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Rough-Surface Polarimetry in
Companion SAR Missions

Lorenzo Iannini , Member, IEEE, Davide Comite , Senior Member, IEEE,
Nazzareno Pierdicca , Senior Member, IEEE, and Paco Lopez-Dekker , Senior Member, IEEE

Abstract— Bistatic scattering from rough surfaces is typically
approached through the analysis of the scattered field in the
conventional H and V polarization basis, which coincides with
the zenith and azimuth unit vectors in a spherical reference
frame. This study delves into the impacts of different choices
of the transmit and receive linear basis on the performance and
design of a synthetic aperture radar (SAR) mission receive-only
companion. This article formalizes the rotation of the scattered
wave orientation at the antenna axes of the companion with
respect to the transmitted one and introduces a novel set of
linear polarizations, named principal polarizations, in transmit
and receive, deemed more suited to represent the scattering mech-
anisms of rough surfaces. Such a set is defined by the polarization
bases that maximize the radar cross section. It is shown that
the theoretical estimates from the proposed geometrical frame-
work provide a good agreement with analytical and numerical
simulations, performed considering state-of-the-art numerical
solutions. In addition, this article promotes the hypothesis that
a bistatic radar configuration, defined through the conventional
H and V linear basis, presents a strong similarity, from a target
information retrieval standpoint, to a monostatic compact ϕ-pol
mode, i.e., with the transmission of a linear polarization rotated
by an angle ϕ. The rotation ϕ varies over the swath and as
a function of satellite separation. For baselines of 250–300 km,
such as those envisioned by the European Space Agency (ESA)
Harmony Earth Explorer candidate, and for steep incidence
angles, an equivalent π/8-pol can be achieved for rough surfaces.

Index Terms— Bistatic scattering, compact polarizations, com-
panion synthetic aperture radar (SAR) missions, Earth explorer
harmony, rough-surface polarimetry, scattering symmetry.

I. INTRODUCTION

UNDERSTANDING and modeling bistatic radar scattering
properties is gaining importance as an increasing number

of bistatic radar mission concepts are being considered for
implementation. The range includes bistatic radars that exploit
signals of opportunity, such as GNSS and communication
satellite signals [2]–[4], which operate by collecting the
quasi-specular reflections [5], and, most relevantly for the
present study, companions for synthetic aperture radar (SAR)
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missions, only limitedly diverging from the backscatter con-
cept characteristics. The technological readiness of bistatic
radars operation (or, more generally, multistatic) has been
demonstrated by the TanDEM-X mission [6]. However, from a
theoretical viewpoint, TanDEM-X and similar concepts, such
as the proposed Tandem-L [7] mission, due to the short
distance between the spacecrafts defining the bistatic config-
uration, can be considered as quasi-monostatic. In contrast,
recent concepts, e.g., the SAOCOM companion satellite [8],
the SESAME mission proposal [9], or Harmony (currently
the only remaining ESA Earth Explorer 10 candidate [10]),
assume geometries with long baselines, defining therefore
significant bistatic angles (namely, larger than 20◦) [9], [11].

Increasing bistatic angles lead to changing the electromag-
netic scattering mechanisms and, thus, the radar polarimetric
signature. As a matter of fact, scattering mechanisms that can
be dominant in a monostatic geometry, such as scattering off
dihedrals or trihedrals, need to be revisited when operating in
bistatic configurations. The complexity of bistatic polarime-
try is also related to the higher degree of freedom of its
geometry [12]–[15]. In monostatic polarimetry, a rotation of
the target about the line of sight is equivalent, in terms of
polarimetric response, to the same rotation of the antenna
plane in the opposite direction. This makes the target response
roll invariant. Various symmetry properties for the polarimetric
scattering features have been demonstrated in the presence of
symmetry groups for the scene [16].

Monostatic radar polarimetry is an established paradigm
with some well-defined conventions. Conversely, in bistatic
polarimetry, the nature of the mechanisms can be more com-
plicated and depends on the following factors: 1) the target
orientation with respect to the receiver and transmitter line
of sights, 2) the orientation of the polarization unit vectors,
and 3) the baseline between the two antennas. An immedi-
ate effect of these features is the loss of polarimetric reci-
procity. This can add additional degrees of freedom to the
form of the covariance/coherence matrix describing distributed
targets.

The most general polarization of the electromagnetic wave
impinging on (or scattered from) a surface can be described as
linear combinations of a vertical (V) field component (parallel
to the incidence plane, oscillating within the plane normal to
the surface) and a horizontal component (H), orthogonal to the
incidence plane, oscillating in a plane parallel to the surface.
Dealing with the normalized radar cross section (NRCS) of a
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target, the combination of transmit and receive polarizations
is typically specified as σ qp

0 , where the second superscript, p,
indicates the polarization of the transmitted signal (or antenna)
and the first, q , the polarization of the receiving antenna.

In the monostatic case, an H–V polarization basis is
convenient because the scattering mechanisms can often be
well-described in terms of these polarizations. For natural
surfaces, the cross-polar NRCS in an H–V basis is typically
very small [11], [17], i.e., σ hv

0 ≈ 0 and the polarization ratio
PR = σ vv0 /σ

hh
0 , and polarization difference PD = σ vv0 − σ hh

0 ,
can have relatively straightforward geophysical meaning (e.g.,
PR>1 for Bragg scattering).

The bistatic literature often holds the H–V convention [11],
[17], [18]. However, as polarization is defined in a plane
orthogonal to the propagation direction, the scattered and inci-
dent polarizations do not have the same orientation. Therefore,
it is convenient to refer to unit vectors ĥi and v̂i for the incident
H and V polarizations and to ĥs and v̂s for the H and V
polarizations of the received signal. For example, in a bistatic
geometry, σ hv

0 can be large compared with σ vv0 , but this can be
a direct consequence of the measurement geometry and may
not have any geophysical implication or intrinsic informational
value [11]. The bistatic geometry, indeed, determines a rotation
of the orientation of the scattered field related to the bistatic
azimuth angle between the two antennas, i.e., � in Fig. 1.
It occurs, for instance, that a signal transmitted in V is
predominantly received in H for � = π/2 [18]. A polarization
rotation of approximately π/2 would be hence experienced
without any implication about depolarization phenomena. The
bistatic spaceborne case in Fig. 1 reports a typical along-
track (AT) baseline companion scenario (with transmitter and
receiver at 400 km), where the bistatic azimuth angle is in the
order of 40◦. These rotations of the polarization are not expe-
rienced in monostatic radars: assuming a V-polarized wave in
transmission, the V- and H-polarized signals in most cases
represent the strongest and the weakest NRCS, respectively.

From an application viewpoint, it is desirable to define sets
of polarization basis that facilitate the geophysical interpre-
tation of data. To do this, it is important to make the vector
nature of the polarization state explicit. This article is therefore
aimed at addressing the following aspects:

1) defining a linear principal polarization basis for
rough-surface bistatic polarimetry. This set, composed
of the principal transmit polarization (PTP) and the
principal receive polarization (PRP) at the two antennas,
is related to the geometry of the radar system. As graph-
ically conveyed by Fig. 1, it corresponds to the set that
registers the maximum scattered intensity.

2) quantifying the rotation of the polarization orientation
for a generic linear transmit basis and assessing the
possibility of treating bistatic geometries as a monostatic
pseudo-compact equivalent from a polarimetric view-
point.

