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Abstract—A sparse pine forest is investigated at X-band on a
single-pass polarimetric synthetic aperture radar interferometry
(PolInSAR) data set using HH and HV channels. These first pre-
liminary results show that the associated phase centers present a
significant vertical separation (about 6 m) allowed by penetration
through gaps in the canopy. Forest parameter inversion using
the random volume over ground (RVoG) model is evaluated and
adapted at this frequency. The forest height can be retrieved ac-
curately by supposing a high mean extinction coefficient (around
1.6 dB/m). The penetration depth is estimated to be around 4 m,
based on the forest height ground measurements. Finally, a
time–frequency analysis using a sublook decomposition is per-
formed to increase the vertical separation of the polarimetric
phase centers. As a consequence, RVoG-inversion performance is
improved, and a penetration depth that is in better accordance
with a previous work (of the order of 2 m) is found. This paper
has shown that the height inversion of a pine forest was possible
using PolInSAR X-band data and that the performance was more
dependent on the forest density than at lower frequencies.

Index Terms—Forest, interferometry, polarimetric synthetic
aperture radar interferometry (PolInSAR), polarimetry, X-band.

I. INTRODUCTION

C LIMATE understanding is a challenge for a wide com-
munity of scientists, which is currently addressed by

modeling the Earth as a global system involving different cycles
among which the carbon cycle is essential. One of the most dy-
namic carbon storages associated with land–atmosphere trans-
fer is constituted by the forests for which the above-ground
biomass is representative of the organic carbon quantity present
in vegetation. Polarimetric synthetic aperture radar (SAR) in-
terferometry (PolInSAR) is a new technique which has shown
a good potential for forest height retrieval using the random
volume over ground (RVoG) model [1], [2]. This model has
been validated at L-band over different forests and terrain
conditions. Forest height is an important parameter because it
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can be linked to the above-ground biomass through allomet-
ric equations [3]. In this paper, the RVoG model [1], [2] is
applied on a pine forest at X-band. A methodology adapted
to the foliage–wave interaction specificity at this frequency is
proposed for extracting the forest parameters.

The X-band single-pass polarimetric interferometric data ac-
quired by RAMSES [4], constituting the support of this paper,
are first briefly presented in Section II.

The analysis of the experimental data has shown an
unexpected behavior in two of the four polarimetric channels.
A system-induced decorrelation has corrupted the VH and VV
channels along the whole scene. Since a loss of coherence in
one polarimetric channel would bias the parameter extraction,
only two polarizations are used for the inversion using the
RVoG model, namely, HH and HV. Section III reviews the
RVoG model assumptions and describes how to deal with
only two polarizations for the extraction of the pine forest
parameters [5].

Section IV is dedicated to data investigation. A significant
difference between interferometric heights associated with the
HH and HV channels is observed over the whole forest, in-
dicating that the apparent penetration depth, i.e., the height
difference between the top of the canopy and the phase-center
heights, varies widely with the polarization state. The standard
RVoG model is then adapted to the X-band wave interaction
with the forest canopy, and the performance of inversion is
evaluated in comparison with the ground measurements.

In Section V, a time–frequency analysis (TFA) is performed
in order to increase the performance of the RVoG model
inversion. Indeed, azimuth sublook decomposition, which is
performed by filtering SAR image frequency spectra in this
direction, allows better isolation of pure ground and canopy
contributions in the HH and HV channels, respectively. The
resulting penetration depth obtained with this optimization
scheme is smaller than the one obtained with the full-resolution
data and is better compared with the previous work re-
sults [6]. Finally, the accuracy of the parameter extraction
(forest height retrieval) with the RVoG associated with TFA is
evaluated.

II. DESCRIPTION OF THE DATASET

The Radar Imagery Thematiques Agricoles et Sols (RITAS)
campaign was conducted in March 2002, and the data were
acquired over the Institut National de Recherche Agronomique
(INRA) test site of Avignon, France, by the experimental radar
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Fig. 1. Pauli-basis normalized polarimetric σ0 map of the RITAS data. (Top) RGB coding: Red color corresponds to the intensity of HH+VV backscattering,
green to HV, and blue to HH−VV and (bottom) the description of the available ground truth. The studied pine forest is outlined in red.

