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ABSTRACT

Persistent scatterer interferometry (PSI) assumes the presence of a
single temporally coherent scatterer in a range-azimuth pixel. Mul-
tiple scatterers interfering in the same pixel, as for the case of a
layover, are typically rejected. Conventional SAR tomography (3D
SAR) is a means to separate the individual scatterers in layover.
Advanced tomographic inversion approaches employing extended
phase models additionally allow simultaneous retrieval of scatterer
elevation and deformation parameters. In this way, SAR tomography
can increase deformation sampling and thereby complement a PSI-
based analysis. This paper investigates the use of tomography as
an add-on to PSI for spatio-temporal inversion of single and double
scatterers in urban areas. Results are provided on an interferometric
stack of 50 stripmap TerraSAR-X images acquired over the city of
Barcelona.

Index Terms— SAR tomography, persistent scatterer interfer-
ometry, multi-baseline interferometry, TerraSAR-X

1. INTRODUCTION

Persistent scatterer interferometry (PSI) [1, 2] is a state-of-the-art
radar remote sensing technique for deformation analysis. In gen-
eral, PSI-based approaches assume that a given range-azimuth pixel
contains a single point-like scatterer exhibiting high temporal coher-
ence — the so-called persistent scatterer. Pixels containing echoes
from multiple scatterers, as in the case of a layover, are typically
rejected. Urban areas are characterized by various man-made struc-
tures that tend to behave as point-like scatterers, but at the same time,
layovers are frequent. The ability of SAR tomography to resolve
scatterers in layover motivates its use as an extension to PSI. It is
an aperture-synthesis approach which allows for separation of the
interfering scatterers along the elevation (perpendicular to line-of-
sight direction), as demonstrated in different investigations, such as
[3, 4, 5]. The phase model conventionally associated with SAR to-
mographic inversion assumes a stationary scatterer and does not ac-
count for phase variations due to the deformation and/or dilation of
the scatterer(s). Uncompensated phase variations lead to poor scat-
terer detection [6, 7]. SAR tomography with extended phase models
[6, 8, 9, 10] allows modelling these variations, thereby not only im-
proving scatterer detection but at the same time, allowing a simulta-
neous retrieval of the unknown scatterer elevation and deformation
parameters.
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The processing steps employed in this work are the following.
First, we perform a PSI analysis using the Interferometric Point Tar-
get Analysis (IPTA) framework [2] on an interferometric data stack
of 50 stripmap TerraSAR-X images. A set of persistent scatterer
(PS) candidate points is identified on the basis of high temporal sta-
bility of the backscattering and low spectral diversity. The data stack
is phase calibrated and an atmospheric phase screen (APS) is itera-
tively isolated. For details, the reader is referred to [2, 11]. Once
a reasonable PSI solution is obtained, the point-wise APS is ex-
trapolated to nearby non-PS pixels. As a next step, we implement
SAR tomography with three different phase models on all pixels (in-
cluding those rejected by IPTA, which potentially include double-
scatterers). The tomographic inversion is applied independently of
the PSI solution, except that the same reference layer and reference
point are used to allow for a subsequent consistency analysis, and
that the baselines and the reference local temperatures used are also
the same, as refined in the IPTA pre-processing. A generalized like-
lihood ratio test (GLRT), as proposed in [12], is employed next for
the detection of single and double scatterers.

2. TOMOGRAHIC INVERSION

For a stable point target source, assuming no noise terms, the math-
ematical model for SAR tomography can be concisely written as
[6,9]:
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where y,, is the n*" single-look-complex (SLC) pixel value from
a coregistered interferometric stack containing N images, n =
0,1,... N — 1, v(p) and ¢, (p) are the target reflectivity and
interferometric phase, respectively, as a function of the unknown
parameter vector p. Ap represents the limits of integration for
the unknown parameters. In case of conventional SAR tomogra-
phy (3D-SAR), which assumes the scatterer(s) to be stationary, the
interferometric phase is modelled as follows:

on (P) = 2kAry () 2)

