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Abstract: Artificial radar reflectors, such as corner reflectors or transponders, are commonly used for
radiometric and geometric Synthetic Aperture Radar (SAR) sensor calibration, SAR interferometry
(InSAR) applications over areas with few natural coherent scatterers, and InSAR datum connection
and geodetic integration. Despite the current abundance of regular SAR time series, no free and
open-source software (FOSS) dedicated to analyzing SAR time series of artificial radar reflectors
exists. In this paper, we present a FOSS Python toolbox for efficient and automatic estimation of: (i)
the clutter level of a particular site before a corner reflector installation, (ii) the Radar Cross Section
(RCS) to track a corner reflector’s performance and detect outliers, for example, due to damage or
debris accumulation, (iii) the Signal-to-Clutter Ratio (SCR) to predict the positioning precision and
the InSAR phase variance, (iv) the InSAR displacement time series of a corner reflector network. We
use the toolbox to analyze Sentinel-1 SAR time series of the network of 23 corner reflectors for InSAR
monitoring of landslides in Slovakia.

Keywords: Synthetic Aperture Radar (SAR); SAR interferometry (InSAR); corner reflector; Python
toolbox; signal-to-clutter ratio; radar cross section

1. Introduction

Artificial radar reflectors, that is, corner reflectors or transponders, are commonly
used for: (a) Synthetic Aperture Radar (SAR) sensor calibration and validation, both
radiometric [1–5] and geometric [6–10]; (b) SAR interferometry (InSAR) applications over
areas with few natural coherent scatterers [11,12]; and (c) InSAR datum connection and
geodetic integration [13].

SAR observations are positioned in a dimensionless 2D radar datum (azimuth and
range). Via subsequent transformations, utilizing the range-Doppler equations and an ex-
ternal elevation model [14,15], these positions can be transformed to a Cartesian geocentric
terrestrial reference frame (TRF), for example, the ITRF2014 realization of the International
Terrestrial Reference System (ITRS). However, geocoding errors in the order of several
decimeters to meters are typically present, even if all relevant systematic geophysical
and signal propagation corrections have been applied [10,16]. Therefore, artificial radar
reflectors, approximating ideal radar point scatterers (PS) with precisely known positions
of their effective phase centres, are utilized to quantify these positioning errors. Moreover,
they can improve the geolocation accuracy of a nearby natural PS [17,18].

InSAR is inherently a relative technique that estimates millimeter-level displacements
between temporally coherent SAR scatterers. Hence, phase double-differences are the first
interpretable observations and thus the initially estimated parameters of the scatterers can
be regarded as a datum-free network. A datum-free network of natural radar scatterers
can be tied to a well-defined geodetic TRF by collocating SAR measurements with other
geodetic observations [13]. However, collocation of geodetic techniques is not trivial, as
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they operate in different datums, in different geometries, with different benchmarks, and
at different observation times. Therefore, collocation requires (i) assumptions or external
knowledge on the relative dynamic behaviour of the different datums; (ii) knowledge
on the position of the benchmarks and their precision; and (iii) transformation into the
same geometry and the same spatio-temporal quantities. This collocation problem can be
overcome by using artificial radar reflectors with known local ties to the permanent Global
Navigation Satellite System (GNSS) stations, or with a directly collocated GNSS receiver.

For these geodetic applications, reflector’s Signal-to-Clutter Ratio (SCR)—the ratio of
its Radar Cross Section (RCS) and the power of its background clutter—is an important
measurement quality metric which influences the InSAR phase variance [19] and the SAR
positioning precision [20]. Therefore, estimating reflector’s RCS, SCR, and their temporal
stability is an essential task of their quality control. Organizations operating or deploying
networks of corner reflectors (CR)—such as the Australian Corner Reflector Array [21], the
network of Integrated Geodetic Reference Stations (IGRS) [22,23] in the Netherlands, or the
Slovakian Corner Reflector Networks for landslide monitoring—require a dedicated tool
for their monitoring. This tool shall facilitate the operational analysis of SAR time series of
reflectors to track their measurement quality: (i) with respect to the design requirements;
(ii) over time; (iii) to identify potential problems, such as damage or debris accumulation;
and (iv) estimate their displacement time series.

