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Abstract—This paper investigates for the first time the inclu-
sion of the operator Trace Coherence (TrCoh) in polarimetric and
interferometric SAR (PolInSAR) methodologies for the estima-
tion of biophysical parameters of vegetation. A modified inversion
algorithm based on the well-known Random Volume over Ground
(RVoG) model, which employs the TrCoh, is described and
evaluated. In this regard, a different set of coherence extrema is
used as input for the retrieval stage. Additionally, the proposed
methodology improves the inversion algorithm by employing
analytical solutions rather than approximations. Validation is
carried out exploiting single-pass HH-VV bistatic TanDEM-X
data, together with reference data acquired over a paddy rice
area in Spain. The added value of the TrCoh, and the convenience
of the use of analytical solutions are assessed by comparing
with the conventional PolInSAR algorithm. Results demonstrate
that the modified proposed methodology is computationally more
effective than current methods on this data set. For the same
scene, the steps required for inversion are computed in 6 minutes
with the conventional method, while it only takes 6 seconds with
the proposed approach. Moreover, vegetation height estimates
exhibit a higher accuracy with the proposed method in all fields
under evaluation. The root mean square error reached with
the modified method improves by 7 cm with respect to the
conventional algorithm.

Index terms— Agriculture, height, inversion, PolInSAR,
Trace Coherence.

I. INTRODUCTION

OLARIMETRIC SAR Interferometry (PolInSAR) [1] can
be used for the retrieval of vegetation parameters and
it often relies on the inversion of physical models, e.g. [2]-
[6], among many others. Such physical models are used to
relate the PolInSAR measurements (i.e. interferometric com-
plex coherences acquired at different polarimetric channels) to
scene biophysical parameters (e.g. vegetation height). In the
literature, the most widely used model for this purpose is the
Random Volume over Ground (RVoG) [7]-[10].
One of the most critical steps in current RVoG inversion
algorithms is the line fit to the coherences represented on a

This work was supported by the Spanish Ministry of Science and Innova-
tion, the State Agency of Research (AEI) and the European Funds for Regional
Development (EFRD) under Project TEC2017-85244-C2-1-P. Noelia Romero
received a grant from the Generalitat Valenciana and the European Social
Fund (ESF) [ACIF/2018/204].

Noelia Romero-Puig and Juan M. Lopez-Sanchez are with the Institute
for Computer Research (IUII), University of Alicante, 03080 Alicante, Spain
(e-mail: noelia.romero@ua.es, juanma-lopez@ieee.org).

Armando Marino is with the Faculty of Natural Sciences, University of
Stirling, Stirling FK9 4LA, U.K. (e-mail: armando.marino @stir.ac.uk).

© 2021 IEEE. Personal use of this material is permitted. Permission from IEEE must be obtained for all other uses, in any current or future media, including reprinting/

complex plane and the selection of the extreme coherences
associated with minimum and maximum ground contribu-
tions [11]-[13]. This process requires understanding of the
coherence region (i.e. locus of points in the polar plot),
which contains all possible coherence values. A traditional
way considers the border of the coherence region and the
identification of coherences with extreme phase values. This
is the starting point of the inversion algorithm, from which
the rest of the model parameters are retrieved [2], [11]-[14].
Consequently, the accuracy of the final estimates is strongly
determined by this selection.

In this paper, we investigate the use of the operator Trace
Coherence (TrCoh), originally derived in [15], as a key part
of the PolInSAR inversion strategy for the estimation of veg-
etation parameters, with focus on the vegetation height. This
operator provides the centre of mass of the coherence region,
which is the location of maximum accumulation of coherences
in the complex plane. This centre of mass is calculated by
an approximation of the integral of the PolInSAR coherences
over all possible scattering mechanisms. Therefore, the TrCoh
synthesizes information of the physical target observed by
the SAR system as a single entity. Moreover, it represents a
coherence independent of the selection of a specific scattering
mechanism.

In this work, a modified PolInSAR inversion methodology
which employs the TrCoh is proposed for the first time. We use
the rationale that, in order to improve the fitting of the data
with the model assumptions, the RVoG line needs to cross
the point of maximum accumulation of coherences, i.e. the
TrCoh. This new line produces a different set of coherence
extrema, which is employed as input for inversion. In addition,
the proposed methodology refines the conventional PolInSAR
inversion algorithm for dual-pol data by introducing analyti-
cal solutions, instead of approximations. The complementary
information provided by the TrCoh and the convenience of
the use of analytical solutions are investigated and assessed to
improve current PolInSAR parameter retrieval strategies. Our
investigation exploits HH-VV dual-pol TanDEM-X [16] data
of an area in Sevilla (Spain), in which ground-truth data over
rice fields are available.

