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Analyzing Tomographic SAR Data of a Forest With
Respect to Frequency, Polarization,

and Focusing Technique
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Abstract—Forest canopies are semitransparent to microwaves
at both L- and P-bands. Thus, a number of scattering sources
and different types of scattering mechanisms may contribute to
a single range cell of a synthetic aperture radar (SAR) image.
By appropriately combining the SAR data of multiple parallel
flight paths, a large 2-D aperture is synthesized, which allows for
tomographic imaging of the 3-D structure of such semitransparent
media and the underlying ground. A separate paper deals with
the actual tomographic imaging part that leads to the 3-D data
cube. In particular, three focusing techniques are described and
analyzed: multilook beamforming, robust Capon beamforming,
and multiple signal classification beamforming. In this paper, the
resulting data products obtained by tomographically focusing two
airborne multibaseline SAR data sets of a partially forested area,
one at L-band and another at P-band, are subject to a detailed
analysis with respect to the location and the type of backscatter-
ing sources. In particular, the following aspects are investigated:
1) The forest structure, as obtained from the vertical profiles of
intensities at sample plot locations within the forest, is compared
to the height distribution of the top of the forest canopy, as derived
from airborne laser scanning data, and profiles are presented for
all polarimetric channels and focusing techniques, as well as at
both frequencies; 2) the type and location of scattering mecha-
nisms are analyzed as functions of height for the two frequencies,
namely, L- and P-bands, and using the polarimetric channels,
as well as the Pauli and Cloude–Pottier decompositions thereof;
and 3) the accuracy of the ground elevation estimation obtained
from the different focusing techniques and the two frequencies is
assessed with the help of a lidar-derived digital elevation model.

Index Terms—Airborne radar, backscattering mechanisms,
beamforming, Capon beamformer, forestry, L-band, multibase-
line, multiple signal classification, P-band, polarimetry, SAR
tomography, synthetic aperture radar (SAR), time-domain back-
projection (TDBP).
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I. INTRODUCTION

R ESEARCH toward improving the knowledge about the
backscattering behavior of forests by means of synthetic

aperture radar (SAR) tomography with the eventual goal of
estimating its biophysical parameters has become a major topic
within the SAR remote sensing community [1]–[15].

With three prospective spaceborne SAR remote sensing mis-
sions, namely, BIOMASS [16], [17] at P-band and Tandem-L
[18], [19] and DESDynI [20] at L-band, which are all aimed
at global mapping and monitoring of carbon stock by assessing
the above-ground biomass of forests, as well as forest dynam-
ics such as the amount of deforestation and regrowth, these
two frequency bands have gained importance. Establishing a
good understanding of the interaction of microwaves at L- and
P-bands with vegetation, and in particular, with forests, is a
prerequisite in order to develop reliable biomass products.

As has been stated in [1] and [21]–[23], a simple
backscattering-based measurement of biomass is not feasi-
ble for dense forested areas due to saturation levels around
100 t/ha at L-band and 200 t/ha at P-band. Inevitably, additional
measures, such as forest height (involving the extraction of the
underlying terrain height) and structural information about the
forest, are to be incorporated into an improved estimation of
forest biomass.

Although a number of publications treat advanced algorithms
for tomographic SAR imaging (see, e.g., [24]–[37]), much less
research has been done that actually incorporates and evaluates
real tomographic SAR data of forested areas. In particular, this
is the case for P-band data. In [6], backscattering profiles of
a forest extracted from tomographic L-band SAR data were
shown, and the additional benefit of 3-D imaging of forests was
highlighted. Excerpts of the same L-band data set are also used
in [38], where the superior performance of the Capon beam-
former with respect to spectral-analysis-based beamforming is
demonstrated. In [39], fast Fourier transform, Capon, and mul-
tiple signal classification (MUSIC) beamforming approaches
based on the deramping and spectral estimation scheme of a
stack of coregistered single-look complex images are discussed.

