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Abstract—Application of polarimetric synthetic aperture radar
interferometry to the retrieval of geophysical parameters from
vegetated scenes is based on simple direct models of such scenes.
The first part of this paper presents an analysis of the correspon-
dence between these simple models, namely, the random volume
over ground and the oriented volume over ground (OVoG), and
experimental data from samples of two agricultural crops (maize
and rice) acquired in controlled conditions. Although an overall
agreement between model and data is clear, some discrepancies
have been found as a consequence of two assumptions in the
model formulation: vertical homogeneity of the vegetation volume
and absence of multiple scattering effects inside the volume. This
paper presents the shape and location of the visible region of the
experimental coherences on the complex plane and compares it
with the feasible region predicted by the model. This comparison
has also pointed out the low sensitivity of the direct model to
extinction coefficients. In the second part, two different strategies
for a complete inversion (i.e., estimation of all model parameters)
of the OVoG model are proposed and compared, using the same
data set. The first one is based on a combination of geometrical and
numerical approaches (genetic algorithms) and the second one on
a dual-baseline configuration. In all cases, ground topography is
accurately estimated, with a maximum error of 10 cm. Vegetation
height estimates are accurate up to 30 cm, with some bands and
baseline configurations providing errors below 15 cm. However,
results obtained for the extinction coefficients are not stable with
frequency and exhibit high variability.

Index Terms—Agriculture, dual baseline, genetic algorithms,
parameter retrieval, polarimetric synthetic aperture radar inter-
ferometry, vegetation.

I. INTRODUCTION

THE ESTIMATION of biophysical parameters of vegeta-
tion cover from radar remote sensors with interferomet-

ric and polarimetric capabilities [polarimetric interferometric
synthetic aperture radar (PolInSAR)] has been demonstrated
recently at different frequencies: P-band [1], L-band [2], [3],
and even X-band [4]. In the case of forest cover, the random
volume over ground (RVoG) model proposed in [5] and [6]
has been successfully inverted for forest height and biomass
[3], [7]. Instead, when working with agricultural crops, the
vertical orientation of the stems and other preferred orienta-
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tions of different plant parts suggest that the best candidate
model corresponds to an oriented VoG (OVoG) [5], [6], [8].
To date, only partial inversion of the OVoG model has been
achieved, since it has been employed to retrieve only the
ground topography and the vegetation height of agricultural
crops, obtaining precise estimates in laboratory conditions with
samples of maize and rice [9]. Despite the apparent necessity
of modeling the orientation of the plants, satisfactory results
were also obtained by applying the RVoG model in these crop
experiments. Note that, in both RVoG and OVoG cases, all data
analyses and retrieval experiments have been carried out by
assuming vertically homogeneous volumes.

The first objective of this paper is to establish a compari-
son between the radar observables and the predictions of the
theoretical direct models (RVoG and OVoG). To do that, the
knowledge of the ground truth of the two crop samples will be
used to compute the positions of the interferometric coherences
on the complex plane, which are also known as coherence
loci. These coherence loci will be compared against those
obtained from the experimental data. Conclusions about model
limitations will be derived from this analysis.

In the second part of this paper, we focus on several ap-
proaches for estimating the full set of parameters of the OVoG
model. As already noted in the literature [9], [10], the use
of a single-baseline PolInSAR configuration leads to an in-
determinate system of equations: There are seven unknowns
and only six observables. Here, we propose first a two-step
hybrid procedure to solve this problem. The first step is based
on the assumption of a linear distribution of the coherences
on the complex plane (which is tested in the first part of this
paper). Under this assumption, the line fitting [7] commonly
used for inverting the RVoG model provides an estimation
of the ground topography (one of the unknowns). Then, the
second stage consists of a numerical optimization algorithm
for inverting the remaining problem with six observables and
six unknowns. Finally, a second inversion scheme, based on
a dual-baseline configuration is also tested with the same
purpose. Limitations and potentials of both techniques are
discussed.

The sensitivity of the model to the parameters is a key issue
that will be present in all the analyses. It will be shown that
extinction coefficients do not produce clear signatures in the
model deliverables, thus limiting its applicability to parameter
inversion. In addition, the model is also very simple from the
electromagnetic point of view since the interaction between the
vegetation elements is simplified in the formulation.
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Fig. 1. Two-layer vegetation model. (a) Geometry of a vegetation volume
over the ground. (b) Vertical profile of the coherence function defined in (4)
according to the framework proposed in [3]. z denotes the vertical coordinate,
hv is the vegetation height (i.e., the depth of the layer), and θ0 is the mean
incidence angle.

This paper is organized as follows. Section II reviews the
formulation of the model and highlights some important aspects
of the complex coherence loci predicted by the OVoG. A
comparison between real data and model predictions is shown
in Section III. A study of the inversion strategies is described in
Section IV. Finally, conclusions are summarized in Section V.

II. MODEL FORMULATION

A. Direct Model

Although it is available in the literature, for readiness pur-
poses, this section presents a brief summary of the formulation
of the PolInSAR observables and the simple models used to
describe a scene with vegetation.