This paper is organised as follows. Section II provides
a theoretical introduction to PolInSAR with the purpose of
presenting the mathematical formalism behind the inversion
strategy. In Section III, the proposed dual-pol inversion based
on the TrCoh is detailed. Then, Section IV describes the test
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site and the available data set. In Section V, the results of the
inversion methodology are presented and analysed with the
validation data. At last, Section VI discusses the results and
draws the final conclusions.

II. POLARIMETRIC SAR INTERFEROMETRY

PolInSAR processing exploits the variation of interferomet-
ric coherence with polarization to characterise the physical
target observed by the radar [1], [10]. In the case of HH-VV
dual-pol TanDEM-X data [16], each partial target is expressed
as a scattering vector

El = [SI}IH’ S\llv]Ta and Ez = [SIQ{Ha S\QIV]Tv (1)

where Spp represents the complex scattering amplitude at the
n-th end of the spatial baseline. With partial targets (i.e.
targets composed by different scattering mechanisms), we need
to extract second-order statistics. Typically, this is described
by means of the covariance [C]| or coherency [T matrix
according to a lexicographic or Pauli basis, respectively. Thus,
the covariance matrix is defined as:

[C11] [912]]

[C] = (k- k2T) = )

! Q2] [Ca2]

where superscript * denotes conjugate, T transposition, and ()
spatial averaging or multi-looking. In (2), [C11] and [Ca2] are
2 x 2 polarimetric matrices, whereas [212] is a 2 X 2 matrix
containing polarimetric and interferometric information.

To form interferograms, scattering vectors El and Eg are
converted into scalars employing unitary complex vectors &,
which specify the selected polarimetric combination, S,, (&) =
@ T . En [1], [11]. The interferometric combination of both
scalars results in the PolInSAR coherence:

G*T[Qy0]@
(@ [Cr1]ad) (T [Ca2]d)

The representation in the polar plot of all the possible
PolInSAR coherences varying with the projection vector is the
coherence region (CoRe) [17], i.e. {7(&),& € C?, ||&|| = 1}.
The estimation of vegetation parameters by means of Polln-
SAR is based on its geometrical interpretation. A common
technique to derive mathematical properties from the CoRe
consists in employing a simplified PollnSAR matrix [A] [11],
[18], [19], defined as

[4] = [C]*[242][C] 2, with [C] = ([Cu] +[C22])/2. (4)

For dual-pol data, the field of values of any 2 X 2 matrix
[A] is an ellipse [20], [21]. Fig. 1 shows an example of this,
where different PollInSAR signatures of four selected scenes
are observed. From [A], the characteristic parameters of the
CoRe can be obtained by means of a Schur decomposition
(see [11, eq. (6.31)]):

R N BT R A el N A R

2a = \/ |\ — Ao|” + 167,

2b =91, (6)

3)

v(d) = 7

where

1
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Fig. 1. Unit circle on the complex plane representing the CoRe of four
selected scenes with TanDEM-X dual-pol data. Density maps are generated
by means of a Monte Carlo simulation [22] of random PolInSAR samples.

In (6), A1 and A5 are the ellipse’s foci, a and b are the semi-
major and semi-minor axis, respectively, and g,, is the centre
of the ellipse (i.e. mean coherence).

III. DUAL-POL INVERSION BASED ON THE TRACE
COHERENCE

The proposed inversion algorithm which employs the TrCoh
with PolInSAR TanDEM-X data is shown in Fig. 2. The gen-
eral methodology with TanDEM-X data was first developed for
forest scenes in [12]. Then, different methods were proposed
to retrieve crop vegetation parameters (e.g. [23]-[25]). Later
on, in [13], the RVoG model was adapted for the specific
properties of rice scenes (i.e. double-bounce dominant ground
contribution). Now, the algorithm is modified according to the
inclusion of the TrCoh. To this end, key points of the new
algorithm are:

e The formulation of the correction of non-volumetric
decorrelation sources [16] for the covariance matrix and
the TrCoh is presented for the first time.

e Thanks to the elliptical form of the dual-pol CoRe (see
eg. (5) and (6)), the analytical expression of the extreme
coherences associated with the minimum and maximum
ground contributions is derived.

e A new approach to exploit the TrCoh for vegetation
height estimation is proposed.

e Given the expressions of the CoRe and the TrCoh, the
selection of the new set of coherences employed for
inversion is also derived analytically.

Following the block diagram in Fig. 2, each of these key
steps is detailed in the next sections.