In September 2006, an airborne SAR campaign was flown by
the German Aerospace Center’s E-SAR system over a test site
in Switzerland. Two fully polarimetric tomographic data sets
(L- and P-bands) of a partially forested area were taken within
this campaign (see Table I for the sensor specifications and a
summary of the parameters which characterize the tomographic
data sets). Using these data, the first tomographic images of
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TABLE I
E-SAR SYSTEM SPECIFICATIONS AND NOMINAL PARAMETERS OF

THE TOMOGRAPHIC ACQUISITION PATTERNS FOR

BOTH MB DATA SETS AT P- AND L-BANDS

a forest at P-band were presented by Frey et al. [10], [11].
The HH polarization channel of the multibaseline (MB) P-band
data set was tomographically focused using a time-domain
back-projection (TDBP) approach, and a qualitative compar-
ison with an airborne laser scanning (ALS) digital elevation
model (DEM)/digital surface model (DSM) data set was carried
out. In [40], the TDBP-based focusing methodology was extend-
ed toward multilook-based standard and Capon beamforming.

In [12], data from another MB data set at L-band, also
acquired in 2006, were used to experimentally test a method,
based on the prolate spheroidal wave functions, to estimate the
dimension of the signal subspace for MUSIC beamforming in
order to determine the minimum number of baselines needed
for tomographic focusing of a forest scenario.

Most recently, Tebaldini [15] has proposed a theoretical
framework to separate different scattering mechanisms based
on polarimetric MB SAR data. Experimental results were pro-
vided using an airborne P-band data set acquired during the
BioSAR campaign in 2007. In contrast to the tomographic
SAR data evaluated in this paper, Tebaldini employed a rather
high number of looks (350 looks) to focus the data in the
normal direction, leading to a drastic loss of resolution in the
range/azimuth domain. In particular, detailed features such as
gaps in the canopy due to forest roads or smaller glades and
clear cuts are lost to a large extent.

As documented in the recommendations of the PolInSAR
2009 workshop [41], there is still a need for research about
the interactions of microwaves at different frequencies with
forested areas. The vertical forest structure and terrain reflectiv-
ity under vegetated canopies need to be investigated, including
the polarimetric signature.

A. Aim of This Paper

This paper attempts to contribute some pieces to diminish
this research gap by providing a detailed analysis of the lo-
calization of the main backscattering elements within a 3-D
SAR data cube. The focused data were obtained by means of
nonmodel-based1 tomographic processing of two airborne fully

1Nonmodel based in the sense that no forest model is used. However, MUSIC
is a model-based direction-of-arrival estimator in the sense that the number of
scattering sources is assumed to be known.

polarimetric MB SAR data sets of the same forested area at both
L- and P-band frequencies (see Table I for the specifications).
Based on a TDBP approach [42] to a reconstruction grid, three
different tomographic focusing techniques, namely, multilook
standard beamforming, robust Capon beamforming (RCB), and
MUSIC, were applied to the data. For a detailed description of
the data processing, an analysis of the focusing performance,
and tomographic images of the forest, see the companion
paper [43].

In this paper, the emphasis is laid on investigating the vertical
structure of the forest and its underlying terrain as it appears
in the two remotely sensed MB SAR data sets. To this end,
the focused 3-D SAR data cubes are analyzed with respect to
the following: 1) the location of the main scattering sources
within the forested area at the two frequencies with the help of
vertical profiles; 2) the type of scattering mechanisms [using the
Cloude–Pottier decomposition (CPD)] as a function of height
above ground; and 3) the accuracy of the detection of the
ground below forest at L- and P-bands using the three different
focusing techniques. The 3-D SAR data sets are evaluated
and cross-validated with high-resolution DSM/DEM models
derived from ALS.

To the authors’ knowledge, this is the first time that a detailed
analysis of tomographic SAR data sets, at both L- and P-bands,
of a forested area is given in combination with high-resolution
ALS cross-reference data. The authors intend to foster the
discussion of the potential of L-band and/or P-band (MB) SAR
for the determination of biophysical parameters of forests in the
context of biomass/carbon stock assessment.

The remainder of this paper is organized as follows. In
Section II, the experimental data are described, and the meth-
ods used to evaluate the tomographic data are detailed. In
Section III, the backscattering profiles, as analyzed in terms of
the parameters frequency, polarization channels, and scattering
mechanisms, as well as in terms of the focusing technique,
are presented. In Section IV, the results are discussed, and
conclusions are drawn in Section V.

