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Abstract—This paper presents the results of a blind experiment
that is performed using two pairs of dihedral reflectors. The
aim of the experiment was to demonstrate that interferometric
synthetic aperture radar (InSAR) measurements can indeed allow
a displacement time series estimation with submillimeter accuracy
(both in horizontal and vertical directions), provided that the
data are properly processed and the impact of in situ as well as
atmospheric effects is minimized. One pair of dihedral reflectors
was moved a few millimeters between SAR acquisitions, in the
vertical and east–west (EW) directions, and the ground truth was
compared with the InSAR data. The experiment was designed to
allow a multiplatform and multigeometry analysis, i.e., each reflector was carefully pointed in order to be visible in both Envisat
and Radarsat acquisitions. Moreover, two pairs of reflectors were
used to allow the combination of data gathered along ascending
and descending orbits. The standard deviation of the error is 0.75
mm in the vertical direction and 0.58 mm in the horizontal (EW)
direction. GPS data were also collected during this experiment in
order to cross-check the SAR results.
Index Terms—Artificial reflector, global positioning system
(GPS), interferometric synthetic aperture radar (InSAR), permanent scatterer (PS).

I. I NTRODUCTION

A

S WELL known, temporal and geometric decorrelation
represents the most important limiting factor in synthetic
aperture radar interferometry (InSAR) [1]. Due to this fact,
analyses of low coherence areas (e.g., forested and vegetated
areas) with conventional InSAR methodologies cannot be performed successfully. Even the application of advanced InSAR
algorithms, such as the permanent scatterer (PS) technique [2],
may prove to be ineffective wherever the density of stable radar
targets (i.e., the PS) is extremely low.
In order to overcome this limitation, the usage of artificial
reflectors can be very promising. Basically, an artificial reflector
is an object that exhibits a high radar cross section (RCS)—or,
at least, a good signal-to-clutter ratio (SCR)—stable in time.
This feature allows one to carry out the interferometric measurements with a high signal-to-noise ratio (SNR).
Apart from their deployment in low coherence areas to create
measurement points, artificial reflectors have already been used
Manuscript received July 18, 2006; revised November 28, 2006. This work
was supported by the public fund for the Italian Electric System.
A. Ferretti, G. Savio, and F. Novali are with the Tele-Rilevamento Europa,
20149 Milan, Italy (e-mail: giuliano.savio@treuropa.com).
R. Barzaghi and A. Borghi are with the DIIAR, Politecnico di Milano, 20133
Milan, Italy.
S. Musazzi is with the CESI Ricerca, 20134 Milan, Italy.
C. Prati and F. Rocca are with the Dipartimento di Elettronica ed Informazione, Politecnico di Milano, 20133 Milan, Italy.
Digital Object Identifier 10.1109/TGRS.2007.894440

in previous works to assess the accuracy of the InSAR measurements [3]–[7]. However, usually, the experiment focused
on the detection and/or the measurement of just one component
of the displacement vector affecting the phase center of an
artificial radar target, typically a corner reflector. In fact, since
InSAR data measure range variations (i.e., the component of
the displacement vector along the satellite line of sight—LOS),
the full 3-D displacement vector can be recovered using three or
more independent InSAR datasets corresponding to noncoplanar acquisition geometries, unless additional assumptions on
the motion can be exploited. To the authors’ knowledge, so far,
a blind experiment to assess the accuracy of both vertical and
horizontal components of the displacement vector using two
acquisition geometries has not been performed yet.
In this paper, we will discuss the results achieved in a new
field test with artificial reflectors. The main goal of this project
was to demonstrate that the InSAR data can indeed allow the
measurement of displacement time series with submillimeter
accuracy (both in horizontal and vertical directions) once the
radar acquisitions are properly processed and the impact of
in situ as well as atmospheric effects is minimized. As an additional result, the possibility of using properly oriented dihedral
reflectors to create high RCS targets in urban areas for two
different satellite radar sensors, characterized by different orbits
and antenna squint angles, was confirmed. Preliminary results
were presented during the ESA-FRINGE Workshop by Frascati
[8]. Here, all SAR data have been reprocessed, achieving better
results.
Although not specifically designed for GPS-InSAR comparison, the experimental setup was used to measure the vertical
displacement of the mobile reflectors using two GPS antennas,
creating another dataset to cross-check the results.
This paper is organized as follows: first, the design phase
of the experiment is briefly summarized in Section II. Then, a
description of the technical and mechanical details of the artificial reflectors is reported (Section III). The subsequent section
presents the deployment procedure and how the test area was
identified based on amplitude data (Section IV). In Section V,
the experimental results are reported, while in Sections VI and
VII, the results are discussed and conclusions are drawn.
II. E XPERIMENTAL S ETUP
In order to assess the accuracy of satellite InSAR measurements in both vertical and horizontal directions, an experiment
involving two pairs of artificial reflectors has been set up. Each
pair of reflectors is composed of two radar targets mounted on a

