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Abstract—This work introduces a methodology to decom-
pose the ground and volume scattering contributions using
polarimetric interferometric synthetic aperture radar (PolInSAR)
acquisitions. The introduction of interferometric information
allows to overcome the limitation of conventional polarimetric
model-based decompositions and to obtain full-rank polarimet-
ric coherency matrices for the ground and volume scattering
contributions. This is achieved by establishing a link between
polarimetric and interferometric measurements in the context
of a two-layer model. Assuming that these two dimensions of
the data are separable, the polarimetric response of the two
layers may be obtained as a function of their interferometric
coherences. The proposed approach is applicable to single-
baseline as well as multibaseline PolInSAR data. Accordingly,
the technique is applied and evaluated with real single-baseline
and multibaseline PolInSAR data at P-band and L-band acquired
by the German Aerospace Center (DLR)’s F-synthetic aperture
radar (SAR) airborne sensor over a tropical forest from the
AfriSAR 2016 campaign. Experimental results demonstrate the
effectiveness of the proposed decomposition, which provides a
uniform high-entropy volume component, while the retrieved
ground layer preserves topographic features consistent with the
expected polarimetric orientation angle (POA). The analysis
confirms the capability of the method to retrieve full-rank
component matrices without imposing polarimetric constraints
on the scattering mechanisms.

Index Terms—Polarimetric interferometric synthetic aper-
ture radar (PolInSAR), polarimetric synthetic aperture radar
(PolSAR) interferometry, polarimetry, synthetic aperture radar
(SAR), two-layer model.

I. INTRODUCTION
OLARIMETRIC synthetic aperture radar (PolSAR) data
allows to assess the geometric and dielectric proper-
ties of scatterers by exploiting the vectorial nature of the
electromagnetic waves. PoISAR systems employ orthogonal
polarizations in transmission and reception to characterize the
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polarization dependence of the scattering process [1]. As a
result, POISAR data are used for the estimation of geophysical
and biophysical parameters of the scene [2], [3]. In addition
to quantitative parameter estimation, PoOISAR data have been
used to decompose complex scattering processes into simpler
or elementary contributions that can either be used as a whole
to interpret these complex scattering interactions or to isolate
individual scattering contributions that are then used for quan-
titative parameter estimation [4], [5], [6], [7], [8]. However,
polarimetric decomposition approaches are critically limited
by the fact that the number of independent measurements
provided by PolSAR observations is rather small. This limits
the number and/or complexity of the individual scattering
contributions that can be used to decompose the scattering
process, leading to a loss of information content about such
scatterers.

A way to overcome these limitations has emerged through
the combination of polarimetry and interferometry. Indeed,
interferometric synthetic aperture radar (SAR) measurements
with angular diversity (e.g., across-track InSAR) are sensi-
tive to the vertical distribution of scatterers and allow to
separate surface scatterers (e.g., scatterers with very limited
or even Dirac-like vertical extent) from volume scatterers
(e.g., scatterers with vertical extent) [9]. Coherent polarimetric
interferometric SAR (PolInSAR) scattering models based on
two layers, corresponding to the ground and the vegetation,
have been used traditionally to extract forest and agriculture
biophysical parameters. Examples of these PolInSAR models
are, for instance, the random volume over ground (RVOG) [10]
or the interferometric water cloud model IWM) [11]. These
models describe the observed interferometric coherences, and
they may be used to invert physical parameters, like the
vegetation height or the extinction coefficient.

Although these PolInSAR models may be used to get
reliable information about the vertical reflectivity profile, they
do not provide direct information about the polarimetry of the
involved layers. This type of information would be very useful
for a detailed analysis of the temporal evolution of crops and
forest or for detecting structural and environmental changes.
Some studies have tried to shed some light in this direction
by extending the same concept employed in these PolInSAR
models to get additional information about the ground or
volume components. The concept of the negative alpha filter,
for instance, was introduced in [12] in order to get information
about the ground below a vegetation layer. Other approaches
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have tried to expand the polarimetric decomposition models
to PolInSAR, as in [13] and [14], where the same concept
of the Freeman—-Durden decomposition has been employed to
PolInSAR data.

Alternative approaches derived from SAR tomography have
also tried to tackle the layer separation problem from a differ-
ent perspective. In [15] and [16], the coherency matrix of SAR
tomographic data was decomposed into a sum of Kronecker
products (SKP). An estimation process was also proposed
based on the least-squares approximation by a Kronecker
product decomposition [17]. The SKP assumption implies the
separability between polarimetry and interferometry aspects of
the data, as it is also assumed in many PolInSAR physical
models. The least-squares approximation process, however,
obtains solutions that do not necessarily fit the classical
interpretation of the vertical reflectivity profiles employed in
PolInSAR models as, for instance, the ground delta assump-
tion. Although this might have some advantages, as it does
not imply any assumption on the vertical reflectivity profile, it
complicates the physical interpretation of the obtained compo-
nents. Moreover, this inversion process is not unique, leading
to different solutions equally valid which require additional
constraints [15]. Other approaches have tried to circumvent
some of these limitations by proposing a hybrid decomposition
approach [18], where a physical model is imposed for the
ground component while the volume is approximated from the
data. An indirect way to analyze one of the two components is
to apply polarimetric or interferometric models to cancel the
response of one specific layer. This idea has been employed to
improve the estimation of underlying topography [19] and also
to estimate the volume only response by canceling the ground
signal [20]. It is worth mentioning, however, that although
the ground response is removed in [20], the obtained volume
component is also modulated depending on its vertical reflec-
tivity profile. Similar ideas have been explored in the context
of SKP-based decompositions. In particular, Zeng et al. [21]
established a relationship between the interferometric structure
and polarimetric matrices by expressing the structure matrix
as a function of fixed polarimetric responses for the ground
and volume components. Although this approach improves
the estimation of structure matrices for digital terrain model
(DTM) and canopy height model (CHM) retrieval, fixing the
polarimetric responses inherently limits the exploitation of the
remaining polarimetric diversity for decomposition purposes,
especially in complex scattering scenarios.