To the authors’ knowledge, such a tool is not currently available as free and open-source
software (FOSS) for the geodetic and SAR community. Although the particulars of SAR
measurements of corner reflectors are well-known [3,9,11], the concise summary, including
the practical implementation, has not been published yet. Contrary to the reflectors intended
for calibration, InSAR reflectors are often in complex environments with suboptimal clutter
conditions and with the proximity of other point scatterers. Hence, InSAR reflector network
design and monitoring require specific care. Finally, the need for such a tool is emphasized by
the current free, worldwide availability of regular Sentinel-1 measurements.

Therefore, the objectives of this work are:

1. to present a standard procedure to analyze SAR time series of artificial radar reflectors
to estimate their Radar Cross Section, Signal-to-Clutter Ratio and InSAR displacement
time series,

2. to implement this procedure into an efficient, open-source toolbox,
3. to validate the performance of the developed toolbox on the networks of corner reflectors

in Slovakia.

The first section of this paper summarizes the radiometric, geometric, and interfero-
metric aspects of SAR measurements of artificial radar reflectors, while the second section
introduces the processing software implementation referred to as GECORIS—A Geodetic
Corner Reflector (In)SAR toolbox. The third section demonstrates the toolbox’s practical
use by analyzing the Sentinel-1 SAR time series of the corner reflector network in Slovakia.
The discussion and conclusions follow in the fourth section.

2. Theoretical Background

In this section, we summarize the theoretical particulars of the SAR measurements of
artificial radar reflectors from radiometric, geometric and interferometric perspectives.

A SAR measurement is represented by the impulse response function (IRF). A strong
radar point scatterer (PS), such as a corner reflector, is an approximation of an ideal radar
point scatterer and has its IRF shape analytically describable as a 2D sinc-like function
in azimuth and range [15]. Here we consider single-look-complex (SLC) images in the
zero-Doppler geometry as our elementary observable. The SLC is a routinely distributed
product of all current SAR sensors including Sentinel-1. The SLC images contain the
measured complex phasors, y = A exp ψ, consisting of the amplitude, A, and the phase, ψ.
SAR is a coherent imaging system. Therefore, the measured signal, y, of a corner reflector is
a sum of its dominant point scattering and other elementary scattering contributions of its
surroundings—the clutter—within the area on Earth’s surface corresponding to the same
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resolution cell. The dimension of this resolution cell is determined by the IRF shape—a
half-power width (−3 dB) of its mainlobe. The resolution should not be confused with
the image sampling, which is generally finer to suffice the Nyquist theorem. For example,
the ground resolution area, which corresponds to the Sentinel-1 Interferometric Wide
Swath (IWS) SLC, is roughly 106 m2, that is, 4.8 m × 22 m in the ground-range direction
and the azimuth direction, respectively, whereas the pixel area is roughly 50 m2, that is,
3.6 m × 14 m in the ground-range direction and the azimuth direction, respectively.

2.1. Radar Cross Section (RCS)

The power of the signal y writes: A2 = <(y)2 + =(y)2, where A2 is also referred to
as the intensity, I. The signal is stored in the SLC image pixel as a Digital Number (DN).
The pixel DN needs to be scaled to obtain the intensity, and calibrated to obtain a standard-
ized and comparable radiometric measure. For distributed scatterers, the dimensionless
backscattering coefficient, σ0, is the most commonly used. It describes the backscattering
cross-section normalized per unit area on the ground. A preferable alternative, radar
brightness, β0, is independent of the local incidence angle, as its area normalization is
aligned with the slant-range direction. Radar brightness is computed as [24,25]:

β0 = DN2 K−2
DN K−1, (1)

where the conversion includes both the pixel scaling factor KDN and calibration constant K,
which are annotated as look-up tables (LUT) in the metadata of SLC products.

For point scatterers, the DN is converted to the Radar Cross Section (RCS). The RCS
describes the amount of incident energy intercepted by a target and reflected in the direction
of a radar receiver [26]. It is the characteristic of a point scatterer and the measure of its
equivalent cross-sectional area as seen by the radar. Hence the RCS has units of area.
Because its value can extend over an enormous range—from 0.01 m2 for clutter like grassy
fields to more than 100 m2 for corner reflectors—it is often expressed in a logarithmic
(dB) scale. Considering the idealized point scatter response in the absence of clutter, its
RCS is the integral of the energy (power) under its impulse response function. Two RCS
estimation techniques can be distinguished:

• ‘Integral’ estimation method [1,2,27]:

RCS ≈ IP
K

PA
CF

, (2)

where IP is the integrated power (intensity) in the mainlobe, corrected for the clutter
power. Clutter power is estimated from four quadrants outside the cross-shaped area
of the impulse response, assuming spatial ergodicity. CF is the relative power in the
sidelobes and PA is the pixel area (not the resolution).

