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Abstract— This article evaluates the effect of the double-
bounce (DB) decorrelation term that appears in single-pass bista-
tic acquisitions, as in the TanDEM-X system, on the inversion of
scene parameters by means of polarimetric SAR interferometry
(PolInSAR). The retrieval of all scene parameters involved in
the Random Volume over Ground (RVoG) model (i.e., ground
topography, vegetation height, extinction, and ground-to-volume
ratios) is affected by this term when the radar response from
the ground is dominated by the DB. The estimation error in
all these parameters is analyzed by means of simulations over a
wide range of system configurations and scene variables for both
agricultural crops and forest scenarios. Simulations demonstrate
that the inclusion of the DB term, which complicates the inversion
algorithm, is necessary for the angles of incidence shallower
than 30◦ to achieve an estimation error below 10% in vegetation
height and to avoid a significant underestimation in the ground-
to-volume ratios. At steep incidences, this decorrelation term
does not affect the estimation of vegetation height and ground-
to-volume ratios. Regarding the extinction, this parameter is
intrinsically not well estimated, since most retrieved values
are close to the initial guesses employed for the optimization
algorithm, regardless of the use or not of the DB decorrelation
term. Finally, these findings are compared with the experimental
results from the TanDEM-X data acquired over the rice fields in
Spain for the available system parameters (baseline and incidence
angle) of the acquired data set.

Index Terms— Agriculture, bistatic radar, double bounce (DB),
forest, polarimetric SAR interferometry (PolInSAR), rice,
TanDEM-X, vegetation.

I. INTRODUCTION

POLARIMETRIC SAR interferometry (PolInSAR) [1] has
the potential for providing valuable structural metrics of

vegetation covers. Evidence of this potential was found in
successful results for the estimation of forest height and other
key parameters with data acquired by airborne sensors [2]–[5]
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and, more recently, also with the TanDEM-X data [6]–[9].
Regarding agricultural crops, PolInSAR has been successfully
exploited also with data from airborne campaigns [10]–[13]
and from TanDEM-X [14]–[17]. In all cases, a simplified
physical model of the scene, called Random Volume over
Ground (RVoG), was employed to relate the PolInSAR obser-
vations to the physical properties of the scene and, conse-
quently, to carry out the retrieval of the scene parameters
defined in the model: ground topography, vegetation height,
extinction, and ground-to-volume power ratios [2], [18]–[20].

Spaceborne PolInSAR data exploited in vegetation appli-
cations prior to TanDEM-X were acquired in a repeat-pass
configuration: a radar operating in the monostatic mode
collects sets of multipolarized SAR images over the same
area at different acquisition dates. In contrast, TanDEM-X
is characterized by a single-pass acquisition mode resulting
from its bistatic configuration, i.e., only one satellite acts as a
transmitter and both of them act simultaneously as receivers.
These two acquisition modes differ in two aspects concerning
the formulation of the interferometric coherence in the RVoG
model. In the first place, the vertical wavenumber is scaled by a
factor of 2 in the repeat-pass systems with respect to the single-
pass or bistatic systems, since the one-way path from the satel-
lite to the scene is common to the two images in the single-pass
systems, whereas it is different in the repeat-pass systems [19].
The second difference is that, in bistatic acquisitions, when
a double-bounce (DB) contribution is present at the ground
(as a result of the interaction between the trunks or stems
and the ground), the interferometric coherence is affected
by an extra decorrelation factor [18]. Treuhaft et al. [18]
and Treuhaft and Siqueira [19] originally defined this term,
and later on, Ballester-Berman and Lopez-Sanchez [21], [22]
analyzed it from a theoretical point of view. Unfortunately,
until the operation of TanDEM-X, this formulation could not
be tested on real data. However, all the experiments illustrated
in the literature using PolInSAR with TanDEM-X data for
forests [6]–[9] and most of the crop cases [14], [16], [17] have
ignored the mentioned decorrelation term, and the vegetation
heights obtained were accurate enough. Therefore, to date,
the real extent of the influence of this term on the retrieval
of the scene parameters still remains unclear.

The aim of this article is to provide, for the first time,
a detailed analysis of the effect of the DB decorrelation term
on the inversion of the RVoG scene parameters. The analysis
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is not limited to vegetation height but to the whole set of scene
parameters, i.e., including extinction and ground-to-volume
ratios. Taking as a starting point the retrieval algorithm
presented in [15] and completing the initial analysis shown
in [23], this article is aimed to answer the following questions.

1) Is it necessary to consider the DB decorrelation term in
the estimation of scene parameters? What is the error
when it is ignored?

2) Are the estimates of all model parameters affected
equally? or some parameters are affected more by
others?

3) Under which scene properties (model parameter values)
and system configurations (baseline and incidence angle)
the impact on the retrieval is negligible?

This article is organized as follows. Section II outlines
the theoretical PolInSAR background and the RVoG model.
In Section III, the inversion strategy for the estimation of the
scene parameters is described. Section IV evaluates the inver-
sion strategy with the simulated data for which the results are
presented and discussed. Section V presents the results with
real data. Finally, the conclusions are drawn in Section VI.

II. THEORETICAL BACKGROUND

A. Polarimetric SAR Interferometry

Polarimetric SAR systems combine sets of images acquired
at multiple polarimetric channels. In TanDEM-X dual-pol
interferometry, selecting HH and VV as the two polarimetric
channels [6], each dual-pol image is expressed as a 2-D
scattering vector, �k1 and �k2, in the Pauli basis [1]

�k j = 1√
2

[
S j

HH + S j
VV, S j

HH − S j
VV

]T ∀ j = 1, 2 (1)

where S j
PP represents the complex scattering amplitude at

the j th end of the spatial baseline with PP polarization
(PP = HH, VV). A scattering amplitude S( �w) is formed by
a projection of the scattering vector �k on a unitary complex
vector �w that specifies the selected polarimetric combination
[1], [24], yielding

S1( �w) = �w∗T �k1, S2( �w) = �w∗T �k2 (2)

assuming the same polarization for both images �w1 = �w2 = �w.
The generalized vector expression for the complex interfer-

ometric coherence γ is then the following:

γ (κZ , �w) = �w∗T [�12(κZ )] �w√
( �w∗T [T11] �w)( �w∗T [T22] �w)

(3)

where

[�12(κZ )] = 〈�k1 · �k∗T
2

〉
[T11] = 〈�k1 · �k∗T

1

〉
[T22] = 〈�k2 · �k∗T

2

〉
. (4)

In (4), matrices [T11] and [T22] contain the polarimetric infor-
mation, [�12(κZ )] contains the polarimetric information and
the interferometric information, and the operator �·� indicates

Fig. 1. Unit circle on the complex plane representing the coherence region
(gray ellipse), the coherences with minimum ground contribution γ (κZ , �wmin)
(green dot), and maximum ground contribution γ (κZ , �wmax) (red dot), and
the line of the standard RVoG model crossing the unit circumference at the
topographic phase φ0.

spatial multilooking. The vertical interferometric wavenumber
κZ , as specified in [18] and [19] for bistatic systems

κZ = 2π B⊥
λR sin θ0

(5)

depends on the perpendicular baseline B⊥, the wavelength λ,
and the incidence angle θ0.

The coherence region (gray ellipse in Fig. 1) provides
the geometrical interpretation of the interferometric coher-
ences γ (κZ , �w j ) on the complex plane within the unit circle
[25], [26]. By varying the projection vector �w, the coherence
region represents the polarimetric interferometric signature of
the observed scene, thus providing a way of quantifying the
sensitivity of the PolInSAR data to the scene properties.

B. RVoG Model

The retrieval of the vegetation parameters by means of
PolInSAR is based on the inversion of a simplified electro-
magnetic model of the scene. The most widely used model
is the RVoG [2], [18]–[20], which describes the scene as a
two-layer medium comprised of a homogeneous volume of
randomly oriented scatterers (e.g., stalks and leaves for crops;
leaves, branches, and trunks for forests), distributed along the
vertical coordinate according to a scattering function f (z) on
the top of an impenetrable ground surface, located at z = z0.