Therefore, different strategies have been proposed to address
the ground and volume separation problem with PolInSAR
and tomography. Algebraic approaches, as those based on the
SKP, provide a mathematical separation of the contributions,
offering additional degrees of freedom that do not necessarily
adhere to specific vertical structures. Conversely, physical
model-based approaches typically apply some constraints to
the solution space by fixing or canceling specific polari-
metric responses. As a consequence, there is an interest in
exploring methodologies based on the two-layer model to
separate ground and volume contributions while preserving the
full polarimetric information of both layers without imposing
specific scattering mechanisms.
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In this work, a direct analytical relationship expressing the
polarimetric response of the ground and volume layers as
a function of their corresponding interferometric coherences
is established within the framework of the PolInSAR two-
layer model. This allows setting up a framework for the
decomposition of ground and volume scattering contributions
using polarimetric interferometric measurements. Unlike other
target decomposition approaches, the proposed method does
not impose a priori constraints on the polarimetric scattering
mechanisms. Instead, the separation exploits the interferomet-
ric information of the PolInSAR two-layer model. This allows
for the retrieval of general, full-rank polarimetric coherency
matrices for both layers.

II. POLINSAR TWO-LAYER MODEL
Multibaseline PolInSAR configurations measure the scat-
tering matrix S [22] for each resolution cell at N different
across-track baselines. For the basline i, the scattering vector
in the Pauli basis k; [4] may be expressed as
Si

hv

- S

v

V2
where S i?q represents the complex scattering coefficient for
p.q € [h,v] received and transmitted polarization combina-
tion, h and v stand for horizontal and vertical polarizations,
respectively, and 7 stands for vector transpose.

The multibaseline scattering vector k may be obtained by
concatenation of all the k; scattering vectors

ki [Si,+ S0, Sk, +su,17

k=K'l k5] )

If the number of individual scattering elements within the
resolution cell is sufficiently large, that is, in a distributed
scattering scenario, then the central limit theorem applies
[23]. In this case, k becomes a zero-mean complex Gaussian
distributed vector that may be completely characterized by the
multipolarization multibaseline coherency matrix Zy

Ty Qp Qiy
Qf, Txn Qoy
Zy=E{k K"} = (3)
Q{_IN QgN Tyn
where ' represents the complex Hermitian transpose, E{}

denotes the statistical expectation, T;; are the polarimetric
coherency matrices for acquisition i and €;; the PollInSAR
matrices between i and j acquisitions.

The interferometric coherence ;; between acquisition i and
Jj for a particular polarization state w [9] may be expressed as

WHQ,'J'W

\/WHT,','W . WHTij

Yij (W) = “4)

This interferometric coherence 7;;(w) can be decom-
posed into a product of several contributions. These include
decorrelation due to nonideal SAR system and process-
ing implementations, different scatterers phase under distinct
acquisitions geometry, or geometric and dielectric changes of
the scatterers in the time between the two acquisitions [24],
[25]. In the following, it will be assumed that y; (W) expresses
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only the volume decorrelation term [11], which represents the
coherence loss due to volume scattering in vegetated areas:

o (z. w) e’ dz

/ o (z,w) dz

where 0%(z, w) represents the vertical reflectivity profile as
a function of height (z) and polarization (w) and k is the
vertical (interferometric) wavenumber between acquisitions i
and j. It is defined, for the monostatic case, as

_ ar Agl j
%A sin(6p)
where 6, is the nominal incidence angle, A is the wavelength,

and Af;; is the change of incidence angle induced by the
across-track baseline between acquisition i and j.

Yij (W) = )

(6)

A. Two-Layer Model

According to the two-layer model, the scattering may be
decomposed into two main contributions represented by two
vertically adjacent layers. For a vegetation scenario, the two
layers correspond to the volume (top) and ground (bottom)
scattering components. Under this assumption, the scattering
may be expressed as

o (z,w) = o) (z, W) + o0 (z, W) (7)
Pg(W)Fg(Z)+Pv(W)FV(Z) ®)

[l

where the subindexes g and v represent the ground and volume
components, respectively, P;(w) represents the total scattering
power of each layer [/ € [g,v] at polarization state w, and
Fi(z) is the normalized vertical reflectivity profile such that
[ Fi(z)dz = 1.

Introducing (8) into (5), the interferometric coherence
between acquisition i and j may be approximated as

Pv(W)%")j"'Pg(W)?’?}
P, (w) + Py (W)

YRy

L uw

where the tilde in %;;(w) represents the observations modeled
according to the two-layer assumption and yfj and y;; represent
the ground and volume interferometric coherences, defined as

)

Yij (W) =

(10)

Vi = / Fi(z) e’ dz (11)
with [ € [g,v] representing the layer, and u(w) is the ground

to volume ratio
P, (w)

P, (W)’

The approximation in (8) encapsulates the main assumption
of the two-layer model: the normalized vertical profiles F,(z)
and F\,(z) are independent of w, making the ground and
volume coherences yf] and y;; independent of the polarization
state. This assumption is also referred to as random volume,
in contrast to oriented volume, where different volume profiles
are assumed for different polarization states.

p(w) = 12)
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Fig. 1. Coherence region for the two-layer model on the complex plane.
A segment of the line between y¢ and 7" is obtained according to u(w)
values.

The two-layer model assumption in (8) also allows to define
the polarimetric coherency T;; and PolInSAR €;; matrices in
(3) according to the two-layer model, as already noted in [26]
and [27], as

”fii = Tg + Tv
Qij = ¥§Te + )T,

13)
(14)
where T, and T, are the polarimetric coherency matrices of
the ground and volume components, respectively, and yf’j and
yle represent their interferometric coherences, defined in (11).
It is worth to note that with this definition the ground and
volume powers in (8)—(12) may be obtained as
P, (w) = wh T,w

P, (w) = wT,w.