• ‘Peak’ estimation method [2,28]:

RCS ≈ β0 · ∆az∆r, (3)

where ∆az/r are the azimuth and range resolution respectively. In this method, the peak
intensity is multiplied with the resolution cell area yielding the volume of a rectangular
box, which is the same as the volume under an impulse response function. The peak
intensity should be already corrected for the clutter and sensor noise. Alternatively,
the clutter correction can be intentionally omitted here, obtaining the ‘apparent’ RCS.
The clutter and the point scatter response can be later disentangled from the ‘apparent’
RCS by the temporal SCR estimation method [29].



Remote Sens. 2021, 13, 926 4 of 26

2.1.1. Analytical RCS

RCS of a corner reflector depends on its geometry (shape, size, orientation w.r.t.
sensor), material and sensor’s wavelength. Using simplified relations from geometrical
optics, which employ the following presumptions [3]:

• inner-leg length dimension of a reflector is large with respect to a wavelength λ;
• no implicit information on the reflector’s material is incorporated in the relations, only

the presumption that it is homogeneous (e.g., three aluminium plates);
• reflector is in a ‘free-space’, absent of influence from surrounding objects, most notably

the ground itself.

The RCS of a corner reflector can be then simulated analytically as [30]:

RCSCR =
4π

λ2 A2
eq, (4)

where λ is the wavelength, and Aeq is the equivalent flat plate area of a corner reflector
perpendicular to the signal, which can be computed on the basis of reflector’s shape and
its orientation w.r.t. signal. Doerry [3] provides formulas for commonly used canonical
reflector shapes, for example, triangular or square trihedrals (Figure 1), simulating their
RCS with a good degree of accuracy. More details on the computation can be also found
in [11,30,31].

Figure 1. The geometry of (a) a triangular and (b) square back-flipped (right) trihedral corner reflectors.

From Equation (4), the reflector’s RCS is aspect dependent, that is, varies with azimuth
and elevation angle. The direction of peak RCS is in the bore-sight of a reflector, see
Figure 1. Bore-sight of the trihedral reflector is in a direction that makes an angle of
tan−1

(
1/
√

2
)
≈ 35.26◦ with any of its side plates. RCS diminishes away off the bore-

sight. Attenuation, that is, the actual RCS loss due to azimuth or incidence misalignment—
simulated for back-flipped square trihedral—is shown in Figure 2a. Simulation of analytical
RCS values for the triangular and square trihedrals w.r.t. various inner-leg lengths is in
Figure 2. It emphasizes the importance of the correct orientation of the reflector’s bore-sight
towards the satellite’s line-of-sight (LOS) vector to utilize its maximum power response.
While square trihedrals exhibit higher RCS at equivalent inner-leg lengths, the RCS loss
due to their misalignment is more significant.

The RCS of an active radar transponder depends on the amplification strategy, the
orientation of the receive/transmit antennas and their beamwidth.

An important step in the initial testing of the reflector prototype is a comparison of its
observed to analytical RCS [3,11].
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Figure 2. (a) Off-bore-sight attenuation (Radar Cross Section loss) of a back-flipped square trihedral reflector, (b) simulated
Radar Cross Section (RCS) of a triangular and square trihedrals w.r.t. inner-leg length and effect of their misalignment.
DBST indicates values for double back-flipped squre trihedral reflectors employed within our case study.

2.2. Signal-to-Clutter Ratio

A corner reflector, that is, a point scatterer (PS), can be considered a deterministic
signal determined by its physical properties and distance from the sensor, superimposed
by the clutter, which introduces a circular Gaussian noise into the PS measurement [14].
Signal-to-clutter-ratio (SCR) is the ratio of the reflector’s signal power to the power of the
surrounding clutter within the resolution cell [11,32]:

SCRCR =
I’CR,peak

Iclutter
≈ RCSCR

β0clutter∆r∆az
, (5)

where I’CR,peak is the reflector’s peak intensity, corrected for the clutter, Iclutter is the ex-
pected intensity of the clutter (ensemble average), RCSCR is the Radar Cross Section of the
reflector and the denominator is the expected RCS of the clutter surrounding the reflector,
that is, its expected radar brightness β0clutter multiplied by the resolution cell area ∆r∆az.
The SCR is an important measure, which can be used to predict the peak position variance,
see Section 2.3, and the InSAR phase variance, see Section 2.4.