II. DATA AND METHODS

A. Focused Tomographic Data

In Fig. 1, the geometric configurations of the actual flight
tracks for both tomographic data sets are shown. The flight
direction is from east to west, and the sensor is left looking.
In addition to the actual flight tracks, their projections to the
horizontal plane and to the northing-height plane are also
depicted. Both missions were completed by a control track.

The analyses presented in this paper start at the product level
of the 3-D focused SAR data sets. The data cubes occupy an
area of 400 m × 900 m in easting and northing, respectively.
For both MB data sets, three data products were generated using
a TDBP-based approach in combination with the following:

1) coherent multilook beamforming (MLBF);
2) RCB;
3) MUSIC.
A detailed description of the time-domain-based focusing

methods is given in [40] for MLBF and in a companion paper
[43] for RCB and MUSIC, respectively. In each case, the
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Fig. 1. Tomographic acquisition patterns (a) at P-band, consisting of 11 flight tracks and a control track, and (b) at L-band, consisting of 16 flight tracks and a
control track. The flight directions are from east to west, and the sensors are left looking. In addition to the actual flight tracks, their projections to the horizontal
plane and to the northing-height plane are depicted. See also Table I for additional information about the tomographic acquisition pattern.

sample covariance matrix was estimated using approximately
20 looks obtained by spatial averaging.

In our experiment, unambiguous tomographic imaging is
limited to about 30 m in the direction perpendicular to the
average line of sight. This constraint is a result of a tradeoff
which had to be made during the design of the experimental
setup of the MB data acquisition for tomographic imaging.
The tradeoff is between maximizing the height resolution (a
synthetic aperture in normal direction as large as possible)
and maximizing the unambiguous volume height (the baselines
between passes as small as possible) given a limited number
of parallel flight paths due to pecuniary constraints, maximal
mission time, etc. For the given test site and experimental setup,
this leads to vertical unambiguous height values of approxi-
mately 16 to 22 m, depending on the topography and the ground
range distance. The tree heights found in the forest under study
go up to 40 m. The validation of the SAR tomography data is
limited to sample plots where the tree height does not exceed
the unambiguous height since backscattering sources that are
located beyond that threshold lead to aliasing in the form of
ghost targets, which spuriously appear within the unambiguous
height.

B. Validation Data

External reference data in the form of a DEM derived from
ALS (Falcon II, Toposys GmbH) are available for a comparison
of the ground level. A DSM acquired by the same sensor is also
at hand (see [43]). Both data sets are given at a sample spacing
of 1 m × 1 m.

The ALS data were acquired in spring of 2003. It has to be
assumed that the deciduous trees were mostly transparent to the
laser signal and therefore do not appear in the lidar-derived
DSM. However, the forest within the test site is dominated
by evergreen coniferous trees (80% of the trees within the
sample plots in the area of study are evergreen coniferous trees,
predominantly Norway spruce “Picea abies” and European
silver fir “Abies alba,” which make up 59% and 20% of all trees,
respectively).

As the forest is managed, timber cutting took place be-
tween 2003 and 2006. Therefore, additional clear cuts had to
be masked manually into the ALS DSM, based on airborne
orthoimages acquired in the summer of 2006. However, cuts
of single trees within forest stands are not accounted for. In
order to manually insert missing deciduous trees into the DSM,
another ALS-derived DSM from summer 2002 was also used.

C. Methods Used for Data Analysis

In order to analyze the backscattering behavior as a function
of height above ground, the additional information contained
in the polarization channels was exploited. In particular, the
Pauli decomposition and the CPD (entropy/anisotropy/α) of the
polarimetric data were calculated and evaluated as a function of
height above ground. In the following, the Pauli decomposition
and the CPD are exposed in some detail for the sake of
completeness.