A. Covariance De-noising

In bistatic TanDEM-X acquisitions, after range spectral fil-
tering [26], the main non-volumetric decorrelation contribution
is due to additive noise, ysnr [16]. Therefore, each polarization
channel needs to be compensated by the signal-to-noise (SNR)
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Fig. 2. Proposed RVoG inversion algorithm for PolInSAR TaDEM-X data
with application of the TrCoh. Green boxes are the input data, blue boxes
correspond to the parameter retrieval stage, and the orange box corresponds
to the output estimates.

ratio decorrelation at pixel level [12]. Then, a remaining non-
volumetric decorrelation term that requires to be compensated
as well corresponds to the data quantization effects, ypaq [27].

Considering the PolInSAR input data expressed by means
of the covariance matrix, the compensation of the SNR decor-
relation is performed by directly subtracting the noise from
the PolInSAR measurements:

[Ca2] = [Caz] — [N2] @)
[Q12] = [Qu2).

In (7), [N,] corresponds to a matrix containing the anno-
tated Noise Equivalent Sigma Zero (NESZ) values for the
HH and VV channels provided by the standard TanDEM-X
products [12]. It is formulated as

NESZy 0 ]

®)

n

0 NESZ,

where n = 1, 2 denotes master and slave images.

For the SNR (7) correction, in [3], the noise is assumed
to cancel with spatial averaging. This is because the noise is
independent on each pixel and zero mean. A coherent sum of

zero mean variables is proximal to zero. Thus, there is no way
to remove the effect of noise on [{2;2].

In second place, the correction of quantization effects is
performed as follows:

[Cllnf] = [55] * YBAQ

[022nf] = [52\2] * YBAQ 9
[Q124¢] = [Q12].

In the case of the BAQ correction (9), multiplying the decorre-
lation term, i.e. ypaq = 0.965, by the [C11] and [Cs2] matrices
is equivalent to divide the coherence in (3) by it, as it is
commonly performed [13].

Since the noise removal of the covariance matrix is the
starting point of the inversion methodology (see Fig. 2), the
remaining parameters necessary for inversion are obtained
from the de-noised covariance matrix. As demonstrated later
in Sections V and VI, this has a direct impact on both the
accuracy and the computational efficiency of the algorithm.

B. Trace Coherence De-noising

The main novelty of this paper is the use of the TrCoh in the
PolInSAR retrieval algorithm. This parameter, as introduced
by Marino in [15], is defined as:

_ Trace([Q12])
\/Trace([C11]) Trace([Css])

where the operator Trace(.) represents the sum of the diagonal
elements of a matrix. As mentioned in the introduction, the
TrCoh provides an approximation to the centre of mass of
the CoRe. By integrating over all possible realizations of
the CoRe, the TrCoh combines, compacts and synthesizes
large amount of information about the natural scene. Hence,
the TrCoh is a unique PolInSAR parameter with which the
entire physical target is characterised in average, without
being associated with a specific scattering mechanism (e.g.
extreme coherences provided by the minimum and maximum
ground contributions). This independence of the selection of
the scattering mechanism makes the TrCoh also independent
of the polarimetric basis. Therefore, matrices [C11], [Cas],
and [Q2] in (10) may be obtained from the covariance
[C] or coherency [T matrices indistinctly. In the proposed
methodology, the noise free TrCoh, i.e. compensated by SNR
and BAQ decorrelation terms, is directly obtained from the
de-noised covariance matrices (9) using (10).

Alternatively, the de-noised TrCoh can be computed inde-
pendently of the de-noised covariance matrix, i.e. directly from
the measurements [C]. In that case, the compensation of the
SNR decorrelation for the TrCoh would be performed based
on traces:

Ve (10)

Trace([é—l\l]) Trace([@])
———, SNRy= ————=-.
Trace([V1]) Trace([N3])
Please note that in (11), the noise of the partial target is not

associated with a specific scattering mechanism. The ~ysng
would be then computed as usual [12]:

1

YSNR =
1 1
\/(1 + SNR1) (1 + SNRQ)

SNR; = (11)

12)
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With (12), the noise would be removed from the TrCoh
by 9« = 7u/7Ysnr- Finally, the noise free TrCoh would be
obtained after compensation of BAQ effects: Yirys = i/ 7BAQ-

In a reduced dual-pol observation space (i.e. TanDEM-X
data), the CoRe is contained in an ellipse (6). However, the
real CoRe of quad-pol is not bound to be an ellipse. This
means that some of the coherence values can only be observed
using quad-pol, and the dual-pol CoRe is a subset of the full
region. Obviously, once dual-pol data are acquired, we are only
observing a subregion, and there is no way to know what the
full region is. Trying to quantify the differences of dual- and
quad-pol region on different target types is outside the purpose
of this work. However, in Fig. 3 we show a preliminary test
which suggests that the dual-pol region using HH-VV on
crops is a decent approximation of the full region, and the
best among all the dual-pol combinations in the linear basis.
Therefore, we assume that the TrCoh in dual-pol HH-VV data
is a good approximation for the TrCoh in quad-pol data over
rice fields.