Regarding this assumption, the most complete expression
of the PolInSAR coherence γ̃ (κZ , �w) at different polarimetric
channels �w for a bistatic system, accounting for the two
contributions of the ground (surface or direct scattering, and
DB scattering) [6], [18], [19], [21], is as follows:

γ̃ (κZ , �w) = eiφ0
γ̃V + μD( �w) + γDBμDB( �w)

1 + μD( �w) + μDB( �w)
(6)
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where φ0 = κZ z0 is the topographic phase (i.e., the interfer-
ometric phase at the ground level), and μD( �w) and μDB( �w)
are the ground-to-volume backscatter ratios corresponding to
the direct (D) and DB contributions, respectively. The term
γ̃V is the coherence of the volume layer, characterized by a
height hv , without any ground contribution. It is expressed as
a function of f (z) as

γ̃V =
∫ hv

0 f (z)eiκZ zdz∫ hv

0 f (z)dz
. (7)

The first factor in the third term of the numerator in (6), γDB,
is the DB decorrelation term that appears whenever a bistatic
configuration is used

γDB = sin kzhv

kzhv
. (8)

Note that the wavenumber in (8) is kz , not κZ , and it is defined
as follows (see [18], [19], [21], [22] for more details):

kz = κZ sin2 θ0. (9)

In many natural scenes, the direct response from the ground
is the dominant ground contribution, and thus, the coherence
expression would be simplified as

γ̃ (κZ , �w) = eiφ0
γ̃V + μD( �w)

1 + μD( �w)
. (10)

In other scenarios, e.g., rice fields [14], [15] and mangroves
[8], [17], the ground is flooded, which favors the DB contri-
bution and makes negligible the direct contribution. In such
a case, the dominant ground contribution is the DB, and the
coherence expression turns into

γ̃ (κZ , �w) = eiφ0
γ̃V + γDBμDB( �w)

1 + μDB( �w)
. (11)

Whenever there is no clear dominance of one of the two
ground contributions, i.e., the direct D or the DB, the most
general expression of coherence (6) should be used [22].

Different approaches have been proposed to model the
vegetation volume structure and, hence, the scattering func-
tion f (z), being the most common an exponential function
governed by an extinction coefficient σ . In many agricultural
crops, the scatterers within the volume may share a predomi-
nant vertical orientation, leading to a larger attenuation of the
waves in the vertical polarization. The model that accounts for
this dependence is the Oriented Volume over Ground (OVoG)
model [19], [27], in which the vertical and horizontal extinc-
tion coefficients are different. Nonetheless, if such dependence
on polarization is not strong, the simpler RVoG model can be
employed, in which the extinction coefficient is polarization-
independent. Given that the available input data of this article
are dual-pol (not fully polarimetric), we only have access
to a reduced observation space. Thus, we need to ignore
the orientation effects in order to design a feasible inversion
strategy. Consequently, the RVoG model will be used for
inversion.

In the RVoG model, the only dependence of the coherence
on polarization is found in the ground-to-volume ratio, which
makes the coherences provided by the model to lie along

Fig. 2. Unit circle on the complex plane representing the extreme coherences,
γ (κZ , �wmin) (green dot) and γ (κZ , �wmax) (red dot), and the line of the RVoG
model when the DB ground contribution dominates (11).

a straight line on the complex plane. Derived from (10),
the RVoG coherence as a straight line is expressed as

γ̃ (κZ , �w) = eiφ0D

(
γ̃V + μD( �w)

1 + μD( �w)
(1 − γ̃V )

)
(12)

as originally defined in [6], [18], and [24]. However, when the
DB dominates the ground response and we work with a bistatic
acquisition, the line equation derived from (11) results in

γ̃ (κZ , �w) = eiφ0DB

(
γ̃V + μDB( �w)

1 + μDB( �w)
(γDB − γ̃V )

)
(13)

where γDB is the absolute value of the coherence for an infinite
ground-to-volume ratio, instead of 1. This decrease in the
coherence is a result of the differences in the travel paths of
the DB contributions when returning to the receiving antennas,
which is discussed in detail in [21] and [22]. The difference
between the two cases is graphically shown in Fig. 2. Briefly,
in the latter case, the point that defines the topographic phase
is the intersection between the line and the circumference of
radius γDB, instead of unit radius as in the normal case.

III. PolInSAR INVERSION STRATEGY

A. Inversion Algorithm

In the literature, one can find different strategies to
retrieve the physical parameters of the scene employed in the
RVoG model (see [8], [11], [14], [16]). Taking as reference
[6] and [15], the methodology employed here particularizes
the inversion procedure for the dual-pol TanDEM-X bistatic
data, adapted to the specific properties of a scene in which
the DB contribution dominates. The reader is advised to
consult [6] and [15] for a broader explanation regarding the
details of the algorithm. The inversion approach is summarized
in Fig. 3. The algorithm is implemented in the python open-
source code, which will be available in a public repository
upon the publication of this manuscript. It consists of three
main steps as follows.
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Fig. 3. Flow diagram of the proposed RVoG inversion approach for PolInSAR
data and scenes characterized by a dominant DB ground contribution. The
diagram describes the inversion procedure for a single PolInSAR model scene.

1) Line fit to the coherence region and selection of the
coherences with minimum and maximum ground con-
tributions, γ (κZ , �wmin) and γ (κZ , �wmax), hereafter called
extreme coherences.

2) Compensation for the extreme coherences for all the
nonvolumetric decorrelation terms: a) decorrelation due
to thermal noise, which is defined by the signal-to-noise
ratio (SNR) at each pixel, γSNR and b) decorrelation due
to data quantization (BQ), γBQ.

3) Numerical estimation of the model parameters: topo-
graphic phase φ0, vegetation height hv , extinction σ , and
two ground-to-volume amplitude ratios μmin and μmax,
one for each extreme coherence.

Steps 1) and 2) correspond to the ones defined in [15],
so they are only briefly described here. As for the first step,
among the different ways that exist to carry out the line fit
to the coherences, i.e., [1], [20], [24], the proposed method
implements the approach described in [6]. First, the border
of the coherence region is generated, and then, the coher-
ences with minimum and maximum phases are selected, thus
defining the line shown in Fig. 2. The straight line generated
by the ground-to-volume ratio μ( �w) is the coherence region
of the RVoG model, and the extreme coherences correspond to
the ones with minimum and maximum ground contributions,
γ (κZ , �wmin) and γ (κZ , �wmax), associated with the projection
vectors �wmin and �wmax, respectively.

Once the pair of extreme coherences is found, the second
step is the correction of other nonvolumetric decorrelation
terms, i.e., γSNR and γBQ, performed following the explanation
given in [15]. After the extreme coherences are corrected,
they are used as input to the third critical step: the parameter
retrieval stage (gray dashed box in Fig. 3). At this point, coher-
ence γ̃ is the only remaining term to be modeled according
to the scattering properties of the scene.

Since the goal is to evaluate the effect of the DB decor-
relation term present in bistatic acquisitions, in this article,
the numerical estimation of the model parameters can be
carried out in two ways: either considering a scene dominated
by the direct ground contribution, and thus, coherence γ̃ is
modeled according to (10); or considering a scene domi-
nated by the DB contribution, where coherence γ̃ is modeled
as in (11).

Regardless of the methodology selected, the estimation is
performed by an iterative minimization in which the cost func-
tion is the distance between the measured extreme coherences
γ (κZ , �w) and the modeled ones γ̃ . The general expression for
both methodologies is the following:

min
φ0,hv ,σ,μmax,μmin

∥∥∥∥
[
γ (κZ , �wmax)e−iφ0

γ (κZ , �wmin)e−iφ0

]

−
[
γ̃ (κZ , φ0, hv , σ, μmax)
γ̃ (κZ , φ0, hv , σ, μmin)

]∥∥∥∥ (14)

where the minimum and maximum ground-to-volume ratios
μmin and μmax are particularized to μD,min and μD,max, or to
μDB,min and μDB,max, depending on the equation used for
inversion, i.e., (10) or (11).

When the scene analyzed corresponds to a forest,
the minimum ground-to-volume ratio can be assumed to be
μD( �wmin) = 0 (see [6]). This assumption is usually satisfied
for the forest scenes due to a negligible contribution coming
from the ground compared with the contribution from the
volume (i.e., tens of meters of vegetation height). However,
when evaluating the crop scenes (i.e., with vegetation height
from a few centimeters to a few meters), all polarimetric
channels present some contribution from the ground, and
hence, neither μD( �wmin) nor μDB( �wmin) can be assumed to
be zero.