15)
(16)

According to the described two-layer model, the multibase-
line coherency matrix Zy may be approximated by an SKP,
as described in [15], by applying (13) and (14) into (3)

Zy=R,®T,+R,®T, (17)

where Zy represents the two-layer model approximation of
Zy, and R, and R, are the N x N positive semidefinite
structure matrices of the ground and volume, respectively.
They contain ones on the diagonal and the coherences (yfj
and })) in the off-diagonal elements

} 7’112 ?’juv
1 1 %
R, = .]2 . %N , forle(g,v). (18)
Yiv Yy 1

B. Coherence Linearity

As it may be seen in (10), under the two-layer model
assumption previously described, the set of all possible coher-
ences for different polarization states “y;;(w), also known as
coherence region [28], is a line segment between the two-
layer coherences yf]. and v}, bounded by the ground to volume
ratio u(w) values [10]. This line and the coherence region line
segment are represented in Fig. 1. In general, distinct two-layer
models differ in the interpretation of these layers or in the
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Fig. 2. Block diagram of the proposed method. Modeling assumptions are
highlighted in blue color.

definition of their vertical characteristics F;(z). The coherence
linearity, however, is always obtained (given the mentioned
assumption) regardless of the employed vertical reflectivity
profile. Therefore, assuming the PolInSAR two-layer model,
the observed coherence region v;;(w) can be geometrically
interpreted as a line segment. This interpretation is essential for
deriving the ground and volume decomposition, as discussed
in Section III.

The coherence linearity has been observed in a wide
range of scenarios, including forest and vegetation in general,
especially at lower frequencies like P-band and L-band [3].
Moreover, the validity of this assumption, as introduced in
(13) and (14), may be tested with statistical tests [27] or
approximation error measures [26].

III. GROUND AND VOLUME RESPONSE DECOMPOSITION

The block diagram of the proposed method is shown in
Fig. 2, where different modeling assumptions are clearly
highlighted in blue color. As it may be seen, the proposed
technique is based on the two-layer model and coherence
linearity previously explained in Section II.

Equations (13) and (14) allow to extract the ground and
volume polarimetric coherency matrices T, and T, from
the ground and volume interferometric coherences y;"j and
Yi;- According to (13), the polarimetric T; matrices should
be equal for all the acquisitions. This is a consequence of
the assumption that layer components, Pg(w) and P,(w),
are constant for all the acquisitions. However, this is not
generally the case in real data, as small differences may
be observed due to speckle and other noise sources. Some
approaches try to achieve the ground and volume components
that best approximate all the Zy elements based on some
metric, like the Frobenius norm [15], [18]. In this article, the
ground and volume separation is defined as a decomposition
problem where the polarimetric coherency matrix T;; of each
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acquisition is exactly decomposed into two components such
that T; = T,, + T,,, removing the approximation ii in
(13). To achieve this, a polarimetric whitening is applied, and
the assumption of constant ground and volume components
between acquisitions is moved to the whitened space, as can
be seen in Fig. 2.

A. Polarimetric Whitening

A polarimetric whitening filter is first applied to the data
to effectively project it into a normalized observation space
common to all acquisitions. This serves two main purposes:
1) to compensate for polarimetric variability between baselines
due to slight differences in the T;; matrices and 2) to achieve
an exact separation of ground and volume components through
total power normalization, ensuring the preservation of total
backscattering energy. In the most general case, for the multi-
baseline coherency matrix Zy defined in (3), the polarimetric
whitening is expressed as

I I Iy
_1 _1 my, I L1 G
Z,=NZyN,;> =| . (19)
oy My -1
T, 0 - 0
0 Ty - 0
Nr = (20)
0 0 Tny

This filter allows to obtain the interferometric coherences

as the numerical range of the II;; matrices [9], [27]
_1 _1

II;; = TiiZQ,-jTjjz. 21

According to the two-layer model, the polarimetric (13) and

PolInSAR (14) matrices in the whitened domain are rewritten
as

I= Tgw + T, (22)

ﬁij = ’yf]Tgw + 'y;)ijw (23)
1 1

Tii = T} (Tgw + To) Tz = Ty, + T, 24)

where T, and T,, are the whitened polarimetric ground
and volume coherency matrices. While T,, and T,, are, by
definition, constant across acquisitions, Ty, and T,, may be
different for each acquisition i after the dewhitening through
(24

1 1
) 2
8ii T Tii Tngii
1 1

-T2 2
T,, =T;T,,T..

T (25)

(26)

Note that this whitening process only affects the polari-
metric information. Therefore, the whitened Z,, in (19) may
be approximated by an SKP form with the same structure
matrices as in (17)

Z,=R,®T,, +R,®T,,. Q7
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B. Ground and Volume Polarimetric Components

From (22) and (23), the whitened ground and volume
coherency matrices T,, and T,, are estimated from the
interferometric ground and volume coherences

IL;; — ;1

T,, = H ’—yzf (28)
Yii ~Vij
II;, —y' .1

Too = H | —o—0- (29)
Yii ~7ij

where H(A) denotes the Hermitian part of matrix A, defined
as H(A) = (A + A)/2. In the multibaseline case, the average
of the ground and volume components T,,, and T,, in (28)
and (29) over all the baselines may be performed.

From these equations, one can observe that the separation of
ground and volume polarimetric responses Tg, and T,, reduces
to estimating their respective interferometric coherences ;;
and ;.

C. Ground and Volume Coherence Estimation Ambiguities

As mentioned before, the observed PolInSAR coherence
region represents only a segment of the line between 5,
and y;;. This poses a problem for model inversion since
all the points in the line outside the coherence region are
possible solutions for y;gj and y;; [10]. A representation of these
ambiguities in the complex plane is shown in Fig. 3(a). The
model inversion is ambiguous and, therefore, several equally
valid T,, and T,,, responses may be extracted.