Quad-pol
HH-VV
HH-HV
VV-HV

Ytr quad-pol
Yer HH-VV
Yer HH-HV
Yer VV-HV

Imaginary

0.4 0.6
Real

(a) CoRe and TrCoh of the different
polarimetric combinations: quad-pol,
HH-VV, HH-HV and VV-HV dual-pol.

(b) Density map of a quad-pol system.

Fig. 3. CoRe an density map of a quad-pol system compared with the
equivalent dual-pol CoRe. TrCoh of each polarimetric channel is represented
as a coloured dot. Data corresponds to a maize sample of around 1.8 m height
measured at 9 GHz (X-band) in the EMSL, JRC-Ispra.

Examples that offer an empirical physical interpretation of
the TrCoh with the dual-pol data exploited in this study are
shown in Fig. 4. The CoRe and its density map are represented
for scenes with different shapes and distribution of points. In
all cases, the TrCoh is close to the centre of mass of the CoRe.
More validation examples about this feature are provided by
Marino in [15]. Please note the centre of mass is the average
of all the possible coherence values, but it is not the mode
(i.e. peak) of the density function.

C. Line Fit and Estimation of the Coherence Extrema

A crucial step in the inversion algorithm is the line fit to
the CoRe and the identification of the coherence extrema [2].
These coherences are provided by the two scattering mecha-
nisms which maximise the separation of the phase centre [1],
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Fig. 4. CoRe and TrCoh (black dot) of four selected scenes with TanDEM-
X dual-pol data. Density maps are generated by means of a Monte Carlo
simulation [22] of random PolInSAR samples.

[11]. Among the different methods to obtain the coherence
extrema [28]—[30], this process is usually performed in two
steps [12], [13]. First, starting from the coherency matrix, the
border of the CoRe is generated by means of an eigenprob-
lem [17]. Then, the extreme coherences with minimum and
maximum phase are identified. These coherences correspond
to those with minimum and maximum ground contribution,
associated with the projection vectors Wpin, Gmax, respectively.
They are the coherences furthest and closest to the topographic
phase.

In this paper, we propose to obtain the coherence extrema,
i.e. the points which maximise the phase separation, from
the analytical expression of the coherence loci. For dual-pol
data, this corresponds to the locus of points defined by an
ellipse in the complex plane, as in (5) and (6). The solution
is straightforward. The starting point is the expression of the
ellipse (6) in the complex plane. In Cartesian coordinates,
Vell = T + 1Y:

x=acospcost —bsingsind + R(gm,)

. . (13)
y = asin¢gcosf — beos psinf + I(gpm),

where a and b are the semi-major and semi-minor axis,
gm the centre (as in (6)), ¢ the rotation angle, and 6 the
independent variable. From (13), the phase corresponds to
= arctan(y/z). Thus, the minimum and maximum phases,
i.e. Ymin and @max, are provided by the critical angle

m — qn

0. = + arccos (p " ) — arctan (—s/k), (14)
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in which,
n=acosp, m=—bsing, k=qR(gm)— mS(gm),
p = asin ¢, g=becoso, s=nS(gm)— pR(gm),

t = sgn(k)vk? + s2.
(15)

From (14) and (15), the coherence points of minimum and
maximum phase are obtained. These points are the coherence
extrema: 7y (Wmin) and v (Gmax)-

In the end, the line fit to the CoRe is performed by connect-
ing the computed extreme coherences. These two points are of
special interest for the estimation of the ground topography,
which is computed as in [12]. The intersection of the line
defined by the extreme coherences and the unit circle, moving
from vy (Wmin) t0 v (Pmax), provides the estimation of the
topographic phase, i.e. ¢g.

Fig. 5 shows the difference between the CoRe obtained by
means of an approximation [17], and analytically using the
expression of the ellipse (6). Although the approximation is
usually accurate enough, specific scenes where the difference
is noticeable have been selected for illustration purposes.