3) determining the impact of the antenna polarization
choices for companion missions on the NRCS and on the
polarimetric sensitivity to rough-surface characteristics.

The assessment of these propositions relies on simulations per-
formed exploiting different numerical methods: the first-order

Kirchoff approximation (KA) technique, the second-order
method from Elfouhaily in [1], the second-order small-lope
approximation (SSA2) [17], and the full-wave numerical solu-
tion based on a method of moments (MoM) approach. Note
that the analysis is carried out on perfect electric conductors
(PECs). Consequently, the conclusions that are drawn will be
applicable with a good degree of confidence mainly to water
surfaces.

This work is developed in the framework of the ESA Earth
Explorer Harmony mission, which is based on the use of two
receive-only radar satellites operating as companions of one of
the ESA Sentinel-1 (S1) missions [19]. Harmony will fly on
approximately the same orbital plane as S1, at an AT distance
in the range of 200–400 km, either with the two Harmony
spacecrafts flying in close formation to form a single-pass
interferometer or with one spacecraft leading and the other
trailing S1, in a so-called StereoSAR formation.

II. THEORETICAL BACKGROUND

Let us consider the right-handed system of coordinates
(x, y, z) shown in Fig. 1, with unit vectors (x̂, ŷ, ẑ) and
a rough surface h(x, y) characterized by an average height
�h� = 0 and local surface normals n̂. For a canonical radar
scenario, the upper half-space medium consists of free air
where waves propagate with wavenumbers k = 2π f0, whereas
the lower half-space medium is a dielectric. The incident and
scattered waves propagate along the vectors �ki = kî and
�ks = kŝ, where k is the wavenumber and î and ŝ are the
unit vectors, both directed toward the target, as dictated by the
backscattering alignment (BSA) convention. The convenience
of BSA for companion missions with small bistatic angles is
the consistency of the horizontal polarization sign with the one
commonly adopted for monostatic configurations. The incident
direction î = ix x̂ + i y ŷ + iz ẑ can be expressed as⎧⎨⎨

⎨⎩
ix = 0

i y = sin θi

iz = − cos θi

(1)

where θi stands for the incidence angle. Note that the plane of
incidence, i.e., the plane formed by î and ẑ, has been arbitrarily
aligned to ŷ, with no loss of generality for isotropic surfaces.
Similarly, the scattered field for the zenith observation angle
θs and for the azimuth bistatic angle � is characterized by
�ks = k ŝ with ŝ = sx x̂ + sy ŷ + sz ẑ and⎧⎨⎨

⎨⎩
sx = − sin� sin θs

sy = cos� sin θs

sz = − cos θs

(2)

where, in accordance with Fig. 1, � is defined as the coun-
terclockwise angle with respect to the negative y axis. The
specular and backscatter configurations are then represented
by θs = θi with � = 0 and � = π , respectively. Bistatic
angles � �= 0, π denote out-of-plane scattering.

The incident plane wave can then be defined by

�Ei = p̂E0e− j �ki ·�r = p̂Ei (3)
�H i = î × �

p̂Ei
�
/η (4)
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Fig. 1. (Left Panel) Essential geometry of a bistatic companion satellite mission, with a “passive” receiver (in red) collecting the scattered signal generated
by an “active” radar (in green). (Right Panel) monostatic and bistatic polarization behavior examples. For each configuration, the NRCS from a rough surface,
computed through the approach in [1], is shown for all possible combinations of linear transmit and receive polarization orientations. The NRCS is normalized
by the maximum value, i.e., for the principal polarization, labeled with a red circle. The vertical span between the white curve and the dashed black line
represents the orientation rotation.

where the unit vector p̂, orthogonal to �ki , defines a generic
polarization in the 3-D space and η is the wave impedance. The
scattered field in the far zone is a function of the tangential
fields on the rough surface, n̂ × �E and n̂ × �H , and can be
derived through the Stratton–Chu integrals as

Es
qp = jk

4πR
e− jkR q̂ ·

� 	
k̂s ×



n̂ × �E

�
+ η



n̂ × �H

��
e j �ks ·�r ds

(5)

where q̂ , orthogonal to �ks , denotes the polarization for which
the scattered field is calculated, and R is the distance of the
receiver. The signs are adjusted coherently with the direction
of �ks , which points toward the target. The full expression of
the tangential fields n̂ × �E and n̂ × �H can be found in Poggio
and Miller [20].

A rigorous solution demands complex numerical calcula-
tions depending on the wavelength and surface roughness.
At the current moment, no compact closed-form solutions
exist for a generic dielectric. The problem can be more easily
tackled for PECs, which effectively mimic the behavior of
high-permittivity media, such as water. It is important to
premise that hereafter the investigation will focus on PEC
models, and therefore its conclusions will be mainly drawn
for ocean surfaces.

Note that we are not interested in the radiometric component
of rough surface scattering, but rather on polarimetric behavior.
Therefore, in the rephrased scattered field expression

�Es = �P( p̂) · C (6)

the focus shall be on the second-order behavior of vec-
tor P rather than on radiometric factor C, which is not
polarization-dependent. This article will leverage on the exist-
ing approaches in literature to cover this part. An interesting
derivation is the one debated by Elfouhaily et al. in [1] for
PEC, which leads to the relatively simple analytic expression

�P = �P1 + �Psup (7)

where

�P1 ∝ −ŝ ×

�ks,i × �

p̂ × î
�� × ŝ (8)

and

�Psup ∝ −ŝ ×


2

�kH · �pH

� �KH −

�kH · �KH

�
�pH

�
× ŝ (9)

stand as the contributions from the first-order approximation
and from the higher order scattering terms, respectively. In (8),
�ki,s is the bisector of the transmitter–target–receiver angle

�ki,s = �ks + �ki (10)

and kz = �ki,s ·ẑ. For the supplemental field in (9), the horizontal
vectors �pH = ẑ × ( p̂ × î), �kH = ẑ × �ks,i × ẑ, and �KH =
(1/2)((ẑ × î × ẑ/ cos θi)− (ẑ × ŝ × ẑ/ cos θs)) are introduced.
The field �P1 is derived from the tangent plane approximation,
and hence it represents KA. Although its compactness makes it
a convenient tool for approaching analytically the polarization
rotation problem, the tangent plane approximation constrains
the validity region of the KA approach to surfaces with
large curvatures. To have more accurate intensity and rotation
estimates, the second-order scattering term in �Psup shall also
be accounted for.

The interaction of the wave with the surface introduces a
rotation in the polarization orientation, herewith referred to
as “polarization rotation,” depending on the transmitter and
receiver angles. The rotation is readily defined as

	ψ = ψs − ψi (11)

with ψi and ψs standing for the polarization orientation of
the incidence and scattered fields. The orientation shall be
computed with respect to a reference linear polarization basis.
As illustrated in Fig. 1, in this work, the angle will be referred
to the conventional right-handed (h, v) set. For a generic
electric field, it can be derived through [21]

ψ = 1

2
arctan

�
2R(Cx)

Cv − Ch

�
(12)
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Fig. 2. Polarization rotations experienced by the received field for different orientations ψi of the transmit polarization, zenith observation angles θs , and
bistatic azimuth angles � (15◦ , 45◦, and 90◦). The values are reported for the two incidence angles θi of (a) 20◦ and (b) 44◦ . In each panel, the background
images and the gray contour lines refer to the second-order Elfouhaily model �P in (7), the red contour lines to �P1 in (8), and the magenta lines to the
supplementary field �Psup in (9). The orientation ψi = 0 represents the nominal V.

where Ch,Cv , and Cx express the copol and cross-pol second-
order field statistics�

Cv C∗
x

Cx Ch

�
=

��
EvE∗

v

� �
EvE∗

h

�
�

Eh E∗
v

� �
Eh E∗

h

�
�

(13)

with the �.� operator representing the ensemble average. In the
case of deterministic expression of the field vector �E , such
as for p̂ and �P , the more straightforward derivation ψ =
arctan(Eh/Ev ) can be used. Note that ψ can cover the range
(−π/2, π/2) by accounting for the sign of R(Cx ). According
to such notation, the horizontal and vertical polarizations are
characterized by ψh = π/2 and ψv = 0, respectively.