Fig. 2. Aerial photography and views of the studied pine forest. In this paper,
only the red outlined zone is considered.

system RAMSES [4]. The test area is composed by orchards,
bare fields, forests, vegetable patches, and a part of the village
of Montfavet.

Fig. 1 shows the data set as a color composite where the
backscattered power corresponding to the three Pauli-basis
polarizations (HH+VV, HV, HH−VV) is coded in RGB and
normalized to improve the image dynamic. Bare fields appear
in brown color, vegetation in green, and buildings, which are
characterized by an important double-bounce scattering, in
blue. Several pine forest stands are present in the scene, as
shown in Fig. 1, and the study presented in this paper will
concentrate on this type of forest. The largest pine forest patch
has not been taken into account in this paper because of a
strong underlying topography and the presence of man-made

Fig. 3. Coherence histograms computed over the whole RITAS data set
associated with the four polarimetric channels HH, HV, VH, and VV.

structures under the canopy. Only one forest area was covered
by the ground-truth campaigns and is considered in this paper
(surrounded in red in Fig. 1).

A zoom of optical airborne photography, acquired the year
before the X-band-data acquisition, is shown in Fig. 2 to
provide some information on the tree density. It shows that the
pine forest is relatively sparse and presents gaps in the canopy.
This photography is juxtaposed to a normalized polarimetric
σ0 map expressed in the Pauli basis, where the mean values
of σ0 corresponding to these three polarization states have
been shifted to a common one for a better dynamic, and to a
polarimetric Digital Elevation Model (DEM) associated with
the linear polarization basis, the color intensity being related to
the 0–30-m phase-center-height interval. On the polarimetric
DEM, the brightest colors correspond to elevated scatterers
(pine forest and hedges in green and a forested hill in white).
The last two photographs correspond to different tree density
areas. We can observe that the underlying ground is a flat
surface covered by short grass with no understory. The height of
this managed forest is homogeneous. The measurements made
with 1-m accuracy range from 17 to 20 m (18 m in mean).

The boresight incidence angle of the acquisition is 30◦, and
the resolution is 0.9 m in range and in azimuth directions.
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Three trihedral corner reflectors were deployed on the scene
for radiometric and polarimetric calibrations. One dihedral
corner reflector was set with a 22.5◦ tilt to provide a strong
signal in all the four polarimetric channels; this target is useful
to properly coregister the polarimetric channels. Finally, one
trihedral corner reflector that is positioned on a 5-m mast was
used for the interferometric calibration. A specific PolInSAR-
calibration procedure adapted to the deramp-on-receive mode
[7] has been applied.

III. DUAL-POLARIMETRIC (DUAL-POL)
INVERSION WITH RVOG MODEL

Due to a technical problem during the acquisition, the
forest parameter inversion has been performed using only two
polarimetric channels. This section begins with a quality inves-
tigation of the interferometric pairs associated with the linear
polarization channels and the phase and amplitude of the inter-
ferometric coherence and establishes the inversion procedure
for a Dual-Pol configuration.

Since these data have been acquired in a single-pass mode,
the distance between antennas, i.e., the baseline, is constant,
with its length equal to 63 cm. As a direct result, the height
of ambiguity (i.e., the height creating a 2π phase shift) is large
(�250 m), inducing a low height sensitivity. The accuracy asso-
ciated with the PolInSAR calibration procedure [7] is estimated
to be around 3◦ and translates into a 2-m vertical accuracy.

Coherence values are observed to be greater than 0.9 on
natural surfaces and even around 0.98 for bare surfaces in
the three channels. Fig. 3 shows the coherence histograms
computed over the whole data set associated with the four
polarimetric channels HH, HV, VH, and VV. The VH coherence
is affected by a strong decorrelation, and the one associated
with VV is unexpectedly lower than the HV one. The noticeable
decorrelations affecting the VV and VH polarizations are due
to a perturbation in the V emission channel during the flight,
where the high-power polarization switch was occasionally
underperforming. In consequence, the PolInSAR inversion us-
ing the RVoG model [1], [2] was conducted on only two
polarimetric channels, the HH and HV. The RVoG model inver-
sion relies on the interferometric coherences computed for all
the possible polarization states. As the inversion methodology
uses the linear regression of interferometric coherences in the
complex plane, a VV decorrelation would induce a bias in this
inversion resulting to an overestimation of the forest height.
Papathanassiou and Cloude [5] have shown that forest height
and mean extinction coefficient inversions were possible at
L-band with only two polarization channels with an associated
small performance degradation over the full polar inversion and
that the best Dual-Pol configuration is then the polarization
couple HH and HV.