Fig. 5 (a) corroborates that the dual-pol ellipse is distorted
when computing it from the approximation. An extreme case
is shown in the CoRe on the left, in which the approximated
CoRe (i.e. orange dots) shrinks to a straight line, whereas
the analytical CoRe (i.e. blue line) remains an ellipse. The
approximated CoRe is formed by discrete, not continuous,
points. In addition, the distribution of these points is not
uniform but more concentrated at the more angular extremes.
A consequence of this is represented in Fig. 5 (b). While
the analytical extreme coherences correspond to the points of
minimum and maximum phase, the approximated coherences,
located at the area of low density of points, are slightly
different. In this case, the difference between the analytical
and approximated solutions leads to an important mismatch in
the estimation of the topographic phase. Since the topographic
phase is the first parameter to be estimated (see Fig. 2), a bias
in its estimation results in a bias in the estimation of the rest
of model parameters, i.e. hy, O, fmin> Mmax-

D. Coherence Loci of the RVoG Model

The RVoG model describes the scene as a two-layer medium
comprised of a vegetation layer of randomly oriented scatter-
ers, and a second layer of impenetrable ground surface [7]-
[10]. While the scattering from the volume is distributed
according to a vertical reflectivity function f(z) (e.g. ex-
ponential [12]), the scattering from the ground is located
at a fixed point zy. Assuming a dominant direct ground
contribution [31], the PolInSAR coherence can be expressed
as follows:

~ -\ _ _ido [ = () ~
Y(kz,@) = e (7v+1+u@(17v))

= Gy + F(1-4v)).
In (16), k7 is the vertical wavenumber which is driven by the

effective spatial baseline [7], [8], ¢g = Kz 2 is the topographic
phase, and 4y is the coherence of the vegetation volume

(16)

90°

150°

180°

270°
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Fig. 5. Comparison of the CoRe (zoomed) obtained by an approximation (blue
line) and from the analytical expression (orange dots). Extreme coherences
and topographic phase highlighted with two dots are calculated from the
approximated CoRe.

alone, without any ground contribution. The term p(&J) is the
ground-to-volume ratio at a specific polarization. Thus, the
polarization dependence is isolated in a single term F' (i.e.
with F' € [0, 1]). From (16), it is derived that the coherence
loci of the RVoG model are a straight line in the complex plane
moving along the ground-to-volume amplitude ratio, () [9]-
[11]. In practice, the visible segment of this line extends from
¥ (Pmin) t0 ¥ (Cmax), which are the extreme coherences taken
as input for inversion. The use of these two coherence points as
input for inversion is justified in the fact that they are provided
by the scattering mechanisms which yield the largest physical
separation in the scene [1], [11].

The methodology proposed in this paper not only takes
advantage of the information provided by the extreme co-
herences, but it also benefits from the added value provided
by the TrCoh. Accordingly, the coherence loci of the RVoG
model (16) is redefined as the straight line which crosses the
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topographic phase ¢y and the TrCoh ~,:

F(kz,@) = €90 4 F(yy — '), (17)

Hence, the coherences taken as input for inversion correspond
to the crossings of the redefined RVoG line (17) with the
ellipse which represents the border of the CoRe. Expressing

the ellipse (6) as
IV = M|+ |y = A2| = 2a, (18)

the system of equations formed by (17) and (18) is solved
through the following quadratic equation:

—B++vB? - 4AC
2A

AF? 4+ BF +C =0 = F =

with A =4 (12 — 4a?|y; — )
B = 4ft1ty — 8a*(R(m1 — A2)R(72 — m)+
S = A2)S(v2 —m))]
C =12 —16a*|y1 — \2|?,

and t1 = |’}/1 — /\1|2 — |’}/1 — )\2|2 — 4&2

ta = R(y2 — 1) R(A2 — A1) + F(72 —71)S(A2 — ()\119))
In (19), 71 = €% and Yo = Y- The crossings Ymin and Ymax
are obtained substituting the term F' in (17). This new set of
coherences is employed for inversion.

Fig. 6 shows the CoRe of a selected scene with its charac-
teristic parameters. The traditional RVoG coherence loci as
a straight line defined by the extreme coherences and the
topographic phase (in black) is compared with the redefined
line crossing the TrCoh (in red). Although we can get different
shapes and orientations of the CoRe depending on the physical
properties of the volume and the underlying ground for real
data [9] (as demonstrated in Fig. 1), the results shown here
are very representative. The new coherences taken as input
for inversion, Ymin and ymax, are consistently of higher magni-
tude compared to those provided by the extreme phases, i.e.
¥ (Gmin) and 7y (Jmax)- In principle, higher coherence magni-
tude translates into more accurate estimates. This supports the
use of the new set of coherences for inversion.