Besides varying with the illumination geometry, the rotation
is also dependent on the transmit orientation ψi . As conveyed
in Fig. 2, the first KA and the higher order field components
have a notably different behavior. For a given incidence and
bistatic angle, the KA component has no sensitivity to the
polarization orientation and has weak sensitivity to the zenith
scattering angle θs . Conversely, the supplementary component
is more sensitive than the KA component to θs and, most
interestingly, it has fast rotation variations with ψi , covering
the whole 2π range of rotation angles. The most relevant
aspect is that, for any given geometry, it is possible to find
1) a polarization orientation for which the two components
sum constructively and 2) a second polarization for which the
two fields interact in a destructive way. This effect has many
practical implications on radiometry and is in fact directly
related to the concept of principal polarizations, which will
be further elaborated in Section IV. A further consequence for
small bistatic angles (including the monostatic configuration)
is that of making the magnitude of field transmitted in V
larger than the one of the field transmitted in H, confirming a
well-known property for sea surfaces.

III. POLARIMETRY AND SCENE SYMMETRIES

When two polarizations are available in transmit (quad-
pol systems), the full second-order characterization of an

incoherent target can be arranged into the 4 × 4 covariance
matrix [16], [22]

C = �
s · sH

�
(14)

where s = �
Shh Svh Shv Svv

�T
is the vectorized Sinclair

scattering matrix and the superscript H indicates the conju-
gate transpose operator. In its most generic expression, the
matrix counts 16 real-valued independent parameters: four
real-valued variances (or intensities) and six complex-valued
covariances. Depending on the target geometry and the antenna
orientations, some elements of the covariance matrix carry on
redundant information. For instance, for azimuthally isotropic
rough surfaces and in monostatic configuration, in addition
to the reciprocity condition (i.e., Shv = Svh), the reflection
symmetry property holds, namely, �Shh S∗

hv � = �Svv S∗
hv � =

0 [23].
In those conditions, the covariance of a monostatic system

can then be written as

C(m) = C

�ki = �ks

�

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

σ
(m)
hh 0 0 ρ∗

�
σ
(m)
hh σ

(m)
vv

0 σ (m)hv σ (m)hv 0

0 σ
(m)
hv σ

(m)
hv 0

ρ

�
σ
(m)
hh σ

(m)
vv 0 0 σ (m)vv

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

(15)

with σi j standing for �Si j S∗
i j�, ρ indicating the correlation coef-

ficient (coherence) between Shh and Svv , and the superscript
(m) recalling the monostatic condition. Note that the matrix
can be compacted into a 3 x 3 format; however, we reported the
full version to remain consistent with the bistatic expression
hereafter used, lacking in the reciprocity and the reflection
symmetry properties.

For bistatic geometries, the conventional (h, v) linear polar-
ization bases are not aligned with the plane formed by î and ŝ,
typically referred to as scattering plane. This section introduces
a polarization set (h�, v �) which is matched to the scattering
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Fig. 3. Symmetries in a bistatic scattering problem. The line and planes
of symmetry are highlighted with red color. The scattering plane and the
bisector are otherwise represented, respectively, by a gray plane and a blue
line. The original (T’) and adjoint (T”) scatterers are symbolically illustrated
with arrows. The first three symmetries introduce mathematical constraints to
the scattering problem, whereas a symmetry with respect to an arbitrary plane
(bottom right plot) does not lead to any general scattering property.

plane and will elaborate on its relevance in specular scattering
and in the symmetry properties for distributed targets. It shall
be premised that this coordinate set does not consist in the
so-called principal polarizations for rough surfaces. Its role
within this article is to provide a significant insight on the
specular part of the scattered field.

In satellite systems, the horizontal and vertical polarization
orientations are typically determined by aligning the hori-
zontal antenna axis to the ground surface, assumed flat, i.e.,
orthogonal to ẑ. By extension, this choice is also commonly
adopted for bistatic configurations, assuming that both the
active and passive antennas comply with the ground alignment.
The horizontal polarization versors are given by

ĥi = ẑ × î  ẑ × î
  , ĥs = ẑ × î  ẑ × î

  . (16)

According to BSA convention, the vertical polarizations can
be readily derived through

v̂i = î × ĥi , v̂s = ŝ × ĥs . (17)

A different polarization basis has also been proposed, enforc-
ing an alignment with the scattering plane [14], [24], [25].
In this case, the horizontal polarization unit vectors, ĥ�, lie on
the scattering plane and the vertical polarization unit vectors,
v̂ �, are consequently orthogonal to it. In formulas

v̂ � = v̂ �
i = v̂ �

s = î × ŝ  î × ŝ
  (18)

ĥ�
i = v̂ � × î, ĥ�

s = v̂ � × ŝ. (19)

The main relevance of this rotated set lies in its invariance
for specular scattering, as detailed in Appendix A, and in its
central role in the symmetry properties. To discuss these latter,
we further introduce the plane that the bisector describes with
v̂ �, and hence orthogonal to the scattering plane, which will be
referred to as bisector plane. As illustrated in Fig. 3, the three
types of symmetry scenarios can now be addressed [24]:

1) Reciprocity, characterized by scattering invariance to
rotations of the scene of π about the bisector

2) Scattering plane symmetry, characterized by scattering
invariance to mirroring the scene with respect to the
scattering plane

3) Bisector plane symmetry, characterized by scattering
invariance to mirroring the scene with respect to the
bisector plane.

For coherent targets, the reciprocity condition determines the
equivalence of the cross-polarized returns in the base (ĥ�, v̂ �),
i.e., Sh�v � = Sv �h� , whereas for incoherent targets it leads to
second-order expressions discussed in Appendix A (see 49).
It is important to clarify that with reciprocity we do not
refer to antenna/scattering reciprocity theorem, responsible
for (42) and (43). This latter is always valid although it is not
sufficient to ensure the cross-polarized (h�v � and v �h�) channel
equivalence in a bistatic geometry.

The combination of target reciprocity with one of the two
mirroring symmetries then leads to a complete decorrelation
between the cross-polarized and copolarized components, and
therefore to the same covariance expression as in (15). The
reader is referred to Appendix A for an explicit derivation
of the scattering properties associated with the presence of a
bisector plane symmetry and to reciprocity. It should be, how-
ever, considered that the occurrence of reciprocity conditions
in bistatic configurations is rare.

