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Abstract—Deformation monitoring using Ground-Based Synthetic Aperture Radar (GB-SAR) data
usually exploits the interferometric phases. In this paper a new non-interferometric procedure is proposed,
which exploits the geometric content of GB-SAR amplitude imagery and estimates deformation through
image matching. This paper describes, step by step, this procedure. In order to achieve acceptable
deformation measurement performances, the technique needs special targets, which have to guarantee a
good image matching quality. If the available natural targets are insufficient, artificial corner reflectors are
required. The new approach overcomes some of the main limitations of GB-SAR interferometry: it yields
aliasing-free deformation estimates, it is insensitive to atmospheric effects, and it provides 2D displacement
measurements while interferometry only has a mono-dimensional measurement capability. Several
experiments focusing on the performances of the new procedure are described. The procedure was
validated using different scenarios. On a real-size landslide scenario a mean absolute error over 12 corner
reflectors of 0.59 cm was achieved, i.e. 1/85™ of the pixel size. These encouraging results can be of interest

for several deformation monitoring applications.
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I. INTRODUCTION

This paper describes a novel procedure to estimate deformation using GB-SAR observations. SAR is a
relatively mature technology with numerous operational systems onboard satellites and aircrafts. In the last
decade, it has been implemented on terrestrial platforms, offering a flexible deformation monitoring tool
[1-3]. The GB-SAR has been used in a wide range of applications related to dams, landslides, subsidences,
glaciers, volcanoes, avalanches and snow [4-6]. Displacement estimation with GB-SAR is usually based on
the SAR interferometry technique GB-InSAR [7]. Thus, a coherent GB-SAR sensor, which measures both
the phase and amplitude of the radar backscattered signal, is needed together with at least two SAR
acquisitions of the same scene. Displacements between two acquisitions are derived from the
interferometric phase, given by the difference between the phases acquired in two campaigns. The main
advantage of this technique is its high sensitivity to small displacements: since most of the available GB-
SAR systems operate in the 1-5cm wavelength region, a sub-millimetric displacement precision can usually
be achieved for good targets. On the other hand, GB-InSAR suffers important limitations:

1. The conditio sine qua non for using interferometry is that a sufficient number of targets remain
coherent over the observation period, which can last from weeks to months or years. The loss of
temporal coherence can be particularly severe over vegetated areas [8].

2. A second critical limitation is aliasing. Due to the ambiguous nature of the interferometric phases,
which vary between [-n, 7], the displacement undergone by a given scene can only unambiguously be
estimated if the relative displacements actually occurring between adjacent coherent targets cause an
interferometric phase difference smaller than =. In Ku-band (A = 18 mm) it corresponds to a maximum
relative displacement of 4.5 mm. From the operational point of view, this represents a severe limitation
of the technique [9].

3. The atmospheric phase component caused by heterogeneous atmospheric conditions at the time of SAR
image acquisitions is a third limitation that may degrade the quality of the estimation, and even affect

the phase ambiguity estimation in the worst cases [9].



4. The last limitation is the mono-dimensional nature of the GB-INSAR measurements: given a generic 3D
displacement, GB-InSAR can only estimate the radar Line-Of-Sight (LOS) component of the
displacement.

The severity of the first three limitations, which also depends on the characteristics of the radar used (e.g.
operating frequency), is largely affected by the GB-SAR measurement configuration used. The most
common is the continuous mode, obtained by leaving the instrument installed in a given area during the
entire period of interest [9]. In this case, the impact of the above limitations is usually moderate, if not
negligible. In fact, with time lapses of minutes, coherence is usually very high, even over vegetated areas,
and the aliasing and atmospheric effects are usually negligible. In contrast, this does not occur in the non-
continuous or discontinuous mode, where the instrument is used to revisit the same site over time, similarly
to satellite acquisitions [10]. The discontinuous mode is appropriate to monitor slow displacement
phenomena, where the continuous mode is usually not affordable. Its drawback is that all the above
mentioned limitations play a major role.

This paper focuses on the discontinuous GB-SAR monitoring mode. A new deformation monitoring
procedure that uses a GB-SAR non-interferometric technique, which potentially overcomes the last three
limitations mentioned above, is proposed. This paper starts describing each step of the proposed procedure.
Two key technical aspects, the image matching performances and the need of corner reflectors, are then

discussed, followed by the analysis of several validation experiments and the conclusions.

