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Deformation Monitoring Using Ground-Based
Differential SAR Tomography

Huiming Chai, Xiaolei Lv , Member, IEEE, and Ping Xiao

Abstract— This letter presents the first differential synthetic
aperture radar (SAR) tomography (D-TomoSAR) results using
ground-based SAR (GB-SAR) data sets. GB-SAR provides an
important deformation monitoring technology for glacier move-
ments, landslides, and infrastructures because of its real-time
monitoring capability compared with the airborne and space-
borne SAR sensors. A D-TomoSAR processing framework
using region growing is proposed, which does not require the
preliminary removal of atmospheric phase screen. The most
reliable single-scatterers are identified as seeds, whereas the
double-scatterers and unstable single-scatterers are resolved
iteratively using region growing. First experimental results on
89 GB-SAR images over the Aletsch glacier, Switzerland, demon-
strate the effectiveness of GB D-TomoSAR and the proposed
method.

Index Terms— Deformation monitoring, differential tomo-
graphic SAR, ground-based (GB), region growing.

I. INTRODUCTION

D IFFERENTIAL synthetic aperture radar (SAR) tomogra-
phy (D-TomoSAR) [1], [2] allows to profile the scat-

tering distribution on elevation–linear-deformation velocity
(s–v) plane. As a result, D-TomoSAR provides a powerful
tool for 3-D reconstruction and long-term microdeformation
monitoring of urban buildings and infrastructures [3].
Various airborne and spaceborne SAR data sets have
been employed to assess the potentials of SAR tomogra-
phy (TomoSAR) and D-TomoSAR. Compared with the inter-
ferometric SAR (InSAR) techniques, such as multibaseline
InSAR phase unwrapping based three-pass differential InSAR
(DInSAR) [4], persistent scatterer interferometry (PSI) [5],
small baseline subsets [6], and joint-scatterer InSAR [7],
D-TomoSAR exploits amplitude and phase rather than phase
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information only. This concept leads to improved performance
in the estimation of location and motion parameters [8]. The
superiority of D-TomoSAR, compared to traditional InSAR
techniques, lies in: 1) it allows the separation of layover
scatterers and 2) it offers higher accuracy in terms of elevation
and deformation estimates.

However, the airborne and spaceborne SAR sensors only
provide limited long revisit cycles compared with the
ground-based SAR (GB-SAR). Consequently, it is difficult to
monitor the glacier movements, landslides, and infrastructures
in real-time by using airborne and spaceborne D-TomoSAR.
Besides, application scenes of spaceborne D-TomoSAR are
always limited by the angle of incidence and spatial resolution.

In this letter, we propose the GB D-TomoSAR
(GBD-TomoSAR) which provides the capability for real-time
monitoring. GBD-TomoSAR is based on the SAR images
acquired by GB-SAR. It seems encouraging to directly apply
the existing D-TomoSAR techniques to GBD-TomoSAR.
However, several considerations need to be taken into account.

The GB-SAR measurements (for deformation mapping
scenarios) are usually obtained using a zero-spatial-baseline
configuration, i.e., the GB-SAR images are acquired from
the same site. As a consequence, GBD-TomoSAR merely
estimates the velocity of scatterers and its signal model is defi-
nitely different from that of spaceborne D-TomoSAR. Another
important issue is that the measurements are often significantly
affected by the atmospheric propagation delay. It is necessary
to correct the atmospheric phase screen (APS) before dif-
ferential tomographic processing. Unfortunately, the reliable
removal of APS for D-TomoSAR via PSI is a complicated
task. A simple yet effective way is, therefore, proposed
for D-TomoSAR to correct the APS, which uses short-arc
based region growing. By employing the proposed framework,
we present the first GBD-TomoSAR results using 89 images
over the Aletsch glacier, Switzerland. To establish the effec-
tiveness of the proposed framework and GBD-TomoSAR,
we also perform a comparison between the velocity maps
retrieved by GBD-TomoSAR and GB PSI.

