherence, therlatt

assumption is easily fulfiled even for 5x5 windows
The expression of the sample detector is:

1 (13)

L
a SCR " | SCR

‘gd MT'KVP)‘ » \/

scr =Elk/*[/Elkf| scrR=elk/Elf] @4
Once fixed the pseudo targetv,, Eg. 13 is an

expression related exclusively on the signal tdtetu
ratios (SCR).

=}

Sample detector amplitude
e o
T

o
e
T

02,

0.0 1 1
[ 1

SCRZ2 =5CR, = scr
Figure 4. Sample detector coherence
(reduction ratio varied).

Figure 4 represents the plot of the sample detector
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where the value of the reduction ratio is variekkaBe
note the mean curves in Figure 2 overlap almost
perfectly with the one in Figure 4 (for reductioatio
0.5). The detector presents no bias. The threstaicbe
set on the sample detector on the base of the 8@ t
detected. Figure 4 allowed some consideration @n th
reduction ratio as well. The detector increasesnthe
ratio is reduced (the clutter terms are more lodkgre
Regarding the choice of the ratio, a small valukices
the variance (since we are going to work with highe
values of modified coherence), however the range of
discrimination between targets is reduced (the eurv
flats earlier). Considering we want to detect téssgeith

a SCR higher then 1.5-2 a good choice for the rigtio
0.5 (that makes the threshold set around 0.95).

Once fixed the pseudo target (reduction ratio)isit
possible to set the threshold. For strong targets,
discrimination is quite easy, so the minimisatidriadse
alarm is the key point. Hence, a high SCR can be
chosen (this lead to a higher threshold). On therot
side, if embedded target (e.g. foliage penetration
FOLPEN) or weak targets (with low total
backscattering) are to be detected, a lower SCR baus
selected (consequently a lower threshold). Pleage n
the detection ability is not related with the sparthe
scattering matrix (total power), but exclusivelytiwthe
reciprocal weight of the scattering components. The
threshold reduction for weak targets is relatechwfite

noise effect (that confuses the polarimetric
characteristics).
b. Pseudo Target selection

In the previous section a tacit hypothesis is eygydo
\b\ = \c\ Aim of this section is to evaluate the effects of

\b\l \c\ The components of4, are not independent,
since | +|b” +|d” =1, because,, is a normalised

vector. In order to show the importance of a good
choice ofb andc, an example is presented. We consider

k=k[a' b, 0], w,=[a0,c,] and u, =[100].

Where|p|=\/1- [af* and|c| =/1- |a|” and/(=|I§|.

The detector will be:

(15)
90 (s ) = -
oS ELS
[a [af” [ [ad

In other words, the orthogonality (or in generaé th
geometrical relationship) between the clutter

components ofk and w, can bias the detector. In

order to remove this bias we want to find a refatio
betweenb andc that makes the detector not biased. It

can be demonstrated that this choicgg\i& \c\ In order

to show the feasibility, we consider a general ¢éar@s
k= k[a‘, b',c'] . After algebraic manipulations we have

1 (16)

(of: +1c7)

jof

b
flat”

Eq.16 states that the total (normalised) power hef t

1+

FAVAAE \/

clutter components is all contained‘lﬂ2 +|ci?, it does

not matter which is the strongest component betvieen
andc’, the bias is removed.

5. PARTICULARISATION TO MULTIPLE
REFLECTION AND ORIENTED DIPOLE

As shown by the mathematical formulation the
algorithm is able to detect any single target aglas its
polarisation fork (in particular the two Co-Pol Mjlor
Huynen parameters are known. In order to test the
algorithm the detection is particularised for nmlki
reflections (odd and even bounce) and orientedlegpo
(horizontally and vertically). These four typologi®f
target are selected because of the relatively easy
association with real targets on a radar image.