Il. PROPOSED APPROACH

The proposed procedure uses an image matching technique applied on amplitude GB-SAR images using
special targets optimal for image matching purposes. The use of artificial Corner Reflectors (CRs) ensures
obtaining optimal targets. Although CRs are not strictly necessary if a sufficient number of natural targets
are available, the procedure described below assumes that only CRs are used. Two images of the same

scenario are collected at different times (master and slave). We focus on pairs of common or homologous



points identified in both images: P and P’. The image displacement vector (Sx, Sy) between P and P’ is
estimated by means of an image matching technique working at sub-pixel level. (Sx, Sy) is then transformed
into a 2D deformation vector, which measures the displacement in the range and cross-range directions.
The potential 2D deformation measurement capability represents an interesting advantage with respect to
the GB-InNSAR LOS measurement. A second fundamental advantage is the aliasing-free deformation
measurement. Finally, another advantage is that this estimation is basically insensitive to the atmospheric

effects.

Image matching is widely exploited to measure deformation using satellite SAR amplitude imagery [11].
The most innovative aspect of this procedure is the proposal of a method to achieve reliable and precise
deformation estimates. The second part of the paper discusses the performances of the technique in detail.
Fig. 1 shows an example of results generated with the proposed procedure, which concerns the landslide of
Vallcebre (Eastern Pyrenees, Spain). In this case, displacement vectors ranging between 7.1 cm and 11.2
cm were retrieved using only two campaigns. It is literally impossible to obtain similar results with GB-

INSAR, unless a much higher number of campaigns is used to avoid aliasing.

The core of the procedure is three-fold: (i) employing a GB-SAR in a discontinuous mode; (ii) using
image matching procedures; and (iii) deploying CRs. These are, per se, known and established techniques.
The innovative aspect of the procedure consists of using these components jointly and in an optimized way
for displacement monitoring purposes, thus achieving interesting measurement performances as shown

later in this paper. The main steps of the proposed procedure are:

e Data acquisition: this is obtained through a series of N in-situ campaigns. Each campaign consists of
installing the GB-SAR instrument, deploying a set of M CRs in the area of interest and acquiring K
complex SAR images. GB-SAR positioning is usually performed in a relatively light fashion, e.g.

without building a stable concrete base, making the data acquisition easier.



Data pre-processing: this step is performed on each set of K SAR images, and hence is repeated N
times. It involves checking the quality of each acquired image. A temporal filtering is then performed
on the sub-set of quality-proofed images, which includes QO < K images, whose goal is image

enhancement by reducing the speckle effect. This is done through incoherent temporal averaging of the
k

Q images, obtaining Ancon

Global matching: this step is performed in each pair ij of campaigns. Given N campaigns, the minimum

number of global matching is N-1. Its input is a pair of incoherently averaged images: Ao and Aveon | A
pixel selection is then performed, whose goal is identifying suitable pixels for image matching, which
include those associated with the M deployed CRs and other natural reflectors, like exposed rocks,
buildings, etc. The global image matching is performed over the set of selected pixels. Although several
algorithms can be used for this purpose [12-13], the results described in this paper were obtained using
the incoherent cross-correlation based on the amplitude images. An additional selection is then
performed in the outcome of the global matching, i.e. W pairs of global shifts, using the cross-
correlation coefficient. The result of the global matching is finally a selected set of R<W¥ pairs of global

shifts.

Estimation of the GB-SAR repositioning effects: this is performed on each analysed pair ij of campaigns.
These effects are caused by slight changes in the position and orientation of the GB-SAR at each
campaign. The estimation of these effects involves the pre-selection of the stable areas which can be a-
priory known or just detected as stable by using a statistical approach. A subset of the above R pairs of
global shifts, given by the S<R global shifts that fall in the stable area, is computed. The S global shifts
are used to estimate the co-registration transformation, whose complexity mainly depends on the
topography and the sensor to target distance. The author’s experience suggests that, excluding close-
range scenarios (e.g. at less than 100 m) and strong topographic variations, the affine transformation is

usually sufficient. The final result is a set of co-registration transformation parameters.



e Estimation of the pairs of displacements: this step is performed on each analysed pair ij of campaigns
by subtracting the GB-SAR-repositioning effects from the set of R pairs of global shifts. It results in R
pairs of displacement shifts that are relative to the whole set of stable areas mentioned above. The above
displacement shifts are then transformed into displacements. Finally, considering the position and
orientation of the GB-SAR sensor, image geocoding is performed obtaining, for each measured point,

its cartographic or geographic coordinates.