The performance of the standard RVoG model inversion [1],
[2] has been evaluated at L-band in the context of different
forests and terrain conditions. This model assumes the vegeta-
tion to be a homogeneous layer of randomly oriented particles,
which provides the same extinction for all the polarizations,
and the ground surface to be an impenetrable scatterer. The
complex interferometric coherence γ(w) corresponding to one

polarization state w is defined as a coherent combination of
volume and surface scattering

γ(w) =
γv + µ(w)
1 + µ(w)

ejφ0

= [γv + L(w)(1 − γv)] ejφ0 (1)

L(w) =
µ(w)

1 + µ(w)
, with 0 ≤ L(w) ≤ 1. (2)

φ0 denotes the ground interferometric phase under the assump-
tion of no-ground decorrelation (the ground coherence is equal
to one), and its variations over a forest are then directly related
to the underlying topography. γv is the complex coherence
of the homogeneous random volume, and µ(w) represents
the ground-to-volume power ratio, varying with polarization.
For a given geometric configuration, γv is the function of the
following two forest parameters: the extinction coefficient σ,
which corresponds to the mean extinction of the vegetation
layer, the forest height hv and of the system parameters, the
vertical wavenumber kz , and the incidence angle θ [8], [9]

γv =

∫ hv

0 e
2σz
cos θ ejkzzdz∫ hv

0 e
2σz
cos θ dz

. (3)

For a given interferometric configuration, the volume decorre-
lation increases with increasing volume height and decreasing
mean extinction coefficient.

The vertical wavenumber of the interferometric system is a
function of the incidence angle difference between the master
and the slave antenna δθ, related to interferometer configuration
and acquisition geometry, and the signal wavelength λ

kz =
4π

λ sin θ
δθ. (4)

The two forest physical parameters retrieved with the RVoG
model are the forest height and the vegetation layer mean
extinction coefficient. The inversion procedure described in [2]
consists of the following steps: 1) the linear regression of the
complex coherence associated with all the given polarization
states in the complex plane; 2) the φ0 angle estimation, local-
ized at one intersection of the line with the trigonometric circle.
Solution is determined after consideration of the interferometric
coherence associated with the HH and/or HH+VV channels,
expected to be characterized by the most important ground-
to-volume power ratio, and with the HV channel, where the
vegetation contribution is important; and 3) the interferometric
coherence associated with the highest polarimetric phase center
is assumed to be the “volume-only” one, i.e., without no-ground
contribution. For numeric computation purposes, a lookup table
(LUT) containing values of random volume interferometric
coherences associated with all the possible mean extinction
coefficients and heights is displayed in the complex plane
and compared with the assumed pure volume interferometric
coherence. The mean extinction coefficient and height which
minimize the difference between the LUT and the assumed
volume interferometric coherence measured in one polarimetric
channel, and then the distance in the complex plane, are the
inversion-solution couple.
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Dual-pol InSAR inversion is slightly different as the full set
of polarization states associated with the transmit and receive
antennas cannot be synthesized. Only a subset corresponding
to the fixed transmit polarization can be explored. The line
fit is then performed on this subset. One of these polarization
states must correspond to the special case where µ = 0. This
hypothesis must be done to solve the equation system consti-
tuted by (1) and (3) for the simultaneous extraction of the forest
height and the mean extinction coefficient. At the L-band, this
can be assumed to be the case for the HV channel [1], [2]. We
expect this assumption to be even more valid at the X-band as
the penetration is lower. The remaining high HV-phase-center
position over the lowest tree density part of the forest indicates
that the canopy contribution is still widely predominant even in
the presence of gaps in the canopy in this polarimetric channel.
Topography, which has been shown to create a strong ground
return in HV [10]–[12], is not present in our data, and as there
is also no understory under this managed forest, the assumption
of no-ground contribution in the HV channel constitutes a
realistic hypothesis. In case of significant relief, one solution
would be to search for the linear receive polarization for which
the return ground power is smaller and assumes that this is
the volume-only contribution. Finally, note that this inver-
sion procedure assumes no temporal decorrelation as this is a
single pass.

