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Abstract

Detecting objects hidden beneath a forest cover with Synthetic Aperture Radar (SAR) is challenging due to strong vegetation
scattering, canopy attenuation, and ground returns. This work investigates two methods for detecting concealed targets using
Polarimetric tomographic SAR (PolTomoSAR). The first approach exploits full-rank polarimetric tomographic focusing to achieve
high-resolution separation of scattering sources and estimate their polarimetric responses. Target detection is then carried out
using descriptors derived from decomposition techniques, such as the polarimetric entropy, and double-bounce scattering intensity,
enabling the identification of man-made objects embedded within a dense vegetation layer. The second approach considers a
compact configuration using only two interferometric SAR (InSAR) images. Coherent ground-notching suppresses the dominant
ground scattering contribution, while preserving responses from above-ground scatterers. It is demonstrated that the baseline value
plays a significant role in the detection process, and an optimum value is selected. Both methods are evaluated using L-band data set
acquired by the DLR F-SAR over Dornstetten, Germany. Results demonstrate successful detection of concealed objects for varying

baseline configurations.

1. Introduction

The detection of objects lying beneath a forest cover using Syn-
thetic Aperture Radar (SAR) measurements represents a ma-
jor challenge, due to complex scattering mechanisms from the

overlying vegetation volume, wave attenuation caused by propaga-

tion through the forest canopy, and high-intensity scattering
mechanisms occurring at the ground level (Ferro-Famil et al.,
2015), (Davis, 2011). Traditional methods that rely solely on
either tomography or polarimetry both face limitations when
used independently. TomoSAR-based approaches provide 3D
spatial information, which helps resolve cluttered environments,
yet they often struggle with the complexities of polarimetric

signatures that vary across different targets and conditions (Aguilera

et al., 2013). In (Nannini et al., 2008), the forest profile and
truck shape were both extracted using single polarization Ca-
pon’s method. However, due to the limited spectral resolution
and sidelobe suppression of such an approach, fully polarimet-
ric tomographic approaches are expected to show significantly
improved features of under-foliage objects and forests (Huang
etal., 2012). On the other hand, PolSAR-based methods can of-
fer detailed insights into the scattering characteristics of objects
but are limited by their inability to fully capture the vertical
structure of the scene (Marino et al., 2012).

3D polarimetric SAR imaging, through Polarimetric tomographic
SAR (PolTomoSAR), represents a promising solution to ad-
dress these limitations, as it enables discriminating objects from
their background by leveraging both polarimetric and spatial di-
versities (Tebaldini and Rocca, 2012). PolTomoSAR is based
on the use of diversely polarized electromagnetic waves ac-
quired from different trajectories. Its use permits to both im-
prove the tomographic separation between different compon-
ents of complex volumetric media and to characterize the EM
behavior of the observed environments. In (Huang et al., 2013),
isolated scatterer selection is applied to eliminate the volume

effects of the canopy and detect underfoliage targets, and full-
rank techniques, proposed in (Ferro-Famil et al., 2012), (Huang
and Ferro-Famil, 2021), are used to extract more relevant phys-
ical features. These techniques have been used to extend the
classical polarimetric processing from 2-D to 3-D.

While PolTomoSAR is effective in extracting detailed informa-
tion, the polarimetric and radiometric features of strong ground-
scattering contributions can often prevent the detection of above-
ground objects when dealing with data that feature low vertical
resolution. To address this problem, interferometric ground
cancellation techniques, based on ground-notched InSAR pro-
cessing, have been proposed to suppress the ground scattering
and improve the sensitivity of SAR systems to above-ground
biomass (Mariotti d’Alessandro et al., 2020). In the context
of concealed object detection, the choice of the interferometric
baseline separating the acquisition trajectories is crucial, as it
balances the suppression of the forest canopy contribution and
the preservation of responses from above-ground objects.