II. GBD-TOMOSAR SIGNAL MODEL

Let γ (s) denote the unknown reflectivity distribution
along s. Considering N repeat-pass coregistered SAR images,
the focused data gn, n = 1, 2, . . . , N of a given pixel for the
nth acquisition can be expressed as follows:

gn =
∫
�s

γ (s) exp

(
j
4πbn

λr
s

)
ds (1)

where bn is the spatial perpendicular baseline, λ is the wave-
length, r stands for the slant range between the SAR sensor

1545-598X © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

https://orcid.org/0000-0001-6991-583X


This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

2 IEEE GEOSCIENCE AND REMOTE SENSING LETTERS

and target, and �s represents the elevation span. Let NK be
the number of scatterers in the pixel and let d(k, tn) denote the
deformation for the kth scatterer at temporal baseline tn , the
spaceborne TomoSAR model (1) can be extended to

gn =
NK∑
k=1

γ (sk) exp

(
j
4πbn

λr
sk

)
exp

(
−j

4π

λ
d(k, tn)

)
(2)

where γ (sk) is the reflectivity for the kth scatterer. Spaceborne
D-TomoSAR measurements are acquired from slightly differ-
ent positions, synthesizing an aperture along elevation, and
thus, D-TomoSAR provides the imaging ability in elevation.
While the GBD-TomoSAR observations are obtained from a
fixed place, the spaceborne D-TomoSAR signal model is no
longer applicable to the GB case. Substituting zero-spatial-
baselines into (2) yields

gn =
NK∑
k=1

γk exp

(
−j

4π

λ
d(k, tn)

)
(3)

where γ (sk) is denoted as γk . By expanding the exponential
deformation term in Fourier harmonics

exp

(
−j

4π

λ
d(k, tn)

)
=

∫
�v

h(k, v) exp

(
−j

4π tn
λ

v

)
dv (4)

GBD-TomoSAR signal model is formulated as

gn =
∫
�v

γ (v) exp

(
−j

4π tn
λ

v

)
dv, n = 1, 2, . . . , N (5)

where γ (v) = ∑NK
k=1 γkh(k, v) is the complex reflectivity pro-

file along v. Although (5) is unable to provide the tomography,
it is referred to as GBD-TomoSAR because it contains the
extension of TomoSAR notation to the velocity domain and it
is still within the context of D-TomoSAR. Discretizing v into
v = (v1, v2, . . . , vK )T , the GBD-TomoSAR signal model is
rewritten as

g = Lγ (6)

where g = (g1, . . . , gN )T is the measurement vector, L =
(l(v1), . . . , l(vK )) ∈ CN×K is the steering matrix, and
γ ∈ C

K×1 represents the reflectivity. The GBD-TomoSAR
inversion is intrinsically an array signal processing prob-
lem, the same as airborne and spaceborne SAR tomogra-
phy. The spectral estimation (SE) methods can, therefore,
be used for GBD-TomoSAR tomographic processing, includ-
ing beamforming (BF), truncated singular value decomposi-
tion [9], Capon filtering, and multiple signal classification.
For point-like scatterers in the presence of linear deformation,
γ is NK -sparse (K � NK ) and its different components
describe different scatterers. Compressive sensing (CS) can
be thus adopted to recover the sparse backscattering γ [10],
by optimizing the following objective function:

γ̂ = arg min
γ

�g − Lγ �2
2 + τ�γ �1 (7)

where τ ∈ R+ is a regularization parameter. Model order
selection (MOS) [9] is usually executed to detect true scatter-
ers from γ̂ , and the velocity of the scatterers can be retrieved.

GBD-TomoSAR is superior to GB-SAR interferometry
(GB-InSAR), which has been developed for deformation mea-
surement [11]. It is expected that GBD-TomoSAR exhibits a

Fig. 1. Flowchart of the proposed GBD-TomoSAR processing method.

higher parameter estimation accuracy than GB-InSAR because
SAR tomography exploits the amplitudes besides interfero-
metric phases [8]. GBD-TomoSAR can be, therefore, used
for near-real-time deformation monitoring with high preci-
sion. However, the APS is usually removed for D-TomoSAR
via PSI in the literature, which is complicated and hinders
the application of GBD-TomoSAR. To make the processing
of GBD-TomoSAR data easier, we propose a simple and
effective strategy that allows the operational processing of
GBD-TomoSAR.

