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ABSTRACT

This paper introduces a new bistatic Polarimetric SAR
decomposition in terms of roll-invariant parameters. The
proposed decomposition is an extension of the Target
Scattering Vector Model to the bistatic case, where the
cross-polarization terms of the scattering matrix are not
necessary equal.

Key words: Bistatic Polarimetry, Polarimetric Synthetic
Aperture Radar, Roll-invariant decomposition, Target
Scattering Vector Model.

1. INTRODUCTION

The polarimetric information has been widely used to
interpret the Synthetic Aperture Radar (SAR) scene.
Hence, many coherent and incoherent target decomposi-
tions have been proposed in the literature to extract po-
larimetric parameters with a physical meaning (1) (2).
Nevertheless, for most of them, the reciprocity assump-
tion is assumed. For a bistatic Polarimetric SAR (Pol-
SAR) sensor, the cross-polarization terms of the scatter-
ing matrix are generally not equal (SHV 6= SV H ).

This paper presents a generalization of the Target Scatter-
ing Vector Model (TSVM) to the bistatic case: the bistatic
TSVM (3). Five roll-invariant parameters (independent
of the orientation angles) are necessary for an unambigu-
ous description of the target scattering mechanism: µ, αs,
Φαs

, τ1 and τ2.

This paper is organized as follows. In Section 2, the ex-
tension of Target Scattering Vector Model to the bistatic
case is first introduced. Then, a presentation of the
bistatic incoherent target decomposition in terms of roll-
invariant parameters and a study of the influence of the
processing window size on the estimation of the bistatic
TSVM parameters are achieved in Section 3. Next, some
results are shown in Section 4. Finally, some conclusions
of this work are discussed in Section 5.

2. THE TARGET SCATTERING VECTOR
MODEL

2.1. The Kennaugh-Huynen con-diagonalization

Coherent targets are fully described by their scattering
matrix S. In the context bistatic polarimetry, S is a com-

plex 2× 2 matrix, S =

[

SHH SHV

SV H SV V

]

where the cross-

polarization elements SHV and SV H are not equal in gen-
eral.

Kennaugh and Huynen have proposed to apply the char-
acteristic decomposition on the scattering matrix to re-
trieve physical parameters (4) (5). The Kennaugh-
Huynen decomposition is parametrized by means of 8 in-
dependent parameters: θR, τR, θE , τE , ν, µ, κ and γ
by (4) (6) (7):

S = e−jθRσ3 e−jτRσ2 ejνσ1 S0 ejνσ1 e−jτEσ2 ejθEσ3

(1)
where:

S0 = µejκ

[

1 0
0 tan2 γ

]

and ejασk = σ0 cos α+jσk sin α.

(2)
σi are the spin Pauli matrices defined by:

σ0 =

[

1 0
0 1

]

, σ1 =

[

1 0
0 −1

]

,

σ2 =

[

0 1
1 0

]

, σ2 =

[

0 −j
j 0

]

. (3)

θR and θE are the tilt angles. τR and τE are the helicity.
The subscript R and E stand respectively for reception
and emission. µ is the maximum amplitude return. γ and
ν are respectively referred as the characteristic and skip
angles. κ is the absolute phase of the target, this term is
generally ignored except for interferometric applications.
Moreover, it can be shown that:

ejνσ1 S0 ejνσ1 =

[

µe2j(ν+κ/2) 0
0 µ tan2 γ e−2j(ν−κ/2)

]

=

[

λ1 0
0 λ2

]

, (4)
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where λ1 and λ2 are the two complex con-eigenvalues
of S.

2.2. The bistatic TSVM model

The TSVM consists in the projection in the Pauli basis
of the scattering matrix con-diagonalized by the Takagi

method. It yields that kP = 1/
√

2
[

SHH +SV V , SHH −

SV V , SHV +SV H , j(SHV −SV H)
]T

. After some math-

ematical manipulations, it yields:

kP = ejΦs







1 0 0 0
0 cos(θ1) − sin(θ1) 0
0 sin(θ1) cos(θ1) 0
0 0 0 1







×







cos(θ2) 0 0 − sin(θ2)
0 1 0 0
0 0 1 0

− j sin(θ2) 0 0 −j cos(θ2)






k
roll−inv

P
,

(5)

where the expression of the roll-invariant target vector

k
roll−inv

P
is given by (3):

k
roll−inv

P
= µ







cos αs cos(τ1)
sinαse

jΦαs cos(τ2)
− j cos αs sin(τ1)

− j sinαse
jΦαs sin(τ2)






, (6)

where τ1 = τR + τE and τ2 = τR − τE . αs and Φαs

are the scattering type magnitude and phase parameters,
given by:

tan(αs) ejΦαs =
λ1 − λ2

λ1 + λ2
. (7)

It has been pointed out that Huynen’s parameters are not
unique and need to be reevaluated. If the tilts angles
(θ1 = θR + θE , θ2 = θR − θE) are solution of (6), then
(θ1 ± π, θ2 ± π), (θ1 ± π, θ2) and (θ1, θ2 ± π) are also
solutions of (6). It yields the following three relations (3):

kP = kP(Φs ± π, θ1 ± π, θ2 ± π, τ1, τ2, µ, αs,Φαs
)

= kP(Φs, θ1 ± π, θ2,−τ1,−τ2, µ, αs,Φαs
± π)

= kP(Φs ± π, θ1, θ2 ± π,−τ1,−τ2, µ, αs,Φαs
± π).