At the end, the numerical inversion of the RVoG model
is carried out by an iterative minimisation of the distance
between the measured complex coherences, i.€. Ymin and Ymax,
and the modelled ones (16) [13]:

’Ymaxe_f(bo - ’?(KJZ7 hy, 0, ,U/max)
'Yminei“b0 ’?(Kz, hy, o, Mmin)

This process yields the final vegetation estimates, i.e. Ay,
0, Mmins Mmax-

min
R, 0, tmax  omin

(20)

E. Interpretation of the Data and the RVoG Model

This section provides additional considerations to help un-
derstand the interpretation of the data (i.e. measurements) and
the RVoG model (i.e. actual physical scene).

As described in Section III-D, the RVoG model is employed
to provide an analytical expression of the interferometric
coherence as a function of some physical parameters of

V(amin)
V(@rmax)
A
A2
9m
Yir
®o

Ymin

X X @ @ X o o

Vmax

1.0300°

Fig. 6. Dual-pol CoRe and its characteristic parameters of a selected
PolInSAR scene.

the natural scene observed by the radar. It can be shown
analytically that the coherence loci of the RVoG model follow
a straight line in the complex plane (16). This line follows a
physical criterion by definition. The aim of the inversion is
to find out how to extract the RVoG line from the (measured)
data available. Nevertheless, at the moment of extracting that
line there exist different options.

One possibility consists in defining the RVoG line as that
which crosses the measured coherence points with maximum
phase separation [12]. This criterion assumes that these co-
herences are associated with the highest and lowest scattering
centres of the scene along the vertical coordinate. Following
this criterion, and moving along the RVoG line, the point with
maximum ground contribution (i.e. © — o0) is assumed to
be the topographic phase. However, the criterion to retrieve
the line from the data could be different. It could be based
on maximising either the coherence magnitude (see [11,
Section 6.2.1 and 6.2.2]) or the geometrical separation of the
coherences (see [11, Section 6.2.3]). In that case, with dual-
pol data, the maximum separation is given by the major axis
of the ellipse. Another possible criterion could be to exploit
directly the coherences of the measured polarimetric channels
(i.e. ygu and ~yyy) [9]. All these strategies provide different
inversion results.

An additional prove of this is the methodology proposed in
this paper, in which the RVoG line is defined by the TrCoh and
the topographic phase (17). The coherence points employed for
inversion are then the crossings of that line and the elliptical
CoRe.

The key point is that the interpretation of the actual RVoG
line is independent of the polarimetric mode used. That is,
it is independent of the subspace observed by the available
polarisation channels in dual-pol. In other words, while the
CoRe depends of the type of polarimetric data acquired (as
shown in Fig. 3), the RVoG model represents the physical
scene, which is the same regardless of the subspace measured
by the dual-pol mode. Fig. 3 not only highlights the limits
of a dual-pol observation with respect to quad-pol, but it also
manifests the independence of the RVoG model with respect
to the subspace observed by the dual-pol mode. Following,
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e.g. the criterion of maximum phase separation, the observed
CoRe from different dual-pol combinations leads to different
estimates of the topographic phase, and thus, to different
estimates of the remaining model parameters. This supports
the use of the TrCoh in defining the inversion methodology.
In Fig. 3, we can observe that the centre of mass for dual co-
pol and quad-pol are very close to each other. This allows us
a way to retrieve some information that is similar to the full
space and, therefore, more similar to reality. Thus, the TrCoh
is the point which best describes the physical target.

IV. TEST SITE AND DATA SET

A. Test Site and Ground Campaign Data

An area of rice fields is selected for the evaluation of
crop height estimates. The test site, as shown in Fig. 7,
covers an area of 30 km x 30 km located in Sevilla, SW
of Spain (37.1 N, 6.15 W). As opposed to other cultivation
practices [32], [33], the parcels are kept flooded during the
whole rice growth cycle (from May to October), and not only
in the early vegetative stage.
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Fig. 7. Coherence amplitude of the HH channel acquired on June 26 2015,
showing the location of the study area in Sevilla, Spain. The test fields of the
ground campaign are highlighted in orange.

In 2015, the local association of rice farmers gathered agri-
cultural descriptors of four rice fields on a weekly basis. This
includes phenological information according to the BBCH
(Biologische Bundesanstalt, Bundessortenamt und CHemische
Industrie) [34] scale and above-water vegetation height. This
study area has been widely employed for rice crop monitoring
in former studies, e.g. [31]-[37].