0196-2892/$25.00 © 2007 IEEE

FERRETTI et al.: SUBMILLIMETER ACCURACY OF InSAR TIME SERIES: EXPERIMENTAL VALIDATION

TABLE I
RCSs OF THE MOST COMMON ARTIFICIAL REFLECTORS

common metallic basement: one is visible along ascending orbits of the satellite and the other one is visible along descending
orbits. One pair is fixed and used as a reference point. The other
pair is installed on a platform that can be shifted horizontally
and vertically with submillimetric accuracy.
In principle, the use of four independent datasets acquired by
two different sensors (i.e., Envisat and Radarsat) along ascending and descending orbits would allow the recovery of the full
3-D displacement vector affecting the radar target. However,
due to the limited number of scenes that could be acquired
during the duration of the experiment (about ten months) and
the unfavorable SNR achievable in the north–south direction
[9], [10], it was decided to limit the displacement of the moving
reflectors to the east–west (EW) and vertical components only.
The type of artificial reflector to be used in the experiment
was designed to maximize the RCS and the SCR of the target
to allow accurate phase measurements while keeping the weight
and the overall dimensions as small as possible. The latter
constraints are required to guarantee a high mechanical stability
and a positioning accuracy of the mobile reflectors better than
1 mm. Moreover, the selected reflectors had to be visible in both
Envisat and Radarsat acquisitions, both platforms having radar
sensors operating at C-band.
As far as the first point is concerned, the reflector should be
characterized by a reflectivity much higher than the surrounding
scatterers. In fact, the reflector has to be easy to identify in
the radar image, and its SCR, i.e., the ratio between the RCS
of the reflector and that of the background scenario, should
guarantee a low dispersion of the phase values. For high SCR
values, the relationship between SCR, phase noise (σφ ), and the
dispersion of the displacement measurements along the satellite
LOS (σLOS ) can be approximated as follows [4]:

1
λ
λ
· σφ ≈
·
.
(1)
σLOS =
4·π
4·π
2 · SCR
A design requirement on the SCR of 100 (i.e., 20 dB) then
corresponds to a dispersion of the displacement measurements
in LOS direction of about 0.3 mm at C-band. Since the area
available for the experiment was an urban area in Milano (Italy),
high SCR values can be achieved only with RCS values of
several thousand square meters.
Apart from the SCR, the other major requirement of the
experiment concerns the multiplatform visibility. Table I summarizes the main features of the most common reflectors used
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in radar experiments, namely, flat plate, dihedral [11]–[14],
square, and triangular trihedral. Flat plates cannot be used for
the experiment since they are visible for one satellite sensor
only (either Envisat or Radarsat). In fact, the two radar systems,
although both operating at C-band and quite similar for bandwidth and pulse repetition frequency, are characterized by very
different Doppler centroid (Dc) values, corresponding to different antenna squint angles (Appendix), at least at midlatitudes.
Due to the different Dc values of the target in the two radar
systems (no yaw-steering correction is available in Radarsat),
by properly pointing a flat reflector with a physical dimension
of 1 m2 for Envisat acquisitions, its RCS in Radarsat images
would experience a loss of about 17 dB with respect to the
nominal value reported in Table I, making it impossible to have
a high SCR in an urban environment.
By comparing the maximum theoretical RCS with the corresponding overall dimensions of the reflectors, it was decided
to use a set of dihedral reflectors properly pointed toward both
satellite platforms, as discussed in Section IV.
Even if dihedral provides an excellent radar target for the
purpose of polarimetric calibration [15]–[17], its application
in the InSAR experiment is not so common. Indeed, corner
reflectors, having less demanding requirements, are generally
deployed. Because of the mechanical stability and the accuracy
of the imposed shifts to the reflectors must be better than a
fraction of millimeter for this validation exercise, both the size
and the weight of the structure to be tracked by the system
should be kept limited. As a consequence, the dihedral has been
preferred to the more cumbersome structure of the trihedral.
Moreover, a by-product of the experiment would have been the
validation of the pointing procedure (described in Section IV)
based on nominal satellite ephemeredes.
Although not specifically designed for a GPS-InSAR comparison, the experimental setup was completed by two GPS
points for differential measurements. The first antenna has been
fixed to the mobile platform. Unfortunately, the shape of the
basement turned out to be unfavorable to create a measurement
point integral with the mobile reflectors, and the GPS antenna
could measure only the vertical displacements of the dihedrals.
The second antenna was placed 50 m apart from the first one
on an area supposed stable. The baseline vector between these
two points can then be estimated with high accuracy; in fact,
most of the biases affecting the GPS signal are strongly reduced
for such a short baseline when processing a double difference
carrier phase.
III. D IHEDRAL D ESIGN
As already discussed in the previous section, two pairs of
dihedral reflectors were designed and manufactured for the
experiment: one fixed and one “mobile.” The latter was sequentially displaced by an operator both in the horizontal and
vertical directions.
The mobile reflectors’ assembly [Fig. 1(a)] is made by two
metallic frames (manufactured by means of 45 × 45 and 45 ×
90 mm2 square/rectangular section standard section aluminum
bars). The lower frame, which is robust enough to support
the whole reflector structure, is steady and equipped with
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Fig. 1. (a) Mobile reflectors assembly and (b) schematic of a dihedral reflector.