In particular, the X-Pol Nulls for odd bounce ahet
linear polarisations and the Co-Pol Nulls or X-édx
are the circular polarisations. The X-Pol Nulls &wen
bounce are the vertically or horizontally oriented
polarisations from linear to circular (on the Paire
sphere they represents a circle passing throughr,
linearV and circular polarisations). The Co-Pol Nulls or
X-pol Max are the linear polarisations 45 degree
oriented. The horizontal (vertical) dipole has oolye
X-Pol Null different from zero, the horizontal (tieal)
linear, and the Co-Pol Nulls (and second zero X-pol
Null) are the vertical (horizontal) linear polattisen.

6. VALIDATION

In order to validate and test the potential of the
detector, the latter is applied on a full polarirtet-
band SAR dataset. In all the mathematical formaoiati
the frequency is not involved, and the detectonas
directly dependent on that (the dependence iseetlat
with changing in the target when the frequency is
varied). The choice of the frequency is relatechwite
particular target to detect. L-band presents asrésting
setting, based on its foliage penetration (FOLPEN)
capability [20]. The dataset were acquired by tHeRD
(German Aerospace Agency) during the SARTOM
campaign in 2006 [21], with the E-SAR airborne
system.
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(a) L-band RGB Pauli

(b) Multiple reflections

©yiented dipoles

Figure 5. Detection over open field area. (a) L-d&RGB Pauli composite image with markers for scemgetts. Red:
HH-VV, Green: 2HV, Blue: HH+VV. (b) RGB mask forltiple reflection detector. Red: Even-bounce, Gremro,
Blue: Odd-bounce (5x5); (c) RGB mask for orientgmbk detector. Red: horizontal dipole, Green: zeéBtue: vertical

dipole (5x5). The intensity of the masks is relatitti the detector amplitude.

(a) L-band RGB Pauli

(b) Multiple reflections

©yiented dipoles

Figure 6. Detection over forested area. (Same ggsife 5).

One aim of the campaign was the target detection
beneath foliage, hence a set of artificial targetere
deployed in open field and inside the forest. Hus t
reason, the dataset presents an ideal test scererio
explained before, the threshold used is narrower fo
open field than for forested areas. Figure 5 prsstme
detection on open field. The L-band RGB Pauli
composite image (a) is given as comparison. Mongove
in (a) there are markers to identify particulagets. A
jeep is deployed in the middle of the image (Meesed
Benz 250 GD, also named ‘Wolf’) and the two bright
points above and below the jeep are trihedral gorne
reflectors used for calibrations (top 149cm; bottom
70cm). Finally, on the bottom of the image thereais
vertical metallic net (these defences were used to
delimitate areas). The range direction is along the
vertical axes (bottom to top). The detector masiks a
RGB composite images (b) for multiple reflections
(Red: even-bounce, Green: zero, Blue: odd-bounte) a

(c) for oriented dipoles (Red: horizontal dipolere€n:
zero, Blue: vertical dipole). In this case the ¢y in

the mask is related with the amplitude of the detec
(modified coherence amplitude), scaled on the ldse
the threshold. The detector parameters are the same
proposed in the previous section.

The algorithm detects the trihedral corner reflexto
as source of odd-bounces. The jeep presents mainly
even-bounces (presumably with the ground). Moreover
we can see some even-bounces on the forest edge, du
to the trunk-ground double-bounce effect that is
stronger at the edge where it is exposed and fsss le
attenuation from the canopy. Finally, the net has a
strange polarimetric behaviour. Due to the mesle siz
(that goes from around 10cm on the bottom to 30om o
the top) the lower part is roughly similar to a Walr
the 23cm wavelength radiation. It creates weak toBub
bounces with the ground, and strong horizontal leigo
due to the radar geometry the net vertical dipoke a
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much lower. Regarding the oriented dipole detection
the corner reflectors disappear completely (theg ar
surfaces). Moreover, the horizontal branches of the
isolated tree are visible (i.e. big horizontal hniaes till
the ground), as well as some vertical structurethten
ground (i.e. bushes with big wooden vertical stems)
ground truth was performed in order to check the
existence of the targets detected, here, for sdek o
brevity the photographical images can not be ptesen

In Figure 6, the algorithm is tested for detection
beneath foliage (FOLPEN). The targets are three
trinedral corner reflectors (top: 149cm, bottomt:lef
70cm, bottom right: 90cm). In the RGB Pauli imagg (
the CRs are not recognisable, conversely they asitye
detected in (b) the multiple reflection mask (asrse of
odd-bounces). Considering the threshold now is low,
some points on the bare soil are detected as sairce
single-bounce (image top). These are not falsemalar

possible to detect particular oriented dipoles fe t
forest. This is in line with the RVoG model for laibd,
where the forest structures are random and do not
present particular orientations.