2.3. SAR Positioning

The primary SAR positioning is in a dimensionless 2D radar datum azimuth and
range. Converted to azimuth time t and range time τ, these correspond to the zero-Doppler
geometry, which is at the instant of closest approach of a satellite with respect to the target—
that is, velocity vector of the sensor is perpendicular to the line-of-sight (LOS) between the
sensor and the target. Consequently, the Doppler shift at this instant is zero. The related
range-Doppler equations are [15]:

‖S(t)− P‖2
c
− τ = 0

Ṡ(t) · (S(t)− P)∥∥Ṡ(t)
∥∥ · ‖(S(t)− P)‖

= 0,
(6)

where P is the position vector of a target in the TRF, S and Ṡ are the position and the
velocity vectors of a satellite (the antenna phase centre) at the zero-Doppler azimuth time t.

The simple conversion of the time coordinates into a regular grid of 2D image coordi-
nate system holds [14]:
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azimuth = PRF(t− t0)

range = RSR(τ − τ0),
(7)

where PRF stands for Pulse Repetition Frequency and RSR for Range Sampling Rate. t0 is the
time of first azimuth pixel and τ0 is the two way signal travel time to the first range pixel.

Reverse transformation of the reflector’s TRF coordinates to the radar coordinates
is straightforward. Acquisition metadata (PRF, RSR, τ0 and t0) and precise satellite orbit
state vectors suffice for the closed solution of Equation (6). Comparing the reflector’s radar
coordinates determined by the GNSS with the coordinates observed in the SAR images,
significant differences can occur due to [9,10,33,34]:

• sub-pixel position of reflectors;
• datum differences;
• propagation effects;
• processing errors.

For finitely sampled SAR images, oversampling and IRF peak fitting are necessary to
obtain precise radar datum position of the reflector’s response at the sub-pixel level.

GNSS-derived coordinates of reflectors are commonly obtained in the national realiza-
tion of ITRS (or European Terrestrial Reference System—ETRS89, in Europe) with a fixed
reference epoch. Those need to be transformed into a current ITRS realization (ITRF2014)
at a particular SAR acquisition epoch as dictated by SAR satellite orbits. Afterwards, the
reflector’s coordinates in ITRS correspond to a ‘Tide free’ system. Therefore, a permanent
(‘Mean tide’) and a periodic component of tidal displacement have to be considered to
match the actual observations of its immediate position as seen by the satellite.

Additionally, the observed range time τ is perturbed by the tropospheric and iono-
spheric path delay, and both the azimuth and range times can be affected by the instrument
processing biases and approximations [10,33,35], see Section 3.3.

Considering that all systematic timing corrections have been applied, the SAR posi-
tioning accuracy limit is imposed by the reflector’s SCR. Its Cramer-Rao Lower Bound
(CRLB) is [20]:

σrange/azimuth ≈
√

3
π
√

2
· ∆r/az√

SCR
. (8)

Imperative for geodesy, positions of the effective phase centres of artificial reflectors
(i.e., apex of a corner reflector, electronic phase centre of a transponder antenna) can be
determined by the collocated GNSS instrument with millimeter to centimeter accuracy
within the TRF. These precise positions can be utilized for:

• geometric calibration of SAR sensors [10,35];
• improving the InSAR positioning of a nearby PS [16,18];
• transforming the relative InSAR displacement estimates of a nearby PS to the absolute

displacements in the Terrestrial Reference Frame [13].