Fig. 2. Mobile reflectors’ assembly. The (a) vertical and (b) horizontal translation mechanism.

four protrusive legs (to increase the stability) provided with fastening holes for ground fixation. The upper frame is the mobile
one. Vertical displacements of this frame can be generated by
means of four screw jacks (50-mm travel range; 0.1-mm screw
pitch) positioned between the two frames. To get a uniform vertical displacement, the four jacks are simultaneously driven (via
connecting bars) by acting on a unique driving crank [Fig. 2(a)].
Bolted to the upper frame, there are two linear translation units
utilized for the horizontal displacements [Fig. 2(b)]. The precise
in-plane translation of a mobile platform is provided in each
unit by four ball screw assemblies driven by means of screw
jacks similar to the previously described ones (50-mm travel
range; 0.2-mm screw pitch). As for the vertical translation
mechanism, the two jacks are simultaneously driven by means
of a unique crank.
The dihedral reflectors are mounted upon the two sliding
platforms by means of a robust clamping system. Each reflector

is made by two square aluminum plates (1 × 1 m wide;
2 mm thick), orthogonally mounted on a rigid supporting frame
(made by 45 × 45 mm2 standard section aluminum bars). The
maximum RCS is then 7.845 m2 at 5.3 GHz. The clamping
mechanism has been designed so that rotations of the reflectors
around both the vertical and horizontal axes can be performed
accurately during the preliminary alignment phase.
By means of multiple measurements carried out on the
mobile platform, it was estimated that the mechanical errors
(taking into account also the thermal dilation effects) were
about 0.3 mm. This high accuracy value is required in order
to allow a submillimeter comparison with the InSAR data.
The steady reflectors’ assembly is quite similar to the mobile
one, but with a simpler mechanical structure. It is, in fact,
composed of a single supporting frame where a couple of
dihedral reflectors (identical to those utilized in the mobile
unit) is rigidly clamped. Apart from the reflector’s clamping
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mechanism (used to properly point the device), no other moving
parts are present in the structure.
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TABLE II
DATASET RADARSAT ASCENDING (STANDARD BEAM S3)