Considering that µHV = 0 and that both the ground and
canopy contributions are received in the copolar channel
(µHH > 0), the coherence equations are

γHV = ejφ0γv

γHH = ejφ0 [γv + LHH(1 − γv)] . (5)

The RVoG inversion is expected to be less accurate than for a
Quad-Pol configuration because, in the Dual-Pol configuration,
the linear regression in the complex plane relies on the subset
of the full PolInSAR inversion and because, as a consequence,
the polarimetric phase-center vertical dispersion is smaller.

IV. PINE FOREST ANALYSIS AT X-BAND

The inversion relies on the assumption of no-ground contri-
bution in the HV channel and of a ground/canopy contribution
mix in the HH channel. Fig. 4 shows the corresponding polari-
metric phase-center heights and points out a 6-m mean height
difference over the whole pine forest corresponding to the
vertical phase-center variation between these two polarimetric
channels. However, the penetration depth of an isolated pine
tree at X-band has been measured in the 0.5–1-m interval
[6]. The observed discrepancy is suspected to result from the
presence of gaps in the canopy in this sparse forest. Histograms
in Fig. 4 have been shifted using the interferometric phase
of a ground surface located in the close neighborhood of the
forest to set the ground level at the origin of the diagram.
The most populated bin is located around 10 m below the top
of the canopy with, however, a noticeable percentage closer
to the top, which corresponds to denser forest areas. Note
that the histograms do not have a standard Gaussian shape,
confirming the fact that the phase-center dispersion cannot be

attributed to the sole phase accuracy (on the order of 2 m),
but must also result from either inhomogeneities of the forest
structure or multiple-component scattering (surface + volume).
More specifically, when looking at the histograms, we can
distinguish two opposite behaviors between the HH and HV
interferometric phases. The HH histogram is clearly nonsym-
metrical, suggesting a two-component scattering mechanism
(surface + volume) with a maximum corresponding to a low
elevation, indicating a strong surface contribution. The forest
height has been estimated with ground measurements to 18 ±
1 m in mean. The HV histogram has a more symmetrical
shape corresponding to a single volume contribution occurring
around 4 m under the top canopy, with a scatter partially due to
the forest height spatial heterogeneity. The VV interferometric
phase estimation has shown that the associated phase center has
an intermediate position between the HH and HV phase centers
in the vertical direction. It means that HH and HV constitute
the optimal polarization couple for the forest height inversion,
as observed at L-band, i.e., the polarization pair presenting the
largest height difference [5].

The black histogram shown in Fig. 4 is associated with the
ground level, derived from the RVoG inversion procedure. The
φ0 angle is directly estimated from the two polarimetric com-
plex coherences and translated into height using the ambiguity
height. That is why the estimated ground level follows a similar
distribution to the two polarimetric phase-center heights (the
standard deviations are equivalent). The 0-m origin corresponds
to a nearby ground surface level, and it appears that the black
histogram is centered over this value in the absolute 2-m in-
terferometric height accuracy. The height difference computed
between the HV phase center and the estimated ground level
leads to a 4-m underestimation of the mean forest height (18 m).
This confirms that the HV channel is dominated by the foliage
contribution, which is in agreement with the assumption that the
HV phase center is the “volume-only” one. Note, therefore, that
if the assumption of no-ground contribution in the HV channel
is not perfectly verified, this estimated 4-m penetration depth
will still provide an upper bound, with the real penetration depth
being smaller.

Fig. 5 shows the corresponding coherence histograms; the
high values are expected in the single-pass case. These values
are, however, significantly lower than the typical bare-surface
coherences, measured on this data set at around 0.98, because
of the volume decorrelation induced by the penetration into the
canopy.