Assuming coherence linearity, fixing one of the coherences
defines the coherency matrix of the other component up to
a scalar factor. This is observed in (28) and (29), where the
numerators are matrices while the denominators correspond
to scalars. This scalar factor is inversely proportional to the
distance between ground and volume coherences. For instance,
fixing the ground coherence yfj defines the coherency matrix
of the volume T,,, up to a scalar factor 1/ (y;]. - yf_'i). This effect
is shown in Fig. 4, where the volume coherence is changed
over the range of possible y;; solutions shown in Fig. 3(a).
To illustrate this, the total power (coherency matrix trace) and
polarimetry (entropy H and mean alpha angle @ parameters)
of the extracted ground and volume components are shown.
It can be seen that the power distribution of both components
is changing (top plot), but only the polarimetry of the ground
component varies (bottom plot). From (28), a scalar factor ¢
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Fig. 5. Effect of the ground coherence y# selection over the range shown in
Fig. 3(a) on the extracted ground T and volume T, components.

of the same volume ¢ - T, is obtained when changing ;;
over the line, resulting in a constant plot for H, and @,.

The symmetric behavior is observed when changing the
ground coherence while keeping the volume coherence fixed,
as shown in Fig. 5. In this case, the polarimetry of the ground
is fixed up to a scalar factor (¢ - T,,), while the H, and @,
components change when varying y‘ng

The ambiguity in the selection of yf] is usually resolved
by assuming that the ground is an impenetrable surface.
Thus, in the absence of nonvolumetric decorrelation sources,
the ground coherence lies on the unit circle, as Iy;.gjl =1
Under this assumption, y‘fj can be estimated as the intersection
of the coherence line with the unit circle [10]. To resolve
the ambiguity in y};, an additional assumption is required.
Commonly, t;, = 0 is assumed [10], which corresponds
to fixing ;; at the end of the coherence region. This sug-
gests that there is a polarization with no ground scattering
contribution, which implies that the ground coherency matrix
is of rank 2. This regularization might be reasonable at
higher frequencies, dense and tall vegetation but becomes
problematic at lower frequencies and sparser vegetation, where
a significant ground contribution can be present at all the
polarizations. In those cases in which this assumption does
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not hold, the obtained ground and volume components may be
biased.

In the multibaseline scenario, it is worth noticing that adding
more baselines does not help to resolve the ambiguities. We
are adding more observations but also more unknowns, as
the corresponding layer coherences y;; and 7;; should also
be estimated for the new baselines. However, although adding
more baselines does not resolve the ambiguity, it may reduce
its region length. The fact that structure matrices also need to
be positive semidefinite, i.e., Rg, R, > 0, imposes additional
constraints on the possible coherence yf.j values, as shown
in the structure matrices definition in (18). These positive
semidefinite constraints for coherency and structure matrices
are represented in Fig. 3(b). In the single-baseline case, as
only one coherence is contained in the structure matrices, the
positive semidefinite constraint reduces to |y/| < 1.

D. Adding a Vertical Reflectivity Profile Parametrization

Another approach to solve the mentioned ambiguities and,
at the same time, to extract bio/geophysical properties of the
scene from PolInSAR data is to assume a vertical reflec-
tivity profile parametrization for the ground and volume
components, i.e., F¥(z,®,) and F’(z, ®,). Thus, the vertical
reflectivity profiles can be characterized by a small number of
parameters, represented by ®, and ®,. Moreover, the ground
and volume coherences of different baselines, y;,(®,) and
7:/(®,), can now be related with these parameters through
(11). Then, the model inversion process now involves the
estimation of the ®, and ®, parameters that are possible
solutions to the two-layer model, as previously discussed in
Section III-C. If the number of parameters required for the
profile parametrization is smaller than the number of baseline
combinations, the inversion problem may be solved. This
corresponds to the second assumption highlighted in Fig. 2.

As already mentioned, one common profile parametrization
is to assume the ground layer as an impenetrable surface
[10]. This means that the vertical reflectivity profile of the
ground layer F#(z) corresponds to a delta function located at
the ground level A

F8(z,ho) = 6 (z = ho). (30)

The corresponding ground coherences 'y‘fj will be at the unit
circle for all the baselines, according to (11) [10]

Y5, (ho) = e/ = e/ 31)

where q)?j represents the ground phase and /g is the ground
layer height with respect to the reference.

The volume component has been traditionally described by
physical models as a uniform volume extending vertically from
the ground Ao up to a given height &,. This parametrization
leads to an exponential extinction vertical profile [3], [10]

F’ (Z, h\u o, hO) — e—2(7'v(h‘,+ho—z)/ cos 6 (32)
2o.ejkz,-jho

vV — .
Yij (hy, oy, ho) = cos 0 (e2<rhv/ cosd _ l)

h,
jk..
/ ekt g2oe/ cosd dz
0

(33)
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sigma [dB/m]
height [m]

0.0 0
Close to unit circle Close to coherence region

Fig. 6. Height and extinction values obtained for the possible solution of the
line. The simulated values (k, = 20 m and o, = 0.1 dB/m) are marked by
the intersection with the vertical dotted line.

where h, and o, represent the volume layer height and
extinction, respectively, and 6 represents the incidence angle.

While these vertical reflectivity profile approximations are
standard in PolInSAR forest height inversion, deviations may
occur in the presence of complex subsurface ground scattering
or highly stratified vegetation structures. Nevertheless, this
simplified layer parametrization has proven to be sufficiently
robust to characterize the scattering contributions in a wide
variety of forest scenarios, especially at lower frequencies
[3], [10], effectively balancing model complexity with obser-
vation space dimensionality. In the following, the PollInSAR
two-layer model ground and volume decomposition using a
uniform volume parametrization with exponential extinction
for the single-baseline and multibaseline cases are addressed.

1) Single-Baseline Inversion: The first step is to estimate
the coherence line. Several methods may be found in the
literature as, for instance, a linear regression of a set of
coherence values for different polarizations [10] or a Frobenius
norm minimization [26] of the full PolInSAR matrix.