1) Pauli Decomposition: Using the 2 × 2 identity matrix
and the three Pauli matrices, the scattering matrix S can be
represented as a superposition of four coherent elementary
scattering mechanisms

S =

[
SHH SHV

SV H SV V

]
=

a√
2
Sa +

b√
2
Sb +

c√
2
Sc +

d√
2
Sd

(1)

where

a =
SHH + SV V√

2
b =

SHH − SV V√
2

c =
SHV + SV H√

2
d = i

SHV − SV H√
2

Sa =
1√
2

[
1 0
0 1

]
Sb =

1√
2

[
1 0
0 −1

]

Sc =
1√
2

[
0 1
1 0

]
Sd =

1√
2

[
0 −i
i 0

]
. (2)

In the monostatic case, reciprocity applies, i.e., SHV = SV H ,
and thus, d = 0. The remaining three components a, b, and c
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can be written as the elements of a 3-D target vector k in the
Pauli basis [44]

k =

⎡
⎣ a
b
c

⎤
⎦ =

1√
2

⎡
⎣SHH + SV V

SHH − SV V

2SHV

⎤
⎦ . (3)

The components a, b, and c stand for odd-bounce scattering
(surface, trihedral reflector) and even-bounce scattering from
corners with a relative orientation of 0◦ (dihedral) and that of
45◦ (tilted dihedral), respectively.

2) CPD: The CPD [44], [45] is based on the eigenvalue de-
composition of the T3 coherency matrix which is constructed
from the outer product of the Pauli target vector k and its
Hermitian transpose kH

T3 = kkH. (4)

In practice, this single-look representation of the coherency
matrix is rank deficient. Assuming ergodicity, a spatial average
over n adjacent pixels is taken (instead of a number of snap-
shots), which yields the multilook coherency matrix

〈T3〉 =
n∑

j=1

kjk
H
j . (5)

Performing the eigenvalue decomposition of the multilook
coherency matrix 〈T3〉 yields the eigenvalues λj , j = 1 . . . 3,
sorted in nonincreasing order. Then, the first parameter of the
CPD, i.e., the entropy H , is calculated as

H=

3∑
j=1

−pj log3(pj), where pj=
λj∑3

m=1 λm

. (6)

H ∈ [0, 1] is a measure for the randomness of a scattering
medium from quasi-deterministic scattering (H = 0) to com-
pletely random scattering (H = 1). The second parameter, i.e.,
the average alpha angle α, is defined as

α = p1α1 + p2α2 + p3α3 (7)

where αj = a cos(u1j), as a consequence of the following
parameterization of the eigenvectors uj of the coherency matrix
as introduced in [45]

uj = [cosαj sinαj cosβje
iδj sinαj sinβje

iγj ]
T
. (8)

The average alpha angle α indicates the averaged target scatter-
ing mechanism from surface scattering (α = 0◦) over dipole
scattering (α = 45◦) to dihedral scattering (α = 90◦), β is
the target orientation angle (−180◦ ≤ β < 180◦), and δ and
γ are the target phase angles [46]. The third parameter of the
CPD, which is not used in this paper, is called anisotropy A
and is calculated as A = (p2 − p3)/(p2 + p3). In Fig. 2, the
H/α plane is shown divided into zones representing different
physical scattering characteristics according to the definitions
in [45], [47]:

Z1 high-entropy multiple scattering: scattering from veg-
etation having a well-developed branch and crown
structure;

Fig. 2. Entropy/alpha classification scheme after Cloude and Pottier [45]. See
Section II-C2 for a description of zones Z1–Z9. Zone 3, which is the area
outside the delineating curve, represents the mathematically nonfeasible region.

Z2 high-entropy vegetation scattering: scattering from for-
est canopies and scattering from vegetated surfaces with
random highly anisotropic scattering elements;

Z3 nonfeasible region;
Z4 medium-entropy multiple scattering: dihedral scatter-

ing with moderate entropy, e.g., double bounce plus
propagation through the canopy of a forest at P- and
L-bands;

Z5 medium-entropy vegetation scattering: scattering from
vegetated surfaces with anisotropic scatterers and mod-
erately correlated scatterer orientations;

Z6 medium-entropy surface scattering: increased entropy
due to surface roughness and canopy propagation;

Z7 low-entropy multiple scattering: low-entropy double- or
even-bounce scattering;

Z8 low-entropy dipole scattering: isolated dipole scatterer
or scattering from vegetation with heavily correlated
orientation of anisotropic scattering elements;

Z9 low-entropy surface scattering, e.g., water at L- and P-
bands, sea-ice at L-band, and smooth land surfaces.

