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Abstract
Using a time-domain back-projection based focusing algorithm in combination with three tomographic focusing tech-
niques (multilook standard beamforming, robust Capon beamforming, and MUSIC) a 3D volume containing a forested
area has been tomographically imaged at L- and P-band. In this paper, we present further results and insights obtained by
processing and analyzing these data sets with respect to the localization of the scattering sources using the three different
focusing techniques, as well as for both, the two frequency bands and the different polarimetric channels.

1 Introduction

Finding new ways to gain or improve the knowledge about
the structure and the backscattering behavior of forests in
order to finally estimate biophysical parameters using syn-
thetic aperture radar data has become a major research
topic within the SAR remote sensing community.
With prospective spaceborne SAR remote sensing mis-
sions BIOMASS and Tandem-L at P-band and L-band, re-
spectively, these frequency bands have even gained in im-
portance.
In September 2006, an airborne SAR campaign has been
flown by the German Aerospace Center’s E-SAR system
over a test site in Switzerland [1], where two fully polari-
metric tomographic data sets (P-band and L-band) of a par-
tially forested area have been taken (see Table 1 for the
sensor specifications, Table 2 contains a summary of the
parameters which characterize the tomographic data sets).
Meanwhile, an analysis of the localization of the main
back-scattering elements obtained by means of tomo-
graphic processing of the two (L- and P-band) airborne
fully-polarimetric multibaseline SAR data sets of the
forested area using three different focusing techniques—
multilook standard beamforming (MLBF), robust Capon
beamforming (RCB), and multiple signal classification
(MUSIC)—has been carried out.
In this paper, the processing approaches are sketched and
excerpts from the data analysis are presented. In particu-
lar, we have (1) included a full three-dimensional image of
the forest obtained from the L-band tomographic data set
and having applied the MUSIC method (see Figure 1) for
focusing in the normal direction; (2) vertical slices through
the volume are presented for the L-band case and all focus-
ing methods employed (MLBF, RCB, and MUSIC) (see
Figure 2); and (3) vertical profiles of the back-scattering
intensity for both the P-band and the L-band data set (see
Figure 3).

P-band L-band
Carrier frequency 350 MHz 1.3 GHz
Chirp bandwidth 70 MHz 94 MHz
Sampling rate 100 MHz 100 MHz
PRF 500 Hz 400 Hz
Ground speed 90 m/s 90 m/s

Table 1: E-SAR system specifications
P-band L-band

No. of data tracks 11+1 16+1
Nominal track spacing dn 57 m 14 m
Horizontal baselines 40 m 10 m
Vertical baselines 40 m 10 m
Synthetic aperture in
normal direction L

570 m 210 m

Nominal resolution in
normal direction δn

3 m 2 m

Approx. unambiguous height H 30 m 30 m

Table 2: Nominal parameters of the tomographic acquisi-
tion patterns.

1.1 Baseline Calibration

In the following, the processing approach used for the
baseline calibration is given. Although each data track
is processed in the time domain based on the original
flight path, the data is reassigned to a common azimuth
direction for all flight tracks as detailed here: (1) Calcu-
lation of a linear approximation of each flight track by
fitting the linear flight track model to the measured an-
tenna positions in 3D space in a total least squares sense.
(2) A common azimuth direction is then determined by av-
eraging the direction vectors of the individual linearized
flight tracks. (3) Based on the common azimuth direction
the 3D reconstruction grid is built in an azimuth/ground-
range/height layout. (4) Time-domain back-projection pro-
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cessing of all data sets onto the 3D reconstruction grid
using the 3D antenna positions. For each data point the
range distance rDC corresponding to the Doppler centroid
frequency fDC is stored. (5) Then, the 2D-focused SAR
data sets are reassigned to the common azimuth direction
to ensure a unified geometry and zero Doppler annotation
before tomographic focusing. To this end, a phase mul-
tiply e4π/λ(rDC−rP CA) is applied to each data point on
the reconstruction grid, where rDC is the range distance
corresponding to the Doppler centroid frequency fDC and
where rPCA is the range distance at the point of closest ap-
proach (PCA). (6) Eventually, the remaining global phase
offsets between the individual tracks of the tomographic
data set are removed.