The model of the vegetation scene, both in RVoG and OVoG
versions, considers the target as a two-layer scene, as shown in
Fig. 1(a). This vegetation model has been proposed and used
in [5], [6], and [8] to rigorously derive an analytical expression
of the complex interferometric coherence, and any interested
reader can consult these references for detailed explanations.
For the sake of conciseness, in this paper, we adopt a simplified
interpretation to arrive to the same final formulation, which
was proposed in [7]. Assuming that the scattering is equiva-
lent at both ends of the baseline, the complex interferometric
coherence γ can be generalized to incorporate the polarimetric
information, yielding the following expression [11]:

γ =
w∗T Ω12w
w∗T T11w

(1)

where w’s are unitary vectors employed to select a certain
polarization combination, and T11 and Ω12 matrices are ex-
pressed for the RVoG and OVoG models as follows:

T11 = e−
σT (w)hv

cos θ0 e−
σR(w)hv

cos θ0

∫
z

e
σT (w)+σR(w)

cos θ0
zT(z)dz (2)

Ω12 = ejφ0e−
σT (w)hv

cos θ0 e−
σR(w)hv

cos θ0

×
∫
z

e

(
σT (w)+σR(w)

cos θ0
+jkz

)
zT(z)dz (3)

where all parameters are defined in [7] and [8].

In this simplified framework, the total contribution of the
scene to the matrices T11 and Ω12 in (2) and (3) is obtained
by means of an integral along the vertical coordinate z of the
scattering properties of the scene. To this end, a vertical profile
of the coherence matrix properties T(z) is defined. The shape
of T(z) is shown in Fig. 1(b) and can be expressed as

T(z) = Tgδ(z − z0) + TvΠ
(

z − z0 − hv/2
hv

)
(4)

where Tg and Tv are the contributions from the ground and the
volume, respectively [7]. Note that, in this formalism of the 1-D
profile, Tv is dimensionless, whereas Tg presents dimensions
of length since it will result in the integral of the delta function.

The ground is assumed to contribute with a localized
backscattering response with a scattering phase center at the
ground interface, whereas the volume response is uniformly
distributed over the whole vegetation depth. Note that the
ground contribution may correspond to a direct return from
the ground or a ground–trunk interaction. These assumptions,
which are important for a simple formulation, will be the origin
of some of its limitations. In fact, recent investigations [12] have
demonstrated that these hypotheses are only partially valid.

As known [8], in the case of an oriented volume, the only
polarizations that do not change as the wave travels into the
volume are the eigenpolarizations, which are generally two
orthogonal polarizations that correspond to the maximum and
minimum values of the extinction coefficient. Accordingly,
the expressions in (2) and (3) are also formally correct for
the eigenpolarizations if an oriented volume is present. Since
most agricultural plants exhibit a preferred vertical orientation,
mainly dominated by the stems, the eigenpolarizations can be
identified as vertical and horizontal polarizations. In such a
situation, the three polarimetric channels corresponding to the
formulation in (2) and (3) are HH, HV, and VV.

After some manipulations described in [7] and [9], the inter-
ferometric coherence can be expressed as

γ = ejφ0 · µ(σw,w) + γv(σw)
1 + µ(σw,w)

= ejφ0 ·
[
γv(σw) +

µ(σw,w)
1 + µ(σw,w)

(1 − γv(σw))
]

= ejφ0 · [γv(σw) + L(σw,w) (1 − γv(σw))] (5)

where the equivalence 2σw = σT (w) + σR(w) has been intro-
duced, 0 � L(σw,w) � 1, γv(σw) denotes the volume coher-
ence, and µ(σw,w) represents the ground-to-volume ratio. The
following two definitions have been used (see [7] and [9] for
details about these expressions)

γv(σw) =
2σw

cos θ0

(
e

2σwhv
cos θ0 − 1

) · e

(
2σw
cos θ0

+jkz

)
hv − 1

2σw

cos θ0
+ jkz

(6)

µ(σw,w) =
w∗T e

−2σwhv
cos θ0 Tgw

w∗T cos θ0
2σw

(
1 − e

−2σwhv
cos θ0

)
Tvw

. (7)
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B. Basic Inversion Approaches

The observables delivered by a polarimetric interferometer
are the complex coherences for the three channels in linear
basis (HH, HV, and VV), summing a total of six real data
(real and imaginary parts, or amplitudes and phases). In this
paper, we are not interested in pure polarimetric ratios (i.e.,
zero-baseline configurations) nor in polarization choices where
the polarizations are different at the ends of the baseline. An
analysis about the potential contribution of such observables to
this application can be consulted in [6].