In the following, the CPD is used to analyze the backscat-
tering behavior as a function of the height above ground.
The scatter plots at different height levels above ground are
distinguishable by different color coding. In addition, the sum
of the eigenvalues of the multilook coherency matrix 〈T3〉 is
incorporated in the form of a transparency value assigned to
each data point (see Fig. 6 for details). The sum of eigenval-
ues indicates the total scattering power and is assigned to a
transparency value using a logarithmic scale (in decibels). This
additional feature is essential in order to allow for a meaningful
interpretation of the H/α scatter plots at different horizontal
layers of the 3-D data set.

3) Preparation of the Data Cubes for Analysis: The analy-
ses of the 3-D SAR data cubes that are presented in the Results
section are all made with respect to a ground reference in the
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Fig. 3. Vertical profiles of relative intensities from L-band tomographic data of (Plots 1, 5, and 17) a forest and (Plot 20) grassland, respectively, averaged over a
circular sample plot of 300 m2 for the polarimetric channels ( ) HH, ( ) HV, and ( ) VV, MLBF, RCB, and MUSIC, as well as the Pauli basis ( ) HH

+ VV, ( ) HH − VV, and ( ) 2 ∗ HV. For comparison, the histograms of height differences between the ALS DSM and the ALS DEM are underlaid as an
external estimate of the distribution of tree heights (see also Fig. 5). (a) MLBF, Plot 1. (b) MLBF, Plot 5. (c) MLBF, Plot 17. (d) MLBF, Plot 20. (e) RCB, Plot 1.
(f) RCB, Plot 5. (g) RCB, Plot 17. (h) RCB, Plot 20. (i) MUSIC, Plot 1. (j) MUSIC, Plot 5. (k) MUSIC, Plot 17. (l) MUSIC, Plot 20. (m) Pauli, Plot 1. (n) Pauli,
Plot 5. (o) Pauli, Plot 17. (p) Pauli, Plot 20.

form of the DEM from ALS. Prior to any analysis, the data
cubes were interpolated in the vertical direction to a sample
spacing of 0.15 m, and each vertical column was then shifted
vertically by a number of voxels corresponding to the point of

intersection of the ALS DEM and the 3-D voxel grid at each
easting/northing position. Thus, all height values given in the
comparison of SAR tomography profiles and ALS scanning
data are now given relative to the ALS DEM. This means that
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Fig. 4. Vertical profiles of relative intensities from P-band tomographic data of (Plots 1, 5, and 17) a forest and (Plot 20) grassland, respectively, averaged over a
circular sample plot of 300 m2 for the polarimetric channels ( ) HH, ( ) HV, and ( ) VV, MLBF, RCB, and MUSIC, as well as the Pauli basis ( ) HH

+ VV, ( ) HH − VV, and ( ) 2 ∗ HV. For comparison, the histograms of height differences between the ALS DSM and the ALS DEM are underlaid as an
external estimate of the distribution of tree heights (see also Fig. 5). (a) MLBF, Plot 1. (b) MLBF, Plot 5. (c) MLBF, Plot 17. (d) MLBF, Plot 20. (e) RCB, Plot 1.
(f) RCB, Plot 5. (g) RCB, Plot 17. (h) RCB, Plot 20. (i) MUSIC, Plot 1. (j) MUSIC, Plot 5. (k) MUSIC, Plot 17. (l) MUSIC, Plot 20. (m) Pauli, Plot 1. (n) Pauli,
Plot 5. (o) Pauli, Plot 17. (p) Pauli, Plot 20.

a relative height = 0 m is equivalent to “0 m above ground”
or, more accurately, “0 m above the reference DEM from ALS.”
Thus, the basis for any analysis given in this paper is a modified

data cube that has a “flat” horizontal ground elevation at every
position and that exhibits an interpolated sample spacing of
0.15 m in the vertical direction.
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Fig. 5. Distribution of tree heights occurring within the respective sample plots as estimated by the histograms of height differences between the ALS DSM and
the ALS DEM. (a) Plot 1. (b) Plot 5. (c) Plot 17.

