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POTENTIAL OF MULTI-PASS HIGH-RESOLUTION SAR
INTERFEROMETRY FOR DAM MONITORING®

GABRIEL VASILE!
ANDREI ANGHEL*!
DIDIER BOLDO?
REMY BOUDON?
GUY D’ URSO?
ROBERT MuJA®

Abstract: This paper presents a novel strategy for dam monitoring by
repeat-pass SAR interferometry. The proposed approach couples sub-
band / sub-aperture decomposition prior to the GLRT-LQ detector. This
method is tested with high-resolution spaceborne InSAR images provided
by the TanDEM-X and the TerraSAR-X satellites.

Keywords: SAR, interferometry, high-resolution.

1. Introduction

The multiplicative model has been employed for SAR data processing as
a product between the square root of a scalar positive quantity (texture) and the
description of an equivalent homogeneous surface (speckle) [1]. For an
m-dimensional repeat-pass SAR interferometry (INSAR) system, the single
channel model [2] has been extended as follows. In each azimuth / range
location, let k bethe mx1 complex target vector corresponding to the same area
on the ground. Recent studies [3] show that the higher scene heterogeneity
induced by the high-resolution spaceborne SAR systems (TerraSAR-X,
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TanDEM-X, COSMO-SkyMed, SAR-Lupe, ..) leads to non-Gaussian
interferometric clutter modeling.
In the case of a conventional INSAR system two channels are involved

and m = 2. Denoting by x =pe/® the complex correlation coefficient, the target
relative displacement d,, between the two acquisitions can be retrieved from the

exact knowledge of SAR antenna phase center postions, terrain height,
acquisition geometry, and an estimate of the differential interferometric phase
¢01,. P1o is called interferometric coherence and it describes the phase stability

within the estimation neighborhood. The phase information ¢, allows phase

differences (interferograms) to be computed in order to measure topography or
target displacements between repeated pass acquisitions.

In the general case, the m-dimensional interferometric target vector will
contain information about the mxm relative displacements between each
combination of two passes. The main parameter to estimate is the speckle
covariance matrix, from which normalized correlation coefficients can be
derived. Recently, a novel parameter estimation technique has been proposed in
this framework [4].

This paper is organized as follows. The Stable Scatterers (SS) detection
strategy for multidimensional InNSAR clutter is first described. Then, the SS
tracking algorithm is exposed. Next, some detection and tracking results are
shown on a real high-resolution repeat-pass INSAR dataset acquired by the
TerraSAR-X and TanDEM-X satellites.

2. Stable Scatterers Detection

This section focuses on the analysis of a subset of scatterers within the
scene, the so-called Stable Scatterers (SS), characterized by a deterministic
point-like scattering behavior. The advantage of SS is that they are widely
unaffected by multiple scattering effects and geometrical distortions allowing, as
far as possible, a direct interpretation in terms of its phase center displacement.
A similar approach has been proposed by the so-called Permanent Scatterers
(PS) in SAR interferometry [5], where the identification of PS is based on its
temporal stability (coherence over time) and relies on the availability of large
time series of SAR image acquisitions. The SS differs from the PS in the sense
that there is no need of temporal stability involved in its detection. The usual
way to detect SS is to use Time-Frequency Distributions (Short Time Fourier
Transform, Wavelet, etc.) to form different sub-apertures (sub-looks) or sub-
bands of the same scene and to exploit their mutual correlations or coherence.
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2.1 Sub-band/ Sub-apertures Decomposition

When a target is illuminated by a broadband signal and/or for a large
angular extent, it is realistic to consider that the amplitude spatial repartition
I(r) of the scatterers depends on frequency f and on aspect angle 6. This
repartition, denoted I(r k), is depending on the wave vector k and it represents
the energy distribution of the backscattering coefficient H (k) in the hyperplane
(r,k). Rewriting I(r,k) as I(x,y,f,0), one can show that for each frequency
/o and each angle of radar illumination 6y, I(x,y, fy,8,) represents a spatial
distribution of the backscattered energy for this frequency [6]. It characterizes an
“extended image” relative to the spatial repartition /(r). Such images can be
built using the Short Time Fourier transform (STFT) and are called hyper-
images [7]. Since the STFT is an atomic decomposition, the phase of hyper-
image is preserved and it can be used for interferometric processing. Moreover,
this technique decomposes the SLC signal into 2-D sub-spectra that can be
interpreted as frequency sub-bands and angular sub-sectors (sub-apertures).