Random surfaces with azimuth isotropy shall be rather
regarded as potentially symmetric targets, as they are charac-
terized by an infinite set of symmetry planes passing through
the mean surface normal n̂s , assumed here to correspond
to the vertical axis ẑ. Among these, the plane formed by
ẑ with the bisector in (10), represented in blue in Fig. 4,
is of particular interest. A mirroring symmetry would apply
to rough surfaces for a limited set of observation angles, most
notably for θs = θi . Such scenario would be characterized by
the relationships in (46), and the full covariance matrix would
take the form

Ch�,v �

�ki , �ks

�
=

⎡
⎢⎢⎢⎢⎢⎢⎣

σ
(b)
h�h� 	∗

xv � −	∗
xh� c(b)∗co

	xh� σ (b)h�v � c(b)x 	∗
xv �

−	xh� c(b)x σ (b)v �h� −	∗
xv �

c(b)co 	xv � −	xv � c(b)v �v �

⎤
⎥⎥⎥⎥⎥⎥⎦

(20)

where

σ (b)i j = �
Si j S∗

i j

�
c(b)x = �

Sv �h� S∗
h�v �

�
c(b)co = ρ(b)

√
σh�h�σv �v �

	xh� = �
Sh�v � S∗

h�h�
�

	xv � = �
Sv �v � S∗

h�h�
�
.

It can be observed that without reciprocity, the matrix is
full. Nevertheless, for small baselines, low values are expected
for 	xv � and 	xv � , when compared with the intensity of the
copolarized channels. It is important to emphasize that the
(h�, v �) basis is the one that minimizes the leakages in 	 since
v � is aligned to the bisector symmetry plane. It should also
be remarked that companion missions are not in the θs = θi

configuration. In a generic bistatic geometry (e.g., the two
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Fig. 4. Schematic representation of the bistatic illumination geometry,
including the transmit and receive antenna planes (light green and light orange
colors, respectively) with their horizontal and vertical polarization unit vectors
(ĥ and v̂), the incident and scattering wave vectors, forming the scattering
plane (gray color), and the symmetry plane (light blue color) here defined as
the plane formed by the zenith versor (ẑ) and the bisector �ki,s . Note that the
bisector plane is not depicted for clarity.

systems placed at different heights), the symmetry plane is
inclined with respect to the bisector plane (which we remind
being defined by v̂ � and (10)). In Fig. 3, this scenario is
represented by the last panel. Such generic symmetry plane
scenario does not introduce additional constraints. Neverthe-
less, in Section IV, we postulate that the reflection symmetry
conditions can roughly apply to rough surfaces upon a proper
basis rotation.

IV. PRINCIPAL POLARIZATIONS

In this article, we introduce a novel set of linear polariza-
tions, named principal transmit and receive polarization (PTP
and PRP) and expressed in the (h, v) basis as

PTPm : pm =
�

cosϕp

sin ϕp

�
, PTPM : pM =

�− sin ϕp

cosϕp

�
(21)

PRPm : qm =
�

cosϕq

sin ϕq

�
, PRPM : qM =

�− sin ϕq

cosϕq

�
(22)

hence defined by the characteristic rotation angles ϕp and ϕq ,
which lead to the scattering matrix in the new basis

Sqp =
�

Sqm pm Sqm pM

SqM pm SqM pM

�
= R

�−ϕq

� · S · R
�
ϕp

�
(23)

where R is the rotation matrix [15]

R
�
ϕ j

� =
�

cosϕ j sin ϕ j

− sin ϕ j cosϕ j

�
(24)

and with j = {p, q}. The subscripts m and M refer to the
minor and major polarization pairs, respectively. Supported by
the visual example in Fig. 1, we define the major polarization
pair, pM and qM , as the unit vectors achieving the maximum
NRCS, according to the expression

(pM ,qM ) = argmax
p,q

�
pT ⊗ qT

�
C(p ⊗ q). (25)

Note that an exact and compact mathematical solution to
such maximization is cumbersome and possibly not largely

beneficial to the physical understanding of the problem. The
approach advanced by this article has therefore a different
nature. We postulate that such polarization can be related to the
dominant scatterers’ orientation, which lies on the symmetry
plane of the surface passing through the bisector. The rationale
follows from the expression of the covariance in (20) and from
the hypothesis that the optimal set from a scattered magnitude
perspective is indeed also the one that minimizes its off-
diagonal elements. With the aid of Fig. 4, we can then further
express ϕp and ϕq as the antenna axes rotations that provide
the alignment between the nominal v̂ and the symmetry plane.
These angles are implicitly derived through  ϕp

  = cos−1(v̂i · p̂M) (26)  ϕq

  = cos−1(v̂s · q̂M) (27)

where the unit vectors for the major PTP and PRP take the
expression

p̂M = (�ki,s × ẑ)× �ki   (�ki,s × ẑ)× �ki

   , q̂M = (�ki,s × ẑ)× �ks   (�ki,s × ẑ)× �ks

   . (28)

In the monostatic configuration, ϕp and ϕq are equal to 0,
and the principal polarizations simply correspond to the hor-
izontal and vertical polarizations. In particular, the minor
principal set PTPm − PRPm would correspond to the lowest
backscattering polarization, hence to H, and the major one,
PTPM − PRPM , would then correspond to V. In a generic
geometry, under the assumption of (25), the axes’ rotations
ϕp and ϕq are equivalent to the polarization orientations of
the major set PTPM − PRPM , i.e., ψpM = ϕp and ψqM = ϕq .
Consequently, the minor set PTPm − PRPm is described by
ψpm = ϕp + π/2 and ψqm = ϕq + π/2. Referring to (11),
the polarization rotation experienced by PTPm and PTPM is
readily expressed as

�ψpm = �ψpM = ϕq − ϕp. (29)

The PTP and PRP orientations are illustrated in Fig. 5
for the two incidence angles of 20◦ and 44◦. Note that
the figure also provides a first empirical assessment through
cross-comparison with the optimum for (25) from the
Elfouhaily model. The panels convey that the two models
provide a good match for the whole range of bistatic angles
�, especially for the PTP, with discrepancies larger than
2◦ only for θs above 50◦. The PRP accuracy presents a
similar sensitivity to the zenith scattering angles, although
with slightly worse adherence. The panels also convey that
the principal polarizations are significantly different from the
scattering plane polarizations (h�, v �). As expected, the two
sets coincide only for θs = θi .

The rationale of the alignment with the symmetry plane
is that the sets (pm, pM) and (qm, qM) provide the best
approximation to the covariance matrix of a symmetric and
reciprocal target (see 50), hence leading to

Cϕp,ϕq


�ki , �ks

�
= �

R
�−ϕp

� ⊗ R
�−ϕq

��
·C


�ki , �ks

�
· �R

�
ϕp

� ⊗ R
�
ϕq

��
(30)
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Fig. 5. Principal polarization orientations in transmit and receive for the
two incidence angles of 20◦ (upper panels) and 44◦ (bottom panels). For
cross-validation purposes, the solutions of (25) according to the second-order
Elfouhaily model in (7) are reported (red-dashed contour lines). The scattering
plane polarizations v̂ �

i in transmit and v̂ �
s in receive are also illustrated (black

contour lines).