2 Tomographic Focusing
A modified time-domain tomographic processing ap-
proach is pursued to obtain a three-dimensional image of
a partially forested area: namely, a combination of stan-
dard TDBP processing for azimuth focusing [2] and time-
domain multilook-based methods for tomographic focus-
ing in the normal direction.

2.1 Multilook Standard Beamforming
The standard multilook beamforming approach has been
applied using the time-domain back-projection based ap-
proach described in [3].

2.2 Multiple Signal Classification
In the following the main steps to compute the location of
the scatterers based on MUSIC [4] is given:

1. Calculate the sample covariance matrix R.

2. Calculate the eigen-decomposition of the sample co-
variance matrix

R = UDUH (1)

3. Permute the elements of the matrices such that the
eigenvalues in D are sorted in nonincreasing order:
γ1 ≥ γ2 ≥ ... ≥ γK ; the matrix of eigenvectors U
is adjusted accordingly.

4. Set a threshold for the eigenvalue that separates the
signal- and the noise-subspace, respectively.

5. Estimate the locations of the sources by evaluating

P̂M =
1

aHGGHa
(2)

where G = [up+1...uK ] contains the eigenvectors
that span the noise space.

2.3 Robust Capon Beamforming
While the MUSIC algorithm possesses an inherent robust-
ness against steering vector errors, as has been shown in
[5], in the case of the Capon beamformer, an improved res-
olution and a better reduction of the side lobes can either
be obtained if the steering vector is calibrated perfectly, or,
if the Capon beamformer is extended in such a way that
the unknown true steering vector a is estimated along with
the power PC . Li et al. [6] and Stoica et al. [7] have pro-
posed such a robust version of the Capon beamformer that
can still be solved in an efficient manner. Their approach
has been used in this paper for robust Capon beamforming
and in the following we indicate the steps to compute the
robust Capon beamformer, which is found by solving the
following expression [6]

max
a,PC

PC subject to R− PCaaH (3)

(a− ā)HC−1(a− ā) ≤ 1. (4)

Using (1) the fact that PC = 1
aHR−1a

maximizing PC
is equivalent to minimizing aHR−1a, and (2) assuming
that a = 0 is not part of the uncertainty ellipsoid — i.e.
the solution to a will lie on the boundary of the ellipsoid
— and further (3) as there is not sufficient a priori infor-
mation about the variance of the individual components
of the steering vector the covariance matrix C is set to
C = εI and the estimation problem reduces to the follow-
ing quadratic problem with a quadratic equality constraint

min
a

aHR−1a subject to ‖a− ā‖2 = ε. (5)

The expression (5) can then be solved efficiently by using
the Lagrange multiplier approach

F (a, λ) = aHR−1a + λ ·
(
‖a− ā‖2 − ε

)
. (6)

The computation of the robust Capon beamformer consists
of the following steps:

1. Determine the eigen-decomposition of the sample
covariance matrix R

R = UDUH (7)

and set
b = UH ā. (8)

2. Solve
K∑
m=1

|bm|2

(1 + λγm)2
= ε (9)

for the Lagrange multiplier λ, given the fact, that
there is a unique solution in the interval [λlow, λup]
[see [8]], where

λlow =
‖ā‖ −

√
ε

γ1

√
ε

(10)

λup =
‖ā‖ −

√
ε

γK
√
ε

(11)
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Figure 1: Tomographic image (3D voxel plot) of
a partially forested area obtained from combined
TDBP and MUSIC beamforming of polarimetric air-
borne repeat-pass multibaseline SAR data at L-band.
Each channel has been scaled individually. Red
(HH), green (HV), blue (VV). Low intensity = high
transparency of the voxel.