This work investigates two approaches based on PolTomoSAR
processing, and adapted to different tomographic acquisition
configurations, i.e. different vertical resolution and ambigu-
ity compromises. The remainder of this paper is organized as
follows. Section 2 introduces the principles of PolTomoSAR
for forest characterization and under-foliage detection. In Sec-
tion 3, concealed object detection is performed using various
baseline configurations. First, a simple detector, combining a
few source descriptors, such as the polarimetric entropy and
indicators of double-bounce scattering, is proposed to effect-
ively identify objects embedded in dense masking vegetation.
This detector builds on full-rank PolTomoSAR focusing tech-
niques, enabling high-resolution isolation of scattering sources
located just a few meters above the ground, while also estimat-
ing their full-rank polarimetric responses. Next, an extreme but
far less complex configuration is considered, consisting solely
of a two-image PolInSAR acquisition. Ground-notched InSAR
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processing is applied to suppress ground scattering contribu-
tions. Both methods are applied to a 21-image fully polarimet-
ric L-band data set, acquired by the DLR F-SAR sensor over
Dornstetten, Germany. Results are presented in Section 4. Fi-
nally, conclusions and perspectives are reported in Section 5.

2. Under-foliage Target PolTomoSAR Signal Model

SAR tomographic imaging (TomoSAR) is based on the acquisi-
tion of M SAR signals along slightly shifted trajectories, which
together form an equivalent array. This spatial diversity is used
to refine 2D resolution cells into 3D voxels, enabling the dis-
crimination of echoes originating from scatterers located at dif-
ferent elevations. After focusing, compensating and co-registering
the acquired signals, M 2D SAR images are obtained, y(zo, 7o),
where x and r represent azimuth and slant range coordinates re-
spectively. Following the formulation in (Bou et al., 2025), the
content of the resolution cell of a 2D SAR image at the range-
azimuth location (7o, zo) can be written as:

y(xo,70) :/ a(r)e’ ™ dr + n(zo,m0), (1)
C(z0,70)

where the 2D SAR impulse response is assumed to remain con-
stant within the resolution cell, r is a 3D location, a(r) is the
complex reflectivity function and k. is the two-way wave vec-
tor determined by the acquisition geometry. The integration
takes place within the 3D resolution cell defined by C(zo, ro),
with n(zo, 7o) denoting the 2D focused acquisition noise. For
natural environments, the coherent reflectivity density a(r) is
treated as a spatially white random field satisfying:

E(a(r))=0 and FE(a(r)a"(r +dr)) = o(r)é(dr) (2)

with §() the Dirac function. Under the assumption of spatial sta-
tionarity in azimuth and range in high-resolution systems, o (r)
in (2) becomes f(z), a function of elevation only. Fig. 1 (a)
illustrates the scattering mechanisms occuring in a forest with
concealed objects. The SAR response in this case can be effect-
ively modeled as the sum of three distinct components originat-
ing from the ground, the forest canopy, and the object beneath
the vegetation, as illustrated in Fig. 1. These components being
independent, the vertical density of reflectivity can be written
as:

f(Z):fg(Z)-‘rfO(Z)—f—fv(Z), 3

where fq(2), fo(2), and f,(z) denote the ground, object, and
volume contributions, respectively. The cross-correlation between
a pair of interferometric images can thus be expressed as:

Lnn = E(ymyp) = / f(z)eFem e Az 4 005 (4)

where k., is the phase-to-relative height conversion coefficient
of the m-th image, 02 is the noise variance, and 8,,,_,, is the
discrete Dirac function. The covariance matrix can be defined
as:

R = E(yy") = APA" + o21y, 5)

where P = diag(f(z)), with z = [z1,...,2,,]" represents a
sampled version of the reflectivity density. The steering matrix
is given by

A(z) = [a(z1),. .., a(zn,)],

with a(z) = [1,exp(jkz,2),...,exp(jkz,, z)]" the steering
vector modeling multi-baseline interferometric phase inform-

50
fv(z) Canopy
40 fq(z) Ground
-fotz) Object
30
N
20
10
EE—
—
0

0.2 0.4 0.6 0.8 1
f(z)

(b)

(=]