IV. D IHEDRAL D EPLOYMENT
The deployment procedure mainly consists of two steps:
1) identification of the proper locations for the artificial reflectors; and 2) pointing of the dihedrals.
The selection of the best site is carried out by taking into
account the three basic requirements.
1) The reflectors should be installed in a protected area under control of the validation team for the whole duration
of the campaign (almost one year).
2) The SCR should be high enough in all acquisitions so that
the theoretical precision of LOS displacement measurements would be better than 1 mm.
3) The reflectors should be not too far apart, so that the impact of atmospheric effects can be considered negligible.
Radar amplitude images acquired before the deployment of
the artificial reflectors can be used successfully to select suitable areas for the experiment. According to logistic constraints,
as explained in [8], the area selected for the experiment was a
flat roof of a building. The two stations are about 50 m apart,
making the impact of the atmospheric effects on the phase
values extremely weak [18]. Indeed, one of the most significant
error terms affecting the InSAR measurements is due to the
so-called “atmospheric phase screen.” Having deployed the
reflectors very close to each other, this phase disturbance was
almost canceled when performing the double phase difference
(as explained in Section V).
It was realized, however, that the best configuration could
not meet all the requirements on σLOS , since one of the four
reflectors would experience unfavorable SCR values for one acquisition geometry, at least based on the clutter power estimated
from the available radar images. Real data analysis partially
confirmed this fact, as it will be discussed in Section V.
After the selection of the best areas for the deployment of
the reflectors, each dihedral is properly orientated in order to
maximize its RCS in all acquisition geometries. As well known,
the RCS decreases if the LOS of the radar sensor is not along
the symmetry axis of the reflector [11]. Dihedral reflectors are
then very sensitive to pointing errors in the azimuth direction.
Since each reflector should be visible in both Envisat and
Radarsat acquisitions, an ad hoc deployment procedure has to
be adopted. In detail, the following steps are required.
1) For each dihedral, the direction of “maximum illumination” for each radar sensor is computed, i.e., we evaluate the relative position of the satellite with respect to
the reflector when the radar illuminates the target with
maximum power.
2) Let Lrsat and Lenvi be the maximum illumination unit
vector of the reflector for Radarsat and Envisat, respectively; Lrsat and Lenvi depend on the effective squint
angles of the radar antenna estimated from the nominal
Dc values (Appendix).
3) Compute the vector cross product: PERP = Lrsat ×
Lenvi .

4) Align the dihedral backbone along the PERP direction.
5) Rotate the reflector around PERP so that it points (i.e.,
it exhibits maximum RCS) toward the direction defined
by the bisector vector BIS of the two radar illumination
directions: BIS = Lrsat + Lenvi [as shown in Fig. 1(b)].
From an operational point of view, taking into account the
whole pointing procedure and the instruments used, it was estimated that pointing errors were lower than 0.5◦ corresponding
to a loss of less than 1200 m2 in RCS with respect to the
nominal (maximum) value, namely, 7.845 m2 . Of course, any
variation in the Dc with respect to the nominal value impacts
on the RCS exhibited by the reflector. While this factor is
almost negligible in Envisat acquisitions (Dc values are very
low and almost identical), for Radarsat, a further loss of 100 m2
maximum in RCS should be taken into account (Appendix).
V. E XPERIMENTAL R ESULTS
The processing was performed using four different datasets
acquired over Milano from October 2004 to July 2005: ascending Radarsat Standard Beam S3 (Table II), descending Radarsat
Standard Beam S3 (Table III), ascending Envisat Image Mode
S2 (Table IV), and descending Envisat Image Mode S2
(Table V).
The experiment was “blind,” i.e., the processing team was
not aware of the actual displacements affecting the mobile target. However, the maximum differential shift, in both horizontal
and vertical directions, was carefully selected so that no phase
unwrapping error should be expected in the time series of range
variations in any InSAR dataset.
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TABLE III
DATASET RADARSAT DESCENDING (STANDARD BEAM S3)

TABLE V
DATASET ENVISAT DESCENDING (TRACK 208—FRAME 2691)

TABLE VI
ESTIMATED DISPERSION OF LOS DISPLACEMENT FROM SCR ASI VALUES

TABLE IV
DATASET ENVISAT ASCENDING (TRACK 487—FRAME 909)

Each dataset was processed independently. First, all images
have been oversampled both in range and azimuth directions,
and coregistered with respect to a reference image or master.
Then, the differential interferograms have been generated, as
well as the time series of the amplitude returns. Finally, the LOS
displacement time series has been extracted, and the EW and
vertical components have been estimated.
A. Amplitude Analysis
As already mentioned in the previous section, the time series
analysis of the amplitude values of the image pixels correspond-