Fig. 6. Entropy/α scatter plot for different horizontal slices centered at (red) 0, (green) 5, (blue) 10, and (black) 15 m above ground (using the ALS-derived
DEM as the reference). The entropy/α data points of each slice are plotted using transparency scaling based on the sum of the eigenvalues of the bfT3 coherence
matrix: 0dB → opaque, ≤ −25 dB → transparent. (a) L-band, Plot 1. (b) L-band, Plot 5. (c) L-band, Plot 17. (d) L-band, Plot 20. (e) P-band, Plot 1. (f) P-band,
Plot 5. (g) P-band, Plot 17. (h) P-band, Plot 20.

III. EXPERIMENTAL RESULTS

A. Vertical Profiles

In Figs. 3 and 4, for L- and P-bands, respectively, the
vertical profiles of relative intensities obtained by averaging
the focused ground-level adjusted tomographic data over a
circular sample plot of 300 m2 are shown. Profile plots are
given for the polarimetric channels HH, HV, and VV for the
three beamforming techniques used for focusing in the normal

direction, namely, MLBF, RCB, and MUSIC, as well as for the
Pauli basis. The sample plots with numbers 1, 5, and 17 are
situated within the forest, whereas the plot number 20 is located
on a meadow outside the forested area, with the intention to
provide a reference plot that is not subject to volume scattering
at canopy level. For the same sample plots, histograms of the
difference between the DSM and the DEM obtained from ALS
were calculated, which are used as a cross-reference estimate
of tree heights occurring within a sample plot. The histograms
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Fig. 7. Ground-level detection below canopy at L- and P-bands: Within a vertical window of ±4 m around the ground level, as indicated by the ALS DEM,
the relative vertical position of the maximum intensity value was determined for all pixels within the forested area. The resulting histograms are depicted for the
polarization channels ( ) HH, ( ) HV, and ( ) VV, and the three focusing techniques MLBF, RCB, and MUSIC. (a) L-band, MLBF. (b) L-band, RCB.
(c) L-band, MUSIC. (d) P-band, MLBF. (e) P-band, RCB. (f) P-band, MUSIC.

are shown in Fig. 5 and are also underlaid to the profile plots in
Figs. 3 and 4 in order to ease the comparison.

B. Entropy/α Scatter Plots

In order to discriminate the dominant scattering mechanisms,
the entropy/A/α decomposition at different height levels within
the DEM-adjusted 3-D SAR data cube was calculated for the
four sample plots. In Fig. 6, entropy/α scatter plots are depicted
for different horizontal layers at (red) 0, (green) 5, (blue) 10,
and (black) 15 m above ground. The entropy/α data points of
each layer are plotted using a transparency scaling which is
based on the sum of the eigenvalues of the T3 coherence matrix
(0 dB → opaque, ≤ −25 dB → transparent).

C. Ground-Level Detection

The quality assessment of the ground-level detection is based
on the assumption that the maximum intensity value within a
vertical window of ±4 m around the ground level, as indicated
by the ALS DEM, represents the location where the backscat-
tering at ground level actually occurs. The relative vertical
position of the maximum intensity value was determined for all
pixels within a forested subset of dimension 360 m × 550 m of
the area under study. In Fig. 7 and Table II, for L- and P-bands,
respectively, the histograms of the relative vertical positions

TABLE II
MEAN VALUES AND STANDARD DEVIATIONS OF GROUND-LEVEL

DETECTION BELOW CANOPY CORRESPONDING

TO THE HISTOGRAMS IN FIG. 7

of the maximum intensity value, as well as the corresponding
mean values, and standard deviations are given. They indicate
the quality of ground-level detection below canopy, as obtained
for the polarization channels HH, HV, and VV and the three
focusing techniques MLBF, RCB, and MUSIC.

IV. DISCUSSION

A. Vertical Profiles

At L-band, pronounced local maxima are found at both
ground and canopy levels in the vertical profiles of relative
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backscattering intensities (see Fig. 3). In Plot 1, for the MLBF
data, distinct backscattering at canopy level occurs between 7.5
and 16 m, with maxima around 12 m in the HH channel, 10 m in
the HV channel, and between 10 and 13 m in the VV channel.
In Plot 5, the maximum at canopy level is found around 16–
17 m in the HH and HV channels, whereas no distinct maxi-
mum is observed in the VV channel in the case of the MLBF
data set—the RCB and MUSIC beamformers, however, yield a
pronounced maximum at the same location. Plot 17 shows high
average backscattering intensity around 17–18 m in the HH and
HV channels and 18–19 m above ground in the VV channel.