If the scene corresponds to the RVoG model, where the
extinction does not depend on polarization (σw = σ for all
polarizations), the model is fully described by six parameters:
topographic phase φ0, vegetation depth hv, extinction σ, and
ground-to-volume ratios for the three channels, i.e., µHH, µHV,
and µVV. In that case, a numerical method for inverting the
model can be implemented (e.g., by minimizing the distance
between observations and model predictions), since the number
of independent observations is equal to the number of para-
meters (unknowns). The conditioning and uniqueness of this
inversion problem were addressed in [13, Sec. 4.A], and they
rely on the separation of the effective scattering centers of the
selected polarizations. Although it is not formally necessary,
the numerical inversion is easier if one chooses polarizations
with clear separations, which can be decided on a physical
basis (e.g., Pauli basis provides direct scattering HH + VV
located at the volume and dihedral scattering HH − VV located
at the ground position) or on mathematical foundations (e.g.,
polarizations that optimize the coherence [11]). This freedom
in the polarization selection is based on the independence of
extinction with respect to polarization, because the formulation
and the inversion remain unchanged when one substitutes H and
V by polarizations 1 and 2, whatever they are. On the other
hand, this nonlinear problem has, in general, multiple solutions
due to its intrinsic nature: Different combinations of vegetation
height and extinction provide the same observables. Therefore,
any numerical solution must consider these aspects to ensure
that the obtained solution is the true one or the closest.

Note that a complementary approach would consist in in-
creasing the number of polarimetric channels employed in the
inversion (not only three), since each additional channel pro-
vides two real data (real and imaginary parts of the coherence)
and only one extra unknown (the corresponding ground-to-
volume ratio). In this case, although the added channels are not
obtained from independent measurements, a more accurate esti-
mation of the topographic phase can be performed since the line
fitting would be applied more robustly and, additionally, the
numerical optimization procedure performed for calculating the
six remaining unknowns would become less sensitive to noise.

When the scene corresponds to the OVoG model (extinction
depends on wave polarization), there appears an indetermina-
tion in the problem. The observation space is the same as before
(six real data), but there are two different extinctions to be deter-
mined (σH and σV), thus increasing the number of unknowns to
seven. In addition, the formulation of the model is suited only
for the eigenpolarizations (H and V), so, in principle, the rest
of the polarizations cannot be used to enlarge the observation

space as before. As a consequence of the mandatory use of
the eigenpolarizations, in the OVoG, we cannot choose the best
polarization combination on the basis of their separation on
the complex plane. Therefore, the problem of this inversion
approach is twofold: there are more unknowns than measured
data, and the scattering centers corresponding to these data
(whose positions depend on the scene and the interferometer
configuration) may not be particularly well separated in height,
since we cannot select other polarizations different from the
eigenpolarizations.

The retrieval of the full set of parameters that appear in
the OVoG model will be treated in Section IV, where several
inversion approaches will be proposed and compared. Before
that, the next section is focused on the fidelity and sensitivity of
the direct model when describing the PolInSAR response of an
agricultural sample.

III. COMPARISON OF DIRECT MODELS

WITH EXPERIMENTAL DATA

The analysis is based on the representation on the complex
plane of the coherences defined in (5). Note that this represen-
tation leads to a clear and powerful physical interpretation of the
model, which, in turn, has significantly helped the subsequent
inversion approach [7], [13].

The possible positions of the complex coherences on the
complex plane are shown in Fig. 2 for a typical configuration
in two cases: an RVoG with an extinction of 1 dB/m, and an
OVoG with extreme extinctions of 0 and 3 dB/m, respectively.
Note that a repeat-pass or alternate-transmit system is assumed.
In the random volume case, extinction does not depend on
polarization, and all coherences [shown by crosses in Fig. 2(a)]
corresponding to w polarization selections lie along a single
straight line on the unit circle. The exact position along the line
is defined by the ground-to-volume ratio µ, which changes as
a function of the polarization channel. The line departs from
the exp(jφ0) point in the unit circumference when µ → ∞
(i.e., the response from the ground completely dominates the
backscattering from the target).

Instead, when an oriented volume is present, we only have
defined three possible interferometric coherences (two copolar
and one crosspolar), obtained for each possible combination
of eigenpolarizations in transmission and reception, which are
denoted as channels 1 and 2 in Fig. 2(b). The three coherences,
which are represented by stars in Fig. 2(b), do not lie on a line
on the complex plane. Moreover, for a given scene, one cannot
change the ground-to-volume ratios of the selected channels,
and consequently, the concept of line to describe the positions
of coherences of an oriented volume does not apply in this
case. Notwithstanding, with respect to the relative position of
the three coherences, one can draw three lines starting from the
topographic phase point exp(jφ0) and crossing the coherences.
The most external line corresponds to the eigenpolarization
channel with the lowest extinction, whereas the inner line
corresponds to the highest extinction channel. However, due to
the aforementioned inability to generate lines by changing the
ground-to-volume ratios, none of these lines should be confused
with the one appearing in Fig. 2(a).
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Fig. 2. Positions of the coherences on the complex plane. Parameters: hv =
2 m, φ0 = 20◦, and kz = 1.04. (a) RVoG with σ = 1 dB/m. Crosses “x”
denote different coherences obtained from different polarization channels.
(b) OVoG with σ1 = 0 dB/m and σ2 = 3 dB/m. Stars “∗” denote the only three
possible coherences for the eigenpolarization combinations (11, 12, and 22).
Lines are drawn from the topographic phase point for interpretation purposes.