3. Calculate an estimate â of the unknown steering vec-
tor a

â = ā−U(I + λD)−1b. (12)

4. Using the knowledge that the true steering vector
a satisfies the condition aHa = K the estimated
power finally yields [8]

P̂C =
âH â

KâHUΓ−1UH â
. (13)

The term âH â
K is necessary to get rid of a scaling

ambiguity in the signal covariance term PCaaH of
(3) in the sense that each pair PC/µ,

√
µa, for any

µ > 0, yields the same covariance term [8].

3 Results

In Figure 1, a full three-dimensional voxel image of the
forest is shown, obtained by focusing the L-band tomo-
graphic data set by means of the MUSIC beamformer.
Figure 2 contains vertical slices through the volume for the
L-band case and all focusing methods employed (MLBF,
RCB, and MUSIC). In addition, the tomographic slices
are overlaid by a DEM and a DSM created from airborne
laser scanning data (TopoSys GmbH). In Figure 3, verti-
cal profiles of relative intensities obtained by averaging the
focused tomographic data over a circular sample plot of
300m2 are depicted. Profile plots are given for the polari-
metric channels HH, HV, and VV, for the three beamform-
ing techniques used for focusing in the normal direction,
MLBF, RCB, and MUSIC, as well as for the Pauli basis.

Figure 2: Vertical slices through a 3D volume of a
forested area obtained from a polarimetric multibaseline L-
Band data set using all (16) data tracks. Red (HH), green
(HV), blue (VV). Each channel has been scaled individu-
ally. Grayed areas indicate ambiguous target regions. The
tomographic slices run in south-northern direction (at east-
ing coordinate E = 703670 m) and are overlaid by a DEM
(solid red line) and a DSM (solid green line) from ALS.
Top: MLBF, middle: RCB, bottom: MUSIC.

4 Discussion

We have successfully focused tomographic 3D images
of a forested area (400 m x 900 m) obtained from air-
borne multibaseline SAR data at L- and P-band using three
techniques, (1) multilook beamforming, (2) robust Capon
beamforming, and (3) MUSIC for the focusing in the nor-
mal direction. Excerpts of a detailed analysis of the fo-
cused 3D SAR data sets are presented: examples of the
tomographic data at L-band and profiles of normalized in-
tensities for both L- and P-band data and for the different
processing techniques have been shown. The tomographic
3D voxel image of the forested area features an unprece-
dented level of detail (see Figure 1). For instance, gaps
in the canopy due to features like small forest roads of a
width of a few meters only are clearly visible at the given
ground range/azimuth resolution. Further, it can be stated
that at L-band both, the canopy layer and the ground level
are detected (see Figures 2 & 3).

At P-band, back-scattering from the crown layer occurs
only sparsely compared to the L-band data. On the other
hand, the ground level is virtually continuously detected at
P-band indicating a high level of foliage-penetration.

168



−20    −15    −10    −5     0 
  

 0

  

 5

  

10

  

15

  

20

  

Intensity [dB]

H
ei

g
h

t 
ab

o
v

e 
g

ro
u

n
d

 [
m

]

(a) MLBF, L-band
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(b) RCB, L-band
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(c) MUSIC, L-band
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(d) Pauli decomp., L-band
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(e) MLBF, P-band
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(f) RCB, P-band
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(g) MUSIC, P-band
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(h) Pauli decomp., P-band

Figure 3: Vertical profiles of relative intensities from L-
and P-band tomographic data averaged over a circular sam-
ple plot of 300m2 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
(·−) obtained from MLBF.

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 HV and VH chan-
nels. The same behavior was also observed by Tebaldini
et al. [9] for a different P-band data set. In conclusion,
for the first time, high-resolution tomographic SAR data
sets of the same forested area are available at both, L-
and P-band, and have been analyzed in comparison with

DEM/DSM reference data obtained from airborne laser
scanning.
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