where s is the elevation, p = [s], and Ary, (s) is the sensor-to-target
path-length difference for the interferometric pair:
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ry, 1s the range distance from sensor 7 to scatterer at elevation s, and
b;: and bl represent the orthogonal and parallel components of the
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Fig. 1. Left: Google Earth snapshot of the observed urban area (Diagonal Mar, Barcelona). Right: An averaged intensity image of TerraSAR-
X stack overlaid with dots marking the location of the persistent scatterers identified in the IPTA processing; the color of the dots represents
the average deformation velocity as estimated with IPTA. The interferometric phase model used in the IPTA processing takes into account

both a linear deformation over time as well as thermal dilation [13].

spatial baseline extended by sensor n, respectively. Here we consider
n = 0 as the reference acquisition in the interferometric stack. This
phase model is referred to as P1 onwards.

In case the scatterer is undergoing some motion, there are addi-
tional phase variations which need to be modelled. Assuming that
the motion is a displacement within the same range pixel, differential
SAR tomography [8, 12, 14] allows modelling it as a temporally lin-
ear deformation by extending the phase model as follows (referred
to as P2 onwards):

on (P) = 2k [Ary () + viy] 4)
where v is the average deformation velocity, t,, represents the tem-
poral baselines, and p = [s, v/] in this case. As shown in some recent
PSI studies (such as [15][13]), the scatterer motion may partly be
temperature-dependent, i.e. thermal dilation. Considering that the
thermal dilation of building structures is linearly dependent on tem-
perature, we extend P2 with a phase-to-temperature sensitivity term,
K, as given below:
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with p = [s, v, k] now, while 7, is the n'" temperature baseline, i.e.
the difference between the local temperature at the time of the n'"
acquisition and the reference. This extended phase model is referred
to as P3 onwards.

3. PARAMETER ESTIMATION & SCATTERER
DETECTION

Different methods [4, 16] have been proposed for the inversion of
the aforementioned tomographic models and the estimation of the
unknown scatterer parameters. In this work we use the conventional
single-look beamforming; the estimated reflectivity is given by

Q)

where y is the SLC vector and a (p) is the steering vector as a func-
tion of the unknown parameter vector p:

a(p) — [ 1 e Jvi(P) e~ Jen-1(P) ]T. 7

For each of the three phase models discussed previously, an estimate
of the parameter vector is computed by using the estimated reflectiv-
ity as the objective function in the following optimization:
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This optimization allows estimating the parameters for a single-
scatterer (P, ), since it is a global maximization. In order to detect
the presence of two scatterers (at maximum) in the same pixel, or
to assert the absence of any coherent scatterer, we use the sequen-
tial generalized likelihood ratio test with cancellation (SGLRTC),
as proposed in [12], to distinguish between three hypothesis: Ho,
H1, and Ho (as noise only, single scatterer, or double scatterer,
respectively).

(®)
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Hi:y=v(p1)a(p1)+n (10)
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where n is the random noise vector, generally assumed to be zero-
mean circular Gaussian. We avoid detailing here the theoretical ex-
position of SGLRTC, which is referred to [12]. In principle, the pro-
posed test is implemented in two steps. Using the estimate p; and
ignoring the presence of a possible second scatterer, the contribution
of the first scatterer is subtracted (or cancelled) from the SLC vector.
As a next step, a second beamforming-based global optimization is
applied on the residue after the cancellation to estimate the unknown
parameter vector of a potential second scatterer, i.e. p,.
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The decision whether the pixel has a double-scatterer (H2) or other-
wise (H2) is made as follows [12]:
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where u. = Pta(p2)/[|Pta(pz) || and y. = Piy. In case the
hypothesis H. is rejected, a second decision is made next between