ing to the locations of the reflectors allows an estimation of
the SCR value, assuming stationary clutter conditions. Operationally, the clutter power can be computed as the mean of the
intensity values corresponding to those images (at least seven
images for all datasets) acquired before the deployment of the
dihedrals, whereas the other samples are used to extract the
mean reflector backscattered signal.
Table VI summarizes the estimated SCR values for the reference and mobile dihedrals for all acquisition geometries. Three
out of four reflectors exhibit an estimated SCR value higher
than 10 dB, allowing precise (σLOS < 1 mm) displacement
estimates (1), at least theoretically. One is characterized by a
rather poor SCR (< 6 dB), as was already foreseen during the
design phase of the experiment.
Apart from the ratio of the signal intensity before and after
the deployment of the reflector, the expected phase noise can be
estimated by computing the dispersion index of the amplitude
values relative to the time series of each reflector. The amplitude
stability index (ASI) is a simple statistical parameter already
used successfully in the PS technique for the identification of
the so-called “PS candidates,” and it is defined as the ratio of the
mean (mA ) and the standard deviation (σA ) of the amplitude
data returns [2].
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Fig. 3. LOS displacement estimation using differential phase observations at
the reflector locations.

The difference between the SCR and the ASI values is related
to the methodology adopted to estimate the noise level. In
the former, the clutter power is estimated by using the radar
images acquired before the experiment (with no reflector) and
by supposing a certain RCS for the artificial reflector to be
installed. In other words, the estimated SCR value assumes
that the superposition of the effects holds and the installation
of the artificial reflector will not produce any interaction or
shadowing effect with the background clutter of the resolution
cell where it will be deployed. Thus, the computed SCR is an
“expected SCR.”
On the contrary, the ASI value is a measurement of the actual
SCR (better to say, the SNR: taking into account both the clutter
and the noise level of both the sensor and the processing). The
ASI value, of course, could be estimated only after the reflector
deployment and after the acquisition of some SAR data. The
higher the number of data available, the better the accuracy of
the estimation.
For high SNR [2], the following relation holds:
σLOS

1
λ
σA
λ
λ
· σφ ≈
·
=
·
=
.
4·π
4 · π ASI
4 · π mA

(2)

In Table VI, the ASI values of the four reflectors as well
as the estimated dispersion of the LOS displacement measurements are reported for Radarsat acquisitions. In fact, the number
of Envisat data available after the installation of the reflectors
was not enough to get a reasonable estimation of the ASI values.
It should be noted that, in general, both approaches for the
estimation of the phase dispersion based on the amplitude
data give a worse SNR for images acquired by Radarsat along
ascending orbits. However, the ASI is higher than expected, at
least based on the analysis of the images after the deployment
of the reflectors.
As a matter of fact, the precision of the InSAR measurements
turned out to be comparable with the accuracy expected from
the ASI values, taking into account the contribution expected
from unavoidable in situ mechanical effects and spurious atmospheric components, as well as processing artifacts, as it will
be discussed in Section VI.
B. LOS Measurements
As shown in Fig. 3, the LOS displacement corresponding
to the ith acquisition is computed through a phase difference

Fig. 4. LOS displacements retrieved by Radarsat data in comparison with the
projection of the true values components along the corresponding radar sight.
(a) Descending data. (b) Ascending data.

between the reference reflector (suffix REF) and the mobile one
(suffix MOB):
 


M
∆ϕi = ϕiMOB − ϕiREF − ϕM
MOB − ϕREF

(3)

where the superscript M indicates the master acquisition (i.e.,
the temporal reference) and i is the slave image under study.
Since the position of the reflectors was known with submeter
accuracy, owing to the GPS measurements carried out at the
beginning of the experiment, all phase components related to
the positions of the radar targets were easily compensated for,
allowing a rather straightforward extraction of the motion components. In fact, owing to the closest distance (e.g., about 50 m)
separating the reflectors and the spatial behavior (e.g., low pass)
of the tropospheric and ionospheric phase components, the
impact of the atmospheric effects could be reasonably neglected
by the double phase difference.
Figs. 4 and 5 show the retrieved LOS displacements for
Radarsat and Envisat data (ascending and descending orbits),
as well as the ground truth data obtained from the horizontal
and vertical displacement values imposed on the mobile station by the validation team, projected into the satellite LOS.
Maximum errors and standard deviation values are reported in
Tables VII–X.
C. Estimation of Horizontal and Vertical Components
In order to properly combine the LOS estimations derived
from different acquisition geometries at different times, we referred to the known scheduled shifts of the reflectors, as shown
in Table XI. The ascending and descending LOS measurements
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TABLE IX
LOS DISPLACEMENTS RETRIEVED BY ENVISAT ASCENDING DATA IN
COMPARISON WITH THE PROJECTION OF THE TRUE VALUES OF THE
DISPLACEMENT COMPONENTS ALONG THE CORRESPONDING RADAR LOS

TABLE X
LOS DISPLACEMENTS RETRIEVED BY ENVISAT DESCENDING DATA IN
COMPARISON WITH THE PROJECTION OF THE TRUE VALUES OF THE
DISPLACEMENT COMPONENTS ALONG THE CORRESPONDING RADAR LOS

Fig. 5. LOS displacements retrieved by Envisat data in comparison with the
projection of the true values components along the corresponding radar sight.
(a) Descending data. (b) Ascending data.