Figure 1. (a) Scattering mechanisms occurring in underfoliage
target imaging. (b) Associated vertical reflectivity profiles

ation as a function of elevation z. In a PolTomoSAR config-
uration, each acquisition consists of a triplet containing the po-
larimetric response of the scene. The received signal may then
be represented by rearranging the M acquired signals under the
form of a 3M element vector, y p, containing 3 TomoSAR com-
ponents, each related to a polarization channel:

y=[T v& yi]"ec™

where y, € CM, with p = 1,2, 3, represents the TomoSAR re-
sponse for the p-th polarimetric channel. The cross-correlation
between two acquisitions for polarimetric channels p and ¢ be-
comes:

Eypnvl,) = / Foa(2)e B Re)2 42 025, (6)

where fpq(2) is the polarimetric reflectivity density for these
polarimetric channels. The full PolTomoSAR covariance mat-
rix can be written, by generalizing (5), as:

Re = E (yryP) =Y T(z) @a(z)a” () + o2lans
k=1

where T'(z) is the polarimetric covariance matrix density along
the elevation direction, with entries Tyun(2) = frn(2).

3. Concealed Object Detection with Various Baseline
Configurations

This section presents two baseline configurations for concealed
object detection: the first uses full-rank PolTomoSAR focusing
for high-resolution separation of scattering sources, while the
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second applies a compact InSAR configuration with ground-

notching to suppress ground scattering and preserve above-ground

responses.

3.1 Using Full-Rank PolTomoSAR focusing

3.1.1 Single-Polarization TomoSAR Spectral Estimators
The classical Beamformer and Capon spectral techniques provide
an estimate of the reflectivity density as:

oy = R

where R denotes the L-look estimate of R.

3.1.2 Full-Rank polarimetric Beamformer and Capon es-
timators

The Full-Rank Beamformer and Capon estimators are given in
(Ferro-Famil et al., 2012):

tr(B& (2)RpBal(2))

Perr(z) = e

®)

Perr(2) = tr ((Bf (z)ﬁpBa(z))_l) )

with Ba = I(3x3) ® a(z;). Once the 3D-coherency matrices
are estimated from the full-rank PolTomoSAR processing, the
concealed object detection is then conducted, based on polar-
imetric parameters provided by classical decomposition tech-
niques: Polarimetric entropy (H) (Cloude and Pottier, 1996)
and Double Bounce (D B) intensity from the Van Zyl decom-
position.

3.1.3 Detection criterion based on polarimetric descriptors
A simple detector combining these source descriptors, proves
effective in identifying artificial objects embedded in dense,
masking vegetation. The detection rule can be formulated as
follows:

D—{L ifﬂzm.m<z<zmaz| T(z)=1 (10)
0, otherwise
where T'(z;) is defined as:
1, ifH d DB
T(z):{ , i (Z).<TH an (z) > DB, (11
0, otherwise.

Here, H(z) denotes the polarimetric entropy and DB(z) the
double-bounce component estimated using the Van Zyl decom-
position at height z, and 7y and mpp are the empirically determ-
ined thresholds for entropy and double-bounce scattering, re-
spectively. The detection operation corresponds to identifying
all pixels where a target-like response is observed within a con-
sidered range of elevations. The rationale behind this detection
rule is based on the complementary nature of the two features.
Low entropy is indicative of more structured, coherent scatter-
ing, which is typically associated with targets such as vehicles,
buildings, or other man-made structures, while high double-
bounce scattering provides further confirmation of solid, struc-
tured objects, as double-bounce scattering is a common feature
for such targets (Huang et al., 2013).

3.2 Using Interferometric Ground Notching

While TomoSAR imaging aims at spatially separate ground, ob-
ject and canopy contributions after focusing in the vertical dir-

ection, coherent ground notching exploits the interferometric
phase difference between the two SAR acquisitions to cancel
signals coming from the ground while preserving those from
scattering sources, including objects, located at other elevation
coordinates. In practice ground-notching uses ground steering,
which is achieved by adjusting the interferometric phase based
on known or estimated ground height.