Assuming the delta profile defined in (30) and (31), the
ground coherence will be at the intersection of the coherence
line with the unit circle, solving one of the ambiguities shown
in Fig. 3(a). The volume coherence may be moved from
the end of the coherence region, following the line, to the
unit circle, as all the points outside the coherence region are
equally valid solutions [y" ambiguity in Fig. 3(a)] [10]. The
single-baseline observation space cannot resolve the remaining
ambiguity in the location of the volume coherence with the
model described in (32) and (33), as several combinations of
height &, and extinction o, parameters may lead to these y”
values, as shown in Fig. 6 for the simulated data of the example
in Fig. 3(a).

However, there are ways to regularize the problem and
obtain an approximate estimate of 3. One possible regu-
larization is, for example, to fix the volume extinction o,
parameter while allowing to change the height A,. This allows
the estimation of a volume coherence located beyond the end
of the visible coherence line and so the estimation of a rank
3 ground coherence matrix.

Instead of using the uniform volume, another approach to
solve the ambiguity would be to fix the normalized vertical
reflectivity profile shape while changing only the vertical
extent of it. In this case, the volume reflectivity profile will
be parametrized with just one parameter, the height 4,, and
a single-baseline PolInSAR acquisition will be enough to
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135°

Fig. 7. Simulated coherence regions with 4, = 20 m and o, = 0.1 dB/m
for k; = (0.1,0.2,0.3). The possible solutions for the k; = 0.1 line are
marked in magenta. The corresponding (h,,0,) set of values of these solutions
(see Fig. 6) have been projected over the other two coherence lines with
k. = (0.2,0.3). Red lines mark the volume coherences evolution for these
solutions while increasing k; in the interval [0,0.3]. The magenta lines inter-
sect the coherence lines only at the simulated y”, marked with a green star for
each k;.

resolve the ambiguity, potentially extracting full-rank ground
and volume components. This approach may be useful in the
context of new SAR missions like ESA BIOMASS [29], [30],
where the vertical reflectivity profile shape will be extracted
during the first tomographic phase and can be later used during
the interferometric phase [31], with a more limited number of
baselines.

2) Multibaseline Inversion: In general, a unique solution
may be obtained in the multibaseline case if more baselines
than profile parameters are available. When N acquisitions
are available, the least-square minimization may be performed
over the whitened multipolarization multibaseline coherency
matrix T,,. With the exponential profile parametrization
described previously, this can be expressed as

N
min 3 HHU - (yijvw T y;?jTgw)
Jli<j

hoshy,0y <
1,

2
A

where T,, and T,, may be estimated as the all-baselines
average of the Hermitian part of the matrices defined in (28)
and (29) and the ground and volume coherences yfj and y};
are defined in (31) and (33).

In order to better understand why imposing a vertical
reflectivity parametrization solves the s, and o, ambiguities
previously discussed in a multibaseline acquisition, Fig. 7
shows the set of solutions of Fig. 6 for the single-baseline
case, the magenta lines, projected over the same simulated
coherence lines for different baselines. As it may be seen, the
set of parameter solutions valid for the first baseline (k, = 0.1)
only intersects the coherence lines from other baselines at one
point, marked with a green star, corresponding to the simulated
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Fig. 8. Lidar (a) reference terrain model and (b) forest height. (c) Range and
(d) azimuth slopes.

model parameters. This means that, when combining different
baselines, there is only one model parameter solution that is
valid for all of them at the same time, corresponding to the real
value. This was already noticed in [32], where dual-baseline
PolInSAR data were used to solve the uniform volume with
exponential extinction model in (33).

It may also be seen in Fig. 7 that the larger the baseline dif-
ference, the larger the intersection angle between the solution
space lines. This means that, in order to have good con-
ditioning for an unambiguous model inversion, significantly
different baselines should be preferred. On the other hand,
larger baselines are usually affected by a stronger volume
decorrelation, resulting in lower coherences, which suffer from
stronger variance and larger estimation bias [33]. This suggests
that there is a tradeoff between the distinct baseline values
and its separation for a stable and well-conditioned model
inversion. It is also worth mentioning here that the coherence
separation on the complex plane is dependent on the product
between the vertical wavenumber k, and the volume height
h,, as it may be seen in (33), involving that the preferred
baselines depend also on the vegetation layer height [34]. In
this context, a multibaseline approach has the advantage of
potentially having a good set of baselines for a wide range of
scenarios.

IV. RESULTS AND DISCUSSION

In order to demonstrate the proposed approach, experimen-
tal data acquired in the context of the AfriSAR campaign are
used. The campaign was conducted in 2015 and 2016 as a
joint effort of different space agencies ESA, NASA, ONERA,
German Aerospace Center (DLR), and AGEOS over different
forest sites in Gabon [35], [36]. In this work, L-band and
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Fig. 9. Pauli RGB of the reference acquisition at (a) P-band and (b) L-band.
The extracted ground and volume components with the multibaseline approach
are shown in (c) and (d) and (e) and (f) for P-band and L-band, respectively.
Black areas in (c)—(f) correspond to masked areas where no DTM is available
or where the model could not be inverted.

P-band SAR quad-polarimetric acquisitions performed by
DLR’s FSAR airborne sensor are used, acquired in February
2016 in a repeat-pass interferometric mode over the Lopé site.
This site is located within the Lopé National Park and features
a variety of structure types ranging from open savannas to
undisturbed tall (sometimes exceeding 50 m) dense forest
stands [37], [38]. The terrain is hilly with local slopes steeper
than 20°, as it may be seen in Fig. 8. The Pauli RGB color
composite [2] of the reference (e.g., “primary”) acquisition at
P-band and L-band are shown in Fig. 9(a) and (b). In both
frequencies, the terrain modulation of the scattering behavior
is evident.