TABLE XI
SCHEDULED MOVEMENTS AND SAR IMAGES ACQUIRED
DURING THE EXPERIMENT

TABLE VII
LOS DISPLACEMENTS RETRIEVED BY RADARSAT ASCENDING DATA IN
COMPARISON WITH THE PROJECTION OF THE TRUE VALUES OF THE
DISPLACEMENT COMPONENTS ALONG THE CORRESPONDING RADAR LOS

can be related to the components of the displacement vector
according to the following equations:

  ASCE


νASCE
aUD
xUD
aASCE
EW
=
νDESCE
aDESCE
aDESCE
xEW
UD
EW
v =A · x
TABLE VIII
LOS DISPLACEMENTS RETRIEVED BY RADARSAT DESCENDING DATA IN
COMPARISON WITH THE PROJECTION OF THE TRUE VALUES OF THE
DISPLACEMENT COMPONENTS ALONG THE CORRESPONDING RADAR LOS

(4)

where v is the vector of the estimated displacements along
the two LOSs, A is the matrix of the up–down (UD) and
EW components of the sensitivity vectors (i.e., the unit vectors
related to the satellite LOS), and x is the unknown components
of the displacement vector. Equations in (4) are derived supposing that the north–south component is null, as discussed in
the Introduction. Since the matrix A is nonsingular, the exact
analytical solution can be easily computed.
Unfortunately, the low number of Envisat scenes acquired
during the experiment (due to conflicts in the acquisition planning over the test area) did not allow us to apply a multiplatform
approach, where Envisat and Radarsat data are jointly used
to recover the displacement vector. As a consequence, the
estimation of the horizontal and vertical components of the
displacement vector has been performed using the Radarsat
data only.
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TABLE XIII
DISPLACEMENTS RETRIEVED BY GPS DATA IN COMPARISON
WITH THE GROUND TRUTH VALUES

Fig. 6. Comparison between the DInSAR displacement time series and the
ground truth data. A blue triangle corresponds to a DInSAR displacement
and a purple square to a ground truth data. (a) EW displacement component.
(b) UD displacement component.

TABLE XII
DISPLACEMENTS RETRIEVED BY COMBINING RADARSAT ASCENDING
AND D ESCENDING D ATA IN C OMPARISON W ITH G ROUND T RUTH V ALUES

In Fig. 6, the time series of the horizontal and vertical components estimated from the Radarsat dataset is reported. The
standard deviation of the estimated displacements is 0.75 and
0.58 mm for vertical and horizontal components, respectively
(Table XII). These numbers are the most important achievement
of this project. They show that under favorable conditions and
high SNR, submillimetric precision of the estimated displacement values can be achieved using satellite radar observation.
D. GPS Data Analysis
GPS data were collected at the beginning and at the end of
the temporal window of SAR acquisitions, i.e., from October
2004 to July 2005. These data have been observed over sessions
lasting, in most of the cases, more than 24 h. Data processing

Fig. 7. GPS displacement estimations compared with ground truth data. (UD
direction).

has been based on computing the double difference carrier
phase using the Bernese 5.0 scientific software [19], which
allows for the highest quality standard.
The quasi-iono free strategy for ambiguity fixing has been
adopted, and CODE ionospheric parameters have been considered to reduce the ionospheric perturbation in L1 and L2 carrier
phase observables. The tropospheric zenith path delay has
been modeled by the Dry-Neill model, estimating one hourly
parameter in the Wet-Neill mapping function. Horizontal gradient parameters have also been estimated. The coordinates
have been computed using the iono-free observable, weighting
the observations with the elevation-dependent function cos2 (z)
(z is the satellite zenith angle).
The coordinates of the two points have been estimated in
the IGb00 reference frame [20] by using three IGS permanent
stations (WTZR, GRAZ, ZIMM) and precise IGS ephemerides.
Then, (N, E, U) coordinates were computed with respect to
a local cartesian reference frame having its origin in point B
(i.e., the “reference antenna”). The local coordinate variations
have been referred to the estimates of October 18th, which is
hence our starting position. The estimated GPS variations are
listed in Table XIII.
As already mentioned, the position of the GPS antenna was
such that only the vertical displacements of the reflectors could
be recorded and compared with ground truth. Indeed, the GPS
estimates, as reported in Fig. 7, are close to the experimental
variations. A t-Student test (at the significance level α = 5%)
proves that these estimates are statistically coherent with those
imposed during the experiment.
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VI. D ISCUSSION
As stated in (3), LOS displacements are evaluated by a phase
difference. Thus, assuming the uncorrelated noise components,
it follows that
  2