Let y, and y,, denote two co-registered and ground-steered
SAR images. The ground-notch image, ygn;, is defined as:

1 )
yox = 5 (v = ygme P T ) 12
Based on the signal model introduced in (4):
Iox = E (lyonl )
(13)

/f sin (7Ak%’ﬂ( _Zg)>dz+a2—n

The sinusoidal weighting in Equation (13) enforces suppression
of echoes originating from z = z, + i’}f ,n € N, and emphas-

izes echoes originating from z = z4 + w n € N. Un-
like applications centered around ground cancellation only, in
the context of concealed object detection, the choice of the in-
terferometric baseline separating the acquisition trajectories is
crucial, as it balances the suppression of the forest canopy con-

tribution and the preservation of responses from above-ground

4. Experimental results
4.1 Application dataset

The dataset used in this study was acquired near Dornstetten,
Germany, at L-band in September 2006. Several reference tar-
gets (vehicles, containers, and corner reflectors) were deployed
both inside and outside the forest to study the effect of canopy
on target response. The test site is relatively flat, with about half
of the area covered by heterogeneous forest stands of different
species. Tree heights range from 10 to 30 m. The acquisition

Figure 2. Dornstetten site. The test profile along which the
processing is carried out is depicted in a red dashed line. It
contains two trucks, one deployed in open ground (left) and one
concealed beneath the canopy (right) - Courtesy Dr. Nannini,
DLR.

followed a regular horizontal grid of 21 tracks with an aver-
age baseline of 20 m. The realized geometry closely matched
the planned one, with deviations of up to 4 m (Nannini et al.,
2008). Fig. 2 presents the relevant section of the fully polari-
metric single-look complex (SLC) image in RGB coding (HH,
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HYV, VV). Tomographic processing was applied along the cut
marked with dashed line in the image: It contains two trucks
(one deployed in open ground and one concealed beneath the
forest canopy).

The ground elevation map, used as a reference by both meth-
ods, was estimated using the method described in (Huang et al.,
2013).

4.2 High vertical resolution acquisition

The Full-rank Beamforming (BF) and Capon estimators are ap-
plied to reconstruct the vertical scattering profiles and recover
the polarimetric responses of the identified scatterers.

Fig. 3 shows the Full-rank SPAN tomograms, where SPAN =
Iug + 21gv + Ivv (Cloude and Pottier, 1996), reconstructed
using the Beamformer and Capon estimators.

z (m)

z (m)

35
Reflectivity (dB)

Figure 3. Full-rank SPAN Beamformer (top) and Capon
(bottom) tomogram estimates for the selected profile (dB).

Both reconstructions clearly highlight the vehicle located on
open terrain, appearing near the ground level. Importantly, the
vehicle located beneath the forest canopy remains visible, con-
firming that the Full-rank PolTomoSAR processing retains scat-
tering contributions associated with targets obscured by veget-
ation.

To characterize the scattering behavior along elevation, the po-
larimetric entropy H was evaluated for several reconstructed
height slices. Fig. 4 shows the entropy maps for elevations
z = 0,1,2, and 3 m. The vehicle on open ground main-
tains consistently low entropy across all elevations, indicating
stable dominant scattering. The concealed vehicle remains de-
tectable with low entropy up to approximately z ~ 2 m, but be-
comes indistinguishable at z = 3 m due to the stronger volume
scattering introduced by the forest canopy. Fig. 5 shows the
double-bounce intensity estimated from the Van Zyl decompos-
ition (Van Zyl et al., 2011). The open-ground vehicle exhibits a
strong double-bounce component, as expected for dihedral-type
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Figure 4. Full-rank BF polarimetric entropy maps at several
elevations above the ground.

metallic targets. The concealed vehicle also exhibits a detect-
able double-bounce peak up to z &~ 2 m, confirming its struc-
tural nature despite canopy interference. Finally, the detector
combining low entropy and high double-bounce scattering was
applied to produce the detection map shown in Fig. 6. Both ob-
jects remain clearly identifiable from 0 m to 2 m. The detector
correctly identifies both vehicles, including the one concealed
under forest canopy, demonstrating the effectiveness of the full-
rank PolTomoSAR processing in target detection.
The peformance of the detection method is illustrated in Fig. 7
which shows the overlap ratio as a function of the false detec-
tion rate across 170 combinations of entropy and double bounce
intensity threshold values, 77 € [0.1, 0.9] and 7pp € [40, 50].
For each combination, the overlap ratio is calculated as the frac-
tion of the target area that is detected, while the false detection
rate is defined as the empirical probability of detecting pixels
that do not belong to target areas. Optimal threshold values
were selected to balance a high overlap ratio, larger than 60%,
with a low level of false detection rate, smaller than 4e — 3.
The previous results were obtained using a Full-rank PolTo-
moSAR configuration, involving a large number of baselines
and providing both high vertical resolution and a wide unam-
biguous elevation range. While this configuration yields highly
informative 3D reconstructions, it is also complex and data-
demanding.