(8)

After this step, the tilt angles θ1 and θ2 belong to the inter-
val [−π/2, π/2] and the decomposition is unique. In the
context of bistatic polarimetry, five parameters (namely
µ, τ1, τ2, αs and Φαs

) are necessary for an unambiguous
description of a coherent target. The scattering type mag-
nitude αs and phase Φαs

contain information on the scat-
tering type mechanism. The target helicity τ1 is a mea-
sure of the target symmetry, i.e. τ1 = 0 for a symmetrical
target. The target helicity τ2 contains information on the
asymmetrical part of the scattering matrix, i.e. τ2 = 0
corresponds to SHV = SV H .

3. BISTATIC INCOHERENT TARGET DECOM-
POSITION IN TERMS OF ROLL-INVARIANT
PARAMETERS

3.1. Principle

The roll-invariant bistatic incoherent target decomposi-
tion is based on the characteristic decomposition of the
coherency matrix. For a bistatic polarimetric radar, the
coherency matrix [T ] can be represented as the incoher-
ent sum of four coherency matrix [T ]i of rank 1. The
four coherency matrices [T ]i are weighted by their real
positive eigenvalue µi by:

[T ] =
4

∑

i=1

µi[T ]i. (9)

Each coherency matrix [T ]i of rank 1 is associated to one
single scatterer. [T ]i can be rewritten as a function of the
target scattering eigenvector ki as:

[T ]i = kik
H
i . (10)

The principle of the roll-invariant bistatic incoherent tar-
get decomposition can be decomposed into three steps as
follows:

1. Estimation of the coherency matrix [T ] on a sliding

window, denoted [T̂ ].

2. Application of the characteristic decomposition on

[T̂ ], and extraction of the four eigenvectors ki with
their respective eigenvalues µi.

3. Application of the bistatic TSVM on each eigenvec-
tor ki and extraction of the five roll-invariant param-
eters (µi, τ1i

, τ2i
, αsi

and Φαsi
) to fully character-

ized the scatterers.

To apply the incoherent target decomposition, the covari-
ance matrix [T ] should be estimated. For homogeneous
regions, the target vector k is generally modeled by a
zero-mean multivariate circular complex Gaussian vec-
tor. In this case, the maximum likelihood estimator of the
polarimetric covariance matrix [T ] is the sample covari-

ance matrix [T̂ ]SCM given by:

[T̂ ]SCM =
1

N

N
∑

i=1

kik
H
i . (11)

3.2. Influence of the processing window size

As PolSAR images are corrupted by the speckle noise, in-
coherent target decomposition parameters can be biased.
A study of the influence of the processing window size on
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Figure 1. Influence of the number of looks L on the es-
timation of the dominant scattering type magnitude pa-
rameter αs.

the estimation of the bistatic TSVM parameters is neces-
sary to find the minimum window size required for nearly
unbiased parameter estimation.

Figure 1 shows the evolution of the scattering type mag-
nitude αs parameter associated to the dominant scattering
mechanism (of eigenvalue λ1) as a function of the equiv-
alent number of looks L. For this purpose, an homoge-
neous region containing fields located on the south west
of Figure 2 has been extracted and bistatic TSVM pa-
rameters are computed on square window. As observed
in Figure 1, α̂s1

is biased for a relatively small window
size (7 × 7) which corresponds approximately to equiva-
lent number of looks L of 18. For sufficiently large win-
dows size (15 × 15, i.e. L ≈ 60), the bias vanishes and
α̂s1

converges to αs1
for the sample covariance matrix

estimator. A processing window containing at least 60
equivalent number of looks is therefore necessary to de-
rive nearly unbiased incoherent decomposition parame-
ters as discussed in (8; 9).

3.3. Degree of coherence for the assessment of target
scattering phase

As observed in (6), the target scattering type phase Φαs
is

the trihedral-dihedral channel phase difference. This roll-
invariant parameter can be exploited only under coher-
ence conditions. By following the same procedure as de-
scribed in (10), the degree of coherence of Φαs

(denoted
pΦαs

) is therefore introduced. Its expression is given by:

pΦαs
=

√

(

〈

|a|2 − |b|2
〉

)2

+ 4|
〈

a · b∗
〉

|2

〈
∣

∣a|2 + |b|2
〉 , (12)

where a = cos αs cos τ1 and b = sinαse
jΦαs cos τ2 for

a bistatic polarimetric radar. Therefore, a partially coher-
ent scatterer is represented as a point inside the Poincaré
sphere at a distance pΦαs

from the sphere center.