Ho
2 Iz
Ho

(14)
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Fig. 2. Spatio-temporal inversion of a non-PS layover pixel (marked with a red cross in Fig. 1) using tomographic techniques. The detec-
tion/separation of double-scatterers using the extended phase model is highlighted. The first and the second scatterer are marked with * and
O, respectively. Left: Elevation profiles obtained with three different phase models. Middle: The height-deformation plane for phase model
P2 (eq. 4); the dashed-line corresponds to the elevation profile in the left figure for P2. Right: The height-deformation planes for phase model
P3 (eq. 5): In principle, the planes are the slices of the three-dimensional (height, deformation, phase-to-temperature sensitivity) solution
space at the estimated phase-to-temperature sensitivity, corresponding to the reflectivity peak, for each of the two scatterers.
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4. RESULTS

We perform our investigations on an interferometric data stack of 50
stripmap TerraSAR-X images acquired in repeated passes over the
city of Barcelona during 2007-2012. The data stack is phase cal-
ibrated within the IPTA processing. We use tomographic inversion
techniques with different phase models for each pixel (whether char-
acterized as a PS or not). To exemplify, we consider a non-PS pixel
at the tip of a high-rise building, marked with a red cross in Fig. 1.
The pixel is in layover. The echoes from the building tip and the
roof of the nearby lower building (Diagonal Mar shopping centre)
are expectedly superposed. We apply tomographic inversions with
each of the three previously discussed phase models (P1, P2 and P3).
The results are presented in Fig. 2. The inversion with the conven-
tional SAR tomographic model (P1) allows only the estimation of
the scatterer height (vertical projection of the estimated elevation).
The height profile for P1, as shown in the Fig. 2 (left), indicates
the presence of a single scatterer around 16 m. The differential to-
mographic phase model (P2) allows us to additionally estimate the
scatterer’s average deformation velocity. The height profile and the
height-deformation plane for P2 also show the presence of a single
scatterer. There seem to be some side-lobes in the vicinity of the
detected scatterer. These results with P1 and P2 would normally be
considered reasonable, as one may infer that only one of the potential
two scatterers (the one corresponding to the shopping centre) is dom-
inant. However, interestingly, the application of the extended phase
model (P3) not only improves the focusing of the first scatterer, but
also reveals the presence of a second scatterer corresponding to the
tip of the high-rise building. The layover is resolved, and P3 has ad-

ditionally provided us an estimate of the phase-to-temperature sen-
sitivity of each of the two scatterers. In this way, tomographic in-
version using the extended phase model has provided an additional
deformation sample for a pixel that was originally not considered as
a persistent scatterer candidate due to layover.

The tomographic inversion with P3 was applied to the entire Di-
agonal Mar area shown in Fig. 1. The single and double-scatterers
detected with thresholds 77 = 7> = 0.5 are projected on Google
Earth 3D building models, as shown in Fig. 3. Estimates of the
height and deformation are also provided for each scatterer. It can be
seen immediately that the estimated heights correspond fairly well
with the 3D building models.

5. CONCLUSION & OUTLOOK

In this paper, SAR tomographic inversion has been applied in an
urban area with three different phase models. A layover scenario
has been analysed in detail. The results obtained emphasize that in
order to achieve a reasonable tomographic inversion, an extended
phase model has to be used. In addition to linear deformation over
time, the extended phase model needs to account for temperature-
induced scatterer motion. This is particularly true for the scatterers
on high-rise buildings that are prone to thermal dilation. SAR to-
mography with the extended phase model effectively resolves the
layover, separating the double scatterers in elevation and estimating
their individual deformation parameters. Compared to our PSI solu-
tion obtained with the IPTA framework, the tomographic inversion
with the extended phase model provides an increase in the deforma-
tion sampling, thereby affirming the usefulness of SAR tomography
as an add-on to PSI. An assessment of the quality of the detected
double-scatterers, and a consistency analysis for the estimates ob-
tained with IPTA and tomography on scatterers commonly detected,
are the subjects of our future investigations.
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Fig. 3. Single (top row) and double-scatterers (bottom row) detected with tomographic inversion using the extended phase model (P3)
are projected on Google Earth 3D building models. For double-scatterers, both the first and the second scatterer are shown. Left column:
Estimated relative height (elevation projected vertically) above the datum. Right column: Estimated average deformation velocity.
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