 2
2
2
2
.
σ∆ϕ
i = σMOB,i + σREF,i + σMOB,M + σREF,M

(5)

The phase dispersion of each InSAR measurement is then the
sum of four contributions: two depend on the ith acquisition,
whereas the others are related to the reference image. Due to
this fact, each LOS measurement is affected by a systematic
error (i.e., a bias) that is caused by the noise superimposed to
the master acquisition.
Using (5) and the dispersion of the LOS measurements
estimated from the ASI values (Table VI), it is possible to
estimate the a priori covariance matrix CD of the input data:


CD

2
σLOS,ASCE
=
0



0

2
σLOS,DESCE



0.712
=
0


0
.
0.412
(6)

In order to retrieve the expected accuracy of the vertical and
EW displacements, we can compute the a posteriori covariance
matrix CM . By substituting the Radarsat sensitivity vectors
into the A matrix and taking into account the matrix CD ,
it results that

−1
=
CM = AT C−1
D A



0.502
−0.15


−0.15
.
0.712

(7)

According to (6), the vertical component is resolved better than
the EW. In detail, the theoretical standard deviation for the
UD direction is 0.50 mm, whereas for the EW component,
it is 0.71 mm.
It is interesting to compare the expected values with those
computed by the experimental data. According to the experimental results, the standard deviation for the UD component is
0.75 mm, and it is 0.58 mm along the EW direction. Such a high
accuracy level for both horizontal and vertical displacements
of a time series (not a single measurement) of the InSAR data
turns out to be comparable with the accuracy of the mechanical
device used for the ground truth (about 0.3 mm as stated in
Section III).
GPS data demonstrated that under ideal conditions and using
a state-of-the-art software, the GPS can achieve a millimetric
accuracy also in the vertical direction.
VII. C ONCLUSION
Compared to other experiments involving artificial reflectors,
the experiment reported in this paper presents some new interesting features.
First of all, in order to carry out a validation experiment
with submillimeter accuracy, we were somewhat “forced” to
use the dihedral reflector. In fact, both the weight and the
dimension of the structure to be tracked represent main practical
design requirements to guarantee high mechanical stability and