Figure 2. RAMSES X-band PolSAR data over Brétigny,
France (501 × 501 pixels). Colored composition of the
target vector in the Pauli basis [k]2-[k]3-[k]1.

4. RESULTS

To illustrate the roll-invariant bistatic target scattering
vector model, a PolSAR RAMSES X-band data-set ac-
quired over Brétigny, France is analyzed. This data-set is
composed by three buildings surrounded by agricultural
fields. A colored composition of the target vector in the
Pauli basis is given in Figure 2. This PolSAR data-set
has been acquired in a monostatic mode. As the four po-
larimetric SAR channel are recorded by the sensor, the
incoherent bistatic TSVM parameters can be computed.
Nevertheless, the usefulness of the proposed method will
not be fully emphasized as SHV and SV H are quite simi-
lar in the monostatic case. To evaluate the influence of the
processing window size on the roll-invariant parameters,
three different window size (7× 7, 15× 15 and 31× 31)
are analyzed. Figure 3 shows the dominant target scatter-
ing type magnitude αs issued from the first eigenvector
of the estimated coherency matrix. Moreover, for rela-
tively small window size (7 × 7, i.e. L ≈ 18), the esti-
mated parameters are biased. An unbiased estimation of
target scattering parameters is achieved for a sufficiently
large window (31 × 31 pixels, i.e. L ≈ 137) as shown
in Figure 1. This yields to a blur effect. Nevertheless,
for such window size, the region might involve scatterers
having different polarimetric responses and might lead to
a misinterpretation of the bistatic TSVM parameters. In
the following, a window size of 15 × 15 pixels will be
considered as a good trade-off.

Figure 4 shows the five roll-invariant bistatic target scat-
tering target vector parameters (µ, αs, Φαs

, τ1 and τ2) is-
sued from the first eigenvector of the sample covariance

matrix estimator [T̂ ]SCM computed on a 15 × 15 win-
dow. The degree of coherence pΦαs

is also computed and
shown in Figure 4(f). The maximum amplitude return µ
characterizes the power of the dominant scattering mech-
anism. This parameter is equal to the largest eigenvalue

λ1 of the covariance matrix [T̂ ]SCM . The αs quantity
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Figure 3. Dominant target scattering type magnitude αs1
, issued from the Sample Covariance Matrix estimator [T̂ ]SCM

on a (a) 7 × 7 window (L ≈ 18), (b) 15 × 15 window (L ≈ 60) and (c) 31 × 31 window (L ≈ 137).

describes the type of scattering mechanism (1). It varies
from 0 for surface scattering (see fields on the bottom left
of Figure 4(b)) to π/2 for double bounce scattering as
observed on the three buildings. Φαs

is the target scat-
tering type phase. This term can be exploited only under
coherence conditions. For this purpose, the degree of co-
herence pΦαs

is computed. For high values of pΦαs
(near

1), the target scattering type phase can be used as an ad-
ditional parameter to interpret PolSAR data. The target
helicity τ1 = τR + τE is a measure of the target sym-
metry. It allows to separate symmetric (τ1 = 0) from
asymmetric (τ1 6= 0) scatterers that have the same scat-
tering type magnitude and phase. For natural media, the
target helicity τ1 is relatively low (τ1 ≈ 0) as observed
on fields (see Figure 4(c)). The target helicity τ2 char-
acterizes the asymmetrical part of the scattering matrix.
This term indicates if the reciprocity assumption holds
(for τ2 = 0) or not (for τ2 6= 0). As the studied PolSAR
data-set has been acquired under monostatic condition,
the cross-polarization terms SHV and SV H are expected
to be similar, which will lead to τ2 ≈ 0. This is confirmed
by Figure 4(d) where the target helicity τ2 is very low.

5. CONCLUSION

This paper has presented a roll-invariant target decom-
position in the context of bistatic PolSAR imagery: the
bistatic target scattering vector model. Based on the
Kennaugh-Huynen characteristic decomposition, five pa-
rameters, namely αs, Φαs

, τ1, τ2 and µ, are necessary for
an unambiguous description of a coherent target. This
new PolSAR model is an extension of the TSVM, intro-
duced by Touzi in 2007 (1), to the general case of bistatic
polarimetry where the cross-polarization elements SHV

and SV H are not equal. A new parameter has been intro-
duced: the target helicity τ2, which contains information
on the asymmetrical part of the scattering matrix.
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