7. POLARIMETRIC CHARACTERISETION OF
DETECTED TARGETS

The algorithm development is based on the poldorat
fork (or Huynen parameters), this means that the
detector is mainly aimed to single targets. In fact
single polarization fork can not be defined foratial
target [18, 22]. In order to check this properthe t
normalised histogram of the entropy for the detécte
points over the whole dataset is presented in Eigub.
The entropy is generally lower than 0.5 indicating
targets with quite single (coherent) behaviour. #&s
comparison, in Figure 7.a the entropy for all tivee|s

since the bare soil can be approximated as a single is depicted, showing much higher values, as exgeote
bounce Bragg surface. Regarding the even-bounce, it @ SAR dataset.

detects some trunk-ground double bounce, espedially
proximity of the forest clearing (that runs horizalty
separating the top and bottom CRs). Finally, ind

(a) Entropy total image
Figure 7. Histogram of the entropy for (a) totaldge and (b) detected mask. PWF: (c) open fieldfqoBsted area.

(b) Entropy detected mint

8. COMPARISON WITH PWF

Aim of this section is to compare the detector psad
in this paper with one of the most commonly used
polarimetric target detector, i.e. Polarimetric Yéhing
Filter PWF [3]. Briefly, the PWF uses the polaripat
to filter the images reducing (optimally) the spleck
Hence, the PWF does not perform classificationhef t
detected points.

Figure 7.c and 7.d show the results of the PWRHer

two areas presented before. In open field the

(c) PWF open field (d) PWF forested area

CONCLUSION

A target detector was developed based on the unique
polarimetric fork (PF) of the single target (simfilathe
Huynen parameters can be used). The mathematical
formulation carried out is general, and so canpied
for any single target of interest (as long as tlkei®
known).

The validation was achieved over two categories of
targets: multiple reflection and oriented dipolesboth
cases, the results are in line with the expectegipal

performances are comparable. Both the techniques behaviour of the targets. A supplementary theaaktic

detect jeep, net and corner reflectors. On therctioke,

in forested scenario the PWF fails in detecting ke

(bottom left: 70cm). Moreover, the PWF is basedtan
total backscattered power, hence low power targeds
lost (e.g. bare soil).

validation and evaluation is carried out in whehe t
algorithm is compared with the well-known
Polarimetric Whitening Filter (PWF), showing better
performances for embedded targets.

This paper presents the first attempt to use
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polarimetric filters to make a sensitivity analysisned
at target detection. Regarding the application o t
detector, the targets that can be investigated nate
exclusively artificial. For instance, if the polantric
model of a particular single target is available @ould
eventually obtain it from a dataset), the algorittam be
used to recognize similar features that appeanbise
in another dataset.

ACKNOWLEDGE

This project forms part of the SARTOM project rupn b
eOsphere Ltd and funded by DSTL. The authors would
like to thank Nick Walker of eOsphere for moral and
technical support of the algorithm development.

REFERENCE

[1]

[3]

[4]

[5]

[6]
[7]

(8]

[9]

[10]

[11]

L. M. Novak, G. J. Owirka, and A. L. Weaver,
"Automatic  Target Recognition  Using
Enhanced Resolution SAR DataFFEE Trans.
Aerospace and Electronic Systemsl. 35, pp.
157-175, 1999.

L. M. Novak, M. C. Burl, and M. W. Irving,
"Optimal Polarimetric Processing for Enhanced
Target Detection,TEEE Trans. Aerospace and
Electronic Systemwsol. 20, pp. 234-244, 1993.
L. M. Novak, G. J. Owirka, and C. M.
Netishen, "Performance of a High-Resolution
Polarimetric SAR Automatic Target
Recognition System,The Lincolm Laboratory
Journal vol. 6, pp. 11-24, 1993 THE
LINCOLN LABORATORY JOURNAL.