accurate positioning systems (e.g., the ground-truth data should
be collected with submillimeter accuracy too). Even if the use
of dihedral reflector made the experiment more challenging
from the technical point of view, the final results show an
unprecedented precision.
A new pointing procedure that allows dihedral reflectors to
be visible from two different satellite platforms (i.e., Envisat
and Radarsat) was developed and successfully tested. It was
found that it was possible to accomplish a multiplatform analysis using the same radar target. Unfortunately, the low number
of Envisat scenes acquired during the experiment did not allow
the completion of this analysis.
Nevertheless, for the first time, the possibility of combining
multigeometry (e.g., ascending and descending orbits) SAR
acquisitions in order to retrieve a 2-D displacement time series
with submillimeter accuracy has been demonstrated. In more
detail, the accuracy for the vertical movement results equal to
0.75 mm, whereas for the EW component, it is 0.58 mm. The
retrieved U-D dispersion results were slightly lower than the
theoretical value, while the E-W component is resolved better
than expected.
Such a high accuracy was a consequence of the following.
1) Significant time and resources devoted to the design,
the planning, the implementation, the control, and the
performance of the experiment.
2) The mobile structure and the mechanism for imposing
the displacement were carefully designed, manufactured,
assembled, and operated.
3) All in situ effects were minimized by properly selecting
the site and preventing any natural or anthropogenic
interferences.
4) The impact of atmospheric effects was minimized by
considering two reflectors less than 50 m apart: this is
well below the correlation length of tropospheric and
ionospheric components. Indeed, one of the most significant error terms affecting the InSAR measurements is
due to the so-called “atmospheric phase screen.” Having
deployed the reflectors very close to each other, this phase
disturbance was almost canceled by the double phase
difference.
5) GPS data have been used to properly remove the topographic phase components.
6) SAR data processing has been performed using state-ofthe-art software procedures developed internally.
Another interesting result has been derived by the amplitude
and the phase analysis of each deployed reflectors: usually,
amplitude data are neglected in InSAR validation exercise. It
is the first time that both amplitude and phase information
gathered during the duration of the experiment exhibit such
a good agreement. Moreover, the computed ASI index values
provide an extremely powerful cross-check of the reliability of
the achieved results.
It should be pointed out that this experiment was just one
step toward a full validation of the PS approach using artificial
reflectors. In fact, although we have demonstrated that precise
displacement measurements can be carried out on radar targets
not affected by phase decorrelation phenomena, the procedure
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related to the estimation and removal of the atmospheric phase
screen superimposed on each radar acquisition was not validated, due to the short distance between the two reflectors.
Future research efforts should be devoted to this important
topic, although a good agreement between PS and continuous
GPS data has already been reported in [21] and [22].
In the future, the combination of GPS and InSAR technology
will provide a powerful tool for imaging land deformation.
GPS data can provide an absolute calibration for PS data
[23], high temporal resolution to detect abrupt changes, high
velocity accuracy in three dimensions, and calibration of SAR
measurements to remove low-frequency components due to
ionospheric effects and orbital fringes. PS interferometry provides a remarkable spatial coverage compared to the GPS, and
new SAR sensors will increase significantly the number of SAR
images gathered over a certain area. Urban areas are particularly
amenable to PSInSAR analysis. The joint combination of both
Radarsat and ESA SAR images acquired along both ascending
and descending orbits could provide more than 2000 PS/km2
over most of the cities, making the monitoring of individual
buildings feasible. If the density of GPS stations is high enough,
the vertical components of the local velocity field can be
estimated using single-geometry SAR datasets by removing the
contribution of the GPS-derived horizontal velocity field from
the InSAR range change rates [24]. For sure, the identification
of synergistic strategies for the combination of both GPS and
PS data will be the subject of future developments.
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investigate the effect of this parameter on the RCS of a radar
target shaped as a dihedral. The Doppler frequency fD is related
to the squint angle ϕsquint by the relationship
fD =

2 · νsat
· sin(ϕsquint )
λ

(A3)

where νsat is the velocity of the satellite platform. Considering
a Doppler frequency variation ∆fD of 600 Hz (the maximum
frequency difference exhibited by all the processed scenes is
equal to 583 Hz), the pointing error ∆ϕsquint with respect to
the reference φ angle is given by

λ · (fD + ∆fD )
. (A4)
∆ϕsquint = ϕsquint − arcsin
2 · νsat
The worst case presents a maximum angle error of 0.14◦ that
corresponds to an RCS loss lower than 100 m2 . To conclude, a
limited Doppler frequency variation has a negligible impact on
the dihedral RCS value.
Therefore, the main source of RCS loss for dihedral reflectors
is represented by orientation errors. Deployment of dihedral
reflectors then requires very accurate pointing procedures as
well as a good knowledge of the satellite acquisition geometry.
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A PPENDIX
The RCS of a dihedral reflector depends on its dimensions
and orientation. Theoretically, the relationship between RCS
and these angles can be determined only by using very accurate
model for backscattering [13]. Nevertheless, a closed-form formula for the RCS of a perfectly conducting dihedral at arbitrary
aspect angles can be found in [11] and [12]. The latter formula
is valid for incident angles close to the symmetry axis of the
reflector, and it is then applicable to the experiment under study.
According to [12], the RCS is proportional to the following
function:

RCS ∝

sin(X)
X

2

(A1)

where
X=

2·π
· L · cos(θ) · sin(φ)
λ

(A2)

and L is the dihedrals’ edge length.
Because the dihedral orientation was performed using a GPS
compass and electronic leveling, the positioning could contain
“man-induced” errors. For example, considering a position
accuracy of 0.5◦ , it results from (A2) that the RCS loss for a
dihedral with 1 × 1 m surfaces is 1177 m2 . As is well known,
the Dc value of a SAR acquisition affects the direction of
the illuminating wave. As a consequence, it is interesting to
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