∼=

⎡
⎢⎢⎢⎢⎢⎣

σ (b)qm pm
0 0 c(b)∗co

0 σ (b)qm pM
c(b)∗x 0

0 c(b)x σ (b)qM pm
0

c(b)co 0 0 σ (b)qM pM

⎤
⎥⎥⎥⎥⎥⎦ (31)

with

σ
(b)
i j = �

Si j S∗
i j

�
c(b)x = �

SqM pm S∗
qm pM

�
c(b)co = ρ(b)

�
σ
(b)
qm pmσ

(b)
qM pM

and assuming   �Sql pm S∗
qi pi

�   � σ (b)qi pi
, for l �= m

where j, i, l,m = {m,M}, ⊗ indicates the Kronecker product.
Intuitively, the bistatic covariances can be parametrized and
exploited in a similar way as in the monostatic geometry
of (15) if the two rotation angles ϕp and ϕq are correctly
accounted for. As previously elaborated for (20), the covari-
ances between the equivalent copolarized channels (qm pm ,
qM pM) and the cross-polarized channels (qM pm, qm pM ) are
expected to be significantly lower than the copol intensities,
although not concurrently null.

The remainder of this article will focus on analyzing and
quantifying such rotations and assessing their implications in
the design of a companion satellite mission.

V. METHODOLOGY

A. Metrics

The analysis is, at a first level, aimed at quantifying the
rotations experienced by the different polarization orientations.
On a deeper level, the objective is to evaluate whether a solid
link can be established between the PTP–PRP defined in (25)
and (pM ,qM ) pair modeled in (26) and (27). Assessing the
adherence of the bistatic scattering matrix to the reflection
symmetry assumption in (31) is also of interest.

The link of (31) with (25) is evaluated numerically. A few
tests have been proposed in literature to evaluate the degree
of symmetry for both coherent [26] and incoherent [27] scat-
terers and retrieve the polarization rotation associated with the
maximum symmetric component. Although these approaches
could be in principle extended to our bistatic incoherent case
study, the introduction of novel concepts and algorithms was
deemed not beneficial to the clarity of this article. To estimate
the degree of symmetry for an arbitrary polarization pair (p, q)
and their orthogonal set (p⊥, q⊥), we hence formulated the
following straightforward metric:

χpq =
  �Spq S∗

pq⊥

�  +   �Spq S∗
p⊥q

�  
2


σ (b)qp + σ (b)q⊥ p⊥

�
+

  �Sp⊥q⊥ S∗
pq⊥

�  +   �Sp⊥q⊥ S∗
p⊥q

�  
2


σ (b)qp + σ (b)q⊥ p⊥

� (32)

that directly relates the energy in the covariance terms
off-diagonal to the power of the main channels in the covari-
ance matrix diagonal. A perfectly symmetric and reciprocal
scatterer shall be characterized by a minimum χ = 0. For
each transmit polarization p, the minimum value χ

χp = min
q

�
χpq

�
(33)

can be obtained, where the optimal receive polarization q
remains implicit.

The degree of polarization (DoP) of the wave, describing
the percentage of polarized power, is therefore also of interest
in the analysis, albeit not addressed by specific modeling or
expectations. Independently of the polarization basis, the DoP
can then be computed as [28]

DoP =
!

Q2 + U 2 + V 2

I
(34)
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TABLE I

SUMMARY OF THE FOUR SCATTERING ESTIMATION APPROACHES ADOPTED AND OF THE STRATEGIES APPLIED TO DERIVE THE METRICS
AND CONSEQUENTLY THE OPTIMAL POLARIZATIONS FROM THEIR OUTPUT. THE NOT AVAILABLE (NA) ENTRY CONVEYS THAT

THE PARAMETER CANNOT BE CALCULATED

where I , Q, U , and V are the components of the Stokes
vector [21]

g =

⎡
⎢⎢⎣

I
Q
U
V

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

Ch + Cv

Ch − Cv

2R(Cx)
2I(Cx)

⎤
⎥⎥⎦ =

⎡
⎢⎢⎣

IH + IV

IH − IV

I45◦ − I−45◦

IL − IR

⎤
⎥⎥⎦ (35)

that represents the covariance of the field after a projection
on a Pauli basis, hence rephrasing the information in (13) in a
more physically interpretable form. The field is fully polarized
when I = Q + U + V , i.e., when only one component, linear,
circular or, in general, elliptical, is present.

B. Full Covariance Field Simulation Approaches

Note that the first-order scattered field expression in (8) and
the second-order supplement introduced in (9) do not carry
the full covariance information. To evaluate (33) and (34)
such information is, however, needed. To this purpose, two
additional field calculation approaches have been therefore
considered:

1) the first is the SSA2 method [17] that proposes an exten-
sion of the small-slope approximation approach [29] to
the second-order Bragg scattering terms. This corrected
the prediction of out-of-plane bistatic scattering for
an arbitrary set of polarization indices and improved
the modeling of cross-polarization scattering, heavily
underestimated in the first-order approximation methods.

2) the second is a numerical field calculation based on
the well-known MoM technique [30], [31]. The method
shall in principle account for higher order field compo-
nents as it provides a full-wave solution of the scattering
problem. The heavy computational burden necessarily
limits the size of the rough surface geometry. Several
realizations of the random surface have to be therefore
generated and processed. The second-order statistics of
the field from each surface sample, after projection into
the receiver set (q̂, q̂⊥), shall then be computed to derive
the elements in (31). In this study, the statistics are based
on an overall amount of 50 realizations. To prevent edge
effects the incident wave amplitude has been tapered
by a Gaussian window [32]. The 3-D geometries have
been generated with a length of 15λ in each direction
and a maximum polygon width of λ/5, where λ is the
wavelength.

Differently from KA and Elfouhaily approximations in (8)
and (7), these techniques show a dependency on the rough

Fig. 6. Incidence (left) and azimuth (right) observation angles for Sentinel-1
and the next-generation Harmony companion. The near-range and far-range
curves correspond to Sentinel-1 incidence angles of 20◦and 44◦, respectively.

surface spectrum. It must be therefore specified that the SSA2
technique has been applied to a rough sea surface generated
by a wind with speed of 10 m/s and with same orientation of
the ground range axis of the transmitting antenna. In the case
of MoM simulation, the rough surface has been modeled by a
Gaussian isotropic autocorrelation function with a correlation
length of 3λ and a root mean square roughness of 0.5λ, corre-
sponding to kl � 19 and kσ � 3. The type of information that
is returned by each of the four scattering estimation approaches
(KA, Elfouhaily, SSA2, and MoM) and the methods used to
retrieve the principal polarizations, either maximizing (25) or
minimizing (33), are summarized in Table I. Note that an
exhaustive (brute-force) search is adopted for these last two
metrics.

C. Application to a Bistatic Spaceborne Mission

We focus here on the specific bistatic configuration of a
passive companion satellite following active spacecraft in the
same orbit. The two satellites are distanced by a time delay dt ,
or equivalently, by an AT baseline vsdt , where vs is the
speed of the two spacecrafts. The active satellite illuminates
the ground at zero Doppler. The incidence plane, i.e., the
plane formed by �ki and by the vertical polarization axis of
the antenna, is therefore the plane orthogonal to the flying
direction. The passive companion will consequently point to a
location that is squinted with respect to its zero Doppler direc-
tion. In this particular configuration, the incidence angles for
the transmitter do not match those for the receiver. These latter
are intuitively a function of the ground range, AT baseline,
and orbit height. The same dependency applies to the bistatic
angle �, which shall not be considered as an independent
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Fig. 7. Polarization rotation for a Sentinel-1 companion as a function of the AT baseline for two different incidence angles (20◦ and 44◦). The panels cover
four linear transmission modes with polarization unit vector oriented in different manners. From left to right: horizontal (H), vertical (V), thus describing the
rotation 	ψ , maximum NRCS and minimum NRCS, describing the rotation �ψpm . The rotations, defined as in (11), are referred to the nominal H and V
axes. The azimuth bistatic angle (black-dashed line) is reported in all the panels.

parameter. This work will conveniently adopt as reference
configuration the Sentinel-1 height of 693 km. In such a
way, the results will be readily applicable to the ESA Earth
Explorer 10 Harmony mission. The bistatic angles for the
Harmony as a function of the baseline and range are shown in
Fig. 6. Note that in accordance with Fig. 1, the bistatic angles
are positive since the companion satellite flies behind the main
(right looking) spacecraft. A specular plot would have been
produced by a companion flying ahead.