At X-band, electromagnetic waves interact predominantly
with leaf-scale objects [13] and present a sensitivity to the
superficial topography of the forest canopy, i.e., the top-canopy
height variations, contrary to lower frequencies, which pene-
trate deeper and interact with a thicker vegetation layer. The
height of the volume scatterers, localized at the top of the
canopy, can vary significantly over the estimation window.
These height variations inside an averaging window are respon-
sible for a scalar decorrelation of the “volume-only” contribu-
tion. Since this decorrelation only affects the canopy, the effect
on the estimated interferometric coherence is similar to the
temporal decorrelation one, which is due to the leaf movement
induced by the wind, as described in [14].
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Fig. 4. Polarimetric-phase-center-height histograms. Red and green colors
are, respectively, associated with the HH and HV channels. The black one
corresponds to the ground level estimate.

Fig. 5. Coherence histograms associated with (red) HH and (green) HV
channels.

Let us consider (6), which is (1) rewritten after integration of
this decorrelation coefficient α applied to the random-volume
component only

γ(w) = [αγv + L(w)(1 − αγv)] ejφ0 . (6)

Fig. 6. Migration of the interferometric coherences γHH and γHV (assumed
to be equal to γv) in the complex plane after decorrelation of the pure volume
contribution. Circles correspond to theoretical interferometric coherences’ po-
sitions without decorrelation, and the observed interferometric coherences are
symbolized by plain circles.

As schematically shown in Fig. 6, the interferometric coher-
ence of the volume γv , represented by γHV, migrates toward
the center of the trigonometric circle when the decorrelation
increases, i.e., α decreases, and the interferometric coherences
corresponding to the other polarizations follow the same linear
direction, as shown in red for HH polarization. This decorrela-
tion produces a decrease of the amplitude but does not affect the
phase of the interferometric coherence γv , as shown in Fig. 6.
Hence, the vertical location of the phase center corresponding
to the “volume-only” contribution remains unchanged. Note
that this decorrelation does not influence the estimation of the
interferometric phase of the ground φ0 [14]. We can observe
that the decorrelation of the pure volume contribution induces
a coherence difference diminution between the polarizations,
which explains the almost equal HH and HV coherences shown
in Fig. 5.

Unfortunately, since the “volume-only” vertical position and
coherence depend on both the mean extinction coefficient
and the forest height, a scalar correction of |γv| implies that
the extinction coefficient must be fixed in order to estimate
the forest height hv because, after correction, both parame-
ters cannot be simultaneously estimated as in the “classical”
RVoG inversion. The inversion procedure follows the following
three steps.

1) Linear regression of the HH and HV interferometric
coherences in the complex plane.

2) Ground-level estimation by the intersection of the line
and the trigonometric circle, the intersection which al-
lows the ground-level estimation being selected after
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Fig. 7. Estimated forest height histograms corresponding to different mean
extinction coefficients.

consideration of the polarimetric phase-center positions,
as in a “classical” RVoG inversion procedure

|Arg{γHV} − φ0| ≥ |Arg{γHH} − φ0| .

It means that the HH phase center must be located closer
to the ground than the HV phase center.

3) The validity domain of the “volume-only” interferometric
coherence is located on the line joining the observed HV
interferometric coherence and the complex-plane origin
(blue dashed line crossing the green dot in Fig. 6).
The volume interferometric coherence corresponding to
a mean extinction coefficient value is computed for dif-
ferent heights. The intersection of the fixed extinction
volume interferometric coherence with the line joining
the complex-plane origin and the observed HV interfero-
metric coherence correspond to the “volume-only” inter-
ferometric coherence before decorrelation (green circle in
Fig. 6). The height associated with the fixed extinction in-
terferometric coherence which corresponds to this inter-
section is the inversion solution. Note that HV coherence
correction does not need any a priori information about
the pure volume contribution decorrelation represented
by the α parameter.

Fig. 7 shows the estimated forest height histograms as-
sociated with different mean extinction coefficients ranging
from 0.4 to 2 dB/m. Since the accuracy of the forest height
inversion is directly linked to the linear regression procedure
and, consequently, to the ground-level estimation, these two
parameters follow similar distributions (standard deviations are
on the same order). The estimated height appears to be inversely
proportional to the mean extinction coefficient: a given volume
phase-center height should correspond to a high forest with a
low extinction, where radar waves penetrate deeply, or to a

Fig. 8. Mean-height-estimation accuracy versus the mean extinction coeffi-
cient one.