2.4. SAR Interferometry

The well-known InSAR theory [36–39] will not be elaborated in detail here. We will
limit this section to the particulars regarding the corner reflectors (CR) and the toolbox
implementation. The primary InSAR observable is the phase double-difference per arc
between points, p, and q, and between slave epochs, t, and master image epoch, t0:

∆φt,pq = [ψt − ψt0 ]p − [ψt − ψt0 ]q. (9)

Considering the flattened and topography-corrected interferogram for slave epoch
t, the differential interferometric phase per arc pq, Equation (9), consists of the following
terms [36,38]:
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∆φpq = −2π∆apq −
4π

λ

B⊥
R sin θ

∆hpq −
4π

λ
dLOS,pq + Cpq + ∆φsubPix

+ ∆φAPS + ∆φclutter + ∆φnoise, (10)

where ∆apq is the integer ambiguity, ∆hpq and dLOS,pq are the residual height difference
and the line-of-sight (LOS) displacement between the points, respectively, Cpq is the phase
constant due to the different atmospheric delay during the master epoch, B⊥ is the perpen-
dicular baseline, R is the approximate slant range, θ is the local incidence angle, ∆φsubPix is
the phase due to the erroneous reference phase removal caused by the sub-pixel position of
the points, ∆φAPS is the phase due to the slave Atmospheric Phase Screen (APS) difference,
∆φclutter is the phase due to the clutter at the points, and ∆φnoise is the phase due to the
sensor noise. For arcs connecting the CR, the residual height and the sub-pixel position
components can be fully removed [34].

Assembling the time series of N interferometric phases, Equation (10), within a single
interferometric stack, the observation equation per arc, pq, is [40]:

E




∆φt1,pq

∆φt2,pq

...

∆φtN,pq




= −2πIN ·


∆at1,pq

∆at2,pq

...

∆atN,pq

−
4π

λ


1 B⊥t1

R sin θ β(t1)

1 B⊥t2
R sin θ β(t2)

...
...

...

1 B⊥tN
R sin θ β(tN)

 ·


Ct0,pq

∆hpq

dLOS,pq,

 (11)

where E{·} is the expectation operator, IN is the identity matrix of size N, dLOS,pq is
the vector of the parameters of the deformation model β(t) (e.g., first-order polynomial,
harmonic function). Here, the parametrization of the deformation as a function of time is
used only to constraint the ambiguity resolution. The model in Equation (11) is solved by
the Integer-Least-Squares (ILS), see [38,41].

Then, the arcs’ ambiguities are spatially integrated. Point-wise ambiguities per epoch
t are estimated as:

at =
(

BTΣ−1
∆a B

)†
BTΣ−1

∆a∆at, (12)

where ∆at is the vector of all arcs’ ambiguities per epoch t, Σ∆a is the variance-covariance
matrix of the arcs’ ambiguities (approximated by the weight matrix using a-posteriori
variance factors of the solution of Equation (11)), B is the network connection matrix, that is,
a matrix with rows corresponding to the arcs and columns corresponding to the individual
points. Matrix B is rank deficient. Usually, a single reference point, with the assumed
zero-displacement, is selected to constraint the solution (by removing its corresponding
column in matrix B). One option is to use a single CR as a reliable reference point. Thus the
pseudo-inverse, denoted by (·)†, simplifies to an inverse (·)−1. Otherwise, Equation (12)
yields a datum-free network solution (i.e., a network with the inner-constraint equivalent
to the average of the whole network). Since ambiguities are integers, Equation (12) is
solved iteratively, correcting the ambiguity with maximum residual by ±1, until the sum
of squared residuals equals zero. Then, unwrapped phases of all points in epoch t are
obtained as:

φt,unw = φt − 2π · at, (13)

where φt is the vector of wrapped phases of all points in epoch t.
The unwrapped phase time series from Equation (13) are then used for parameter

estimation via the model in Equation (11), without the ambiguities. Following the conven-
tional PS-InSAR methodology [36], displacement time series are separated from residual
phases using spatio-temporal filtering of Atmospheric Phase Screen [38].
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Considering the successful mitigation of the systematic phase errors via the state-of-
the-art multi-temporal InSAR analysis, the SCR determines the phase variance of a PS. For
scatterers with SCR > 1 dB, the CRLB for the standard deviation of an interferometric phase
is [19]:

σφ ≈ σψ

√
2 ≈

√
2

2SCR−
√

3/π
, (14)

which we can express in terms of standard deviation of the LOS displacement as:

σdLOS =
λ

4π
σφ. (15)

3. Software Implementation

In this section, we describe GECORIS—A FOSS Geodetic Corner Reflector (In)SAR
toolbox developed in Python. Its main objective is to facilitate the analysis of the SAR
time series of artificial radar reflectors, either corner reflectors or transponders. It is a
stand-alone and modular tool, providing two-layers of functionality:

1. Initial SAR time series analysis without the computationally demanding tasks, such
as full SLC image co-registration, unnecessary for RCS and SCR estimation of reflec-
tors. This is useful to operationally track the performance of an arbitrary number of
reflectors within a local or regional network.