The SAR dataset consists of 12 airborne acquisitions
acquired on February 10, 2016. L-band and P-band were
simultaneously acquired at different vertical baselines with
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respect to the reference at approximately +10, 420, 440, +60,
and £80 m and two additional horizontal baselines at +5 and
+10 m, allowing vertical wavenumbers with respect to the
reference at the center of the scene ranging approximately
from —0.17 to 0.17 rad/m at P-band and from —0.5 to 0.5
rad/m at L-band. Additionally and almost parallel to the SAR
measurement campaign, a high-resolution lidar dataset has
been acquired, covering part of the Lopé test site. From this
lidar, the DTM and forest height have been extracted, as shown
in Fig. 8(a) and (b) in radar geometry. The range and azimuth
slopes may be obtained from the DTM, as shown in Fig. 8(c)
and (d), respectively. As it may be seen, large topographic
features may be observed on the Lopé test site with several
hilly slopes.

It is worth noting that while the lidar data enables the
quantitative validation of the geometric estimates, no ground
truth is available to directly validate the separated polarimetric
responses of the ground and volume layers. Consequently, the
performance of the polarimetric decomposition is evaluated
based on the physical consistency of the results and their
correlation with the expected terrain features.

A. Multibaseline Results

First, the multibaseline approach, as defined in Sec-
tion III-D2, is analyzed and discussed, as it allows to remove
the mentioned model inversion ambiguities assuming an
exponential vertical reflectivity model. Afterward, the single-
baseline approach will be considered. Although in theory only
two different baselines are required in order to solve the ambi-
guity, here for completeness all the baselines are used, and the
minimization in (34) is performed, using the ground delta and
volume exponential vertical reflectivity models defined in (31)
and (33). The Pauli RGB of the reference images at P-band
and L-band may be seen in Fig. 9(a) and (b), respectively.
Similarly, the Pauli RGB of the obtained coherency matrices
T,, and T, for the ground and volume components of
the same image are represented in Fig. 9(c) and (d) and
(e) and (f), respectively. The areas where the model could
not be inverted are represented in black. They are mainly
surface and bare areas, where the two-layer model does not
apply. The lidar DTM shown in Fig. 8(a) has been employed
to fix the ground level, as it will be used in the following
to analyze the obtained components. For this reason, the areas
where no lidar information is available have also been masked
in Fig. 9(c)—(f).

As it may be seen in Fig. 9, the obtained volume compo-
nents, in Fig. 9(d) and (f), are very homogeneous, presenting
only some small intensity variations. On the other hand, the
ground component, shown in Fig. 9(c) and (e), presents a
larger variability, presenting many more details of the image.
This is especially clear looking at the variations induced by
topography, which appear clearly on the ground component
but they are almost not visible on the volume. Moreover, the
ground component presents a larger variability in terms of the
type of scattering, as it may be seen in the color variation in
Fig. 9(c) and (e) with respect to Fig. 9(d) and (f).

In order to complement the Pauli RGB images, Fig. 10
shows the entropy (H), anisotropy (A), and mean alpha angle
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Fig. 10. Entropy (H), anisotropy (A), and mean alpha angle (@), in rows, of the reference acquisition, ground, and volume components at P-band and L-band,
in columns. (a) H original P-band. (b) H ground P-band. (c) H volume P-band. (d) H original L-band. (¢) H ground L-band. (f) H volume L-band. (g) A
original P-band. (h) A ground P-band. (i) A volume P-band. (j) A original L-band. (k) A ground L-band. (I) A volume L-band. (m) @ original P-band. (n) @
ground P-band. (0) @ volume P-band. (p) @ original L-band. (q) @ ground L-band. (r) & volume L-band.

(@) parameters of the Cloude—Pottier decomposition [4] for
the original, ground, and volume components at P-band and
L-band. All the decomposition parameters (H, A, and &)
present more homogeneous values for the volume than for
the ground component. In addition, it may be seen that the
volume component is characterized by a large entropy (H),
low anisotropy (A), and a mean alpha angle close to 45°,
corresponding to a random volume according to traditional
scattering models. The ground component, on the other hand,
has a larger variability, covering a wider range of values for
the decomposition parameters.

Fig. 11 shows the span (i.e., the matrix trace) of the
original, ground, and volume components (defined as tr(T,,)
and tr(T,,,), respectively) as a function of the terrain range
slope, only for forested areas in the scene. They have been
selected by thresholding the lidar-derived forest heights at
10 m. The top row [see Fig. 11(a)—(c)] shows the P-band,
while the bottom row [see Fig. 11(d)—(f)] corresponds to the
L-band plots. At P-band, the slope dependency of the volume
component (see Fig. 11) is slightly reduced when compared
with the original data [see Fig. 11(a)]. This is caused by the
ground scattering contribution included in the original data.
This effect is smaller at L-band, due to the lower ground
scattering contribution in the original data, which becomes
clear comparing Fig. 11(c) with Fig. 11. As it may be seen, the

Fig. 11. Span of the original, volume, and ground components, respectively,
with respect to local slopes at (a)—(c) P-band and (d)—(f) L-band.

dependency on the slope is larger for the ground component
[see Fig. 11(c) and (f)], appearing as a more tilted curve for
both P-band and L-band. In Fig. 11(c), it may also be seen
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Fig. 13. Distributions of the ground to volume ratio generalized eigenvalues
at (a) P-band and (b) L-band.

a small increase of the ground at P-band around 0° slopes,
corresponding to the dihedral ground—trunk component that is
relevant when they are perpendicular.

In order to see in more detail the difference between
P-band and L-band in terms of components power distribution,
Fig. 12 shows the span ground to volume ratio, defined as
tr(T,, )/tr(T,,,), over the scene. In general, the ground-to-
volume ratio observed at L-band is around 10 dB smaller
than at P-band. This difference is mostly produced by the
decrease of the ground power due to the larger attenuation
of the forest canopy at L-band. The plots shown on Fig. 11(c)
and (f) confirm this. Moreover, there is a small increase of the
volume component at L-band with respect to P-band, as seen
on Fig. 11(b) and (e), that also contributes to this difference in
the ground to volume ratio. Similarly, the effects of the local
topography on the ground to volume ratio appear also clear in
Fig. 12.