The separation between the lines drawn for the OVoG case
[Fig. 2(b)] depends both on the target and on the interfero-
metric setup. First, the separation is directly proportional to
the differential extinction coefficient σdiff , which is defined as
the difference between the two extinction coefficients at the
eigenpolarizations: σdiff = σ2 − σ1. Second, the separation is
also controlled by the product kz · hv, which, in turn, depends
on the frequency, the baseline, and the depth of the vegetation
layer. If the differential extinction and the kz · hv product are
maintained below a certain threshold, the region occupied by
the three lines is so narrow that it can be treated as a single line,
as in the case of the RVoG model. This feature has been used in
[9] to derive a partial inversion scheme for the OVoG, based on
the original one for the RVoG model [7].

Next, we compare the feasible loci with experimental coher-
ences obtained from the two crop samples of maize and rice,
measured at the European Microwave Signature Laboratory
(EMSL), Joint Research Centre-Ispra. The height of the maize
plants is 1.80 m, whereas the rice plants are 75 cm high.

The required multilooking is performed by averaging the data
acquired at different azimuth angles (by rotating the platform)
and with adjacent frequency bands. For example, for the maize
target, we use 72 azimuth angles and nine bands; therefore, a
total of 648 independent samples are averaged. More details
about the experiment configuration and the ground truth can be
consulted in [9]. Fig. 3(a) shows the position of the coherences
on the complex plane for a particular combination of frequency
(3 GHz) and baseline (0.5◦, kz = 1.56). In this case, the product
kz · hv is 2.81. We present the coherences in linear basis (VV,
HH, and HV, which correspond to the eigenpolarizations for a
vertically oriented volume), Pauli basis, and the optimized ones
[11]. Then, the true topographic phase φ0, which is known in
the experiment, is used in Fig. 3(b) to obtain the extreme lines
that should enclose all the linear coherences (HH, VV, and HV),
according to the OVoG direct model. The lowest extinction has
been chosen as 0 dB/m for simplicity.

Due to the vertical orientation of the plants, it is clear that
vertical polarization exhibits the greatest extinction, therefore,
the line corresponding to VV is the closest to the origin. Ac-
cordingly, the HH coherence line would be the farthest one from
the origin because horizontal polarization suffers from the low-
est extinction. Note that the relative position of these extreme
lines does not imply that the actual HH coherence is higher than
the actual VV coherence, because these coherences are just two
points (one for each channel), and the corresponding ground-to-
volume at each channel is the parameter that drives the actual
position along the mentioned lines. In other words, there are
many points in the inner line with higher coherence than many
points in the outer one.

However, in opposition to the argument of the extreme lines
for the copolar channels, one can observe in Fig. 3(b) that the
line crossing the HV coherence, not the HH one, is the farthest
from the origin. We have also observed this behavior at other
frequencies and in the data acquired for the rice sample.

In second place, since we know that the vegetation height is
1.80 m, we can also overlay the region of lines corresponding
to this height. To do that, we assume extinctions ranging from
0 to 5 dB/m, which are the typical values for this crop [14]
assuming a similar development stage and analogous envi-
ronmental conditions. When we do that [see Fig. 3(c)], the
region defined by the model does not match the experimental
data at all. Only if we reduce the vegetation depth down to
1.50 m and extend the maximum extinction to 9 dB/m [see
Fig. 3(d)], the modeled and the experimental regions overlap.
Recent investigations with the same data set [12] have shown
that the volume scattering shows a maximum response from
the center of the vegetation layer and not from the top, whereas
these models assume that the maximum scattering always arises
from the top layer, with an exponential reduction of scattering
due to extinction inside the medium. Consequently, the lower
position of the backscattering peak may partially explain why
we have to reduce the effective height to get the fit between
observations and model predictions.

Additionally, it is also very clear that a change in several
decibels per meter in extinction only produces a small dis-
placement in the coherence position. The low sensitivity of the
model to this important parameter can be understood from the
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Fig. 3. Experimental coherences on the complex plane for the maize sample. Parameters: f = 3 GHz, B = 0.5◦, and kz = 1.56. (a) Coherences for linear
basis, Pauli basis, and optimized ones. (b) Possible lines from the exact topographic phase. (c) Overlay of the theoretical region with hv = 1.80. (d) Overlay of
the theoretical region with hv = 1.50. (e) Overlay of the visible and theoretical regions with hv = 1.50.

mathematical expression of the coherence in (5)–(7). Extinction
is almost always multiplied by hv in this formulation, therefore,
the derivative of coherence with respect to extinction is approx-
imately proportional to hv. Since we are dealing with short
vegetation scenes (up to 2 m), the derivative is small and, as a
result, the sensitivity to extinction is poor. This will complicate
the robustness of the model inversion, as we will show in the
next section.

It is also interesting to observe the region occupied by other
possible coherences derived from the data. We have computed
all possible w vectors, and they have been substituted into (1)
to find other possible coherences from the data. The length
and width of the resulting region, which is shown in Fig. 3(e),
provide an idea of the conditioning of the inversion problem.
The narrower and longer the region, the easier would be the
solution (at least for the topographic phase in the hybrid ap-
proach proposed in the next section). This triangular region can
be named as visible region, which is analogous to the visible
line length defined in [7]. Note that the geometrical solution
of the problem for φ0 and hv, by assuming a known range of
extinctions, is presented in [9].