S. R. Cloude, D. G. Corr, and M. L. Williams,
"Target Detection beneath Foliage Using
Polarimetric  Synthetic  Aperture  Radar
Interferometry " Waves in Random and
Complex Mediavol. 14, pp. 393 - 414, 2004.
W. M. Boerner, "Basics of Radar Polarimetry,”
RTO SET Lecture Serie2004.

I. H. Woodhouse Introduction to Microwave
Remote Sensin@RC Press, Taylor & Frencies
Group, 2006.

S. R. Cloude and E. Pottier, "A review of targe
decomposition theorems in radar polarimetry,"
IEEE Transaction on Geoscience and Remote
Sensingvol. 34, pp. 498-518, 1996.

S. R. Cloude, "Polarimetry: The
characterisation of Polarisation Effects in EM
Scatterinig," in Electronics Departmentvol.
Doctor of Philosophy. York: University of
York, 1987, pp. 161.

J. R. Huynen, "Phenomenological Theory of
radar targets,” vol. Ph.D. dissertation:
Technical Univ., Delft, The Netherlands, 1970.
W. M. Boerner, M. B. El-Arini, C. Y. CHAN,
and P. M. Mastoris, "Polarization Dependence

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

in Electromagnetic Inverse ProblemdEEE
Trans. on Antennas and Propagatioml. 29,
pp. 262 - 271, 1981.

W.M. Boerner, W.L. Yan, A.Q. Xi, and Y.
Yamaguchi, "The Charatceristic Polarization
States for the Coherent and Partially Polarized
Case," Antennas and Propagation, ICAP 91
1991.

K. P. Papathanassiou, "Polarimetric SAR
Interferometry,” in Physics Technical
University Graz, 1999.

K. P. Papathanassiou and S. R. Cloude,
"Single-Baseline Polarimetric SAR
Interferometry,” IEEE  Transaction on
Geoscience and Remote Sensingl. 39, pp.
2352-2363, 2001.

S. R. Cloude, "Lie groups in electromagnetic
wave propagation and scattering,” in
Electromagnetic symmetryC. B. a. H.
Kritikos, Ed., 1995

G. A. Deschamps and P. Edward, "Poincare
Sphere Representation of Partially Polarized
Fields,” IEEE Trans. on Antennas and
Propagation vol. 21, pp. 474-478, 1973.

Y. Dong and B. Forster, "Understanding of
Partial Polarization in Polarimetric SAR Data,"
International Journal of Remote Sensingl.

17, pp. 2467-2475, 1996.

J. van Zyl, C. Papas, and C. Elachi, "On the
optimum  polarizations  of incoherently
reflected wave," IEEE Transactions on
Antennas and Propagationvol. AP-35, pp.
818-825, 1987.

R. Touzi, A. Lopes, J. Bruniquel, and P. W.
Vachon, "Coherence estimation for SAR
imagery," IEEE Transaction on Geosciences
and Remote Sensingol. 37, pp. 135-149,
1999.

J. G. Fleischman, S. Ayasli, and E. M. Adams,
"Foliage attenuation and backscatter analysis
of SAR imagery,"IEEE Trans. on Aerospace
and Electronic Systemsol. 32, pp. 135-144,
1996.

R. Horn, M. Nannini, and M. Keller,
"SARTOM Airborne Campaign 2006: Data
Acquisition Report," DLR-HR-SARTOM-TR-
001 December 2006 2006.

S. R. Cloude, "Uniqueness of target
decomposition theorems in radar polarimetry,”
Direct and Inverse Methods in Radar
Polarimetry, pp. 267-296, 1992.

Presented at POLINSAR 2009, the 4th InternationatR8hop on Science and Applications of SAR Polatiynand
Polarimetric Interferometry, ESRIN, Frascati, Ita?$-30 Jan. 2009.