VI. RESULTS AND DISCUSSION

A. Principal Polarizations

For specular scattering scenarios, all the polarizations expe-
rience the same rotation �ψ . Differently, for rough sur-
face scattering, the polarization rotation is dependent on the
polarization of the incidence wave as the Bragg and higher
order scattering components have a significant impact on the
scattered field orientation. The (ĥ�, v̂ �) representation, largely
adopted for specular scattering problems, shall be replaced by
the principal polarizations representation, which accounts for
the orientation of the surface with respect to the scattering
plane. The rotation �ψ (defined in (29)) of the two principal
sets, PTPM -PRPM and PTPm − PRPm , achieving, respectively,
σmax and σmin in return, is expected to be the same, as the
sets are orthogonal in receive and transmit. This is confirmed
by the simulations from the three second-order field methods
(Elfouhaily, SSA2, and MoM) shown in Fig. 7 (right panels).
The simulations are illustrated for the two incidence angle
extremes (20◦ and 44◦) of the Sentinel-1 operation modes and
for AT baselines ≤ 400 km. The rotations for the two nominal
horizontal and vertical polarizations are reported in the first
two panels of the figure. Note that the first-order KA rotations
do not register significant difference between H and V, due to
the inherent limitations in specular scattering approximation.
The discrepancy with the estimates from the other approaches
is then significant especially for large incidence angles. It is
interesting to observe that KA rotations match the Bragg rota-
tions for the principal polarizations shown in the two rightmost
panels. This can be readily explained with the fact that the

maximum and minimum scattering intensities are expected
when the supplemental field in (9) (associable to the first-
and second-order Bragg processes) is aligned to the specular
component in (8). The direction of the two field contributes
the same in the case of maximum scattering (PTPM , PRPM ),
whereas it is the opposite in case of minimum scattering
(PTPm , PRPm). A strong agreement on such alignment is found
by SSA2, Elfouhaily, and MoM methods.

The orientations of the major and minor principal polariza-
tions, i.e., (ψpM , ψqM ), and (ψpm , ψqm ), respectively, for 20◦
and 44◦ incidence angles are then represented in Fig. 8. The
estimates from different methods are almost indistinguishable,
with the exception of some residual uncertainty on MoM
results for short baselines. The theoretical expectation, derived
from (25), adheres perfectly to Elfouhaily estimates, and they
stand within a 5◦ offset from SSA2 and MoM simulations.
The model effectively accounts for the imbalance between
PTP and PRP angles. The PRP is opposite in orientation
direction with respect to the PTP, as the transmit and receive
bases are intuitively symmetric with respect to the symmetry
plane passing through the bisector (see Fig. 4); however, their
absolute offsets from the nominal V and H are different.
This imbalance is caused by the inclination of the symmetry
plane with respect to scattering plane, or, identically, to the
differences in the elevation angles of the incident and scattered
waves.

A comprehensive polarimetric analysis is conducted for a
single incidence angle of 36◦, i.e., approximately at the center
of the Sentinel-1 swath for the interferometric wide (IW)
mode. Besides the polarization rotations, the panels in Fig. 9
report for all the polarization orientations in transmit: the
received relative radar cross sections, the asymmetry defined
in (33), and the degree of polarization in (34). These
cross section panels reveal a good agreement between the
second-order methods on the ratio σmin/σmax. SSA2 and MoM
simulations produce, in particular, almost identical results,
with higher estimates of the ratio when compared with the
Elfouhaily method. Such differences in the radiometry are
responsible for the discrepancies in polarization rotations. The
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Fig. 8. Orientation of the maximum NRCS (left) and minimum NRCS (right) polarization pairs, i.e., (ψpM , ψqM ), and (ψpm , ψqm ), respectively, for a
Sentinel-1 companion as a function of the AT baseline. The transmit (dash-dotted lines) and receive (solid lines) polarizations from the different techniques
can be compared with the expressions in (26) and (27) (black-colored) for two different incidence angles, at near-range (20◦) and far-range (44◦).

Fig. 9. Polarimetry overview for the Sentinel-1 companion at θi = 36◦ . Polarization rotation (top graphs), normalized NRCS (second row graphs), asymmetry
(third row graphs), and degree of polarization (bottom graphs) are estimated for all the linear polarizations in transmit ψi , with ψi = 0 representing the
nominal V. The NRCS is evaluated for the receive polarization registering the maximum value.

panels also confirm that the first-order specular scattering
provides consistent estimates only in correspondence of the
principal polarizations. The asymmetry metric χ is also in
line with the expectations, with a steep drop in correspondence
of the two principal polarizations. Although the behavior of
MoM and SSA2 is similar, the notch measured by MoM is
less pronounced due to the finite number and width of the
simulated geometries. The drop for nonnull baselines stands
within the −20 to −25-dB range, due to the inclined symmetry
plane and the consequent lack of the symmetries discussed in
Section III and Appendix A. The two techniques present more
evident differences on the degree of polarization, although they
roughly share the same patterns. The fluctuations on the MoM

curves are attributable to the finite number of realizations. The
depolarization is stronger for PTPm (σmin) component, whereas
it is minimum for nominal vertical polarization (0◦, 180◦
orientation). This implies that the unpolarized component of
the Kirchhoff and Bragg scattering is relatively stronger for
the principal polarization PTPm than for V. According to the
simulations, the DoP also decreases with the bistatic angle.

B. Impact on Companion Mission Design

The effects of bistatic angles on the polarization orientation
lead to further transmit and receive system considerations
on the mission design. With regard to the receive antenna
system, it becomes evident that a dual-polarization system is
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Fig. 10. Polarization rotation �ψ observed at the Harmony receiver for the
active satellite transmitting in horizontal (upper panel) and vertical (lower
panel) polarizations. The first-order and second-order field solutions are
presented with solid and dashed contour lines, respectively.

needed to optimally intercept the scattered power. In mono-
static systems, the main advantage of dual-polarized receivers
over single-polarized ones is to enable the exploitation of
the cross-polarized scattering component that may bring inde-
pendent information on the target. In bistatic systems the
dual-polarized system is instead primarily required to match
the polarization of the scattered field and avoid a partial loss of
the scattered power. The orientation of this latter depends on
the transmitted polarization but also on the angle of incidence
and on the AT baseline. For the companion configuration in
Fig. 6, the expected range of rotations over the Sentinel-1
swaths is illustrated in Fig. 10. The panels show that for
large baselines (>300 km) and low incidence angles, the
power intercepted by nominal cross-polarizations, VH and
HV, is larger than the one in nominal copolarizations. This
phenomenon is stronger for the H transmission mode, for
which the 45◦ rotation threshold is reached for near-ranges
of the Sentinel-1 IW swath.