As depicted in Fig. 3, the first parameter to estimate is
the ground phase φ0. When the direct ground contribution
dominates (10), the topographic phase is directly obtained
by the crossing of the line defined by the RVoG model and
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the unit circumference [see φ0D in Fig. 2 and (12)] [6],
[18], [24]. Then, the remaining model parameters, i.e., hv ,
σ , μD,max, and μD,min, are retrieved following the numerical
minimization method in (14). In contrast, when the dominant
ground contribution is the DB (11), the coherence of pure
ground contribution (μDB → ∞) decreases and the true
topographic phase φ0DB is defined by the crossing of the line
with the circumference of radius γDB (13), as it is represented
in Fig. 2. Therefore, the first effect of a wrong model selection
is a bias in the estimation of ground topography, which, in turn,
is expected to influence the estimation of the rest of the model
parameters.

Since the extra decorrelation term γDB depends on the
vegetation height hv (8), which is one of the unknowns,
the estimation of the topographic phase directly from the
intersection between the line and the circumference is no
longer fulfilled (i.e., the radius of the circumference is not
known). This implies a series of additional considerations
with respect to the conventional inversion of the RVoG model,
which is further examined in the following section.

B. Parameter Retrieval in Bistatic Configurations With
Dominant DB From the Ground

In the first place, not all the initial guesses of vegetation
height (e.g., hv = 1 m in a crop scenario) are valid, because the
RVoG line (13) may not cross the circumference of radius γDB

defined by that initial guess of hv . Thus, prior to the numerical
optimization, the input guess of the vegetation height needs
to be checked for ensuring that the corresponding intersects
the RVoG line, defined by the measured extreme coherences,
at, at least, one point. With this purpose, the expression
of the minimum coherence along the line |γmin|, derived in
[24, eq. (7.49)], is reformulated here for the general case (valid
for any two coherences), yielding

|γmin| = |Re(γ1)Im(γ2) − Im(γ1)Re(γ2)|
|γ1 − γ2| (15)

where γ1 and γ2 correspond in practice to the coherences of the
minimum and the maximum ground contribution γ (κZ , �wmin)
and γ (κZ , �wmax), respectively (see Fig. 4).

Once |γmin| is obtained from the extreme coherences,
the maximum value of the vegetation height that can be used as
the initial guess is limited by the sin c function in (8). Inverting
the sin c function by means of a Taylor series expansion
(see [24, eq. (5.57)]) using the first three terms leads to

x � 1 ⇒ sin cx =
∞∑

n=0

(−1)n · x2n

(2n + 1)! ≈ 1 − x2

3! + x4

5! . (16)

Then, combining (8), (9), and (16), the maximum or upper
bound for the vegetation height, which needs to be considered
for inversion, is obtained from the following expression:

hv,max ≈ 1

κZ sin2 θ0

√
10 − 60

√
1

36
− 1 − |γmin|

30
. (17)

Once the range of vegetation heights that assure the min-
imum coherence required to find a solution is constrained

Fig. 4. Unit circle on the complex plane, representing the minimum coherence
|γmin| along the RVoG line when the DB ground contribution dominates (13).
The dashed circumference corresponds to a radius γDB obtained with an
invalid hv guess (e.g., 1 m, for which there is no intersection with the line),
whereas the continuous circumference is obtained from the value of hv , which
makes |γmin| = γDB. Any value of hv smaller than the one used for the
continuous line (e.g., 0.5 m) would ensure the intersection between the line
and the circumference.

(i.e., |γmin| ≤ |γDB|), an iterative solution search is imple-
mented (see Fig. 3). We take first the value of vegetation
height and obtain the corresponding γDB. Then, an initial value
of φ0DB is provided by the intersection of the line with the
circumference of radius γDB. With φ0DB and the initial guess
of all model parameters (the selection strategy is discussed
later in Section IV), the set (hv , σ , μDB,max, μDB,min), which
provides the minimum distance between the measured and
modeled coherences, is estimated through (14). Here, a con-
strained minimization algorithm is employed, with a typical
tolerance (TOL in Fig. 3) as the finalization condition. Next,
γDB is updated with the estimated hv , and the computation
of the topographic phase φ0DB and the minimization (14) are
performed again. The iteration carries on until convergence to
a solution with minimum distance between the measurements
γ (κZ , �w) and the model predictions γ̃ .

Nevertheless, with the dual-pol single-baseline PolInSAR
data, as the present case of study, the estimation of the
RVoG parameters does not provide a unique solution but a
range of possible solutions for which the numerical mini-
mization in (14) is accomplished, since different combina-
tions of model parameters produce similar model outputs.
Consequently, the minimization in (14) might fall in local
minima or simply provide an arbitrary solution that does not
satisfy the condition of minimum distance. Here, as a reliable
measure of convergence, the minimum distance that we have
accepted as convergence criterion is 5% of the visible RVoG
line length [i.e., the length of the segment from γ (κZ , �wmin) to
γ (κZ , �wmax)]. A relative measure of convergence is necessary
in order to adapt the criterion to the input data. Since the
inversion of the model is based on minimizing the distance
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TABLE I

ACQUISITION SYSTEM PARAMETERS FOR THE
CROP AND FOREST SCENARIOS

between the coherences provided by the model and the data
[see (14)], the minimum distance required to consider that
convergence has been reached, which needs to be adapted to
the separation among the data coherences. When they are quite
separated, the convergence distance does not need to be as
small as when they are very close together. Contrarily, e.g.,
when vegetation is very short, if all the possible coherences
are located very close to a single point, the RVoG line from
γ (κZ , �wmin) to γ (κZ , �wmax) is very short, and there is not
much difference between them in absolute terms. Therefore,
a single absolute magnitude does not ensure convergence in
all cases. Numerous tests showed that all solutions fulfilling
the condition of 5% of the RVoG line length provide the
accuracy required to ensure satisfactory parameter estimations.
When the resulting optimized solution does not converge
to the established criterion, a different initial guess for the
vegetation height (which in turn is known to be the most
sensitive parameter [18], [19], [24], [28]) is generated ran-
domly using a uniform distribution. The ranges in which the
new guess is generated are the same as those we use to
generate the simulated scenes (later specified in Section IV and
Table II): hv,random ∈ [0, HoA/2] m for the crops and hv,random ∈
[2, HoA/2] m for the forests. In case the maximum vegetation
height has been restricted [as in (17), i.e., the original guess
of vegetation height did not provide a crossing with the
circumference of radius γDB], the new vegetation height guess
is generated accordingly, i.e., hv,random ∈ [0, hv,max] m. The
new value of hv , together with the rest of the initial guesses
for all the parameters, is taken as the input to a new iteration
of the numerical estimation of the model parameters. The
optimization process described above is, therefore, repeated
for the same pixel until the solution fulfills the convergence
distance.

IV. ANALYSIS WITH SIMULATED DATA

In this section, simulations are performed in order to assess
the effect of the DB decorrelation term. Its influence on the
inversion of the RVoG parameters as a function of both struc-
tural model parameters and system parameters is evaluated for
two different scenarios: crops and forests. Table I shows the
specific system configuration parameters of the TanDEM-X
sensor, which have been selected for each scenario. The
heights of ambiguity of 3 and 5 m (HoA = 2π/κZ ) are used for
crops, while 30 and 60 m are employed for the forest scenes.
In addition, each one of these baselines is tested at four angles
of incidence, ranging from 20◦ to 50◦.

At this point, it is worth mentioning that in sloped terrain
with severe topography (e.g., forests in mountainous regions

TABLE II

SIMULATION INTERVALS OF THE PARAMETERS FOR THE
CROP AND FOREST SCENARIOS

TABLE III

CROP AND FOREST SCENARIOS: PARAMETER OPTIMIZATION

CONSTRAINTS FOR INVERSION

or crops in step farming), the influence of the local incidence
angle on the model parameters should be considered. In the
literature, one can find different strategies to deal with the
terrain slope variation effect for the estimation of forest
parameters [7], [29]–[31]. Positive slopes (i.e., facing toward
the radar) decrease the local incidence angle and increase
the vertical wavenumber. On the contrary, negative slopes
(i.e., facing away from the radar) increase the local incidence
angle and decrease the vertical wavenumber. Another direct
consequence of a variation in the local incidence angle is a
change in the ground-to-volume ratios. In forests, steep slopes
facing the radar make the assumption of the null minimum
ground-to-volume ratio (in at least one polarimetric channel)
to break down, thus complicating the inversion methodology.