e Estimation of the displacement time series: This step has to be carried out once for all campaigns to
obtain the main product of the procedure: the estimated displacement time series. It involves obtaining,
for each analysed pair ij of campaigns, a set of R;jj pairs of estimated displacements defined in the object
space. The displacements are estimated by Least Squares (LS):

D,=D,-D,+¢

D,=0 (1)

where Dj and Djare the unknown accumulated displacements at time (i) and (j), and ¢ are the residuals
[14]. A redundant configuration is assumed, i.e. multiple pairs for each measurement, to attain a certain
degree of displacement controllability. The LS estimation can be used to identify and isolate outliers in
the input data, i.e. in the Djj pairs, and this process can be iterative. The final product is a set of D

estimated displacement time series.

I11. DISCUSSION OF THE PROPOSED METHOD

This section discusses two fundamental technical aspects of the proposed procedure: image matching
performances and the need of deploying CRs. An interesting property of the used image matching
procedure is shown in Fig. 2. The bold line shows the theoretical relation between the matching precision
(called matching shift error in [13]) and the Signal-to-Clutter Ratio (SCR), which is useful to estimate the
expected matching precision from the SCR of a give target. The validity of this relation was studied

empirically using real GB-SAR data. The peak-to-background ratio (PBR) was computed dividing the



intensity of a given point scatterer by the intensity of its neighbours, located in a 16 by 16 pixel window:
the PBR is considered as an approximation of the SCR in this work. Three experiments were performed
(Cal Ganxo, Vallcebre and the Canal Olimpic) using the IBIS-L Ku-band GB-SAR, manufactured and
marketed by IDS SpA, using an image pixel spacing in range of 0.5 m and a cross-range angular spacing of
4.4 mrad. All the experiments were based on triangular and square trihedral CRs of different size, ranging
from 20 cm (close-range) to 50 cm (up to 1600 m). The image matching was performed on 16 by 16 pixel
windows. The sequence of the three experiments involved the following steps: (i) positioning the GB-SAR
and acquiring a set of 15 images; (ii) dismounting the GB-SAR and re-mounting it after a short lapse of
time; (iii) acquiring a second set of 15 images. The short lapse of time between image acquisitions allowed
assuming that deformation-free scenarios were observed; (iv) applying the proposed procedure over a set of
selected targets including both natural reflectors and CRs; (v) analysing the estimated deformation for each
target, considering that no displacements were expected for all targets. A total amount of 60247 targets
were analysed, discarding the targets with a cross-correlation coefficient lower than 0.6. Fig. 2 shows the
plots of the matching precision as a function of the PBR. The black diamonds represent the reference
theoretical values from [13], while the other lines represent the experimental results. Two main conclusions

can be derived:

e The experimental results in range agree with the theoretical ones. A matching precision of about 0.02
pixels, which corresponds to 1 cm for the used GB-SAR sensor, can be achieved on targets with PBR >

30 dB.

e The results in cross-range are sensibly worse. In the best case scenario (PBR > 30dB), the precision
ranges from 0.02 to 0.07 pixels, i.e. 8.8 cm to 30.8 cm at 1 km. These numbers show remarkable

different performances of the technique in range and cross-range directions.

An additional significant result is that the number of natural targets with a sufficiently high PBR to

guarantee good deformation estimates is rather low. For the Cal Ganxo experiment, which includes an



urban area, the targets with PBR higher than 30 dB are 73, i.e. the 0.32% of the measured pairs. Similar
values were obtained in the Canal Olimpic experiment, 0.28%, and in the Vallcebre experiment, 0.27%. In
the latter case, which concerns an active landslide, there are no good targets in the deformation area. In
general, these percentages are insufficient to obtain an appropriate spatial sampling of deformation
phenomena. This issue clearly demonstrates the need of deploying CRs. In this regard, CRs are the only
guarantee of obtaining a good and persistent target response over time in a given area of interest, which
results in good deformation measurements. The drawback is the need of substitute a truly remote sensing

procedure with a hybrid procedure, which is supported by in-situ installed CRs.

