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Abstract

Synthetic Aperture Radar Tomography (TomoSAR) is the unique remote sensing technique able to extract 3-D informa-
tion over forests at global scale, with continuous coverage and independently of cloud coverage. However, the usual low
number of acquisitions in TomoSAR limits its imaging capability to extract 3-D forest information. In this paper, differ-
ent number and distributions of acquisitions are analyzed in terms of vertical resolution and peak-sidelobe level (PSL).
Simulations of TomoSAR data supported by point cloud lidar for realistic scenarios are discussed in terms of vertical
profiles. The results show that, for a limited number of tracks, a non-uniform distribution with higher vertical resolution
and PSL is necessary to characterize different forest structure types.

1 Introduction

3-D forest structure is a key indicator of the forest ecosys-
tem and it is used for the estimation of many forest related
products such as biomass, productivity or biodiversity [1].
The use of single-tree measurements on the ground allows
a detailed description of the forest, but the effort to col-
lect the data limits the spatial coverage and the temporal
sampling. From the wide range of remote sensing tech-
niques that allow large coverage and frequent revisit times,
Synthetic Aperture Radar (SAR) Tomography (TomoSAR)
provides the capability to get 3-D measurements at high-
resolution with continuous and large area coverage inde-
pendently of the weather or cloud coverage conditions [2].
TomoSAR combines several SAR images (over the same
area) acquired along different acquisitions or orbits to ob-
tain the backscattered power of the different forest ele-
ments in the height direction (i.e. vertical reflectivity pro-
files). Low frequencies (e.g. L-band) penetrate and interact
with the canopy elements until the ground before coming
back to the sensor. Due to these unique characteristics, To-
moSAR is nowadays a technique to be potentially consid-
ered to measure 3-D structure properties of the forest [3].
Examples of this new trend are the upcoming SAR mis-
sions ESA BIOMASS [4] and Tandem-L [5], that will pro-
vide TomoSAR acquisitions worldwide.
Assuming a proper calibration of the SAR data [2], with
low system errors and no temporal (or small) decorrela-
tion between each SAR image, the quality of the vertical
TomoSAR profiles is defined by the geometry of each ac-
quisition (i.e the vertical wavenumber associated to each
image pair [2]) and the total number of individual SAR
acquisition used for the TomoSAR processing. In a real-
istic TomoSAR scenario, the number of SAR images is
limited due to the cost, the flight/orbital and/or temporal

constraints. Therefore, the design of a TomoSAR system
in terms of number and distribution of acquisitions is a crit-
ical issue.
Different parameters characterize a TomoSAR system in
order to extract 3-D forest structure information. The first
one is the height of ambiguity, which is related to the min-
imum distance among acquisitions, and it is commonly
fixed to a value higher than the maximum expected tree
height in the forest. The second one is the vertical res-
olution, which is related to the maximum track separa-
tion among the acquisitions. A higher vertical resolution
is always desired for a TomoSAR system in order to de-
tect multiple forest layers, but if the number of images is
limited, a higher vertical resolution implies a non-uniform
distribution of the acquisitions. This is translated into a
decrease of the performance of the Point Spread Function
(PSF), which can lead to an ambiguity between the real
canopy layers and the sidelobes from the system geometry.
For the performance analysis of the PSF, different parame-
ters such as the peak-sidelobe level (PSL) or the integrated
sidelobe ratio (ISLR) can be used. The PSL expresses the
ratio between the returned signal first sidelobe respect the
main lobe of the PSF, while the ISLR represents the sum of
energy in the sidelobes, divided by the sum of energy in the
mainlobe. For forest structure applications, where the local
maxima of the TomoSAR profiles are interpreted as canopy
forest layers to characterize the forest structure [6, 7], the
PSL is a crucial parameter. Non-desired higher values of
PSL can be wrongly interpreted as canopy layers in the
resulting TomoSAR profiles, which can result in a wrong
characterization of the forest structure [8]. Regarding the
ISLR, although in general low values are desired, a high
sidelobe with low energy will affect much more the inter-
pretation of TomoSAR results than a sidelobe with more
energy but spread over different heights. Therefore, the
PSL together with the vertical resolution are considered the
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main parameters to characterize the TomoSAR acquisition
for forest structure applications.
In this context, the goal of this paper is to analyze the effect
of different TomoSAR configuration scenarios (i.e. differ-
ent vertical resolutions, PSL levels and number of acqui-
sitions). First, to properly design a TomoSAR system, an
optimization of the position of acquisitions based on the
minimization of the PSL is done. Second, for a selected
number of scenarios a simulation of the TomoSAR acqui-
sition supported by a point cloud lidar of a temperate forest
is performed. Finally, the results for realistic TomoSAR
scenarios in terms of vertical reflectivity profiles over dif-
ferent forest structure areas are discussed.