Fig. 9. Histograms of the phase-center height at (plain line) full resolution and
(dotted line) after sublook optimization. Red and green colors are, respectively,
associated with the HH and HV channels. The black one corresponds to the
ground-level estimate.

smaller forest characterized by a higher extinction and then
a lower penetration depth. The measured forest height during
ground-truth campaigns, about 18 m in mean, is retrieved
for high extinction values (σ = 1.6 dB/m), as expected at
X-band, because of a low penetration at this frequency [6]. The
estimated extinction is expected to be valid over low-density
forests because the tree density only affects the ground-to-
volume power ratio and not the pure canopy interferometric
coherence. Note that a large interval of extinction values gives
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a satisfying inversion, meaning that the mean extinction coef-
ficient is not a sensitive parameter in this case because of its
high level. The low dependence of the height inversion on the
mean extinction coefficient is shown in Fig. 8: a variation of
0.5 dB/m for the extinction values induces an estimated height
error within the ground-measurement accuracy (1 m).

The decorrelation affecting the pure volume contribution,
and then the correction taken into account in the inversion
procedure, is now quantified. To do this, the theoretical volume
coherence is compared to the coherence measured in the HV
channel to estimate a decorrelation coefficient α

α =
|γHV|∣∣γv{h=18m,σ}

∣∣ . (7)

|γv{h=18m,σ}| represents the interferometric coherence of an
18-m height volume, characterized by a mean extinction co-
efficient comprised between 1 and 2 dB/m. Since the mean
extinction coefficient does not influence strongly the volume
interferometric coherence when it takes high values, it is aver-
aged here. A mean decorrelation coefficient α is then estimated
around 0.92. This mean value assumes the forest as a homo-
geneous medium to give a decorrelation order of the canopy
topography, but this decorrelation coefficient can depend on the
forest structure, which has not been investigated in this paper.

This last section has validated the RVoG hypotheses for a
sparse pine forest at X-band. This forest can be modeled as a
random volume characterized by a high mean extinction coeffi-
cient. The deep apparent penetration in the HH channel and the
distinct height distributions of the polarimetric phase centers
may be explained by the presence of gaps in the canopy. The
gaps allow ground-backscatter reception in the HH channel,
whereas the HV channel remains mainly dominated by the
canopy contribution. In the next section, a TFA is performed
to use the natural azimuth look-angle variation in SAR data for
a better separation of the polarimetric phase centers and for an
RVoG inversion performance improvement.

V. TIME–FREQUENCY OPTIMIZATION

In this section, an azimuth sublook analysis is performed to
remove the ground contribution contained in the HV channel to
better suit the RVoG assumptions.

In SAR, the azimuth resolution is obtained through a signal
processing technique called azimuth compression. It relies on
the fact that the relative movement between the platform and
the target induces a varying Doppler frequency fd along the
integration acquisition time [15] during which the scatterer
is seen with a varying observation angle ψ. The resulting
Doppler bandwidth is directly proportional to the observation
angle variation interval and is responsible for the azimuth
resolution, as can be seen in the following equation, linking the
observation angle variation interval ∆ψ and the azimuth spatial
resolution δaz

∆ψ =
λ

2δaz
(8)

where λ is the radar wavelength.

A given Doppler frequency corresponds to an observation
angle. Therefore, the filtering of image spectra in the azimuth
direction is equivalent to selecting the received information
corresponding to a given observation angle

ψ = arcsin
(
fdλ

2vp

)
(9)

where vp is the platform velocity.
Note that the reduction of the Doppler bandwidth corre-