All three beamforming methods consistently yield intensity
maxima at the same locations while the individual shape of the
profiles depends on the beamforming method with the nonsur-
prising tendency that the high- and superresolution methods,
i.e., RCB and MUSIC, deliver more pronounced maxima or
a reduced clutter level, respectively. MUSIC beamforming de-
stroys the intensity ratio between the polarization channels.

The maxima of the histograms of the forest tree heights
from laser scanning data (see Fig. 5) are found around
12.5 m above ground for Plot 1, 16.25 m for Plot 5, and
17.5 m for Plot 17. From the coinciding locations of the maxima
in the intensity profiles and the histograms, it can be inferred
that the intensity profiles reflect the distribution of tree heights
found within a sample plot. This leads to the conclusion that,
at L-band, coherent backscattering within the canopy layer
occurs predominantly in the tree-top region for the forest
under study. In Plot 20, which represents grassland outside
the forested area, the backscattering at ground level is clearly
visible, accompanied by an anomalous sidelobe, which is well
suppressed only by the MUSIC beamformer. Yet, visible in
the MLBF- and RCB-focused data, the decibel level of the
anomalous sidelobe is on a lower level compared to the signal
stemming from the microwave interaction at canopy level in
Plots 1, 5, and 17.

At P-band, very much in contrast to the L-band case, the
ratio between the backscattering intensity at canopy level and
that at ground level is very low (see Fig. 4). Without previous
knowledge, the canopy level can hardly be localized, at least
in the MLBF data set. Nonetheless, a notion of backscattering
measured at canopy level can be observed in some channels for
the RCB and MUSIC data sets. A consistent detection of the
canopy level seems to be unrealistic; the best results would be
obtained if only the HV channel was used for the localization
of the backscattering within the canopy layer. Throughout all
plots, backscattering predominantly, if not exclusively, occurs
at ground level. Somewhat surprisingly, this observation is
made in all polarization channels. The same behavior was
also observed by Tebaldini et al. [48], [49] for a different
P-band data set. In addition, compared to the L-band case, the
unambiguous height appears to be smaller, such that strong
ghost target detection occurs around 20 m above ground, par-
ticularly in Plot 17. Plot 20 again shows the profile for the
grassland. In contrast to the L-band case, the signal-to-clutter
ratio is rather small using MLBF, since grassland is not a strong
backscattering element at wavelengths of 0.75–1 m. A much
better detection of the ground level is obtained by MUSIC
beamforming.

B. Entropy/α Scatter Plots

At L-band, for Plots 1 and 5, backscattering at all height
levels is predominantly classified as medium-entropy multiple
scattering (Z4), medium-entropy vegetation scattering (Z5), as
well as some low-entropy multiple scattering (Z7) for Plot 1
(see Fig. 6). Only for Plot 17, a clear separation in the entropy/α
plane is observed between the contribution at ground level
and that at canopy level, respectively. The distribution of tree
heights in Fig. 5 reveals that, in Plots 1 and 5, a well-developed
understory is present, whereas in Plot 17, no understory is
identified. This explains why only in Plot 17 distinct sur-
face scattering is found at ground level. The relatively strong
backscattering that is observed within some of the slices cen-
tered at 5 m above ground has its origin in the fact that, in
order to calculate the T3 coherency matrix, a spatial averaging
is needed. Thus, through the averaging process in combination
with the limited Fourier resolution in normal direction (2 m for
L-band and 3 m for P-band), signal contributions that actually
stem from the ground level are attributed to the slice 5 m above
ground.

At P-band, relevant backscattering is virtually exclusively
found at ground level. Plot 1 exhibits a somewhat complemen-
tary picture to the L-band case: backscattering at ground level is
primarily classified as low-entropy dipole (Z8) and low-entropy
multiple scattering (Z7). A possible explanation for the high
portion of volume scattering detected at ground level within the
forest, as found in Plots 5 and 17, is the moderately nonzero
slope of the underlying terrain.

Substantial surface scattering is found for the grassland
sample plot at P-band (Plot 20), whereas at L-band, a mixed
picture of mostly medium-entropy scattering is present.