2. Secondary full area analysis, including the InSAR time series analysis.

The implementation is object-oriented, which simplifies readability, logic and devel-
opment of extensions. The toolbox encapsulates data and metadata extraction from SLC
data stacks and their ingestion into a SAR processor-independent JSON data structure.
The toolbox currently supports measurements from Sentinel-1 satellites but is easily ex-
tendable to other contemporary missions such as Radarsat-2 or TerraSAR-X. The toolbox
is primarily dedicated to a network of corner reflectors. The toolbox is written in Python
3 and published under the GNU GPL version 3 license. Standard data I/O modules are
adopted from the FOSS Sentinel’s Application Platform (SNAP) [42]. The toolbox interacts
with it via SNAP-Python API ‘snappy’. The flowchart of the toolbox is given in Figure 3.

The fully automated process of the toolbox is initially driven by:

• The station log file, resembling ones typically used within permanent GNSS net-
works, such as International GNSS Service (IGS) [43]. It contains information on
the reflector type, its geometry and orientation, coordinates of its phase centre for
ascending/descending orbits, deployment and installation dates.

• The project parameters file, containing information on the SLC data stacks to be used
within analysis.

For each data stack, the time series analysis consists of the following steps:

1. SLC data preparation.
2. Positioning of reflectors in a radar datum.
3. Reflector response extraction.
4. Outlier detection.
5. SCR estimation.
6. InSAR time series analysis.
7. Generation of plots, reports and data exchange files.

Detailed particulars of these steps are described in the following subsections.
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Figure 3. Flowchart of the Geodetic Corner Reflector (In)SAR (GECORIS) toolbox.

3.1. Data Preparation

SLC time series are assembled to form data stacks per orbit track. In the case of
Sentinel-1, trigger-based download is available from the European Space Agency’s data
hub [44]. SLC time series are treated in two distinct approaches:

1. as raw measurements in their individual radar datum,
2. as a co-registered stack, transformed onto a common geometric reference datum of an

arbitrary master acquisition.

The former approach is suitable for agile analysis, tracking reflectors’ correct operation
and measurement quality. For consecutive InSAR analysis, a co-registration must be
applied. The geometry-based co-registration [45] utilizes range-Doppler equations, precise
satellite orbit state vectors, and a digital elevation model. Although SRTM 1 Arc-Second
digital elevation model is used by default, a user-supplied high-resolution product can be
used. Enhanced Spectral Diversity (ESD) operator is incorporated in case of the Sentinel-1
IWS products [46]. The coregistration is performed by SNAP’s fully parallel ‘gpt’ module,
using workflow presented in [47].
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3.2. Network Design

An indispensable step preceding the reflector’s installation is to compute the expected
SCR of a particular site of interest. The main aspects to consider are reflector type and
geometry, SAR data wavelength and spatial resolution. The expected SCR of a given area is
readily computed as the ratio of the analytical RCS, see Section 2.1.1, and the clutter power
estimated from the historical SAR acquisitions of that area, see Section 3.6. The historical
data should span at least a whole year to account for the seasonal changes in reflectivity,
for example, caused by vegetation growth or snow cover. Additionally, oversampling SLC
data, see Section 3.4, before the clutter estimation increases sampling of the predicted SCR
maps, which consequently helps optimizing reflector placement.