2 Distribution of acquisitions

2.1 Uniform
A common strategy followed in TomoSAR is to use a uni-
form distribution of acquisitions, with a separation large
enough to produce a safety height of ambiguity for the ob-
served forest scenario. However, if the acquisitions are uni-
formly distributed, the only way to increase the vertical res-
olution is to increase the number of available acquisitions.
This is not always possible due to the cost, flight/orbit con-
straints or large temporal separation between each acquisi-
tion, which leads to decorrelation effects. Figure 1 shows
the PSL and the vertical resolution depending on the num-
ber of acquisitions used. As seen in Figure 1, for a com-
pletely uniform distribution the PSL is low enough to have
a good performance already with four or five acquisitions.
However, for this low number of acquisitions the vertical
resolution is very poor (between 25 to 30 m). Therefore,
to increase the vertical resolution is necessary to increase
the number of acquisitions or to distribute them in a non-
uniform way.

Figure 1 PSL (red) and Vertical resolution (blue) for a
different number of uniformly distributed acquisitions
with a fixed height of ambiguity of 85 m.

2.2 Non-uniform distribution with mini-
mum PSL

As mentioned in section 2.1, non-uniform distributions of
acquisitions must be used in order to increase the vertical
resolution with a low number of acquisitions. However, the
reduction on the number of acquisitions for a fixed vertical
resolution, implies an increase of the PSL, which can cause

problems in the interpretation of the TomoSAR results to
extract forest structure information [8]. Therefore, a trade-
off between vertical resolution and PSL level is needed to
properly design a TomoSAR system.

2.2.1 Free distribution
In order to distribute the acquisitions, a minimization pro-
cedure of the PSL is used [9]. More in detail, given some
constraints (such as the height of ambiguity or the verti-
cal resolution) and the number of desired acquisitions, the
minimization procedure looks for the distribution that min-
imizes the PSL. In other words, the acquisitions can be
freely distributed in any position in order to minimize the
PSL. The vertical resolution, the number of acquisitions
and the height of ambiguity (always at 85 m.) are fixed and
used as constraints for the minimization procedure.
Figure 2 shows the performance (in terms of PSL) ob-
tained for different combinations of vertical resolution and
number of acquisitions. Therefore, if the number of ac-
quisitions is fixed (for example due to temporal or orbital
constraints), Figure 2 can be used to have an idea of the
achieved performance in case there are no more constraints
(for example on the positions of the acquisitions). As an
example of the interpretation of Figure 2, if the number of
acquisitions is limited to 6, resolutions around 14 m pro-
vide low values (<-10 dB) of PSL. However, for higher
vertical resolution the PSL increases to values around -6
dB for 6 m and -4 dB for 2 m of vertical resolution, re-
spectively. From a different perspective, one can assume
certain values of PSL and resolution as requirements in or-
der to determine how many acquisitions are needed. For
example, for -6 dB of PSL and 2 m of vertical resolution, a
minimum 8 acquisitions are needed.

Figure 2 PSL for a free distribution strategy of the acqui-
sitions for different vertical resolutions.