IV. VALIDATION RESULTS

Five validation experiments were carried out to test the procedure in different conditions and scenarios.
They were carried out with the IBIS-L Ku-band GB-SAR, using a pixel spacing in range of 0.5 m and a
cross-range angular spacing of 4.4 mrad. In two of them, the Campus experiments, the performances of the
proposed technique were assessed working in close-range conditions. The Beach experiment was performed
using CRs of different sizes located at different ranges. The Cal Ganxo experiment involved CRs located at
far distances, up to 1650 m. An additional validation experiment was the Vallcebre landslide. Two types of
experiments were performed. Artificially-induced deformations were obtained by imposing known
displacements to a set of CRs in the first four experiments. For the landslide, independent ground truth
collected during surveying campaigns was used. The estimated GB-SAR range displacements were
compared with the reference values measured with an electronic distance meter located at the same position
of the GB-SAR. The reference values are characterized by a standard deviation below 2 mm.

Table 1 shows the results from the Campus experiments. Considering the range validation errors, i.e. the
difference between the GB-SAR estimates and the reference values, 15 out of 20 CRs estimated are below 1
cm, i.e. below 1/50" of range pixel spacing, two errors are between 1 and 2 cm, and the remaining three are
outliers. These outliers are associated with targets with low PBR: 20, 28 and 21 dB, which confirm the

results discussed in the previous section. The cross-range results are sensibly worse. Considering the nine



CRs with PBR above 30 dB, three of the cross-range validation errors are below 2 cm, while most of them
are of several centimetres. The error size has no correlation with the magnitude of displacements. The above
results are slightly worse than those from Fig. 2, which indicate a precision ranging from 2% to 7% of the
cross-range pixel size: five of the nine CRs considered above have errors considerably larger than 7%.
Further work is needed to improve the quality of these deformation estimates. However, these results show
the 2D capability of the proposed technique. Table 2 summarizes the results of the remaining three
experiments, which only focus on the range direction. In the Beach experiment, six of the eight CRs with
PBR above 30 dB have validation errors well below 1 cm, one has an error of 1.11 cm and another one
shows a gross error. This error is explained by the distribution of the CRs in the scene: the matching window
of the corresponding CR was affected by the side lobes of another CR which was moved in a different way.
In the Cal Ganxo experiment, the four CRs with high PBR have validation errors below 1 cm. Note that all
of them were located at more than 1550 m from the GB-SAR. In contrast, the three CRs with PBR below 30
dB show large errors. In the Vallcebre landslide, the validation results were derived by comparison with
ground truth. All the 12 CRs, ranging from 507 to 832 m and with high PBR (mean PBR = 34 dB), show
validation errors below 1 cm (max. absolute value = 0.88 cm, mean = 0.59 cm). It is worth noting that these
values include the topographic measurement uncertainty. They are very encouraging from both the point of

view of image matching (0.59 cm corresponds to 1/85™ of the pixel size) and the deformation measurement.

V. CONCLUSIONS

In this paper, a new GB-SAR deformation measurement procedure has been proposed. It requires special
targets, optimal for image matching purposes, to achieve good results, which can be obtained by using
artificial CRs. A complete description of the proposed procedure has been provided. It overcomes some of
the main limitations of GB-INSAR, which are particularly critical in the discontinuous GB-SAR monitoring
mode. Its drawback is a reduction of the sensitivity to deformation and a reduced deformation estimate
precision, which ranges from a few millimetres to 1 cm. Depending on the application at hand, one can

choose between the GB-INSAR, which is more precise but prone to aliasing errors, or the new approach,
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which is less sensitive but more robust. Both approaches are compatible because they use the same input
data. The proposed procedure is insensitive to the atmospheric effects. The method provides 2D
displacement measurements in range and cross-range directions. However, the current procedure shows
rather weak performances in the cross-range direction, even at close distances. Further work is needed to
obtain a fully 2D deformation monitoring technique.

The procedure has been successfully validated in different scenarios. The validation results confirm the
poor performances of the deformation estimates in cross-range, and the good results in range (errors below
0.02 pixels) with PBR higher than 30 dB. The Vallcebre results are particularly encouraging, with mean
absolute error over 12 CRs of 0.59 cm (1/85™ of the pixel size). These numbers are surely interesting for
several deformation monitoring applications. A practical limitation is related to the size of the CRs, which,
in order to guarantee a good PBR, has to increase with the sensor-to-target distance.

Further research is needed to improve some aspects of the procedure. The condition of 30 dB on the PBR
need to be relaxed in order to increase its applicability: new image matching algorithms are needed. A
second aspect is related to the size of the CRs, which has to be increased considerably in order to keep high
PBR values, especially at long distances, e.g. above 2 km. The use of active CRs would drastically reduce

the CR size, thus improving the measurement logistics.
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Table 1. Validation results from the two simulated Campus experiments.