sponds to a decrease of the observation angle interval and
results in a coarsening of the azimuth resolution (8). The
look-angle-dependent information is directly related to the
geometrical properties of the illuminated scatterers [16], [17].
In the present analysis, we are interested in separating the
contributions coming from different apparent look observation
angles ψ. Fast Fourier transform filtering of the SAR image
spectra in the azimuth direction is done to form five sublook
images of equivalent resolutions with 50% overlap, whereas
the full resolution is kept in the range direction. The complex
interferometric coherences for the HH and HV channels over
the five sublook images are computed over a sliding window as
in the previous section, but the window size is adapted in order
to keep a sufficient number of looks to avoid any estimation bias
[18]. Because of a small observation angle variation (∆ψ �
1◦), only three of these five sublooks are independent. Before
investigating the pine forest, bare-soil surfaces are considered
and analyzed. The interferometric behavior is fairly constant
from one sublook to the next over these surfaces, displaying
no specific trend and guaranteeing an artifact-free system. Over
vegetation, a significant spread in phase centers and interfero-
metric coherences across the different sublooks is observed. A
physical interpretation can be proposed. The 30 incidence-angle
geometries have the following two main consequences: 1) even
small gaps in the canopy will create a direct ground visibility,
i.e., the electromagnetic wave can travel freely all the way to
the ground and 2) the scattering from the gaps will result in
contributions from the whole vertical structure.

The TFA optimization consists of selecting for each averag-
ing window the sublook which maximizes the height difference
between the HH and HV phase centers. The goal of this
optimization is to increase the ground-to-volume power-ratio
range between the two polarimetric channels. Fig. 9 shows the
resulting height histograms associated with both polarizations.
After the optimization, the HH histogram is shifted toward a
lower elevation compared to the full-resolution one, whereas
the HV histogram follows an opposite behavior. The separation
between the two polarimetric phase centers is increased by
about 3 m in mean. At the same time, the filtering of the contri-
butions leads to a coherence enhancement (Fig. 10). The height
histograms are observed to be narrower, providing a better
estimate of the ground level. The height difference between the
HV phase center and the estimated ground level is observed to
be around 16 m, leading to a 2-m penetration-depth estimation
at X-band based on forest height ground measurements, which
is more consistent with previous observations [6].
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Fig. 10. Coherence histograms (plain line) in the full-resolution case and
(dotted line) in the sublook optimization one. Red and green colors are,
respectively, associated with the HH and HV channels.

Fig. 11. Height-difference map between the HV phase center and the HH
one. The left map corresponds to the full-resolution data, and the right one
is associated with the sublook-optimized one.

In Fig. 11, the phase difference between HV and HH is repre-
sented over the pine forest extend. The left part of Fig. 11 shows
the initial phase difference, computed over the full-resolution
data set. The right map represents the phase difference obtained

Fig. 12. Mean-estimated forest height versus mean extinction coefficient after
the time–frequency optimization.

after maximization over the sublook images. The left side of
Fig. 11 shows that the most important polarimetric phase-center
separation is found in the lowest tree density part of the forest
(located at the top part of both figures), i.e., containing the
most gaps in the canopy. The ground component in the HH
backscatter is more important than in the denser area, whereas
the canopy remains highly predominant in the HV channel
over the whole forest. Then, the phase-center height difference
between the HV and HH polarizations tends to increase in
the low-density area because of HH scattering center-height
diminution. Note that, in the low-density areas, the HV channel
is still dominated by canopy contribution. On some pixels,
sublook decomposition allows an almost total separation of the
ground and volume components, varying the ground-to-volume
power ratio with polarization over its full range. In this sense,
the time–frequency approach compensates the gap effect in
the crosspolar channel and increases it in the copolar chan-
nel. After sublook maximization, the φ0 histogram becomes
slightly narrower (Fig. 9), and the ground-level estimation is
then more robust. The estimation of the forest height also
becomes more precise because of the elongation of the region
of coherence in the complex plane. Furthermore, note that, in
this X-band context, since the HV phase center is closer to
the top of the canopy (more representative of the “volume-
only” contribution compared to the full-resolution case), the
solution mean extinction coefficient allowing forest height re-
trieval then becomes higher (σ = 2 dB/m), as shown in Fig. 12.
We can observe that the curve describing the estimated height
as a function of the mean extinction coefficient reaches an
asymptotic value for large extinctions, equal to the HV phase-
center height, reflecting a null penetration. Since the penetration
depth decreases until 2 m after time–frequency optimization,
the measure of the HV phase-center height after ground-level
determination only provides a small underestimation of the
forest height.
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VI. CONCLUSION

This paper has presented the first results of the investigation
of X-band single-pass PolInSAR data acquired over a pine
forest using only HH and HV polarizations. A significant height
difference between the two polarimetric phase centers has been
first observed, linked to the penetration into the canopy and
to the different ground-to-volume power ratios. Previous work
has shown a 1-m penetration depth in an isolated pine tree at
X-band [6]. The observed deeper apparent penetration of radar
waves in the vegetation layer in the two polarimetric channels
can be attributed to the presence of gaps in the canopy. This
effect is enhanced by the steep geometry for which even small
gaps create significant ground visibility.