III. GBD-TOMOSAR PROCESSING FRAMEWORK

GBD-TomoSAR processing flow mainly includes seeds
selection, tomographic processing for seeds, and region grow-
ing, as illustrated in Fig. 1. Most stable single-scatterers are
identified as seeds, whereas other scatterers are resolved using
region growing. In order to improve computational efficiency,
our approach is based on permanent scatterer (PS). Note that
the region is composed of detected scatterers (spatially discrete
PSs). Using the property that APS is slowly variable in space
domain [11], the APS of a given seed or PS can be removed
by subtracting the phase of a reference point (single-scatterer)
that is sufficiently close. Short-arc based region growing is,
therefore, adopted to eliminate the APS.

A. Seeds Selection

Most stable PSs are selected as initial seeds (�s) for
region growing. Because the seed points will be considered
as reference pixels in the region growing, they should be
stable single-scatterers. It can be shown that layover and APS
always result in low coherence of interferograms [12]. In our
framework, the coherence is first computed. Then, the PSs
whose average coherence of N interferograms is larger than
a predefined threshold C1 are selected as seeds. C1 must
be sufficiently high to exclude double-scatterers and unstable
single-scatterers.

B. Tomographic Processing for Seeds

The parameters of seed points are retrieved and the seeds
of instability are cleared. To mitigate the APS, Delaunay
triangulation is employed to connect the neighbor seeds. APS
is removed for the ending pixel of the arc by subtracting
the phase of the starting point. The parameters of arcs are
immediately measured by tomographic inversion via spectral
analysis or CS estimators. Then, we reject arcs of long distance
(> l1) or low stability (< γ1). The stability is characterized by

γ̂ = |l(v̂)H g|
�l(v̂)�2�g�2

(8)

where v̂ is the velocity of the arc, l(·) is the steering vector, and
γ̂ represents the normalized reflectivity amplitude. Spatial arcs
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may also be used in PSI to compensate the APS, and the
test in (8) can be performed as well to establish the stability
of the arc for PSI by replacing g with the phase of g. Note
that all the selected seeds are regarded to be single-scatterers.
After arcs rejection, the triangulation network may be divided
into several independent networks. The largest connected
component (LCC) should be identified. Once obtaining the
parameters for arcs of LCC, we can retrieve the absolute
parameters for the nodes of LCC (in correspondence to final
seeds �0

s ) through network adjustment [13].

C. Region Growing

Tomographic processing of the remaining PSs is iteratively
performed in this step. Let �t

s and �t
d represent the single- and

double-scatterers detected in the tth (t ≥ 1) iteration of region
growing, respectively, and let �u denote the unprocessed PSs.
In the tth (t ≥ 1) iteration, the neighbors (�n) within a certain
distance l2 are searched from the unprocessed PS set (�u)
for each single-scatterer detected in the previous iteration,
i.e., for each φs ∈ �t−1

s . This single-scatterer is treated as
the reference point for the neighbors. After removing APS,
the tomographic inversion and MOS are then executed for
each neighbor to detect single- and double-scatterers. If the
growing criterion is satisfied, then the neighbor is added to the
processed region. The growing criterion is defined as follows:
the normalized reflectivity amplitude of dominant-scatterer
should be greater than a prespecified value of γ2. The growing
process terminates until no points are added to the region
in the current stage. The nonlinear motions of the scatterers
also lead to multiple components of γ . By using MOS
and (8), our framework does not allow the separation of two
sources of multiple components of γ which are caused by the
layover and nonlinear motions. The detected double-scatterers
may, therefore, contain double-components (DCs) induced
by nonlinear motions. In this sense, the proposed method
and GBD-TomoSAR cannot resolve the response of layover
scatterers. Double-scatterers detected by GBD-TomoSAR are
denoted as DCs in the following text.

IV. FIRST GBD-TOMOSAR RESULTS

In this section, we present the first GBD-TomoSAR results
by using a real data set containing 89 GB-SAR images
acquired by the Gamma Portable Radar Interferometer-II
(GPRI-II) [14] on September 9, 2011, over the Aletsch glacier,
Switzerland. GPRI-II is a multi-mode frequency-modulated
continuous wave radar with one transmitting and two receiving
slotted waveguide antennas, operating at the frequency range
of 17.1 to 17.3 GHz. It has a measurement range of about
20 to 10 000 m, a slant range resolution of 0.75 m, and an
azimuth resolution of 6.8 m at 1-km range (in the 2-D radar
image acquisition mode). The Aletsch glacier, with central
coordinates of (N46◦26�32��, E8◦4�38��), is the largest glacier
in the Alps. It is a retreating glacier, covering about 81.7 km2