3.3. Radar Positioning

A reflector position in the radar datum of each SLC is obtained by transforming the
GNSS-derived TRF coordinates of its phase centre, see Section 2.3. The reverse solution of
range-Doppler Equations (6) is used, utilizing precise orbit state vectors and metadata of
each SLC. The closed solution is, however, impossible since the azimuth time t is initially
unknown. An iterative scheme is thus employed to find the solution. Orbit state vectors
of Sentinel-1 are given in ITRF2014 with a sampling of 10 s and corresponding 3D RMS
of 5 cm [48]. Chebyshev polynomials of 7th order are used for the interpolation [9]. If
the coordinates of a reflector are initially given in a local coordinate reference system,
or the ETRS89, or a particular national realization of the ITRS, which are all fixed to a
particular epoch, these should be transformed to the ITRF2014 at the acquisition epoch to
be consistent with satellite orbits. For our case study example, the transformation of corner
reflector coordinates from ETRS89 (ETRF2000) to ITRS (ITRF2014, SLC epoch) is performed
following the EUREF recommendations [49]. If neglected, this datum inconsistency would
cause azimuth and slant-range errors of more than 0.5 m for the Eurasian plate. Finally,
solid earth tide (SET) displacements, evaluated using the SET model recommended by the
IERS conventions [50], are used to obtain the instantaneous positions of corner reflectors as
observed by the satellite.

Timing Corrections

Tropospheric delays in the slant-range direction are partially compensated using the
global numerical weather model: ERA5 reanalysis of the European Centre for Medium-
Range Weather Forecasts (ECMWF) [51]. ERA5 has the spatial resolution of 0.25 × 0.25◦

sampled in an hourly interval. ERA5 data are automatically downloaded for the widened
reflectors’ area and the hour closest to the acquisition time. Temperature, total pressure
and partial water vapour pressure, initially given at 37 pressure levels of ERA5, are first
recomputed to ellipsoidal height levels and then vertically interpolated in model grid
nodes using cubic splines. Afterwards, the model variables are obtained at LOS integration
points by bilinear interpolation in a horizontal position. Finally, the numerical integration
along LOS [52] is performed to obtain the approximate slant delays at the reflector position.

Ionospheric slant delays are computed from Global Ionosphere Maps produced by
the Center for Orbit Determination in Europe (CODE) analysis centre as a daily worldwide
product, derived from the dual-frequency GNSS data of the IGS network [43]. It is a grid of
vertical Total Electron Content (TEC) with a spatial resolution of 5× 2.5 degrees in longitude
and latitude, respectively, sampled in a 2 h interval. The TEC models are automatically
downloaded for the acquisition dates. Since the TEC model uses a single-layer mapping
function, the position of a point at which LOS intersects the model spherical shell is first
computed. For this point, TEC is obtained from the 3D model grid (longitude, latitude,
and time) by cubic interpolation. Ionospheric slant delay is then computed following the
guidelines summarized in [9].

Finally, SAR processor-related timing corrections are applied. In the case of Sentinel-1,
these arise due to the approximations made during the generation of the SLC products by
its Instrument Processing Facility (IPF) [53]. For Sentinel-1, these are:
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• residual bistatic azimuth correction;
• Doppler-shift range correction;
• FM-rate mismatch azimuth correction.

For a detailed description of their computation, see [10,33].
An example of timing correction magnitudes, recomputed in meters, for the trihedral

corner reflector with 22 dB SCR, which is located at 49.051◦ latitude, 21.326◦ longitude
and 328 m ellipsoidal height, is shown in Figure 4. The corrections are evaluated for the
Sentinel-1 ascending orbit 102 with the acquisition time at 4:26 P.M. and the descending
orbit 153 with the acquisition time at 4:45 A.M.

(a) ascending (b) descending
Figure 4. The impact of the individual SAR positioning corrections at the double corner reflector
with 22 dB Signal-to-Clutter Ratio (SCR). Each scatter represents a single Sentinel-1 acquisition.

Figure 4 shows that employing the ‘geodetic’ SAR positioning corrections leads to
the average improvement of 2.3 m and 3.9 m in the azimuth and range directions of the
ascending orbit and 3.3 m and 2.8 m in the azimuth and range directions of the descending
orbit. Decimeter level positioning accuracy can be achieved even for the medium resolution
Sentinel-1 IWS data, as already reported by several authors [10,33,35]. For the toolbox, the
advantage of precise radar positioning is most considerable for reflectors on sites with
significant clutter or other strong point scatterers, limiting the extent of the peak estimation
window. Additionally, these corrections can be used for the precise positioning of nearby
point scatterers.