However, Fig. 12 only shows the ratio of the total ground
and volume powers, but the ground-to-volume ratio changes
with polarization, as described before. Fig. 13 shows the
distribution of the eigenvalues of the ground to volume matrix
M = T;llng“, which maximize and minimize p(w) in (12)
[39], [40], over the image. Apart from the difference in the
mean values previously discussed, it may also be seen that
the difference between the maximum and minimum ground-to-
volume ratios (i, and ), corresponding to the difference
between A; and As, is larger at P-band than at L-band. This
implies that a bigger portion of the coherence line will be
visible at P-band, making the model inversion easier and more
robust. It should be noted that these results apply to tropical
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forests, according to the dataset employed, where the canopy
density is high.

Several scattering contributions may be found at the ground
level, i.e., surface, ground-trunk, and ground—volume inter-
actions. Among them, the surface scattering is particularly
interesting as it has a characteristic polarimetric signature
that may be identified through the topographic features of the
image. Particularly, the polarimetric orientation angle (POA) is
the rotation of the polarimetric response due to the rotation of
the scattering plane [41]. The orientation angle shift depends
on the incidence angle 6 and on the range and azimuth slope,
¢, and ¢,, respectively. This information may be extracted
from the reference lidar DTM, shown in Fig. 8. The POA y
may be then computed as [41]

tan ¢,

tany = —.
—tan ¢, cos 6 + sin 6

(35)

Different techniques are discussed and analyzed in [41] in
order to estimate the POA from the polarimetric response.
From all of them, the SgpS;; coherence seems to offer the
most accurate results. Accordingly, the POA estimated ¢ from
SAR data may be obtained as

g = (arg (< SgrSy, >) +7) /4

and replacing afterward the values where ¢ > /4 by ¢ — 7/2
[41].

Fig. 14(a) shows the POA ¢ estimated from the lidar DTM,
whereas Fig. 14(b)—(g) shows the POA zZ estimated using
(36) on the original [see Fig. 14(b) and (c)], decomposed
volume [see Fig. 14(d) and (e)], and ground [see Fig. 14(f)
and (g)] components at P-band (left column) and L-band (right
column). Some correlation may be found between the DEM-
derived ¢ and the ones estimated i from the original data,
although the results are quite noisy due to the presence of the
volume layer. On the ground component, shown in Fig. 14(f)
and (g), the obtained lf/ is more similar to the expected POA,
especially at P-band. At L-band, the results are not so close
to ¢ as, due to the shorter wavelength, the surface scattering
becomes more rough and less related to the orientation. In
addition, the smaller ground-to-volume ratio at L-band (see
Fig. 12) makes the estimation of the ground component more
difficult. The estimated POA  from the volume component
is completely noisy in both frequencies, as it may be seen in
Fig. 14(d) and (e), as it is unrelated to the orientation of the
azimuth slopes. The pdf of the POA estimation error (¢ — )
is shown in Fig. 15(a) and (b) for P-band and L-band for the
original, volume and ground components. These plots show
clearly the larger dependency of the ground component to the
POA due to a larger surface component present, especially at
P-band.

(36)

B. Single-Baseline Results

For the single-baseline case, as discussed in Section III-D1,
the model inversion is, in general, ambiguous. There are,
however, ways to constrain the solution space and obtain
unique solutions by introducing some regularization. Here, the
volume coherence has been fixed at the end of the coherence
region (i.e., to assume that there is one polarization with no
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Fig. 14. POA obtained from lidar DTM and estimated from original data
and ground and volume components at P-band and L-band. (a) ¢ from DTM.
(b) ¢ original P-band. (c) ¢ original L-band. (d) ¢ volume P-band. (e) ¢
volume L-band. (f) ¢ ground P-band. (g) U ground L-band.

ground scattering contribution), resulting in a rank 2 coherency
matrix for the ground component, as explained before. Fig. 16
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Fig.AIS, Distributions of the estimated POA error at (a) y —  P-band and
(b) ¥ — ¢ L-band.

shows the Pauli RGB of the obtained ground and volume
components at P-band for six different baselines. As it may
be seen, very similar results are obtained for all the baselines,
especially for the volume component.

To compare with the previous multibaseline analysis, the
POA is estimated from the reconstructed ground and volume
scattering contributions and compared with the POA estimated
from the DTM. The histograms of the difference between
the two POAs for different baselines are shown in Fig. 17.
In all cases, the obtained behavior between the ground and
volume components is different, obtaining a much flatter pdf
for the volume, as expected, while the ground component
concentrates around 0. However, some baseline dependency
may also be observed, as too small or too large baselines,
as Fig. 17(a) or (e), present lower peaks around O for the
ground component. This may be caused by the lack of vertical
sensitivity in the lower baselines and due to the increased
noise and bias due to lower coherences in large baselines
where more volume decorrelation may occur [34]. Compar-
ing the multibaseline with the single-baseline decomposition
results makes clear that the multibaseline approach performs
better by means of providing a rank 3 ground scattering
component and a POA that fits better to the one derived
from the DTM, as the iy —  peak is higher for the ground
component.

C. Comparison With Existing Methods

In order to contextualize the obtained results, it is worth
comparing the proposed methodology with other existing tech-
niques. While other methods can extract similar information
regarding the vertical structure of the scene, the proposed
technique is specifically formulated to provide a complete
and exact polarimetric decomposition, avoiding approximation
residuals that might alter the physical signatures of the ground
and volume components.