A further reflection shall be conducted on the optimal linear
polarization in transmission for bistatic systems. The results in
Fig. 9 confirm that the maximum scattered power is achieved
by the major principal polarization PTPM , defined by (28).
This represents therefore the best option for applications
based on a single channel, such as SAR interferometry, and
largely dependent on the SNR. Conversely, the transmission
in nominal H and V could be favored by applications relying
on polarimetric scattering decomposition, such as surface
classification and bio-physical parameter retrieval. This readily
follows from the observation that H and V can be equivalently
represented through rotated polarizations:

Heq − Tx :
�

Ei
pm
(t)

Ei
pM
(t)

�
∝

�
cosϕp

− sin ϕp

�

Veq − Tx :
�

Ei
pm
(t)

Ei
pM
(t)

�
∝

�
sin ϕp

cosϕp

�
(36)

Fig. 11. Distance between the covariance matrix in a bistatic configuration,
for the nominal H, V set, and that in a monostatic configuration, for a rotated
polarization set in Tx (horizontal axis) and Rx (vertical axis). The distance
has been computed with (37) on MoM simulations for two S1 incidence
angles (20◦ and 36◦). The red dot indicates the principal polarization angles
ϕp and ϕq .

in the principal polarization basis (pm ,pM ). The practical
consequence of (36) and approximation in (31) is that the
sensitivity to σ (b)qm pm

, σ (b)qM pM
, and ρ(b) would be enhanced for

increasing angles ϕp at the expense of σ (b)x . Ideally, for ϕp =
π/4, (PTPM , PRPM) channel would then observe σ (b)qM pM

+σ (b)x ,
whereas (PTPm , PRPm) channel would measure σ (b)qm pm

+ σ (b)x .

C. Pseudo-Compact Equivalent

A connection with compact polarization modes can be
established. It shall be hence recalled that compact modes,
such as the transmission of a 45◦ rotated polarization, also
denoted π/4-pol mode, have been promoted for their con-
venient polarimetric information content, as they represent a
good surrogate for full polarimetry when some cross correla-
tion assumptions can be applied [33], [34]. The operation in
V or H in a bistatic configuration can therefore be compared,
in terms of sensitivity to target parameters, with an equivalent
monostatic mode with orientation ϕp in transmission and wave
vector corresponding to the bisector �ki,s/2 in (10). We will
call this pseudo-compact mode as ϕp-pol mode. The angle ϕp

corresponds to the characteristic orientation, ψpm , of PTPm ,
which varies across the swath, as shown in Fig. 12. The
equivalent compact modes do not reach the extent of π/4-pol
modes. For the IW swath, a π/10-pol equivalent mode is
indeed expected at near-ranges for a 300-km baseline. It shall
be nevertheless remarked that the zero-squint illumination
of Sentinel-1 is particularly convenient in this respect, as it
determines a higher deviation from V for the PTP rather than
for the PRP. This equivalence speculation was further tested
by measuring the distance between the covariance matrix
C(�ki , �ks) of the bistatic configuration in nominal H, V and
the covariance matrix Cϕp,ϕq (�ki,s/2, �ki,s/2) of the monostatic
equivalent for all the rotation combinations (ϕi , ϕ j ) in Tx and
Rx. The Frobenius norm of the difference""""""

C(�ki , �ks)   C(�ki , �ks)
   − Cϕi ,ϕ j (�ki,s/2, �ki,s/2)   Cϕi ,ϕ j (�ki,s/2, �ki,s/2)

   
""""""

F

(37)

was used to measure the similarity, with the matrices being
normalized by their determinant. The two scattering simu-
lations in Fig. 11, performed with MoM for a baseline of
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Fig. 12. Principal polarization orientations in transmit (upper panel) and
receive (lower panel) for different Harmony AT baselines and Sentinel-1
incidence angles. The solid contour lines are compared with the halved bistatic
angle �/2 illustrated with dashed lines.

400 km, confirm that the mode described by the rotations
in (26) and (27) achieves the best similarity.

The approximate reflection symmetry in (31), when adopt-
ing the principal polarization bases, has a potential impact
on the system calibration strategies. It is well-known that
distributed targets are exploited in monostatic acquisitions
for complementing man-made calibrators on assessing the
polarimetric quality of the system. The crosstalk and power
imbalance in the bistatic receiver could then be similarly mon-
itored and adjusted using rough surfaces and exploiting the
(28) condition. However, the nonnull correlation coefficients
�Sql pm S∗

qi pi
�l �=m , the lack of reciprocity, σ (b)qm pM

�= σ (b)qM pn
, and

the relatively weak scattering of rough surfaces suggest to
be cautious on the accuracy achievable for the cross-talks
and imbalances’ estimation. Our investigation provides only
a rough empirical assessment on the validity of such equiva-
lence and cannot be considered highly representative for the
large variety of scattering covariances of real surfaces. Such
potential opportunity needs therefore to be carefully assessed
with real data. Note, in conclusion, that the application of the
elaborated theory to other types of distributed scatterers, such
as random or oriented volume scatterers, shall be in general
avoided.

D. Note on Scattering Mechanisms Separability

In the previous discussions, we exploited different first- and
second-order model approximations to rough-surface scatter-
ing. We can also see them as representing different scatterer
types or scattering mechanisms. For example, for oceans,
KA is valid for specular scattering associated with local-
ized steep slopes caused by high wind [35], [36], while
the second-order approximation includes what is commonly
recognized as Bragg scattering. The first row in Fig. 9

illustrates clearly how different scattering mechanisms result
in different magnitude and polarization inclination of the
scattered signals, except when the polarization of the incident
wave corresponds to one of the principal polarizations, a case
where the rotation shall be zero despite the considered curve.
In the monostatic case, we observe that the variation in the
rotation angles (i.e., the separation among curves of different
colors) is maximized for transmit polarization angles around
35◦–40◦ at the center of the Sentinel-1 swath, i.e., for a 36◦
incidence. For the 400-km baseline case, we see that the
polarimetric separability (i.e., separation among the curves)
is maximized for Tx polarization angles around −20◦ or
50◦. The second option is interesting as it comes close to
the compact-pol transmission concept. However, given that
for Harmony, being a companion of Sentinel-1, we can only
choose between a 0◦ (H) and 90◦ (V) Tx polarizations, it is
worth noting that at 0◦ this separability is reasonably near the
maximum.

VII. CONCLUSION

The study shed light on the orientation and the second-order
properties of the scattered field from rough surfaces in a
companion SAR mission geometry. The use of the nominal
ground-aligned H and V polarizations is questioned, as in
bistatic system they are not aligned with the dominant ori-
entation of the natural targets. A new set of characteristic
linear polarizations in transmit and receive was proposed, and
a simple geometric model for their orientation was derived.
Such polarizations, herewith named PTP and PRP, were more
specifically defined as the sets that provide the maximum
(PTPM − PRPM ) and minimum (PTPm − PRPm) power at
the receiver, respectively. The associated basis rotations, ϕp

in transmit and ϕq in receive, were linked to the inclination of
the rough surface symmetry plane with respect to the scattering
plane. The first is the plane described by the average rough sur-
face normal and the bistatic angle (transmitter–target–receiver)
bisector. Although such plane represents an effective symmetry
plane only in the case of isotropic rough surfaces, a good
adherence to the model is also expected for weakly anisotropic
surfaces, such as the sea surface in mild wind conditions.
A 2◦ to 5◦ maximum departure from the PTP and PRP
rotations was confirmed through simulations from multiple
second-order scattering models, which include the Elfouhaily
method and the numerical MoM, based on isotropic surface
models, and the second-order small-slope approximation, sim-
ulating an anisotropic sea spectrum configuration.