Conseguently, the SS target with one SAR image can be reformulated in
terms of hyper-image concept as a particular target (e.g. corner reflector)
exhibiting a “stable” phase signal within all sub-bands/ sub-apertures. given the
m-dimensional complex target vector formed by m coherent sub-bands / sub-
apertures, the SS can be described as the product between the reference signal

p= [1...1]T (target steering vector) times an unknown scalar complex parameter
o (target complex amplitude).
2.2 Binary Hypothesis Test

In this paper, we propose the application of the estimation scheme
presented in [8] to Stable Scatterers detection in high-resolution SAR images.
The SS target detection problem in compound-Gaussian clutter can be
formulated as a binary hypothesis test shown in Equation (1). Under the null
hypothesis H,, the observed target vector k is only the clutter c. Under the

aternative hypothesis H,, the backscattered signal can be decomposed as the
sum of the target complex signal with the clutter c. Here, the clutter is modeled
as a Spherically Invariant Random Vector (SIRV).

1
Hy:k=o0p+c. @)

The following relation gives the optimal detector under the SIRV
hypothesis:
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pelrm) p((k=p) [T (k=p))
A([M])= e (k/Hg) hp(kH[M]‘lk) ;07», 2)

where [M] is the covariance matrix, H is the complex conjugate transpose
operator and hp(-) is the SIRV density generator function. Its expression is
given by:

hp(x)ij_e *p(t)dr. 3)
[
This optimal detector depends on the texture probability density function
(1)

2.3 GLRT-LQ Detector

The Generalized Likelihood Ratio Test — Linear Quadratic (GLRT-LQ)
detector can be used to detect a particular target. Let p be a steering vector and k
the observed signal. The GLRT-LQ between p and k isgiven by [9]:

‘IOH [M]_lk‘2 n
" [T o) (k" [Tk

A([M])=( (4)

where [M ] is the covariance matrix of the population under the null hypothesis
H,, 1.e., the observed signal is only the clutter.

In general, the covariance matrix is unknown. One solution consists in
estimating the covariance matrix [M] by [M],,, the fixed point covariance
matrix estimator [4]. Replacing [M] by [M],, in Equation (4) leads to an
adaptive version of the GLRT-LQ detector. The adaptive GLRT-LQ assumes
knowledge of the clutter covariance matrix and does not require any “a priori”
information about the texture PDF. This detector is also reported to present the
Constant False Alarm Rate (CFAR) property with respect to the texture
statistical characterization, meaning that the GLRT-LQ probability of false
alarm is the same for any texture statistics [10].

If the covariance matrix is estimated by the fixed point estimator, it has
been proved, for large N, the relation between the false alarm probability p

and the detection threshold A :
Pu=1-0)"" 3R (a,a-Lb-11), (5)
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with a:LN—p+2 and b=—L—N+2. N is the number of pixels used to
p+1 p+1

estimate the covariance matrix [M]. p is the dimension of the target vector.

2 F(+-5-5-) isthe Gauss hypergeometric function.

It is important to notice that the maximum likelihood estimator of the
target amplitude a.,,, hasbeen also derived as:

"Mk
p”[M]p
This parameter can be used to obtain energetic information about the
target previously detected by the GLRT-LQ.

(6)

29775

3. Stable Scatterers Tracking

The relative displacement between two stable scatterers from one SLC
image to another can be obtained by means of differential interferometry. The
positions in the SLC images of the two scatterers are determined by employing
the procedure described in the previous section. Figure 1 shows the geometric
configuration of the satellites and the SS targets (points P and Q) for two
acquisitions. Points §,, and Sy show the positions of the satellite when
acquiring the master and respectively the slave image. For each pixel in the SAR
interferogram obtained from the two images, the phase difference Ao, ; can be

written as:
AQ = Qgppita + Ptopo T Paiisp T Pam + Pnoise (7)

where each term isapartial contribution to the total temporal phase difference.

Figure 1. Interferometric tracking geometry



240 GABRIEL VASILE, ANDREI ANGHEL, DIDIER BOLDO, REMY BOUDON, GUY D’'URSO, ROBERT MUJA

In order to compute the displacement in Line Of Sight (LOS) of the point
O (the mobile SS target) with respect to the reference point P (the fixed target)
an additional spatial phase difference is done (between the temporal phase
differences of the pixels containing the two targets). After this double phase
difference, by using stable scatterers, and assuming same atmospheric
conditions for neighboring points, the terms regarding the noise and the
atmospheric effects are cancelled. The remaining phase difference A(Ag)

contains two terms: one regarding the orbital and topographic differences and
one provided by the displacement in LOS. The first term is given by the
satellite’ s orthogonal baseline B, and the distance between the two targets (the

“ground” baseline rp,). The relative displacement in LOS can be computed as
in[11]:

A B,r
Dyos :4—nA(A(p)—R—PQ. (8)
MP

Although r», may be different from an acquisition to another, the relative

change is small due to the fact that the maximum measured LOS displacement
must be smaller than A/2 in order to avoid ambiguities. So the value used for

the distance between the targets may be the one measured at the time prior to the
master image acquisition.