C. Ground-Level Detection

As is readily observed in Fig. 7 and Table II, the ground
level is properly detected at both L- and P-bands. At L-band,
the average vertical position of the maximum intensity within
a window of ±4 m around the reference ground level from
ALS lies between 0.15 and 0.49 m, indicating a slightly positive
bias compared to the reference ground level. The best standard
deviation (1.37 m) is achieved for RCB of the HH channel.
At P-band, the ground level is underestimated on average by
−0.04 to −0.37 m with respect to the cross-reference data. The
standard deviations range from 0.85 to 1.23 m with the best
value obtained for MUSIC beamforming of the VV channel. In
general, the detection of the ground level is slightly better at
P-band, as indicated by the narrower shape of the histograms
and the lower standard deviations. This outcome is in line with
the results obtained from analyzing the profile plots and the
entropy/α plots, where strong backscattering at ground level
has also been found at both frequencies with higher relative
intensity values at P-band.

V. CONCLUSION

An extensive analysis of polarimetric SAR tomography data
sets of a forested area, for the first time at both L- and P-band
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frequencies, has been presented. Three data products obtained
by time-domain-based MLBF, RCB, and MUSIC beamforming
have been investigated for each frequency.

At L-band, the main backscattering contributions are ob-
served at both the ground level and around the tree top.
RCB- and MUSIC-beamforming-based vertical profiles exhibit
a more distinct tomographic image by increasing the signal-
to-clutter ratio and the resolution in normal direction. Thus,
in order to just detect the location of the main backscattering
contributions, they provide an improved performance compared
to MLBF.

A comparison of the vertical profiles of relative intensities
of the SAR tomography data and the histograms of the tree
heights, as estimated from the difference between the DSM and
the DEM from ALS, revealed a striking difference in terms
of the location of dominant backscatterers for the two wave-
lengths: At L-band, coherent backscattering from the canopy
(mostly in the tree-top region) is present in all polarization
channels, whereas at P-band, only the HV channel exhibits
a (still very moderate) local maximum at the canopy level.
We conclude that, at P-band, the canopy of the forest under
study is virtually transparent to the microwaves, whereas at
L-band, both the forest canopy and the ground level are de-
tected. Somewhat unexpectedly, at P-band, the main scattering
within the forest occurs at the ground level, not only in the HH
and VV channels but also in the cross-polarized channels. The
same behavior was also observed by Tebaldini et al. [48], [49]
for a different P-band data set.

Within the forest, surface scattering is very limited even
at L-band. Only for Plot 17, where no understory is present,
(medium entropy) surface scattering is shown by the entropy/α
scatter plot. Interestingly, the backscattering classification does
not change much as a function of height within the forest
volume at L-band. This indicates that backscattering sources
at ground level and within the canopy layer are not necessarily
distinguishable only by their polarimetric signature. At P-band,
where scattering at the ground level dominates, the entropy/α
plots show hardly any surface scattering but mostly dipole and
volume scattering.

The ground level is well detected at both L- and P-bands and
in all polarization channels; the detection of the ground level is
slightly superior at P-band though.

As mentioned, the study is limited insofar that only a sector
of 30 m in normal direction can be imaged unambiguously,
which renders regions of higher canopy out of the scope of this
analysis. However, for the selected sample plots, which feature
tree heights within this limit, the actual location and type of
backscattering mechanisms within the conifer-dominated forest
were successfully assessed at L- and P-bands with the help of
experimental polarimetric SAR tomography data sets.

In view of the potential upcoming mission BIOMASS, it
is interesting to note that, at P-band, coherent backscattering
occurs at the ground level. Thus, mapping of the terrain un-
derneath foliage by means of SAR interferometry is a poten-
tial scenario. On the other hand, repeat-pass interferometry at
P-band is limited due to the small bandwidth assigned at this
frequency range, due to the resulting moderate resolution and,
to some extent, also due to temporal decorrelation effects.

Looking at the fact that, at L-band, two main locations of
backscattering sources could be identified—canopy top and
ground level—a single-pass interferometric system, such as
sketched in the Tandem-L proposal, appears to be favorable
compared to a pure repeat-pass imaging system at L-band.

An open question is to what extent backscattering sources
at the various height levels within a forest can be separated
reliably in cases where only a very limited number of baselines
are available.
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