2.2.2 Small distribution
A different strategy to distribute the acquisitions is to fix
not only the minimum vertical wavenumber (height of am-
biguity) but also some acquisitions to small values of ver-
tical wavenumber. Such a distribution allows to use the to-
mographic data set also for (model-based) forest height in-
version [10]. The rest of the remaining vertical wavenum-
bers are freely distributed as in Section 2.2.1. For the simu-
lations carried out in this paper four vertical wavenumbers
to 0, 0.07, 0.14, 0.21 rad/m are fixed.
Figure 3 shows the PSL for the same fixed resolutions as in
Figure 2. In this case, the minimum number of acquisitions



is six (as there are always four acquisitions in the fixed po-
sitions, plus one more to achieved the desired vertical res-
olution). The result show that, for the small distribution,
the values of the vertical wavenumbers allow forest height
inversion methodologies and the performance in terms of
PSL is only slightly reduced with respect to the free distri-
bution.
It is important to take into account that the position of the
acquisitions are freely distributed in order to achieved the
best possible PSL performance, but this freedom can be
constraint in real scenarios due to orbit/flight constraints.
This would lead to a worse performance as the ones ob-
tained in sections 2.2.1 and 2.2.2 as it will reduce the po-
tential available positions.

Figure 3 PSL for a small vertical wavenumbers distribu-
tion strategy for different vertical resolutions.

3 Simulation of the covariance

In order to evaluate the effect of tomographic configu-
rations, different tomographic simulations are performed.
For the simplest case of a point scatter at position x, y and
the associate vertical wavenumber kz for a give acquisition
pair, the phase difference is given by:

φ = e−ikzh(x,y), (1)

where h(x, y) is the height of the scatter at position x, y.
Assuming a set of n scatters S(x, y, z) in the 3D space, the
phase difference c for an acquisition pair can be obtained
as the sum of the individual contributions of each scatter:

c =
n∑

i=1

e−ikzSn , (2)

Equation 2 provides the simulated spectral sample for the
corresponding kz difference between a pair of acquisition.
Given M acquisitions with their corresponding kz values,
anMxM -dimensional covariance matrixR can be defined
by accounting for the kz difference between all acquisi-
tions. Therefore, the matrix R represents the whole tomo-
graphic acquisition.

3.1 Tomographic inversion
The phase differences between each of the acquisitions de-
fine the so-called steering vector at a given height h0:

a (z0) =
[
1, ejkz1z0 , ejkz2z0 , . . . , ejkznz0

]
, (3)

From the steering vector defined in 3, the steering matrix
A is defined as:

A = aza
H
z , (4)

where ()H stands for the Hermitian or transpose conjugate
operator. Then, with the covariance matrix R previously
obtained and the steering matrix A, the tomographic inver-
sion problem can be expressed as [2]:

R = Af, (5)

where f represents the backscattered power along the
heights (i.e. the reflectivity profile of the forest). Many
algorithms can be used to reconstruct the 3-D radar reflec-
tivity of the scene depending on different factors such as
the use (or not) of a model, the desired type of output (e.g.
less or more sparse result), the amount and quality of the
SAR data (i.e number and distribution of acquisitions), etc.
Therefore, the choice of one or another TomoSAR inver-
sion method is not straightforward and will highly depend
on the desired application and performance. In this paper,
the Fourier Beamforming is selected as algorithm for the
TomoSAR inversion. Fourier Beamforming is one of the
most used algorithms for TomoSAR studies, it allows an
easy and clear interpretation of the results without includ-
ing any model or constraints in the estimation of the 3-D
radar reflectivity. A more detailed explanation and compar-
ison between different TomoSAR techniques can be found
in [11, 12].

3.2 Lidar point clouds
Ir order to make a realistic simulation, real lidar point
clouds are considered to define the scatters of the scene.
The forest test site is located near the city of Traunstein,
in Germany. It is a managed temperate forest that contains
different structure types. The managed area of the forest
covers around 25 ha, where all the trees (position, species
and diameter) are measured. This detailed information al-
lows differentiating the forest structure areas. Figure 4
shows the tree canopy height obtained by an airborne Li-
dar system in 2016 and the different forest structure areas
delimited by colored polygons. The black polygon on the
left part is characterized by a high heterogeneous structure
with multi-species and tall trees. In the middle, the red
polygon shows a gap in the forest with only a few scat-
tered trees. Finally, in the right side, the orange and blue
polygons define mono-species and homogeneous areas.