in 2011. The GPRI-II data stack was acquired in polar format,
as illustrated in Fig. 2, where θ and r are the azimuth scan
angle and slant range, respectively. Fig. 3(a) illustrates the
radar intensity image with a size of 3932 × 1379 pixels
in range × azimuth in the polar coordinates. The extents of
θ and r are indicated in Fig. 3(a). The data stack was taken
continuously with an interval of 1.5 min. The Rayleigh reso-
lution along the velocity is ρv = (λ/2�T ) = 0.079 m/day,
where �T = 0.1098 days is the temporal baseline extent.

Fig. 2. Geometry of the GB-SAR acquisitions. θ and r are the azimuth scan
angle and slant range, respectively.

We first selected the initial seeds for region growing.
Fig. 3(b) presents the calculated average coherence of the
89 interferograms. We see that some PSs are with low coher-
ence which may be caused by layover, APS, and temporal
decorrelation. To detect the most reliable PSs in the inves-
tigated area, the coherence threshold was set to C1 = 0.98,
with 437 457 seeds being selected from 821 828 PSs, as shown
in Fig. 3(c).

APS correction and tomographic processing were then
carried out for the initial seeds. A Delaunay triangulation
network was constructed to connect the seed points, as shown
in Fig. 4(a). In total, there are 1 311 893 arcs in the triangulated
irregular network. Let ϕe ∈ RN and ϕs ∈ RN denote the
differential interferometric phase vector for the ending and
starting pixels of the arc, respectively. The phase of the ending
pixel after APS calibration is ϕe − ϕs . Tomographic inversion
was implemented for the ending seed of each arc. Specifically,
BF was utilized without MOS because the seeds are considered
to be single-scatterers. The linear velocity is discretized into
v = −0.3 : 0.001 : 0.3 m/day. To achieve a robust parameter
estimation of the seeds, arcs with a distance longer than
l1 = 100 m or with normalized reflectivity amplitude smaller
than γ1 = 0.9 were rejected. The number of deleted arcs is
3405, which is relatively small due to the high coherence of
interferometric data. Isolated networks may occur as a result
of arcs rejection. The LCC of the graph after arc exclusion was
distinguished, as shown in Fig. 4(b). By using least-squares,
network adjustment computation was then performed for LCC
to extract the linear velocity of seeds. Fig. 4(c) depicts the
velocity of LCC relative to a reference point (2243, 775).
Finally, 436 418 seeds were reserved. It is seen that the glacier
shows a significant movement during the observation period.
However, only a few pixels were identified in the coverage
area of the glacier. The PSs with low coherence are desired
to be solved in the region growing step.

In the region growing process, the discrete linear velocity
v was the same as the one predefined. To enhance the ability
of our approach to separate DCs, the CVX toolbox [15] was
used to solve (7). MOS was conducted after tomographic
inversion for the detection of single-scatterers and DCs. The
normalized reflectivity threshold was set to γ2 = 0.9. In the
first few iterations, l2 was set to l2 = 40 m, while in the last
iterations it was set to l2 = 400 m to reach the isolated PSs.
Fig. 5(a) and (d) illustrates the velocity of single-scatterers
and DCs with a growing iterate. Compared with the LCC
seeds, 293 486 PSs were identified in the first growing iterate,
and 20.8% of them were determined to be DCs. It can be
seen that the vast majority of PSs with low coherence were
resolved using nearby reference points. However, some PSs
were not interpolated to the processed region. More iterations
were, therefore, required. We also show the final velocity
maps in Fig. 5(b) and (e). In total, 740 728 single-scatterers
and 66 824 DCs were detected using the proposed method.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

4 IEEE GEOSCIENCE AND REMOTE SENSING LETTERS

Fig. 3. (a) Average intensity GB-SAR image of the study area in the polar coordinates with the area framed by a red dotted line indicating the Aletsch
glacier. (b) Average coherence for all PSs of the 89 interferograms. (c) Selected seeds for region growing.

Fig. 4. (a) Delaunay triangulation network. (b) LCC of the graph after arc rejection. (c) Velocity with reference to pixel (2243, 775) for the LCC.