An inspection of the data at other frequencies and baselines
reveals that the matching between the model and the experi-
mental data is never perfect. Fig. 4(a) shows the visible region
for the maize at 6 GHz with a baseline of 0.25◦ (same kz = 1.56

as in Fig. 3). In this case, we can match the visible region with
the theoretical model by choosing hv = 1.7 m and an extreme
extinction of 3 dB/m. Repeating the same reasoning for the rice
sample, we obtain the representation of Fig. 4(b) at 8 GHz with
a 0.5◦ baseline (kz = 4.16). We have to choose an extinction
of 12 dB/m and a height of 0.62 m to accommodate the rice
data inside the model predictions. Nevertheless, in this case,
all coherences remain concentrated on a small cluster close to
the unit circumference, so the sensitivity of the model to its
parameters is quite limited.

The discrepancies between the model predictions and the
experimental data can be explained by several characteristics
of the model, which make it particularly simple. First of all, the
vegetation layer is assumed to be homogeneous, and it is not
true. For instance, the maize plants do not bear leaves in their
lower part (about 40 cm from the ground). In the case of rice,
the stems depart from a point of the ground surface but they
separate each other as one moves toward the upper part of the
plants. The top part of the rice plants is bent. Consequently, it
is clear that the true vegetation volume of maize and rice crops
is not homogeneous, as it is assumed by the model.

In addition to the lack of geometrical homogeneity in the
vertical distribution of the plant components, the model is also
very simple from the electromagnetic point of view, since the
interaction between the vegetation elements has been taken
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Fig. 4. Visible region of the coherences. (a) Maize sample (f = 6 GHz, B =
0.25◦, and kz = 1.56) and (b) rice sample (f = 8 GHz, B = 0.5◦, and kz =
4.16).

into account only partially by means of a statistical modeling
of the total first-order backscattering response of the medium.
This interaction leads to multiple scattering effects, which have
been demonstrated with simulations and experiments in liter-
ature. The presence of multiple scattering leads to important
features in the backscattering response from such targets. At
first instance, multiple scattering changes the total value of
the radar cross section (RCS) of the plants. This was shown
in [15], where coherent effects were noticed by simulating
the electromagnetic response of rice fields with clusters of
cylinders. Since the definition of the interferometric coherence
normalizes the RCS, the influence of multiple scattering in the
coherence (both in amplitude and phase) is not produced by
the total RCS but by the vertical profile or distribution of RCS
values. For example, the high-resolution radar images obtained
in [16] for wheat samples illustrate the presence of second-
order volume scattering events. In particular, the commented
anomaly in the HV coherence could be explained by the strong
multiple scattering present at this channel.

Fig. 5. Block diagrams. (a) Direct model. (b) Inversion algorithm based on
the hybrid approach. (c) Inversion algorithm with dual-baseline data.

In summary, the model is simple enough to enable the
inversion of biophysical parameters of many crop types, but its
simplicity entails a loss of correspondence with the experimen-
tal observations which in turn limits the success of the overall
inversion procedure.

IV. INVERSION STRATEGIES

The situation of the OVoG direct model described so far
corresponds to the block diagram shown in Fig. 5(a), where it is
shown that the model is described by seven parameters, whereas
only six data are measured in a single-baseline PolInSAR
observation. Two inversion approaches for the estimation of
the full set of parameters of the OVoG model are proposed in
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this section. The first one is a hybrid scheme consisting of the
combination of the well-known line fitting of the coherences on
the complex plane and a numerical optimization. The second
inversion algorithm is based on extending the observation space
with a dual-baseline configuration.

It is important to note that, in contrast to other inversion
procedures [7], [9] where only the vegetation height and the
ground topography are retrieved, both approaches proposed
here provide, for the first time, the capability for the estimation
of the whole set of parameters that describe the vegetation
cover according to this model. Consequently, the results of this
paper, if were linked to allometric and empirical equations,
would provide improved and more complete information that
describes crop development and status or even computes yield
predictions.

A. Hybrid (Geometrical–Numerical) Approach

As already mentioned in Section III, when describing the
OVoG direct model, the width of the visible region of the co-
herences on the complex plane is controlled by the differential
extinction coefficient and by the product kz · hv. If both are
maintained below a certain threshold, the region is so narrow
that it can be treated as a single line, as in the case of the RVoG
model. This feature was first used in [9] to derive a partial
inversion scheme: The ground topography and the vegetation
height were estimated, but assuming a priori known range of
extinctions. Here, we extend this inversion as explained in the
following. A block diagram is shown in Fig. 5(b).

The first stage of the algorithm consists of the same line
fitting of the coherences, resembling their theoretical distrib-
ution for the RVoG case, already shown in Fig. 2. In order
to help the fitting procedure, following the strategy in [7], we
first compute other polarization states that are different from
the original data in linear H–V basis. Consequently, the line
fitting is better determined with this enlarged set of points,
although the system only provides three polarimetric channels
(HH, VV, and HV). We cannot state that this approach is strictly
valid in the OVoG model, because the analytical expressions
of the OVoG model are valid only for the eigenpolarizations.
Anyway, if we overlook this theoretical limitation and calculate
the coherences for the Pauli basis and the optimized channels,
the experiments have shown that they still lie on a narrow
region. Therefore, this extension has been used to ensure a
good line fitting, thus provide an estimate of the topographic
phase φ0. In summary, by assuming that the distribution of
coherences is similar to that of the RVoG model, we estimate
the topographic phase or, equivalently, the ground position z0.