4 Results

A uniform Tomographic acquisition with 50 acquisitions
is simulated to generate a reference case scenario. This
scenario represents an ideal situation with many acquisi-
tions that allows a perfect characterization of the scene.
Figure 5 (a) shows the normalized reflectivity (also known
as tomogram) over the white line in Figure 4. The high
performance in terms of PSF and vertical resolution given
by this scenario allows to distinguish the different scatters
and areas of the forest. However, the tomographic result



Figure 4 Lidar height over the forest test site in Traun-
stein, Germany. Each polygon represents a different forest
structure type.

of Figure 5 (a) is an ideal case with too many acquisitions.
In a more realistic scenario, constraints such as the orbit,
the cost or the temporal separation between acquisitions
can reduce the available data for a TomoSAR study. As a
consequence, if less acquisitions are available the perfor-
mance decreases respect to the one in Figure 5 (a) depend-
ing on how this acquisitions are distributed (i.e the vertical
wavenumber kz between them).

4.1 Uniform distribution
As mentioned in section 2.1, a uniform distribution is a
usual way to acquired TomoSAR data. Figure 5 (b), (c), (d)
show the Fourier Beamforming result over the white line in
Figure 4 with a height of ambiguity of 80 m. and vertical
resolutions of 6 m. (15 acquisitions), 9 m. (10 acquisitions)
, and 21 m. (5 acquisitions), respectively. As expected
from Figure 1, the use of a completely uniform distribution
allows to obtain a really good performance in terms of PSL.
This can be clearly seen in the higher contrast between the
areas where the canopy is expected and the areas with no
scatters. On the contrary, the use of a completely uniform
distribution implies a reduction of the vertical resolution,
which can be problematic when the number of tracks is
low. This effect can be observed in Figure 5 (d) where in
some areas (e.g. around sample 1100) the ground layer is
not detected. The reduction of the number of acquisitions
is also reflected in terms of root mean square error (RMSE)
respect to the ideal case scenario. The RMSE increases
from a value of 0.13 for the case of 15 acquisition until 0.17
and 0.3 for the case of 10 and 5 acquisitions, respectively.

4.2 Non-uniform distribution
Currently, all TomoSAR data sets are obtained by aircrafts
with the possibility to acquired several SAR images (typ-
ically from 7 to 15 or even more) in a short revisit time.
Although some investigation show the possibility to make
SAR tomography with the existing satellites [13, 14, 15],
there is not yet a SAR satellite mission that acquires To-
moSAR data in a systematic way. In the near future, it
is expected that the new space SAR missions (such as the
ESA BIOMASS [4]) will provide TomoSAR data contin-
uously. However, the amount of SAR images for the To-
moSAR processing will be reduced (respect to the actual
aircraft acquisitions) down to four or seven acquisition in

the best case. In this section, a conservative scenario of five
acquisitions is considered.
As mentioned in Section 4.1, for a dataset of five acqui-
sitions with a uniform distribution (see Figure 5 (d)) the
tomographic results lead to mix different layers in some ar-
eas of the forest due to the low vertical resolution achieved
with only five images. As discussed in section 2.2, a way
to increase the resolution with the same number of acqui-
sitions is to redistribute the acquisitions in a non-uniform
way. Figures 5 (e), (f) and (g) show the result for a freely
distribution of each acquisition for 4 m., 8 m. and 12 m. of
vertical resolution respectively. Although the minimization
procedure to select the positions of each acquisition gives
the lowest possible PSL, the tomograms in Figure 5 (e), (f)
and (g) have a clear degradation in terms of PSL respect
to the one in Figure 5 (d). This degradation of the PSL is
also reflected in terms of RMSE from 0.41 in Figure 5 (e)
until 0.29 and 0.27 for Figures 5 (f) and (g), respectively.
However, this degradation of the PSL goes in favour of an
increase of the resolution. Both effects can be clearly seen
in the ground area (around sample 550), where the uniform
distribution example has a wider ground and lower side-
lobes compare to the examples with a free distribution.