The intervals of the parameters used to generate the crop
and forest scenarios are reported in Table II, whereas the opti-
mization constraints, representing the intervals in which the
possible solutions are searched for, are presented in Table III.
Note that to ensure the feasible solutions and to avoid the edge
effects, the bounds used as optimization constraints are beyond
the margins employed to generate the simulated scenes. The
upper bound of the height search space is set to HoA, and
that of the extinction search space is equal to 17 dB/m (see
the measurements in [32]).

The following simulation procedure is conducted for the
evaluation of the influence of the DB on the inversion of the
scene parameters. Each possible combination of the system
and scene parameters generates a pair of theoretical coher-
ences, γ (κZ , �wmin) and γ (κZ , �wmax), which are provided by
the forward model through either (10) or (11). These simulated
coherences are the input to the numerical inversion. For every
scene (i.e., every pair of theoretical coherences), the model
is inverted employing a first set of initial guesses with the
average values of each variable, e.g., hv = 1 and 10 m,
σ = 5 and 0.25 dB/m (for crops and forests, respectively),
μmin = − 3 dB, and μmax = 3 dB [32]. In the end,
the optimized solutions that satisfy the convergence criterion
are saved for their later analysis.

Even in the case of data acquired in the monostatic mode
or when there is a dominant direct ground contribution and
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Fig. 5. Topographic error 
z0 obtained as a function of the vegetation height for four incidence angles. The first row corresponds to the error for
HoA = 3 m (κZ = 2.1 rad/m), whereas the second row to HoA = 5 m (κZ = 1.25 rad/m). Each column represents the error obtained for σ = 0, 5, and
10 dB/m, respectively. Ground-to-volume ratios are μmin = −3 dB and μmax = 3 dB.

not a DB one, the inversion of the RVoG model is expected
to not perform ideally due to a lack of sensitivity for very
short heights and to other numerical limitations related to
optimization. Thus, the errors originated by the DB must be
clearly separated from the intrinsic errors that would appear
also in its absence. For this reason, three methodologies
have been compared to quantify properly the effect of the
DB decorrelation term. The first methodology assumes a
scenario with a dominant direct ground contribution, and
thus, it applies (10) to both forward model and inversion.
In the second methodology, the forward model corresponds
to a dominant DB ground contribution (11), but the inversion
ignores it and employs (10). Finally, the third methodology
acknowledges the presence of a dominant DB ground con-
tribution, and both forward model and inversion make use
of (11). In the following, for the sake of interpretation, the first
methodology will be referred to as D-D, the second as DB-D,
and the third as DB-DB.

To measure the performance of inversion, the results are
presented in terms of the absolute error


x = xestimated − xtrue. (18)

In addition, the relative mean error (RME [%]) is calculated as

RME = xestimated − xtrue

xtrue
· 100 = 
x

xtrue
· 100 (19)

where xestimated corresponds to the estimate and xtrue corre-
sponds to the parameter of the simulated scene using the
forward RVoG model.

The errors obtained in the estimation of topography, veg-
etation height, extinction, and ground-to-volume ratios are

presented and analyzed in Sections IV-A and IV-B for the
crop and forest scenarios, respectively.

A. Crop Scenario

1) Topography: As the flow diagram of the proposed inver-
sion approach indicates (see Fig. 3), the topographic phase is
the first parameter to be estimated [2]. Therefore, we analyze
in the first place the error produced in the retrieval of the
topographic phase in the case illustrated in Fig. 2, when
data correspond to a scene with a dominant DB ground
contribution (11), but the inversion assumes a dominant direct
ground contribution (10). The phase error is defined as


φ0 = φ0DB − φ0D (20)

and is translated into the topography error as


z0 = 
φ0/κZ . (21)

Fig. 5 represents the topographic error 
z0 obtained for a
range of vegetation heights hv and for four incidence angles
(see Table I). Moreover, since the estimation accuracy of
the RVoG model inversion depends on the effective baseline
κZ and on the available interferometric coherence [7], [33],
the results are computed for the heights of ambiguity of
3 and 5 m, which correspond to κZ = 2.1 and 1.2 rad/m,
respectively. The results are presented for null, medium
(i.e., 5 dB/m), and high (i.e., 10 dB/m) extinctions.

The first aspect that can be observed is that for steep
incidence angles, the bias is very small or negligible. In the
worst case, for σ = 0 dB/m, the error is less than 1 cm
at 20◦ and less than 4 cm at 30◦. The reason of this
dependence on the incidence angle is the conversion factor
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Fig. 6. Comparison of the DB decorrelation term as a function of the
vegetation height for HoA = 3 m.

between κZ and kz , explained in (8) and (9). The strong
influence of the incidence angle on γDB is reflected in γDB =
(sin (κZ · sin2 θ0 · hv ))/(κZ · sin2 θ0 · hv ), where the sine of the
incidence angle appears to the square. This means that steep
incidences (i.e., 20◦) turn into γDB values close to 1, whereas
shallow incidences (i.e., 50◦) make γDB to decrease rapidly.
When γDB � 1, there is almost no DB decorrelation, and
the coherences on the complex plane are very close to the
monostatic configuration (see Fig. 2). In these situations,
the effect of the DB factor is insignificant. Nevertheless, for
shallower incidence angles, e.g., 40◦ and 50◦, there is a clear
bias that is expected to affect the estimation of the rest of
model parameters. This error is greater for low extinctions and
higher heights of ambiguity, and it increases for larger values
of height, since as the vegetation height increases, γDB (8)
decreases, and the circumference that fixes the topographic
phase shrinks. Fig. 6 illustrates how γDB decreases with
increasing hv at the four different incidence angles. Thus, with
σ = 0 dB/m and HoA = 3 m, the topographic error reaches
10 cm at 40◦ and 24 cm at 50◦, for vegetation heights around
1.4 m. For the same extinction and HoA = 5 m, the maximum
errors move to the largest heights (i.e., 2.5 m), with the values
of 16 and 37 cm at 40◦ and 50◦ (i.e., relative errors around
7% and 15%), respectively.

On the other hand, there is a second trend in the plots
shown in Fig. 5 in which, from a certain height and for high
extinctions, the error is first canceled, and then, the topography
starts to be underestimated. The maximum error corresponds
to a relative error of 6% in the worst case, with HoA = 3 m,
σ = 10 dB/m, and hv = 1.5 m. Such a cancella-
tion of the topography error takes place when the RVoG
line exhibits a radial arrangement on the complex plane,
and hence, the topographic phase coincides with the two
expressions (10) and (11).

2) Vegetation Height: Fig. 7 compares the error obtained in
the vegetation height estimates applying the RVoG model fol-
lowing the methodology described in Section III for the cases
D-D, DB-D, and DB-DB. Therefore, the left and right columns
correspond to the cases in which the same expression is used
for the forward model and the inversion, whereas the central
column corresponds to the case of ignoring the DB effect in the

inversion but with data generated in its presence. The error is
calculated in absolute terms following (18), particularized for
the vegetation height. The results are presented as a function
of height and extinction within the intervals [0, 1.5] m and
[0, 10] dB/m (see Table II), respectively. The ground-to-
volume ratios of the two channels are fixed to the values
μmin = −3 dB and μmax = 3 dB. With respect to the
acquisition system parameters (see Table I), the selected spatial
baseline for this test is κZ = 2.1 rad/m (i.e., HoA = 3 m),
and the extreme look angles that we have chosen are
20◦ and 50◦.

A common behavior in the three cases is the error present
when height is above 80 cm and the extinction is either low
or high. For this range of values, there is a deviation between
the real and estimated values that, in the worst case, reaches
10 cm approximately. This pattern is repeated for all the angles
of incidence in the methodologies D-D and DB-DB, which
are very similar. The fact that this error occurs even when the
scene is properly characterized (i.e., cases D-D and DB-DB)
means that its origin is not the DB decorrelation but the RVoG
model inversion itself.