One of these relevant techniques is polarimetric SAR
tomography (PolTomoSAR) [42]. PolTomoSAR provides a
continuous, fully polarimetric vertical profile. However, its
vertical resolution is highly dependent on the tomographic
point spread function (PSF) [43]. As the number of baselines
is reduced, the PSF widens, representing the spread of the
reflected power over a larger vertical span. This makes the
discrete extraction of ground and volume matrices less precise,
especially when there is a significant power difference between
the layers. On the other hand, the proposed technique explicitly
assumes a Dirac delta at the ground and a vertically distributed
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@

Pauli RGB of the obtained ground and volume components at P-band with the single-baseline approach for different vertical baselines. (a) Ty, ,

+10 m. (b) Ty, +20 m. (c) Tg,,, +40 m. (d) Tg,,, +60 m. (e) Ty,,, +80 m. () Tg,,, =20 m. (g) Ty, +10 m. (h) T,,,, +20 m. (i) T,,,, +40 m. () T,,,,

+60 m. (k) T,,, +80 m. (1) T,,,, ~20 m.
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Fig. 17. Distribution of the estimated POA error from original and single
baseline separated components at P-band for different baselines. (a) ¢ — ,
+10m. (b) ¥ — ¢, 420 m. (¢) Y — ¥, +40 m. (d)  — ¥, +60 m. (e) ¥ — ¥,
+80 m. (f) ¥ — ¢, =20 m.

volume. This structural assumption overcomes the vertical
resolution limitations of tomography, allowing the technique
to be applied even to single-baseline data, as shown in Sec-
tion I'V-B.

Another relevant approach is the SKP decomposition [15],
which also assumes a two-layer model. However, the SKP
decomposition is based on a truncated Kronecker prod-
uct singular value decomposition (KPSVD), estimating an

approximated matrix Zy = R,®T, + R, ®T, by minimizing
the Frobenius norm error with respect to the observed matrix
(I1Zy — Zyl|F). Our analysis over the processed dataset shows
that, while the relative error of the SKP approximation over
the individual PolSAR acquisitions is mostly concentrated
between 5% and 15% (in line with findings in [15]), this
error can easily become significantly larger than the ground
component itself, frequently exceeding 100% relative error
with respect to T,.

Therefore, while algebraic approximations like the SKP
decomposition are appropriate for the extraction and analysis
of vertical structural properties [16], [21], the approxima-
tion error may mask the real polarimetric signature of
the smaller scattering components. In contrast, the pro-
posed technique does not approximate the individual Pol[SAR
acquisitions. Instead, it enforces the aforementioned exact
separation for all the PolSAR matrices (T; = Ty, + T,,),
concentrating the modeling error purely in the PollInSAR
matrices (IL;;). This makes the proposed method more suit-
able for a precise polarimetric analysis of the separated
layers.

V. CONCLUSION

This article proposes and discusses a new polarimetric
model-based ground and volume decomposition approach for
PolInSAR measurements. Under the assumption of a two-layer
scattering structure, where each layer has the same verti-
cal reflectivity profile for all polarizations, the polarimetric
coherency (or covariance) matrices of the two layers can be
separated without any additional constraints. This is achieved
by establishing a link between the polarimetric coherency
matrices of the two components and the interferometric
coherences of the two layers. It is worth mentioning here
that no assumptions are required with respect to the ground
and volume polarimetry, as opposite to classical polarimetric
decomposition techniques, having the possibility to retrieve
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the full-rank coherency matrices of each layer. In addition, it
is formulated as a complete decomposition where the original
coherency matrix is exactly decomposed into the sum of these
two layers, unlike some techniques in the literature where an
approximation is obtained.

The proposed two-layer decomposition technique has been
evaluated for the specific case of a vegetation layer over
ground. In the forest case, the ground layer is assumed to be
impenetrable with a Dirac-like vertical reflectivity response,
while the second layer is a random volume. The polarimetric
ground and volume coherency matrices are then directly
related to the interferometric coherences of the ground and
volume components. In this regard, the polarimetric decom-
position problem is reduced to an interferometric coherence
estimation problem.

In general, the estimation of the ground and volume inter-
ferometric coherences is ambiguous in the context of a single
baseline. Even when assuming a nondecorrelating ground
scattering component, there are many possible solutions for
the interferometric coherence of the volume component. In
this case, two ways to obtain a unique solution are proposed.
The first one is to assume a 2-D ground scattering com-
ponent that constrains the interferometric coherence of the
volume component at the end of the coherence region, but
leads to rank two ground coherence matrices. The second
approach is to assume a given vertical reflectivity profile
shape for the volume component and use one parameter to
characterize the height, which would allow to derive rank
three ground and volume coherency matrices. Despite these
ambiguities, it is worth noting that, for instance, the knowledge
of the interferometric ground coherence already determines
the volume coherency matrix up to a scalar factor and vice
versa.

When two or more PolInSAR baselines are available, a
unique solution for the ground and volume coherences may
be obtained, since a parametric reconstruction of the vertical
reflectivity profile is possible using, for instance, an exponen-
tial profile.

Furthermore, in the presence of temporal decorrelation
between acquisitions, the same technique could be applied,
provided that the two-layer coherences can be properly esti-
mated in the presence of temporal decorrelation, as some
models have suggested [44], [45].

The proposed technique has been applied and evaluated
with P-band and L-band PolInSAR data from the AfriSAR
F-SAR campaign acquired over tropical forest on the Lopé
test site. Since a direct validation is almost impossible due
to the lack of reference measurements for each or even one
of the layers, an indirect validation has been proposed based
on the estimation of the POA from the underlying ground and
its comparison with the POA derived from the lidar DTM. This
indirect validation has shown very good agreement, especially
at P-band, where a good correspondence between estimated
and lidar-derived POA has been achieved. Results at L-band,
on the other hand, do not present as good agreement, but this is
a consequence of the high polarimetric entropy of the ground
scattering component rather than an indicator of an insufficient
decomposition performance. In both cases, better results are
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obtained for the multibaseline case, allowing full-rank ground
and volume covariance matrices.

These results indicate that the proposed approach could
allow the independent monitoring of the different layers in
vegetated scenarios affected by distinct physical processes,
which is relevant in view of the upcoming space-based SAR
missions with a strong focus on PolInSAR and tomography,
such as ESA BIOMASS.
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