B. TanDEM-X Data and SAR Processing

Dual-pol TanDEM-X SAR data acquired during the Science
Phase of this mission are exploited. The data cover most of
the phenological cycle of the monitored crops, from May
to September 2015. Specific characteristics of the employed
time-series are summarized in Table I. On account of the

TABLE I
TANDEM-X SYSTEM PARAMETERS AND ACQUISITION DATES OF THE
DATA SETS OVER SEVILLA

Incidence HoA Kz Date range Day of Year
angle [m] [rad/m] 8 (DoY)
22.7 degrees  2.53 2.48 2015.06.04-08.31 155-243
30 degrees 3.49 1.80 2015.05.04-09.02 124-245
39 degrees 5.81 1.08 2015.05.30-08.26 150-238

correlation between the incidence angle (6) and the height of
ambiguity (HoA) [38], each time-series provides a different
level of interferometric sensitivity to the vertical distribution
of scatterers within the vegetation volume.

The SAR data processing starts from the standard Coregis-
tered Single-Look Slant-range Complex (CoSSC) product of
each acquisition. The large spatial baselines that characterise
the input data (i.e. 2-3 km) lead to a notable geometrical
decorrelation derived from changes in the wavenumber. Hence,
range spectral filtering is applied to compensate for this
decorrelation. Multi-looking is then performed by means of
a 21 x 21 boxcar filter. Flat Earth and topographic phase
contributions are removed before forming the interferograms,
so they are actually differential interferograms. In this case, a
5 m grid size DEM provided by the Spanish National Centre
for Geographic Information (CNIG) is used in the processing.

V. RESULTS

This section presents the results of the proposed methodol-
ogy, with a focus on the vegetation height. The assessment
is performed by comparing these results to those obtained
following the conventional PolInSAR method [12], [13]. Fig. 8
shows the temporal evolution of the vegetation height at four
monitored fields for 22.7 degrees of incidence. The available
time-series at this incidence angle is especially suitable for
crop monitoring, since as represented in Table I, it is associated
with the largest kz and shortest HoA, i.e. = 2.48 rad/m and
2.53 m, respectively. This ensures the highest interferometric
sensitivity of the entire data set. In Fig. 8, the accuracy of
the vegetation height estimates of the PolInSAR conventional
method (denoted as M1, in red) and the proposed one (denoted
as M2, in green) is analysed by direct comparison with
the reference ground-truth data (in black). Although both
methodologies perform relatively well, estimates obtained with
the proposed approach based on the TrCoh are closer to the
reference data in all cases.

Focusing now on a single field, Field 1, Fig. 9 shows the
temporal evolution of the vegetation height for incidences of
30 (top) and 39 degrees (bottom). Similar results as those in
Fig. 8 are observed. Vegetation height estimates retrieved with
the proposed approach are more accurate than those of the
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Fig. 8. Temporal evolution of the vegetation height. Estimates obtained following the conventional PolInSAR method (red) are compared with estimates
obtained with the proposed approach (green), and with the ground-truth data (black). Columns from left to right show estimates of the four monitored rice
fields in Sevilla, for an incidence of 22.7 degrees. Average results computed for all pixels inside each field are presented. Error bars denote standard deviation.

conventional method. Nevertheless, as one moves to shallower
incidences, the improvement seems less noticeable. Hence, at
39 degrees a clear overestimation is still present at most dates,
even with the proposed method. Although not shown here,
analogous results are obtained for the remaining fields.
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Fig. 9. Temporal evolution of the vegetation height: Field 1. Estimates
obtained following the conventional PolInSAR method (red) are compared
with estimates obtained with the proposed approach (green), and with the
ground-truth data (black). Results are presented for an incidence of 30 degrees
(top) and 39 degrees (bottom). Average results computed for all pixels inside
each field are presented. Error bars denote standard deviation.

A common behaviour in both methodologies is that at the
early season (DoY < 180), when plants are very small (i.e.
below ~30 cm), there is a lack of interferometric sensitivity
to the vertical distribution of scatterers in the scene, which
leads to overestimated vegetation heights [11], [13], [33].
The flooded ground reflects the incident signal in a specu-
lar direction, yielding low returns to the SAR antenna. At
22.7 degrees, the overestimation is mainly restricted to the first
dates. However, at 30 and 39 degrees, due to the associated

large HoA and reduced vertical wavenumber (see Table I), this
effect is visible through the entire crop season. This explains
the overestimation observed at these shallower incidences.