As expected from the previous analysis of the topographic
error, which corresponds to the DB-D case, there is an evident
increase in the influence of the DB decorrelation term when
one moves to shallower incidence angles. This influence is
translated into a greater error when the DB is ignored in the
inversion. Due to the dependence of γDB on the product kzhv

[see (8) and (9)], only by acknowledging it in the inversion,
the RVoG model constrains the vegetation height according
to the baseline κZ and the angle of incidence θ0. Thus,
the maximum relative error in the case DB-D for a look angle
of 50◦ is 25% around a vegetation height of 80 cm. In contrast,
this overestimation is compensated when the inversion model
does consider the DB term (case DB-DB).

A detailed insight into the effect of ignoring the DB in
the inversion of vegetation height is presented in Fig. 8. The
difference between the estimates following the methodolo-
gies DB-D and DB-DB is presented, named 
hv,D-DB. The
results are plotted for 50◦, when the overestimation is most
significant. The area that encompasses the higher possible
errors is found for the values of hv from 50 cm to 1.3 m,
approximately. As shown in the case DB-D in Fig. 7 for 50◦,
the greatest absolute errors occur at high vegetation heights
and extinctions. However, the maximum relative errors when
the scene has been wrongly characterized are located at the
average values of the scene height, which is normally the
region of greatest interest in terms of inversion accuracy.
The maximum error is 8 cm (around 10%), when hv = 76 cm
and σ = 0.67 dB/m.

3) Extinction Coefficient: Fig. 9 presents the absolute
error (18) in the estimates of the extinction coefficient for
the three methodologies compared: D-D, DB-D, and DB-DB.
The main difference with respect to the estimation of the
vegetation height is that the error for the extinction coef-
ficient is considerably larger, ranging from −3 to 3 dB/m,
underestimating the high values and overestimating the low
values. Furthermore, the error profile remains almost constant
as a function of vegetation height, which suggests that the
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Fig. 7. Vegetation height error obtained with the method described in Section III-A. Model parameters: hv ∈ [0, 1.5] m, σ ∈ [0, 10] dB/m, μmin = −3 dB,
and μmax = 3 dB. Other system parameters: θ0 = 20◦ and 50◦, and HoA = 3 m. (Left) Methodology D-D. (Middle) Methodology DB-D. (Right) Methodology
DB-DB.

extinction estimation is relatively insensitive to the changes in
the vegetation height.

On the other hand, several analogies are found with prior
evaluations (see Sections IV-A1 and IV-A2). The error in
extinction at 20◦ is roughly the same one whether the DB is
considered in the inversion or not, whereas at 50◦, the results
of the DB-D methodology show a clear overestimation in
comparison with the other ones, D-D and DB-DB.

The large error that the DB-D case exhibits for 50◦ and short
vegetation heights is also visible for 20◦ in the methodologies
D-D and DB-D, in contrast to what the vegetation height esti-
mates reflect (see Fig. 7). For vegetation height values below
30 cm, approximately, the overestimation is caused by a lack
of interferometric sensitivity (as demonstrated in [34]). This
is a limitation due to the baseline, since for short vegetation,
the product of height and vertical wavenumber (hvkz) is very
small, which means that there is not sufficient interferometric
sensitivity to the vertical distribution of the scatterers in
the scene. Albeit this overestimation is constrained to short
values of hv , the dependence of the DB factor γDB on the
incidence angle [see (8) and (9)] explains the greater bias for
50◦ when the inversion ignores it (case DB-D). Comparing
the three methodologies, the results indicate that this error is
mostly counteracted when the model used for inversion goes
in accordance with the scene simulated, as in the cases D-D
and DB-DB.

The influence of the initial guess of extinction needs to be
discussed at this point. The results shown in Fig. 9 are obtained

Fig. 8. Vegetation height overestimation of the case DB-D with respect to the
case DB-DB. Results obtained using the method described in Section III-A.
Model parameters: hv ∈ [0, 1.5] m, σ ∈ [0, 10] dB/m, μmin = −3 dB, and
μmax = 3 dB. Other system parameters: θ0 = 50◦ and HoA = 3 m.

with an average value for the initial guess: 5 dB/m. In the
cases D-D and DB-DB, as well as for the steep incidences
in the case DB-D, there is a null estimation error around
this value, whereas there is an underestimation for higher
values and an overestimation for lower values. Additional
tests with higher and lower values of initial guess show
that the output estimates fluctuate around the input value,
regardless of its magnitude. Therefore, in general, the resulting
extinctions could not be considered as valid estimates. This
is demonstrated in Fig. 10 (first row), where the results of
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Fig. 9. Extinction error obtained with the method described in Section III-A. Model parameters: hv ∈ [0, 1.5] m, σ ∈ [0, 10] dB/m, μmin = −3 dB, and
μmax = 3 dB. Other system parameters: θ0 = 20◦ and 50◦ , and HoA = 3 m. (Left) Methodology D-D. (Middle) Methodology DB-D. (Right) Methodology
DB-DB.

Fig. 10. (First row) Extinction error and (Second row) Vegetation height error using as initial guess (Left) σ = 0.5 dB/m and (Right) σ = 20 dB/m. Model
parameters: hv ∈ [0, 1.5] m, σ ∈ [0, 10] dB/m, μmin = −3 dB, and μmax = 3 dB. Other system parameters: θ0 = 50◦, and HoA = 3 m.

the extinction estimates using as initial guess σ = 0.5 and
20 dB/m are shown. The results are presented for the worst
case, i.e., following methodology DB-D for θ0 = 50◦.

The consequence of this insensitivity to extinction is
that varying the initial guess affects the estimation of
the rest of model parameters, i.e., vegetation height and
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Fig. 11. (First row) Minimum ground-to-volume ratio error and (Second row) maximum ground-to-volume ratio error using as initial guess (Left) σ = 0.5 dB/m
and (Right) σ = 20 dB/m. Model parameters: hv ∈ [0, 1.5] m, σ ∈ [0, 10] dB/m, μmin = −3 dB, and μmax = 3 dB. Other system parameters: θ0 = 50◦ and
HoA = 3 m.

ground-to-volume ratios. The results of the vegetation height
estimates are shown in Fig. 10 (second row). A low initial
guess for extinction is translated into an overestimation of
height for hv > 1 m and σ > 5 dB/m (see the top-right
corner of the plots in Fig. 7). On the contrary, a high initial
guess for extinction produces an underestimation of height for
hv > 1 m and σ < 5 dB/m (see the bottom-right corner
of the plots in Fig. 7). As for the ground-to-volume ratios
(see Fig. 11), which are analyzed in the next section, for a
fixed hv = 1 m and σ = 5 dB/m, considering as the initial
guess a low value of extinction increases considerably the
error, leading to an overall underestimation. Under the same
conditions, the inversion using a high initial value of extinction
results in an overestimation of low ground-to-volume ratio
pairs and an underestimation of high ground-to-volume ratio
pairs. In these situations, the error caused by ignoring the DB
in the inversion is mixed with the error of underestimating or
overestimating the extinction.

4) Ground-to-Volume Ratios: The evaluation of the ground-
to-volume ratios, corresponding to the minimum and maxi-
mum ground contributions, is displayed in Figs. 12 and 13,
respectively. Similar to previous assessments, the error analysis
is performed over the average values of the model parameters.
Namely, vegetation height and extinction are fixed to values
hv = 1 m and σ = 5 dB/m. The ground-to-volume ratios are
simulated within the interval [−10, 10] dB under the condition
μmax > μmin in order to ensure the physically meaningful
solutions.

There are evident similarities when comparing the estimates
of both magnitudes. Once again, the error of ignoring the

DB contribution (see the case DB-D) can be neglected for the
steep angles of incidence (20◦), and it should be considered
for shallower incidence angles, such as 50◦. For this latter θ0,
the maximum underestimation is found for the highest pair of
simulated ground-to-volume ratios (i.e., μmin = 9.5 dB and
μmax = 10 dB), and it is around 8 dB.

On the lower values of the simulations (i.e., bottom-left
corner of Figs. 12 and 13), there is an overestimation, which is
more noticeable in the μmin estimates. A maximum deviation is
found at values μmin = −10 dB and μmax = −9.5 dB along the
three cases evaluated for 20◦, and even in the case D-D for 50◦.
This is explained by the fact that such low values of ground-to-
volume ratios mean that the backscattering contribution from
the ground is insignificant compared with the contribution
from the volume. Under these circumstances, the scattering
is concentrated in a single point at the top of the vegetation
layer. The RVoG line on the complex plane shortens, and the
extreme phases associated with the polarization states �wmin

and �wmax are very similar to each other and far away from the
topographic phase. Therefore, the variability of the possible
solutions increases. This scenario complicates the retrieval of
the topographic phase, and thus the retrieval of the rest of the
model parameters.