3.1 Tracking Simulation

In order to test the tracking procedure for practical situations, a set of
simulations was realized using a deformation model provided by the EDF
company regarding the Puylaurent dam [12]. Considering two stable scatterers
placed on the ridge of the dam, the deformation model gives the unit vector v of
the direction of relative movement. If this displacement is not orthogonal to the
LOS direction (characterized by the unit vector u; ), the actual displacement

can be easily computed as:

D= DLOS (9)

UrosV
In the simulations, different displacements were randomly generated (in
keeping with real data) and the phase differences were computed for various
positions of the satellite relative to the master position. The initial position
vectors of the two targets were considered erroneous, which leads to afalse first
displacement. However, one displacement is relative to the previous one, so
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from the second image onwards the computed displacement is correct (the
systematic error is cancelled). The simulation results are summarized in
Figure 2. By not taking into account the noise and atmospheric effects in the
simulations, the very small absolute error is due to the approximations made in
deriving Equation (8).
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Figure 2. Puylaurent dam, France: tracking simulation results

4. Results and Discussion

Firstly, a real data-set acquired by the TanDEM-X satellite at X-band is
analyzed: 2 spotlight (ascending, single polarization, 150 MHz bandwidth, 49°
incidence) images have been acquired over the “Puylaurent dam” test site on the
20" and on the 31% of July 2011. The best ground projected pixel spacing is
respectively 1.1 m in azimuth and 1.5 m in range. The master data corresponds
to the first acquisition that was realized in 20.07.2011 and the second data
corresponds to the second acquisition that was redized after 11 days, in
31.07.2011.

Figure3 shows the parameter estimation results: a) amplitude, b)
coherence map, c) interferogram. The detection result obtained is illustrated by
the red points on Figure 3a.
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a) b) ¢

Figure 3. The Puylaurent dam, France, TanDEM-X data, 2011 :
a) detected SS image superposed over the target amplitude o
from Equation (6); b) coherence map; and c) phase image

Figure 4 illustrates the projected 3D displacement in UTM geographic
coordinate system. For this, the reference point has been manually selected on
the dam border.
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Figure 4. The Puylaurent dam, France, TanDEM-X data, 2011 :
measured X (top), Y (middle) and Z (bottom) displacement in Universal
Transverse Mercator (UTM) geographic coordinate system
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A second data-set was acquired by the TerraSAR-X satellite at X-band:
4 stripmap (single polarization) images have been acquired over the “Chamonix
Mont-Blanc” test site on 05, 16, 28 August and 21 October 2009. The best
ground projected pixel spacing is respectively 2m in azimuth and 2.2m in
range. Over this test site, two artificial targets (corner reflectors) have been
installed in a geographical stable area (Refuge d Argentiere). Their initial
locations have been measured by differential GPS. One of the two targets has
been manually moved before each acquisition using a fine-tunable support in the
millimeter range and exact ground truth is available on the position and the
displacement of the target.

Figure 5 shows the interferometric parameter estimation results for 05-16
August 2009: the detection result obtained over the 05 August 2009 TerraSAR-
X image is illustrated by the red triangles. In the left part of Figure 5a, the two
artificial corner reflectors are retrieved.

a) b) ¢

Figure 5. Refuge d’Argentiere, TerraSAR-X data, 2009:
a) detected SS image superposed over the target amplitude;

b) coherence map,; and c) phase image

Finally, Figure 6 illustrates the Line Of Sight (LOS) InSAR displacement
error with respect to the “in situ” measurements. In al cases, the fixed corner
reflector was used to remove the atmospheric phase delay. The obtained overall
accuracy is less than 0.75 mm displacement in LOS.
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Figure 6. Refuge d’Argentiere, TerraSAR-X data, 2009: perpendicular
interferometric baselines (top), LOS “in situ” measured displacement
(middle), and LOS interferometric displacement error (bottom)

5. Conclusion

A novel strategy for Stable Scatterers detection was introduced by
coupling sub-band / sub-aperture decomposition prior to the GLRT-LQ detector.
The tracking of slowly moving SS targets was preformed by repest-pass SAR
interferometry. A case study with TanDEM-X and another one with Terra SAR-
X data have been presented. In the future, this technique will be confronted with
the in situ measurements for the Puylaurent dam provided by the EDF company.
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