Once we know one of the seven parameters (z0), a numerical
optimization algorithm is applied to find a solution for the
remaining six parameters by using the set of six real values
provided by the linear polarizations (i.e., real and imaginary
parts of the coherences). Note that a different geometrical
approach was introduced in [10], which relates these parame-
ters with the angle formed by the lines corresponding to the
eigenpolarizations.

The first results obtained with the proposed hybrid
(geometrical–numerical) approach are described in the follow-

Fig. 6. Inversion results with the hybrid approach for the maize sample as a
function of frequency. B = 0.25◦, and kz = 0.26 · f (in gigahertz).

ing. The minimization of the global distance between model
coherences and data has been implemented with a genetic
algorithm named GENOCOP2 [17].

The results obtained for the maize case with B = 0.25◦

[kz = 0.26 · f (GHz)] are shown in Fig. 6 as a function of
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frequency from 2 to 9 GHz. Due to the high nonlinearity of the
equations’ system, all solutions suffer from a high dependence
upon the initial guess. We have carried out 100 realizations
of the inversion solution for each frequency, providing the
algorithms with random initial values. Consequently, results are
plotted in the form of mean values and standard deviations,
thus providing quantitative measurements about the stability or
robustness of the inversion.

The estimation of vegetation height and topography is uni-
form with the frequency and presents a low variability. On the
other hand, extinction estimates are quite variable (see their
standard deviation), although their mean values agree with the
predictions of the electromagnetic theory: Vertical extinction
is higher than horizontal one, and they approach each other as
frequency increases. The interpretation of the retrieved values
of ground-to-volume ratios is not evident, since many parame-
ters contribute to their final values [6]. As a general comment,
their absolute values decrease with increasing frequencies due
to the stronger response from the aboveground vegetation
volume at higher frequencies. Moreover, as expected, µVV

remains always below the other two channels, because of
the weaker response from the ground–stem double-bounce
contribution.

It is interesting to mention the importance of the first step in
this approach: estimation of the topographic phase. By review-
ing the comparison between Fig. 3(c) and (d), we concluded
that, for enclosing all coherences, it was necessary to reduce the
vegetation height hv and to increase the maximum extinction
σmax. In addition, with these new values of hv and σmax,
the location of coherences, when projected onto the lines in
Fig. 3(d), is farther from the unit circumference point exp(jφ0)
than in Fig. 3(c). In other words, all coherences correspond to
lower values of ground-to-volume ratio µ than before. Analo-
gously, an error in φ0 would produce a shift in the parameters
required to enclose the coherences with the extreme lines (hv

and σmax) and in their corresponding µ. For example, with the
same interferometer configuration, if one estimates a ground
position lower than the actual topography, the position of the
estimated φ0 will move clockwise with respect to the true one.
As a result, if one draws the necessary extreme lines for σ = 0
and σmax and with a shorter hv, the coherences will correspond
to lower values of µ than in the case of a right estimation of
φ0. Consequently, the position of φ0 very significantly affects
the rest of the parameters. If we translate this argumentation
to the hybrid inversion algorithm, a wrong estimation of φ0

would significantly change the solution of the remaining six
unknowns. Nevertheless, the ground topography is calculated
by using the whole set of data, and its inversion works very
well in all experiments treated in this paper, as observed by the
accuracy shown for z0 in the results of the hybrid approach,
with respect to the true ground position. As discussed in later
sections, this accuracy is in contrast with the performance of
the dual-baseline approach proposed later, particularly for the
rice sample.

Fig. 7 shows the estimates obtained with the same target
but with a doubled baseline (B = 0.5◦, kz = 0.52 · f (GHz)).
As discussed in [9], when using the larger baseline, the ex-
treme volume decorrelation above 6 GHz makes the estimates

Fig. 7. Inversion results with the hybrid approach for the maize sample as a
function of frequency. B = 0.5◦, and kz = 0.52 · f (in gigahertz).

meaningless, so they are not included in this figure. It can
be observed that the estimation of the vegetation height and
topography is quite stable with the frequency for this baseline
too, and values are quite similar for both baselines. However,
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vertical and horizontal extinctions approach each other faster
than with the short baseline, but maintaining the same large
variability. Finally, ground-to-volume ratios show the same
trend and relative ordering as before.

The discrepancies of the retrieved results with the actual
values are a consequence of the data–model mismatch shown
in Fig. 3. Note that, in the particular cases in Figs. 3(d) and (e)
and 4(a), certain volume height values for a correct fitting were
chosen, and these values correspond to those contained in the
standard-deviation interval shown in the retrieved estimates in
Figs. 6 and 7 at 3 GHz for a 0.5◦ baseline and at 6 GHz for a
0.25◦ baseline, respectively.