Observing the estimates of the methodology DB-DB for
50◦, one can note how the inclusion of the DB term in the
inversion compensates considerably the error in both ground-
to-volume ratios. Not only the underestimation at high ground-
to-volume pairs is corrected but also the overestimation that
appears at the low pairs of simulated ground-to-volume ratios
(which is present in the case D-D).
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Fig. 12. Error in the minimum ground-to-volume ratio estimated with the method described in Section III-A. Model parameters: hv = 1 m, σ = 5 dB/m,
μmin ∈ [−10, 10] dB, and μmax ∈= [−10, 10] dB. Other system parameters: θ0 = 20◦ and 50◦, and HoA = 3 m. (Left) Methodology D-D.
(Middle) Methodology DB-D. (Right) Methodology DB-DB.

Fig. 13. Error in the maximum ground-to-volume ratio estimated using the method described in Section III-A. Model parameters: hv = 1 m, σ = 5 dB/m,
μmin ∈ [−10, 10] dB, and μmax ∈= [−10, 10] dB. Other system parameters: θ0 = 20◦ and 50◦, and HoA = 3 m. (Left) Methodology D-D. (Middle)
Methodology DB-D. (Right) Methodology DB-DB.

In summary, in crop scenarios, we have seen that the DB
decorrelation term needs to be considered in the parameter
retrieval when we work with oblique incidences, but it is not

necessary for steep angles. Vegetation height and ground-to-
volume ratios are well estimated when the DB is ignored,
but the incidence angle is steep, whereas for shallow angles,
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Fig. 14. Topographic phase error 
z0 obtained as a function of the vegetation height for four incidence angles. The first row corresponds to the error for
HoA = 30 m (κZ = 0.2 rad/m), whereas the second row to HoA = 60 m (κZ = 0.1 rad/m). Each column represents the error obtained for σ = 0, 0.1, and
0.5 dB/m, respectively. The ground-to-volume ratios are μmin = −3 dB and μmax = 3 dB.

the DB term needs to be considered in the inversion to provide
good estimates. Regarding the extinction, its estimation is not
reliable in any case (i.e., considering or not the DB), since
it clearly depends on the initial guess. In the context of sim-
ulations, a wrong extinction estimation affects the reliability
of the other parameters. Hence, an average extinction as the
initial guess for the inversion has been employed for separating
the effect of the DB in the estimates with respect to the effect
of the initial guess of extinction.

B. Forest Scenario

1) Topography: Analogous to Section IV-A1, this section
quantifies the topographic error over the forest scenario,
defined as (20) and (21), and illustrated in Fig. 14.

The error 
z0 is calculated for a range of vegetation heights
hv adapted to the size of the forests (see Table II), and hence
to the corresponding baselines as well, i.e., κZ = 0.2 and
0.1 rad/s (see Table I). In the literature, typical extinction
values employed for forests are around 0–0.5 dB/m [7].
Therefore, the error is here presented for σ = 0, 0.1,
and 0.5 dB/m.

Fig. 14 highlights that the results retrieved in the agricul-
tural scenario can be extrapolated to forests, considering the
proportional increase that implies dealing with the vegetation
height values of greater magnitude. In particular, the first trend
that one can perceive is that the bias is insignificant for steep
incidence angles, and it increases for more oblique ones (see
Fig. 15 for a graphical explanation). In the worst case, for
a fixed σ = 0 dB/m and HoA = 30 m, the topographic
error is less than 7 cm for 20◦ and below 33 cm for 30◦.
Likewise, the second trend is that the topographic mismatch

Fig. 15. Comparison of the DB decorrelation term as a function of the
vegetation height for HoA = 30 m.

between the estimations and the measurements is greater for
low values of extinction (i.e., 0 dB/m) and higher heights
of ambiguity (i.e., 60 m). Thus, the maximum errors for
HoA = 30 and 60 m, are found for σ = 0 dB/m at the greatest
height simulated: 2.2 m of error at 15 m for HoA = 30 m and
4.3 m at 30 m for HoA = 60 m, which represent the relative
errors around 15% in both cases.

The role of HoA in the estimation of all parameters is
twofold. On the one hand, it acts as a scaling factor, as it can
be deduced from the topography estimation shown in Fig. 14
and is well explained in [31]. A forest scenario evaluated
with smaller values of HoA is expected to suffer from smaller
estimation errors, because a larger spatial baseline is available,
which implies a higher interferometric sensitivity (i.e., greater
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Fig. 16. Vegetation height error obtained using the method described in Section III-A. Model parameters: hv ∈ [2, 15] m, σ ∈ [0, 0.5] dB/m, μmin = −3 dB,
and μmax = 3 dB. Other system parameters: θ0 = 20◦ and 50◦ , and HoA = 30 m. (Left) Methodology D-D. (Middle) Methodology DB-D.
(Right) Methodology DB-DB.

sensitivity to the RVoG parameters translates into a higher
accuracy of the estimates). Unfortunately, in practice, decreas-
ing the HoA entails two problems: the maximum vegetation
height that can be retrieved is also decreased in the same
proportion (hence leaving out areas with tall trees that could
be considered with larger HoA) and a stronger range filtering
needs to be applied in the preprocessing for compensating
the increased wavenumber shift (hence degrading the spatial
resolution in range).

The last trend, which is also common to both crops and
forests, is that for a specific height and increasing extinction,
the resulting 
z0 starts to decrease and then becomes null
(i.e., the RVoG line is radial on the complex plane).

2) Vegetation Height: In Fig. 16, 
hv is plotted for
HoA = 30 m and κZ = 0.2 rad/m as a function of height
and extinction within the ranges [2, 15] m and [0, 0.5] dB/m,
respectively (see Table II). To be consistent with the precedent
assessments, the rest of the parameters are the same as the ones
employed in Section IV-A2.

As anticipated by the previous results, the performance of
the inversion algorithm is not likely to be affected by the
DB factor for incidence angles steeper than 30◦. For 20◦,
the first row of Fig. 16 confirms that there is no evident
difference among the results of the three methodologies.
On the contrary, a visible overestimation arises when the γDB

factor is overlooked in the inversion for shallower incidence
angles, as shown in the case DB-D for 50◦. In relative terms,
the greatest overestimation caused by ignoring this factor in

Fig. 17. Vegetation height overestimation of case DB-D with respect to the
case DB-DB. Results obtained using the method described in Section III-A.
Model parameters: hv ∈ [0, 15] m, σ ∈ [0, 0.5] dB/m, μmin = −3 dB, and
μmax = 3 dB. Other system parameters: θ0 = 50◦ and HoA = 30 m.

the inversion is found at low values of vegetation height and
large values of extinction (for θ0 = 50◦), reaching a maximum
deviation around 16% at hv = 4–6 m and σ above 0.3 dB/m.
However, for average values of these parameters (i.e., hv

around 8 m and σ around [0.1, 0.3] dB/m, approximately),
such an overestimation remains below 10%, which suggests
that, in many practical applications, the estimates could be
still regarded as valid ones [4], [35].

To analyze further the impact of this decorrelation factor,
Fig. 17 presents the error that one would assume in the
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Fig. 18. Extinction error obtained using the method described in Section III-A. Model parameters: hv ∈ [2, 15] m, σ ∈ [0, 0.5] dB/m, μmin = −3 dB, and
μmax = 3 dB. Other system parameters: θ0 = 20◦ and 50◦ , HoA = 30 m. (Left) Methodology D-D. (Middle) Methodology DB-D. (Right) Methodology
DB-DB.

vegetation height estimates by inverting without considering
the DB term for 50◦, i.e., 
hv,D-DB. In this case, the maximum
error when the scene is wrongly characterized (case DB-D)
with respect to the correct inversion (case DB-DB) is around
80 cm (i.e., 10%) at hv = 8.3 m and σ = 0.32 dB/m.

3) Extinction Coefficient: The effect of the DB decorrela-
tion over the extinction coefficient for a vertical wavenumber
κZ = 0.2 rad/m and an HoA = 30 m is illustrated in Fig. 18,
for which simulations are carried out under the same condi-
tions of the preceding analysis (see Section IV-B2).