Fig. 5. Linear velocity map retrieved by GBD-TomoSAR for dominant-scatterers (single-scatterers and dominant-components of the DCs) (a) with only one
growing iterate and (b) at the end of region growing. (c) Velocity map generated by PSI. (d) and (e) Corresponding velocity of subdominant-components in
DCs for (a) and (b). (f) Velocity difference between (b) and (c).

The process stopped after 16 iterations. A more relaxed
tolerance l2 can be utilized to reduce the number of iterations
demanded to finish the growing procedure. Yet a too large l2
leads to APS removing degradation. Large-scale deformation
over the glacier is found using GBD-TomoSAR, whereas
spaceborne D-TomoSAR may be interfered seriously by the
temporal decorrelation owing to the rapid deformation during
the long-term observation period and may not be able to
deal with glacier movements. GBD-TomoSAR is, therefore,
necessary, particularly for real-time and rapid deformation
monitoring.

To validate the reliability of our framework, we compare
the velocity of dominant-scatterers with the map esti-
mated by GB PSI, as depicted in Fig. 5(c). The refer-
ence point of PSI is the same as that of GBD-TomoSAR.
The difference between GBD-TomoSAR and PSI solutions

is shown in Fig. 5(f) and the related histogram is shown
in Fig. 6(a). We see that the velocity difference of the
most scatterers is of small magnitude. The root-mean-square
error (RMSE) between two estimates is 0.005 m/day. The
small RMSE may be caused by DCs, observed from Fig. 5.
There are 93 796 scatterers whose velocity differences are
larger than 0.005 m/day with 44 935 PSs being DCs. In other
words, compared with GBD-TomoSAR, the velocity for 67.3%
of the DCs estimated by PSI is with large bias and the
motion parameters achieved by PSI for these PSs may be
unreliable. PSI uses the phases only, while GBD-TomoSAR
exploits both phases and amplitudes. Thus, it is expected to
provide a performance gain over PSI. Moreover, PSI may
take the DCs as reference points, which results in incorrect
parameter estimation of the PSs using these references, see the
rectangle in Fig. 5(f). Fig. 6(b) shows the scatter plot between
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Fig. 6. Comparison between GBD-TomoSAR and PSI. (a) Histogram of
velocity differences. (b) Scatter density of velocity estimated by PSI versus
GBD-TomoSAR: the color bar is set according to the scatterer density.

Fig. 7. Reflectivity profiles along linear velocity direction reconstructed by
GBD-TomoSAR. (a) and (b) Single-scatterers. (c) and (d) DCs.

the velocity estimated by GBD-TomoSAR and PSI, where the
straight black line indicates the optimal fit. The coefficient of
determination (R2) is 0.98, which confirms that the velocity
estimated by GBD-TomoSAR has a good consistency with that
of PSI.

Reconstructed reflectivity profiles along v are shown
in Fig. 7 to further evaluate the validity of the processing
chain and GBD-TomoSAR. It is worth noting that the velocity
of the reference point had not been added to those of the
profiles. Single-scatterers with coordinates of (2047, 966) and
(1113, 302) and DCs with (1467, 386) and (1299, 449) were
chosen, corresponding to Fig. 7(a)–(d), respectively. From
Fig. 7, we find that outliers are very likely to appear in
the tomographic imaging. MOS is essential for getting rid
of outliers and detecting true scatterers. In our experiments,
GB-SAR may suffer from layover in areas that contain highly
sloping objects or discontinuous surfaces. The multiple reflec-
tions of electromagnetic waves may also contribute to the
layover. Due to the illumination geometry of GB-SAR (see
Fig. 2), the layover phenomenon is less common in our
experiments. There are a few bright pixels produced by layover
in the GB-SAR intensity image. Accordingly, the DCs detected
are probably induced by nonlinear motions.

V. CONCLUSION

In this letter, we have reported the first experimental results
on GBD-TomoSAR and proposed a region growing based

D-TomoSAR processing framework. Experiments on glacier
movement verify that GBD-TomoSAR provides the capability
of real-time monitoring and tracking the rapid deformation
with magnitude up to decimeter/day, and it can be regarded
as a complement to airborne and spaceborne differential SAR
tomography. Comparisons between GBD-TomoSAR and PSI
have also been carried out, where the RMSE and R2 validate
the feasibility of GBD-TomoSAR and processing chain.
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