We have applied the same inversion strategy to the rice
sample. Figs. 8 and 9 show the obtained estimates for the
frequency range 5–9 GHz with baselines of 0.5◦ [kz = 0.52 ·
f (GHz)] and 1◦ [kz = 1.04 · f (GHz)], respectively. The radar
response from this target is dominated by the backscattering
from the ground–stem interaction, which is helped by the
flooded condition of the soil. This dominance produces two
important effects. First, below 5 GHz, the backscatter response
of the short vegetation volume is too weak, when compared to
the ground–stem contribution, to produce any useful features
in the PolInSAR observables and, as a result, to invert any
parameter from them. Second, all coherences are very concen-
trated on the complex plane, forming a cluster close to the unit
circumference.

The proximity to the unit circumference yields extremely
accurate estimates of the ground position, since any fitted line
crosses the true topographic phase φ0. Note that the interfero-
metric phase of the ground–stem response is located exactly at
the air–ground interface. This line fitting provides errors below
1 cm in the whole frequency range for the topography. The
counterpart of the aforementioned disposal of the coherences
is the reduced size of the visible region, which complicates
the numerical inversion of the remaining six parameters. The
estimation of vegetation height behaves well above 6 GHz.
The average of the estimated values is closer to the true height
(75 cm) for the 1◦ baseline, but their variance is larger than
that for the short baseline. The interpretation of the retrieved
extinctions is very difficult from the physical point of view. In
our opinion, the estimates are so unstable due to two related
causes: the low sensitivity of the direct model to extinction,
already described in Section III, and the low influence of extinc-
tion on the signal because of the short vegetation volume (only
75 cm). Finally, the trend of the ground-to-volume ratios agrees
with the observations made before for the maize target but not
their relative ordering. In the case of the rice, the flooded con-
dition of the soil, which produces an extremely flat air–ground
interface, significantly reduces the crosspolar contribution from
the ground–stem interaction. As a result, the lowest ground-to-
volume ratio is the crosspolar one. At the other extreme, as for
the maize case, µHH is the highest. However, µVV is very close
to µHH at the highest frequencies, when the vegetation volume
backscattering becomes significant.

Also note that, similar to the maize results, the height chosen
for the data–model fitting in Fig. 4(b) is contained in the
standard-deviation interval in the retrieved results shown in
Fig. 8 at 8 GHz.

Fig. 8. Inversion results with the hybrid approach for the rice sample as a
function of frequency. B = 0.5◦, and kz = 0.52 · f (in gigahertz).

B. Dual-Baseline Approach

The second inversion technique proposed in this paper is
based on increasing the observation space by adding a second
interferometric baseline. With two baselines, we have 12 input
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Fig. 9. Inversion results with the hybrid approach for the rice sample as a
function of frequency. B = 1◦, and kz = 1.04 · f (in gigahertz).

real data available to estimate seven model unknowns. The
solution of the model fitting has been implemented with a
genetic algorithm as well.

Fig. 10. Inversion results with the dual-baseline approach for the maize
sample as a function of frequency. B = 0.25◦ − 0.5◦.

We show in Fig. 10 the results obtained for the maize sample
from 2 to 6 GHz. The maximum frequency has been limited to
avoid the volume decorrelation produced above 6 GHz by the
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0.5◦ baseline. The ground topography and the vegetation height
are estimated quite precisely in the whole frequency range.
These height estimates are also very stable from the numerical
point of view. In contrast, extinction estimates fluctuate when
we change the initial solution of the algorithm (see the error
bars). Nevertheless, as in the results from the hybrid algorithm,
vertical extinction is always higher than the horizontal one.
Their difference ranges between 0.5 and 1 dB/m. Finally, all
ground-to-volume ratios significantly decrease with frequency,
as we expected from the stronger vegetation response at higher
frequencies.

Fig. 11 shows the estimates of the dual-baseline approach
applied to the rice data from 5 to 9 GHz. Frequencies below
5 GHz are discarded because the direct backscattering from
the stems and leaves is too weak when compared to the
ground–stem interaction [9]. The ground position z0 is retrieved
with extremely good accuracy (maximum absolute error below
1 cm), as a result of the dominance of the ground–stem con-
tribution, which is emphasized by the flooded condition of the
soil. Plants’ height is slightly underestimated, and it presents a
higher variance than in the maize case. Note that, in this case,
due to the short vegetation volume, the visible region of the
coherences is reduced to a small cluster, and hence, a greater
ambiguity in the height estimation is produced. Extinction
estimates are less stable than in the maize experiment, and the
average values of σV and σH do not approach each other at high
frequencies. All ground-to-volume ratios are quite constant
with frequency, and µHV is always the smallest due to its
lowest ground–stem response because of the ground flatness,
as previously explained.

Retrieved values for the ground-to-volume ratios are dif-
ferent for the rice when obtained by the hybrid approach
(see Figs. 8 and 9) and by the dual-baseline algorithm (see
Fig. 11). More precisely, all µ estimates for the dual baseline
are lower than for the hybrid approach (note that the vertical
scales are different). Their difference ranges from 20 to 5 dB,
depending on the frequency and the polarization channel. In
addition, the estimated vegetation heights in Fig. 11 are mostly
lower than with the hybrid approach. The slightly different
performance of both techniques is a consequence of their
working principle. As explained in the previous section, the
first step in the hybrid approach provides a good approximation
of the ground topography z0, whose accuracy influences the
rest of the unknowns. With the dual-baseline algorithm, all
seven parameters are estimated at the same time, and none
of them exhibits any preference. Consequently, the numerical
minimization algorithm is more likely to fall in local minima
with ground positions lower than the true one, and as explained,
in these cases, the rest of the inverted parameters suffer the
corresponding change: All µ’s move to lower values, and hv

is also smaller. We have observed this specific behavior in
the detailed results, showing the presence of a number of
solutions with these properties: lower values of z0, hv, and µ.
Note that the error in these estimates of z0 is about 2–5 cm
below the true ground position. This small offset is enough
to significantly alter the rest of the parameters in the case
of the rice because all coherences are very close to the unit
circumference.