Using these two polarizations, the forest parameter extraction
is conducted using the RVoG model assumptions [1], [2].
The assumption of no-ground contribution in the HV channel,
attested by a high phase-center position over the whole forest, is
done to estimate the random-volume interferometric coherence.
The effect of the “roughness” of the canopy, i.e., variation of the
canopy height in an estimation window, has been observed on
our X-band data, inducing a decorrelation of the pure canopy
contribution. An inversion procedure correcting this effect with-
out no a priori information concerning its amount has been
employed to estimate the forest height by using assumption
only on the mean extinction coefficient. As expected, the so-
lution mean extinction coefficient allowing the correct forest
height retrieval (in accordance with the ground measurements)
is high, which is consistent with the limited penetration depth
at X-band. In consequence, the RVoG model inversion is not
very sensitive to this parameter, and the forest height can be
retrieved accurately for a large interval of the assumed extinc-
tion coefficients. This limited influence of the mean extinction
coefficient makes forest height extraction with the adapted
RVoG model robust at X-band. The first penetration depth of
the X-band waves in the canopy is estimated to be around 4 m
by computing the difference of the forest height, obtained by
ground measurements, and the HV phase-center elevation.

Then, to improve the separation of the soil and canopy con-
tributions and to increase the accuracy of the RVoG inversion,
a TFA was conducted. SAR images’ frequency spectra are
decomposed in different sublooks in the azimuth direction in
order to select contributions coming from different look angles.
On each sliding window, the sublook that provides the best
vertical separation of the HH and HV polarimetric phase centers
is selected. The soil-contribution reduction in the HV channel
allows obtaining more accurately the “volume-only” contribu-
tion. The time–frequency approach is then used to compensate
the gap effect in the HV channel and to enhance it in the
HH channel, where the ground backscatter is increased. The
height difference between the two polarimetric phase centers
is increased by 3 m over the whole forest, enhancing the
forest height inversion performance using the adapted RVoG
model. After the time–frequency optimization, the HV phase
center migrates toward the top of the canopy, and the estimated
mean extinction coefficient, allowing the correct forest height
retrieval, becomes higher. The penetration depth of X-band in
the forest canopy is then estimated more accurately to be 2 m,

reaching the system accuracy, which is in better accordance
with [6].

To measure tree heights, airborne techniques use the as-
sumptions of no X-band penetration in the canopy [19]. This
paper has shown that when the forest density decreases, the
apparent penetration depth difference between the polarimetric
channels increases due to gaps in the canopy, which makes the
PolInSAR inversion possible. Note that by using fully polari-
metric interferometric data (HH, HV, VH, and VV channels),
inversion performance is expected to be improved compared to
the Dual-Pol configurations.

With the launch of the TandemX-SAR scheduled in 2008
[20], comparable scenes will be available for different forest
contexts, since altimetric accuracy and incidence angle are
similar. Nevertheless, only a tandem mission should provide
equivalent data, without temporal decorrelation. However, com-
pared to lower frequencies, the performance of the vegetation
analysis with the PolInSAR technique will be more density-
dependent at X-band. The reception of the ground component
at high frequency is conditioned by the presence of gaps in
the canopy, whereas penetration always occurs in the for-
est at lower frequencies. Consequently, the PolInSAR inver-
sion at X-band needs to be evaluated now on denser forests.
The influence of tree density on the PolInSAR signal and on
inversion needs to be quantified for a complete evaluation of the
X-band potential for forest height estimation using single-pass
PolInSAR data. The use of this frequency also provides higher
spatial resolutions, and since the interaction concerns leaf-scale
objects, it allows investigation of textural aspects of vegetation.
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