TABLES

Sensor| Reference | Estimated Reference | Estimated Ranec Cross{
CR| target Range Range Cross-Range|Cross-Range Err:r Range|PER|
e di displ displ displ displ Error | [4B]
] | fom] fem] fem] fem] || fem]
- 2| 643 -1.00 -1.33 -1.00 -0.88 0.55 | -0.12 | 31
H 10| 700 -3.00 =343 -3.00 -363 0.45 | 3.65 | 31
E 3 30.0 -10.00 -10.83 -10.00 -16.51 0.95 | 6.51 | 30
2 | 4] 1195 -10.00 -18.73 0.00 0.00 875 0.00 | 20
i 51 1270 -15.00 -16.40 0.00 0.00 1.40 | 0.00 | 28
H g1 1513 -20.00 -7.00 0.00 -723 -13.00 7.23 | 28
E‘ 81 1333 0.00 0.00 0.00 0.00 0.00 | 0.00 | 27
S 1] 2113 -20.00 -6.23 0.00 -17.30 -13.75| 17.50] 21
61 2200 0.00 -0.73 0.00 0.00 0.75 | 0.00 | 26
2 793 -12.00 -12.50 -14.00 -18.03 0.50 | 405 | 32
= | 1] 800 0.00 0.00 0.00 -120 0.00 ] 1.20 | 34
i3 3 910 -20.00 -2030 -20.00 -2339 0.20 | 3.30 | 16
E 4| 1105 -30.00 -79.70 0.00 -1.66 -0.30 | 1.66 | 2%
] 31 1340 0.00 0.00 0.00 0.00 0.00 | 0.00 | 34
2 16| 1675 30,00 2810 0.00 -5.03 1.90 | 5.03 | 27
'ﬁ 1] 1793 15.00 15.60 -40.00 -46.13 -0.60 | 6.13 | 32
= | 10] 1340 -40.00 -39.05 0.00 -201 -0.95| 2.91 | 31
E 71 2010 0.00 0.00 0.00 014 0.00 | 9.14 | 32
(5] 91 2150 0.00 0.00 0.00 278 0.00 | 9.78 | 2%
8] 2323 33.00 3440 0.00 349 0.60 | -3.49 | 27

13



Table 2. Validation results from three experiments

the Vallcebre landslide.

14

: Beach, Cal Ganxo and the real deformation scenario of

Sensor Reference Estimated
CR ntame Firget ] Range ] Range Error PER
distance | displacement | displacement [em] [dB]
[m] [em] [em]
Bmall 1 23 26.10 578 032 33
Bmall 2 39 ehui] 038 -038 34
E Bmall 3 230 -20.10 -20.31 021 3
g Small 4 230 -17.30 -1875 145 26
2 | Mledium! 575 18.00 18.75 -0.75 35
& hledium 2 a7 2380 2813 0.68 30
5 Bigl 264 19010 -19.50 040 3
E Big2 1039 19.20 A -1.11 3
Big3 1036 -30.80 14106 -16.74 32
Big 4 1080 23.50 21.50 1.60 21
1 1521 -15.00 1.55 -16 55 26
o 2 1504 15.00 10.00 5.00 w
= 3 1531 -15.00 -60.00 45.00 2
tg 4 1557 -30.60 -30.00 -0.60 35
" 3 1573 220 23.45 -095 34
© fi 1604 -27.00 -26.55 -045 55
7 1658 -14.70 -14.05 -0.65 o
CERO1 507 977 -8.88 -0.88 34
CR03 533 -10.62 -10.05 -057 34
CFRO3 544 -10.62 -10.05 -057 34
CFR08 600 -9.02 -9.67 065 35
@ CRO9 446 -8.52 -8.88 D36 34
ﬁ CER1D 441 -8.02 718 -0.86 34
= CEl1 483 -9.92 -10.44 052 i
= CR12 S -11.42 -11.22 -0.20 34
CR14 524 070 02g -0.18 34
CR13 708 0:E0 010 0.70 36
CR16 467 090 0.10 080 34
CRI7 833 -1.82 -1.07 -0.75 3l
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FIGURES

Fig. 1. Displacements of the Vallcebre landslide in the range direction estimated using two GB-SAR

campaigns with a time lapse of 4 months.
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Fig. 2. Theoretical and experimental matching precision in the range (left) and cross-range (right)

directions, respectively, as a function of the Peak-to-Background Ratio (PBR). The black line also

represents the matching precision of a point scatterer as a function of the signal-to-clutter ratio [13].
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