A quantitative comparison between average inversion height
per field and date against ground-truth data is presented in
Fig. 10. Previous comments on the trends observed in the
estimated heights can also apply to the results in Fig. 10.
For very short vegetation, a lack of interferometric sensitivity
together with small residual non-volumetric decorrelation yield
important height errors. Due to the very low signal returns at
these dates, even after the compensation of the coherence, i.e.
by SNR and BAQ corrections (see Sections III-A and III-B),
the signal levels are still not enough to ensure a reliable
inversion. Hence, there will always be some decorrelation that
cannot be compensated. On this basis, larger effective spatial
baselines than the ones provided in the current data set (see
Table I) should be used to provide suitable short vegetation
height estimates. In accordance with this criterion, statistics
presented in Fig. 10 are computed for the range of values
in which field measurements are above 25 cm (i.e. from the
second available TanDEM-X acquisition onwards). Thus, the
analysis is performed over n = 28 measurements. A root-
mean-squared error (RMSE) of 23 cm and a determination
coefficient R? of 0.48 are obtained with the conventional
PolInSAR method. On the other hand, an RMSE of 16 cm
and an R? of 0.58 are achieved with the proposed approach.
Again, these numbers refer to rice plants taller than 25 cm.

VI. DISCUSSION AND CONCLUSIONS

This paper presents a modified PolInSAR inversion method-
ology based on the operator TrCoh. Key points of the proposed
inversion methodology are reviewed to evaluate the added
value of the TrCoh and the benefits of the use of analytical
solutions:

e The formulation of the correction of non-volumetric
decorrelation sources of the covariance matrix and the
TrCoh leads to a direct and simple application. Higher
coherences provide lower overestimation.

o The exploitation of the elliptical form of the dual-pol
CoRe for the computation of the coherence extrema
speeds up the inversion and provides more accurate
results not based on approximations.
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Fig. 10. Correlation plots of the vegetation height estimates with respect
to the ground-truth data. Method 1 corresponds to the conventional RVoG
inversion, whereas Method 2 corresponds to the proposed approach. Statistics
are computed for the range of values in which field measurements are above
25 cm (i.e. from the second available TanDEM-X acquisition onwards).

o The inclusion of the TrCoh in the PolInSAR retrieval
algorithm is analysed for the first time. As a result, the
coherence loci of the RVoG model is forced to cross
the TrCoh. This produces a line which is more stable,
since it is more related to the bulk of the distribution of
coherences in the polar plot.

o Thanks to the expressions of the CoRe and the TrCoh,
the analytical selection of the new set of coherences
used for inversion is faster than other methods based on
approximations [17].

The suitability of using the TrCoh for inversion is justified
in an improved accuracy of the resulting vegetation height
estimates. An RMSE of 16 cm is obtained with the proposed
method, which is an improvement of 7 cm with respect to the
conventional PollnSAR method. Regarding the coefficient R?,
the accuracy improves by 10% with the proposed approach.
We interpret this is because we constrain the line to pass
through the area of most points in the CoRe (capturing more
of the target). At the same time, this justifies why we obtain
more accurate results with the TrCoh than following other
criteria based only on the CoRe, such as employing the vertices
of the major axis of the ellipse for inversion. Although not
included here, results following this latter approach are far
worse than those based on the TrCoh (or on the maximum
phase separation, like the conventional PolInSAR method).
This leads us to conclude that the selection of the measured
coherences employed for inversion, as modelled by the RVoG,
needs to focus on the most significant representation of the
physical target, which is not represented by the dual-pol ellipse
axes.

In addition, the use of analytical solutions enhances the
computational efficiency. A 16 cores computer with 160 GB
RAM, and a scene of 1500 x 300 pixels corresponding to
Field 1 (e.g. on 15th June) are considered to quantify the
improvement. Since the minimisation is a common step (see
Fig. 2), the comparison between the conventional and the
proposed method is performed without considering this final
stage. Thus, the conventional algorithm, with N = 72 points
to simulate the CoRe, takes around 6 minutes 4 seconds,

whereas the same required steps with the proposed approach
are performed in 6 seconds. As the number of points used in
the conventional method to approximate the CoRe increases,
so does the computational cost. For instance, employing N =
720 points would be required to avoid important mismatches,
as the one observed in Fig. 5 (b). Such a larger number can
help prevent the important bias observed in the extreme co-
herences computed with the approximate method. The density
of points of the approximated border of the CoRe would be
higher, and thus the approximated extreme coherences would
be closer to their actual values. In that case, the computational
cost increases up to 8 minutes.

Overall, the modified PolInSAR parameter retrieval strategy
based on the TrCoh yields more accurate height estimates
in a more efficient and analytical manner. Moreover, the
methodology presented here can apply to other scenarios, e.g.
crops with non-flooded ground conditions or forest scenes.
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