The error in the extinction estimates shows the same
behavior for all three methodologies D-D, DB-D, and DB-DB
at steep incidences. Similar to the crop scenario, the case
DB-D for 50◦ shows a higher overestimation for hv values
below 5 m that was not evident for 20◦. Again, this is a
limitation due to the baseline: there is a minimum vegetation
height required to have enough interferometric sensitivity to
the vertical distribution of scatterers within the scene. The
minimum value of vegetation height needed is scaled to the
type of scene evaluated (i.e., around 30 cm for the crop scenes
and around 4 m for the forests scenes), since it also depends on
the HoA (i.e., 3 and 30 m for crops and forests, respectively).

The influence of the initial guess on the retrieved values fol-
lows the same general behavior commented for crops, i.e., the
output estimates fluctuate around the initial value, regardless
of its magnitude. As in the agriculture case, this insensitive
estimation of extinction affects the reliability of the rest of
the model parameters: vegetation height and ground-to-volume

ratios. On average, employing a low value of extinction as
input to the inversion (e.g., 0 dB/m) worsens the accuracy
of the estimates, whereas a high extinction (e.g., 0.5 dB/m)
improves it.

4) Ground-to-Volume Ratios: The error in the mini-
mum and maximum ground-to-volume ratios is shown in
Figs. 19 and 20, respectively. The simulated vegetation height
adapted to forest scenes is hv = 10 m (with κZ = 0.2 rad/m
and an HoA = 30 m). Similarly, the extinction is fixed to
an average value σ = 0.25 dB/m, characteristic of a forest
scene [7]. The rest of the parameters are equal to those
employed in Section IV-A4.

Results are in line with the general trend: the DB decor-
relation contribution γDB is less significant for steep inci-
dences (20◦) and is only visible for oblique incidence
angles (50◦). Under analogous conditions, the resulting error in
the μmin and μmax estimates shows the same behavior observed
in the crop scenario (see Figs. 12 and 13).

Focusing on the results for 50◦, the maximum error

μmin is found at the ground-to-volume ratio pairs above
μmin = 8.5 dB and μmax = 9 dB/m. This deviation in
methodology DB-D is completely compensated in the DB-DB
case. On the other hand, the greatest error in the estimates
of the maximum ground-to-volume ratio is also found at high
values of ground-to-volume ratio pairs, at μmin = 9.5 dB and
μmax = 10 dB, following methodology DB-D.

A scene characterized by two high ground-to-volume ratios
implies a dominant backscattering from the ground relative
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Fig. 19. Error in the minimum ground-to-volume ratio estimated using the method described in Section III-A. Model parameters: hv = 10 m,
σ = 0.25 dB/m, μmin ∈ [−10, 10] dB, and μmax ∈= [−10, 10] dB. Other system parameters: θ0 = 20◦ and 50◦ , and HoA = 30 m. (Left) Methodology D-D.
(Middle) Methodology DB-D. (Right) Methodology DB-DB.

Fig. 20. Error in the maximum ground-to-volume ratio estimated using the method described in Section III-A. Model parameters: hv = 10 m,
σ = 0.25 dB/m, μmin ∈ [−10, 10] dB, and μmax ∈= [−10, 10] dB. Other system parameters: θ0 = 20◦ and 50◦ , and HoA = 30 m. (Left) Methodology D-D.
(Middle) Methodology DB-D. (Right) Methodology DB-DB.

to the backscattering from the volume. With a negligible
volume backscatter, the coherences of the RVoG model are not
along a straight line on the complex plane but concentrated

at a single point, which is also very close to the radius of
the circumference. This is an extreme scenario, in which the
variability of the possible solutions is such that the numerical
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Fig. 21. Location of the Seville study area. The three test fields monitored
are highlighted.

minimization may fall in local minima, thus yielding the
mentioned error.

V. ANALYSIS WITH REAL DATA

A. Test Site and Data Set

A paddy rice area is considered to analyze the effect of the
DB decorrelation term on the final height estimates in a real
scenario. This type of crop has been chosen, because the DB
is known to dominate the ground response. The area of study
is located in the mouth of the Guadalquivir river (37.1 N,
6.15 W), which covers an area of 30 km × 30 km in Seville,
Southwest of Spain (see Fig. 21).

In this test site, the sowing method consists of spreading
seeds randomly from an airplane over the fields, which are
always flooded during the entire cultivation period, from
May to October (around 135–150 days). It is important to
acknowledge that this permanent flooded condition implies
that the ground is going to be considered as a water surface
from the radar point of view. Hence, the direct response from
the ground can be neglected when compared with the DB
ground response [22].

Detailed agricultural descriptors of the rice fields covering
the whole growth season were collected by local farmers on a
weekly basis. In particular, three parcels from the 2015 cam-
paign have been selected for the analysis, which include
phenological information according to the Biologische Bunde-
sanstalt, Bundessortenamt und CHemische Industrie (BBCH)
scale, as well as the above-water vegetation height.

In the last years, several studies have employed this test
site to monitor rice growth with SAR images, such as
[15] and [36]–[41], among others.

The SAR data exploited in this article were acquired during
the science phase of the TanDEM-X mission, from April to
September 2015. PolInSAR time-series data correspond to the

TABLE IV

TANDEM-X SYSTEM PARAMETERS OVER SEVILLE

HH-VV dual-pol images, obtained with three different inci-
dence angles, namely, 23◦, 30◦, and 40◦. The main information
of these images is presented in Table IV.

For the steepest incidence angle of 23◦, there are eight
image pairs, and only six for the incidence angles of 30◦
and 40◦. The correlation of height of ambiguity and angle
of incidence must be noted [34]. Acquisitions obtained with
the steepest incidence angle present the largest spatial base-
line, i.e., 2.84 rad/m (and the shortest height of ambiguity,
HoA = 2.53 m). In contrast, the spatial baselines of 1.8 rad/m
(HoA = 3.49 m) and 1.08 rad/m (HoA = 5.81 m) are found
for the incidence angles of 30◦ and 40◦, respectively.

For the analysis, the SAR data processing detailed in [15]
is carried out over the standard Coregistered Single-Look
Slant-range Complex (CoSSC) product of each acquisition.
In the end, the PolInSAR inversion algorithm described in
Section III was applied to each pixel inside the eroded region
of interest (ROI) of each parcel. The statistics of the resulting
estimates (average values and standard deviations) are calcu-
lated and examined in Section V-B.

B. Experimental Results

In the analysis based on the simulations described in
Section IV, the data used as input to the retrieval algorithm
were obtained directly from the RVoG model, so we were
assuming that the scenes were perfectly characterized by such
a model. However, when it comes to real data, there is no
guarantee on the matching between the scene (and hence the
measured radar data) and the physical model used to describe it
(i.e., RVoG). As a result, the retrieval of the RVoG parameters
is also affected by this unavoidable source of uncertainty,
which may have implications also on the numerical aspects of
inversion. For instance, the convergence criterion (i.e., 5% of
the visible RVoG line) is not fulfilled in many cases. When this
happens, the optimized solutions cannot be considered as valid
estimates, because the model is not properly adjusted to the
data. In addition, the mismatch between the data and the model
may affects the differences observed between the solutions
provided by considering or not the DB term, since potentially
different regions of the solution space may be accessed during
the iterative optimization. These aspects must be always kept
in mind when analyzing the estimates derived from real data.

In order to follow the same retrieval approach followed in
the simulations, the set of initial guesses employed in the real
data experiments is the same, i.e., hv = 1 m, σ = 5 dB/m,
μmin = − 3 dB, and μmax = 3 dB. The effect of the initial
guess will be discussed later on.

The temporal evolution of the height estimates at the Seville
test site is presented in Fig. 22. Columns 1–3 correspond
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Fig. 22. Temporal evolution of the ground data (blue), and the vegetation height estimates following an inversion with the DB term (DB, green) and without
it (D, black). Circles denote the average value and the error bars denote ±1 standard deviation, both computed from all pixels inside a field.

to three different fields, whereas the first, second, and third
rows present the results for the incidence angles evaluated
(see Table IV).