4.3 Analysis of forest structure polygons
For a further analysis over the different forest structure ar-
eas, the distribution in Figure 5 (f) with a resolution of 8 m.
is selected to be compared with the uniform distribution.
The chose is a trade of between the good PSL performance
obtained in Figure 5 (e) and the lower vertical resolution
of Figure 5 (g). Figure 6 shows vertical profiles in each of
the different forest structure polygons defined in Figure 4
for the two scenarios using only five acquisitions, as well
as the ideal scenario generated with 50 uniformly spaced
acquisitions.
The forest structure type of the black polygon shows a sim-
ilar performance for both scenarios. This polygon is char-
acterized by the highest trees in the whole forest with a
non-dense amount of tree. These two characteristics allow
a nice discrimination of the two layers present in the ideal
case for both scenarios with a slightly better discrimina-
tion of te ground layer by the free distribution. The next
polygon towards the east (purple in Figure 4) is character-
ized by an homogenous area, which leads to a small con-
tribution of the ground (see blue line) that makes it almost
not detectable by the uniform distribution (orang line). In
the middle of the forest, there is the red polygon, which is
mainly a ground area. The profiles over this polygon are a
nice example of the low resolution for the uniform distribu-
tion (wide main lobe) and a worse PSL for the free distri-
bution. Finally, for the last two polygons (orange and blue
in Figure 4) the uniform distribution is not able to detect
the ground layer, while the free distributed scenario can
detect both layers. In this case, although there is a stronger
contribution of the ground respect to the purple polygon,
the lower tree heights respect to the black polygon makes
the separation not possible for a vertical resolution 21 m
given by the uniform distribution. Therefore, although the
RMSE is similar for both (0.3 for the uniform and 0.29 for



Figure 5 Fourier beamforming of the simulated coherence at the positions of the lidar point clouds. (a) 50 uniformly
spaced acquisitions with 1 m of vertical resolution, (b) 15 uniformly spaced acquisitions with 6 m of vertical resolution,
(c) 10 uniformly spaced acquisitions with 9 m of vertical resolution, (d) 5 uniformly spaced acquisitions with 21 m of
vertical resolution, (e) 5 freely spaced acquisitions with 4 m of vertical resolution, (f) 5 freely spaced acquisitions with 8
m of vertical resolution and (g) 5 freely spaced acquisitions with 14 m of vertical resolution.

Figure 6 Vertical reflectivity profiles over the different forest structure polygons shown in Figure 4



the free distribution), the analysis of the profile in terms
of detection of layers for different forest structure types,
suggests that certain degradation of the PSL is preferred in
order to achieve a better vertical resolution.

5 Conclusions

In this paper, an analysis of the requirements for a To-
moSAR acquisition is done. The trade-offs in the design
in terms of peak sidelobe level (PSL), number of acqui-
sitions and resolution have been discussed taking into ac-
count different strategies to distribute the acquisitions on a
TomoSAR system. First, a uniform distribution has been
considered as the standard approach. Then, the acquisi-
tions have been freely distribute in order to achieved the
lowest possible PSL. Additional constraints, such as fixed
lower values of kz have been used in order to account not
only for the estimation of the vertical reflectivity profile,
but also for further applications like forest height that re-
quire lower values of kz . Simulation of distributed point
scatters have been used to evaluate different TomoSAR
scenarios. In order to make a realist simulation, lidar point
clouds have been used to determine the positions of the
scatters in the forest. The results show that, in general,
if a large number of acquisitions (e.g. 10) are available,
a uniform distribution is a good strategy. It provides a
nice performance of the PSL and enough resolution with
a controlled and expected result to extract 3-D forest infor-
mation. However, if the number of acquisitions is limited
(as in the case of future SAR missions) a uniform distribu-
tion strategy does not provide enough vertical resolution to
completely characterize the forest. Therefore, a free distri-
bution is necessary in order to increase the vertical resolu-
tion at the cost of having a worse PSL performance.
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