4.3 Low vertical resolution acquisition

In this section, a compact configuration consisting of only two
polarimetric interferometric SAR images (PolInSAR) is con-
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Figure 5. Double-bounce scattering intensity esimated by the
VanZyl decomposition for the selected area (dB).

sidered. No full tomographic inversion is possible, and eleva-
tion discrimination relies entirely on the interferometric phase
diversity between the two acquisitions. To enhance target vis-
ibility and suppress the dominant ground contribution, ground-
notching is performed. Fig. 8 (b) shows the resulting ground-
notched intensity image for the test profile.

Despite the severely reduced elevation information compared to
the full tomographic configuration, the ground-notched image
effectively suppresses the dominant ground layer, allowing the
signature of concealed targets to emerge more distinctly.

The parameter Ak, directly controls the vertical frequency of
the sinusoidal weighting applied by the ground notch. As a
result, it determines which elevation layers are suppressed and
which are emphasized. When Ak, is small (Fig. 8 (a)), the
notching function varies slowly with height, resulting in a broad
attenuation pattern that suppresses most of the vertical compon-
ents of the scene. In this case, both the canopy and the weak
target responses are strongly attenuated, leading to an overall
loss of information. Conversely, a large Ak, produces a rapidly
oscillating notching function, which enhances the separation
between scatterers at different heights (Fig. 8 (b)). This con-
figuration allows a clearer restitution of above-ground targets,
but also preserves contributions from the understorey and can-
opy, which may partially mask the objects of interest. Hence,
selecting an appropriate Ak, value is essential to balance the
suppression of dominant ground scattering while maintaining
sufficient sensitivity to the desired targets.
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Figure 6. PoltomoSAR object detection results, with 7 = 0.7
and TDB = 46.
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Figure 7. Overlap ratio vs false detection rate.

Finally, the detection map for the case of a large Ak, variation
is shown in Fig. 9.

4.4 Computational Complexity

From a computational perspective, both Ground notching and
conventional Beamforming exhibit comparable behavior, as they
rely on simple linear operations followed by spatial smooth-
ing. Ground notching primarily involves subtraction between
images to suppress ground clutter, while Beamforming consists
of a weighted combination of multiple images with subsequent
smoothing. In contrast, the Capon method is more computa-
tionally demanding, since it requires adaptive weight estima-
tion based on the inversion of the data covariance matrix having
Nim * Npoi = 63 rows.

5. Conclusion

This study presented two complementary approaches for the
detection of concealed targets under forest cover using Polar-
imetric SAR Tomography (PolTomoSAR) at L-band. The first
method, based on full-rank tomographic focusing, demonstrated
the ability to isolate scattering mechanisms and identify ob-
jects characterized by low entropy and strong double-bounce re-
sponses. The second method, relying on a compact two-image
configuration and ground-notched InSAR processing, effect-
ively suppressed ground scattering while preserving the polari-
metric signatures of above-ground objects. Experiments on the
Dornstetten data set confirmed that both methods can reveal
vehicles and containers hidden beneath dense vegetation. The
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Figure 8. Ground notched intensity maps for different Ak, (a) -
Ak, =0.17. (b) - Ak, = 4.78

results highlight the trade-off between vertical resolution and
acquisition complexity, showing that reliable detection can be
achieved even with a minimal number of passes. Future work
will focus on extending the ground-notched processing to ad-
aptive Beamforming and Capon-based approaches for opera-
tional applications requiring reduced data volumes and faster
processing.
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