Fig. 11. Inversion results with the dual-baseline approach for the rice sample
as a function of frequency. B = 0.5◦ − 1◦.

The presence of the mentioned shifted solutions within the
whole set of solutions (obtained with different initializations)
produces a decrease in the average estimation of ground-to-
volume ratios and vegetation depth. A second consequence is an
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Fig. 12. Baseline effect on the width of the coherence region. Plot of the
slope difference between extreme lines (copolar channels) of the coherence
region. Parameters: kz = 3.1 · B (in degrees), f = 3 GHz, σa = 3 dB/m,
σb = 0.5 dB/m, θ0 = 45◦, z0 = −70 cm, and hv = 2 m. (Circles) Zero
slope difference values correspond to baselines that make the coherence region
become a single line.

increase in the variability of the results, which is quite evident
in the standard deviations of the ground-to-volume ratios.

Despite these drawbacks, note that the dual-baseline ap-
proach enables the estimation of the whole set of parameters
simultaneously by means of a numerical optimization algo-
rithm. In order to take advantage of such feature, i.e., there is
no need to have coherence points well separated along the line,
the adaptation of the current OVoG model to take into account
a more realistic backscattering response, i.e., not exponential
[12], is mandatory.

Additionally, it must be pointed out that the dual-baseline
approach deserves a deeper analysis in order to describe more
precisely the impact of the baseline ratio in the inversion
performance. As first step, a number of simulations have been
carried out as a function of the baseline in order to explore the
effect on the coherence loci. First observations show that the
separation between the extreme lines (for the copolar channels)
that define the region of coherences is not a monotonic function
of the baseline and reaches a zero angle for certain baselines.
This feature is illustrated in Fig. 12, where difference of slopes
between copolar lines is plotted as a function of the baseline.
Based on this configuration, positive slope differences corre-
spond to an inversion of the relative positions of extreme lines
of the coherence region with respect to the ones predicted by
the model physics (i.e., the line of the copolar channel with
the highest extinction should be located closer to the origin).
Zero-slope difference values correspond to a collapse into a
single line.

This variation of the width of the coherence region as a
function of the baseline, together with the increasing volume
decorrelation for larger baselines, must be taken into account
for inversion purposes. On one hand, the coherence region
at a certain baseline should be wide enough to assure some
sensitivity for extinction. On the other hand, a narrow region
is useful for an accurate topography estimation, which is a key

parameter significantly affecting the retrieval of the rest of the
parameters.

V. CONCLUSION

Experimental PolInSAR data gathered in laboratory condi-
tions and direct model predictions have been compared in this
paper. This comparison has been useful in testing the fidelity
of the RVoG and OVoG models with respect to two agricultural
samples. An overall agreement between the model and the data
has been found, but a partial mismatch in the ordering of the
coherence positions on the complex plane as a function of
extinction has been detected. In addition, the shape and location
of the visible region on the complex plane does not fit exactly
with the feasible region predicted by the model, unless a tuning
in the scene parameters is carried out. Finally, this comparison
has pointed out the low sensitivity of the direct model to the
extinction coefficients.

The discrepancies between the model and experimental data
have been justified by two simplifications assumed in the
model formulation, more precisely, the homogeneity in the
vertical structure of the vegetation volume and the exclusion
of multiple scattering terms in the electromagnetic background.
However, owing to the simplicity of the model, its inversion is
possible.

The second part of this paper has been devoted to present
two strategies for the inversion of the full set of parameters
of the OVoG model: a geometrical–numerical approach and
a dual-baseline approach. Both techniques have shown good
results in the estimation of the ground topography and the
vegetation height, but a very varying estimation of the extinc-
tion coefficients. The dual-baseline approach, which delivers
a simultaneous estimation of the whole set of parameters, has
shown slightly worse estimates in the case of the rice, since it
significantly suffers more from the influence of the initial solu-
tion values in the numerical minimization. On the contrary, the
hybrid approach is more robust due to a better estimation of
the ground topography, which is independently obtained from
the rest of the parameters. Further research, based on numerical
simulations, must be carried out in order to show the impact of
the baseline values, and the baseline ratio in the dual-baseline
case, in the inversion performance.

Both analyses (direct model and inversion approaches) are
founded on experimental data acquired in an anechoic chamber,
so a more realistic comparison is expected to be performed with
the other data to be obtained with air- or space-borne systems.
In this context, the requirement of a single-pass configuration
should be highlighted, in order to cancel the strong temporal
decorrelation expected in this kind of vegetation due to the fast
crop development.
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