Before comparing the estimates provided by considering
or not the DB, it must be reminded that when the product
of vegetation height and vertical wavenumber is very small,
there is not sufficient interferometric sensitivity to the vertical
distribution of scatterers in the scene, which usually translates
into an overestimation of vegetation height. This happens at
30◦ and 40◦ at all dates because of the associated vertical
wavenumbers (see Table IV) and also at 23◦ at the initial dates,
because the height of the plants is less than 30 cm [15].

The results shown in Fig. 22 are consistent with the simula-
tion analysis for vegetation height retrieval in the crop scenario
(see Section IV-A2). For steep incidence angles, 23◦ and 30◦,
the difference between the estimates obtained when the DB
decorrelation term is considered in the inversion (method DB
in Fig. 3, green plots) and when it is ignored (method D in

Fig. 3, black plots) is insignificant, less than 1 cm at all
dates. This difference is much more pronounced, up to 17 cm,
at the shallowest incidence angle, 40◦. The three fields eval-
uated confirm this behavior throughout the entire cultivation
period.

Focusing now on the most suitable results, obtained at 23◦
thanks to its associated large baseline, one may observe that
the overall consistency of the RVoG inversion performance
is satisfied for both methodologies (DB and D), as the results
in Fig. 7 already anticipated. At the acquisitions available after
DoY 170, i.e., when plants are taller than 30 cm, depending
on the field and the date, there appear some minor fluctuations
in the height estimates with respect to the true value, but
none of them is really significant. Therefore, for the X-band
data acquired over paddy rice with θ0 =23◦ and HoA =
2.53 m (κZ = 2.48 rad/m), we can conclude that there is no
significant influence of the DB term on the vegetation height
estimates.
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Fig. 23. Temporal evolution of the extinction estimates obtained following an inversion with the DB term (DB, green) and without it (D, black). Circles
denote the average value, and error bars denote ±1 standard deviation, both computed from all pixels inside a field.

Fig. 24. Temporal evolution of the minimum ground-to-volume ratio estimates obtained following an inversion with the DB term (DB, green) and without
it (D, black). Circles denote the average value and error bars denote ±1 standard deviation, both computed from all pixels inside a field.

Figs. 23–25 show the temporal evolution of the estimates
of the rest of parameters obtained at 23◦ incidence angle,
i.e., extinction, and minimum and maximum ground-to-volume
ratios, respectively. Unfortunately, the ground-truth data of
these parameters are not available. The reader is referred to
[11], [13], [32], and [42] for the experimental measurements
and estimations of the RVoG and OVoG parameters at the
L-, C-, and X-bands.

Regarding the extinction estimates shown in Fig. 23 and
ignoring the first two dates due to the mentioned lack of inter-
ferometric sensitivity, the values provided are around 15 dB/m
in the central dates and decrease at the end of the campaign.
This late decrease can be associated with the drier condition
of the plant elements at late phenological stages. As suggested
in [32], attenuation at the X-band is associated with the leaves
(i.e., at the middle of the growing season), whereas the stalks
exert a small influence in comparison (i.e., at the end of the
season). However, as the standard deviation shows, there is
a high variability in the estimates, which corroborates what
the simulations anticipated (see Figs. 9–11 and 18): the RVoG
model is less sensitive to extinction than to the vegetation
height. These findings are in agreement with the inversion

results in [11] and [42], in which the extinction estimates
were characterized by a high variability. Once again, results
following methods D and DB show no significant differences
between them at a steep incidence angle of 23◦. In summary,
ignoring the DB term does not affect the estimation of the
extinction at steep incidences in the case of dealing with real
data.

The temporal evolution of the minimum and maximum
ground-to-volume ratios is plotted in Figs. 24 and 25,
respectively. At first glance, the estimates obtained follow-
ing methods D and DB are not different from each other,
as expected for a steep incidence angle (23◦). The variability
of the results is quite high, being higher for the minimum
than for the maximum ground-to-volume ratio. Moreover,
the condition μmax > μmin is satisfied in all dates evaluated,
and there is a visible correspondence between the trends
followed by μmin and μmax at each one of the fields and
along time. In the beginning of the cultivation period, as the
plants start to grow, the estimated ground-to-volume ratios tend
to decrease with increasing biomass. As previously observed
in [11], [13], and [42], at high frequencies (e.g., X-band),
the scattering response from the ground is weak compared
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Fig. 25. Temporal evolution of the maximum ground-to-volume ratio estimates obtained following an inversion with the DB term (DB, green) and without
it (D, black). Circles denote the average value and error bars denote ±1 standard deviation, both computed from all pixels inside a field.

with the strong response from the aboveground vegetation
volume due to the low penetration of the incident wave. On the
other hand, both ground-to-volume ratios increase at the end
of the cultivation period as a result of the drier condition
of the plants. The backscatter from the volume is reduced
with respect to that of the ground, which is kept flooded all
along the campaign. In conclusion, the estimation of these
two parameters, as it happens with vegetation height and
extinction, is not affected by the inversion model selected
(D or DB) with these real data acquired at a steep incidence.

VI. CONCLUSION

The research presented here constitutes the first complete
analysis and interpretation of the DB effect on the inversion
of all RVoG model parameters, including vegetation height,
extinction, and ground-to-volume ratios. The influence of the
DB factor present in bistatic configurations has been tested as
a function of both scene and system parameters. Theoretical
and numerical aspects of the inversion have been reformulated
accounting for this term. In addition, the study has been
conducted over the crop and forest scenes, for which the same
general approach has been assessed. The algorithm has been
also applied to a set of single-pass bistatic TanDEM-X data
over a rice area in Spain.

The main findings from the simulations are summarized in
the following list.

1) Topography: The influence of γDB on the z0 estimates
in both crop and forest scenarios becomes important
for θ0 above 30◦ and especially for low extinctions
(below 5 dB/m).

2) Vegetation Height: The inversion approach should con-
sider the DB for θ0 greater than 30◦. Results show that
the accuracy required for the crop scenarios is higher
than that for the forest scenes (with larger vegetation
heights and smaller spatial baselines). In the worst case,
at θ0 = 50◦, the deviation caused by this decorrelation
term is greater than 10% for lower vegetation heights
and larger extinctions.

3) Extinction: The effect of ignoring the DB for short crops
(hv < 30 cm) is present at all incidence angles, even
at the steepest ones (20◦), and thus, it should always

be considered. However, it has also been found that the
final estimates of extinction are greatly affected by the
initial guess of this unknown: the output estimates fluctu-
ate around the initial guess, regardless of its magnitude.
Therefore, in general, the resulting extinctions could not
be considered as valid estimates, since the extinction is
acting as a sort of fitting parameter. In the simulations,
varying the initial guess of extinction affects the esti-
mation of the rest of model parameters, i.e., vegetation
height and ground-to-volume ratios.

4) Ground-to-Volume Ratios: Neglecting the DB term in
the inversion at shallow incidences (θ0 greater than 30◦)
results also in a significant underestimation in the final
estimates of the minimum and maximum ground-to-
volume ratios.

These conclusions derived from simulations were partially
confirmed with an experimental data set acquired over rice
fields at incidence angles equal to 23◦, 30◦, and 40◦. However,
the associated baselines were too short at 30◦ and 40◦ to
provide enough interferometric sensitivity, hence preventing
us from observing all the effects predicted in the simulations.
In addition, the mismatch between the data and the RVoG
model causes some differences in the behavior of the retrieval
algorithm with respect to the ideal case employed in the sim-
ulations. Nonetheless, the following conclusions were drawn
from the experiment with real data.

1) The retrieval of all model parameters, including vege-
tation height, extinction, and ground-to-volume ratios,
by ignoring the DB term, i.e., regarding the ground
response as dominated by direct scattering, provides
virtually the same estimates as considering it at steep
incidences (23◦). Hence, this decorrelation term can be
safely ignored in this case.

2) Regarding the central dates of the crop development,
when enough interferometric sensitivity is ensured, all
parameters are consistently estimated.

In summary, vegetation height, which is the most widely
used output parameter in PolInSAR studies, is in general well
estimated regardless of the presence of the DB decorrela-
tion [42], provided that the incidence angle is steep enough.
For oblique angles, however, this term should be considered
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in the inversion. The same comments apply to the ground-to-
volume ratios, despite that their final application in real cases
is not as straightforward as that for vegetation height [19].
Finally, the inversion of the extinction estimates always suffers
from large errors due to a general insensitivity of the PolInSAR
data to this parameter [42].
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