Through the synthetic data, it was verified that the rotated
PTP–PRP basis minimizes the covariance between the copo-
larized and cross-polarized channels, which record intensities
−15 to −25 dB lower than the power in copolarized channels.
Although the reflection symmetry conditions (demanding null
correlations) are not perfectly met, an equivalence between
the actual bistatic scattering and an equivalent monostatic
scattering, in the principal polarization basis, can be estab-
lished in terms of polarimetric sensitivity to target properties.
This allows to compare the transmission of H and V in a
bistatic system with the transmission of a polarization rotated
by ϕp and ϕp + π/2 from an equivalent monostatic system.
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The resulting effect is a potential enhancement in the target
discrimination capability of a companion mission when com-
bined with the monostatic acquisitions. It was assessed that the
angle ϕp varies from a few degrees for short baselines, or high
incidence angles, to 20–25◦ for baselines of 300 km and low
incidence angles (<30◦). A companion mission with large
baseline, such as the Earth Explorer 10 Harmony candidate,
experiences therefore a diversity in the polarimetric sensitivity
across the swath.

It was further observed that the principal polarizations are
characterized by a substantial alignment between specular
scattering and second- (or higher) order Bragg scattering
components. The direction of the two components is the same
for the strongest return polarization (PTPM −PRPM ), whereas
it is opposite for the weakest return one (PTPm − PRPm).
The interaction of these two components determines a larger
polarization rotation and a lower scattered intensity for a
transmission in H with respect to V. Although the use of
the vertical polarization would therefore be more convenient
for SNR-driven applications, the larger rotation of H provides
better separability potential between scattering mechanisms,
e.g., for ocean applications. In either case, it can be concluded
that a bistatic systems shall not rely on a single traditional
channel HH or VV in receive but they shall seek for the
optimal receive polarization, provided their dual-polarimetric
capabilities.

APPENDIX A
ANALYSIS OF THE REFLECTION SYMMETRIES

Let consider a coherent target with a symmetry plane
corresponding to the bisector plane. This latter is defined as
the plane formed by the bisector ŝ + î and the scattering
plane normal ŝ × î/|ŝ × î |. Suppose then that the reference
horizontal axes of the transmit and receive polarization planes
lie on the scattering plane and that consequently for the
vertical polarization v̂i = v̂s = î × ŝ/|î × ŝ| holds. Using
the backward scattering alignment (BSA) convention, the
horizontal polarizations in transmit and receive are defined,
respectively, by ĥi = î × v̂i and ĥs = ŝs × v̂. To derive
the effect of the symmetry on the scattering matrix, we shall
first observe that in such symmetric scenario we can exchange
transmitter and receiver, and thus the following relationships
hold:

Shh
�
î, ŝ

� = Shh
�
ŝ, î

�
(38)

Svv
�
î, ŝ

� = Svv
�
ŝ, î

�
(39)

Shv

�
î, ŝ

� = −Shv

�
ŝ, î

�
(40)

Svh
�
î, ŝ

� = −Svh
�
ŝ, î

�
(41)

where the sign inversion for the cross-polarized terms is due
to BSA convention, as the symmetry is achieved by inverting
the direction of the horizontal received field component with
respect to the horizontal unit vector ĥs . By further accounting
for the scattering reciprocity conditions

Shv

�
î , ŝ

� = Svh

�
ŝ, î

�
(42)

Svh
�
î , ŝ

� = Shv
�
ŝ, î

�
(43)

valid for all the scattering scenarios, and by combining (40-41)
with (42-43), the fundamental property

Shv
�
î , ŝ

� = −Svh
�
î , ŝ

�
(44)

for the geometry mirroring with respect to the bisector plane
is obtained. Note that in the monostatic case, i.e., a target
symmetry with respect to the incidence plane, (44) leads to
Shv = Svh = 0. The symmetry problems can also treated by
accounting for an adjoint term in the scattering matrix. In the
case of bisector mirroring, the target can be represented by the
superposition of a generic nonsymmetric component S� and by
this adjoint (mirrored) component S��, defined as

S = S� + S�� =
�

a b
c d

�
+

�
a −c

−b d

�
. (45)

The symmetry problem for incoherent targets is an exten-
sion of the coherent case, which implies to consider an
ensemble of scatterers. By referring to (45), let us consider
two distinct populations of scatterers S� and S�� with their
elements {a�, b�, c�, d �} and {a��, b��, c��, d ��}, which shall now
be interpreted in a stochastic sense, i.e., it is implied that the
first- and second-order moments are the same. The properties
will hence be derived for the second-order statistics

γi j i j = �
Si j S∗

i j

� =
�

S�
i j S

�∗
i j

� + �
S��

i j S��∗
i j

�
2

γi j j i = �
Si j S∗

j i

� =
�

S�
i j S

�∗
j i

� + �
S��

i j S
��∗
j i

�
2

with i, j = {h, v}. The first equation represents the average
power of each polarization and the second equation the cross-
covariance terms. It is readily shown that the amplitude and
sign constrains between Shv and Svh further reduce the degrees
of freedom in the covariance elements as they lead to

γhvhv =
�|c|2� + �|b|2�

2
= γvhvh

γhvhh = �ba∗� − �ca∗�
2

= −γvhhh

γhvvv = �bd∗� − �cd∗�
2

= −γvhvv . (46)

The covariance term between the cross-polarizations instead
takes the real-valued expression

γhvvh = �bc∗ + cb∗�
2

= �R#
cb∗$�

(47)

that cannot be further developed, since, in a generic mirror-
ing problem, no additional relationships can be established
between c and b. More simplifications are expected in case
of scattering reciprocity. A reciprocity scenario implies the
scattering invariance with respect to the rotation of the target
by π about the bisector. In such a case, we would observe in
the coherent case

S = S� + S�� =
�

a b
c d

�
+

�
a c
b d

�
(48)

so that Shv = Svh ,, whereas for incoherent scattering we can
readily derive

γhvhv = γvhvh
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γhvhh = γvhhh

γhvvv = γvhvv (49)

and for γhvvh the same expression in (47) still applies.
By combining both reciprocity and bisector mirroring, and
thus to satisfy both (46) and (49), we would finally achieve
a covariance expression similar to the reflection symmetry in
monostatic case

C =

⎡
⎢⎢⎢⎢⎢⎣

γhhhh 0 0 γ ∗
vvhh

0 γvhvh γ ∗
hvvh 0

0 γhvvh γhvhv 0

γvvhh 0 0 γvvvv

⎤
⎥⎥⎥⎥⎥⎦ (50)

where no additional constraints on γvvhh and γvhvh can be
generally formulated. It can finally be noted that the condition
γhvvh = γhvhv = γvhvh is achieved only in a scenario
where every element in the population satisfies the scattering
reciprocity, in a coherent sense. This is for instance the case
of monostatic configurations.
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