3.4. Reflector Time Series Extraction

Extraction of the reflector measurements from the SLC time series is performed in a
two-stage procedure. Image patch surrounding reflector position is first created. Patch size
should not be smaller than 10 × 10 resolution cells to retain full impulse response function
and avoid border effects during the oversampling procedure. We perform oversampling
of SLC data in the frequency domain by zero-padding. When oversampling Sentinel-1
data, special care is needed because of the linear frequency modulation introduced by
the Terrain Observation with Progressive Scan (TOPS) acquisition mode. Oversampling
must be performed on the deramped and demodulated SLC data, following the procedure
described in [54,55]. Deramping is performed by multiplication of the SLC in the azimuth
time domain with the TOPS chirp signal. A simple example in Figure 5 shows that having
the phase center position of a reflector located at the edge of the neighbouring pixels aliases
its ‘apparent’ RCS estimated using the ‘peak’ method, see Section 2.1. Estimated peak
brightness is β0 = 6.632 (corresponding to RCS = 27.04 dBm2) on the original SLC data,
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while it is β0 = 9.852 (corresponding to RCS = 28.76 dBm2) on the oversampled data.
White grid lines in the figure represent the original data sampling.

Figure 5. An example of the oversampling impact on the corner reflector’s impulse response peak
extraction in the Sentinel-1 Interferometric Wide Swath (IWS) Single Look Complex (SLC) data.

For each reflector’s SLC image patch:

• A local maximum is identified in a small search window of 1 × 1 resolution cell
around the initial reflector position in the oversampled data.

• Elliptic paraboloid is fitted in a smaller search window (9 × 9 subsampled pixels)
centered on the maximum to refine the peak coordinates and amplitude estimate. This
procedure guarantees the peak identification precision of 1/1000 pixel [9].

Extracted peak amplitude time series are converted to radar brightness using per-SLC
conversion factors, see Equation (1), and are afterwards recalculated to the ‘apparent RCS’, see
Equation (3). The azimuth and slant-range resolutions specific per-sensor (Sentinel-1A and
Sentinel-1B) and per-sub-swath as reported by the cyclic performance reports [4,5], are used.

3.5. Outlier Detection

Radar reflectors may not always behave according to expectations, for example, because
of debris or precipitation accumulation in a corner reflector or transponder power shortage.
Moreover, the site of a reflector might have been occupied by a different scatterer in the
past, hence measurements from this period should not be considered in clutter estimation.
Therefore, each reflector has a ‘STATUS’ property assigned for every acquisition epoch:

00 no target or target disabled, no signal detected;

01 no target or target disabled, but anomalous signal detected;

10 target deployed/installed and/or enabled, but no signal detected;

11 target deployed/installed and/or enabled, signal detected.

The median absolute deviation (MAD) of the estimated instantaneous RCS time series,
being more resilient to outliers than the standard deviation, is used as a threshold to detect
and reclassify outliers from a particular category. The threshold is computed as:

THR = 3 ·MAD = 3 · 1.4826 ·M(|RCSi −M(RCS)|), (16)

where M(·) denotes the median operator and factor 1.4826 scales to 0.75 quantile of a
normal distribution [56].

Given the reflector’s geometry and acquisition metadata, the analytical RCS is com-
puted using Equation (4). This serves as an additional measure to track the reflector’s
performance. RCS time series thus serve as a robust statistic that helps to (i) alert the
network administrator of a possible problem with a reflector; (ii) prevent the usage of
outlying measurements in a subsequent InSAR analysis.
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3.6. SCR Estimation

The SCR estimation can be performed using two independent methods. The standard
spatial method, also referred to as the ‘integral’ method [1,2], assumes the spatial ergodicity
of the clutter. It estimates the clutter power from four image quadrants outside the cross-
shaped area of the reflector’s impulse response. The SCR is then estimated as the ratio
of the numerically integrated and clutter-corrected mainlobe power, see Equation (2),
and the estimated clutter. This method gives the instantaneous SCR estimate. However,
refs. [29,57,58] has shown that the spatial ergodicity assumption on the clutter often fails for
the InSAR corner reflectors, which are located at sites with suboptimal clutter conditions
and in the proximity of other point scatterers. Therefore, we also implement the alternative
temporal estimation method, assuming the temporal ergodicity of the clutter. It estimates
the temporal average SCR, following these steps [29]:

1. the amplitude time series of the site, before the reflector was installed (i.e., with
STATUS 00, see Section 3.5), are used to estimate the temporal average clutter power
using a maximum likelihood fit of a Rayleigh distribution [37],

2. the reflector’s peak amplitude time series (i.e., with STATUS 11, see Section 3.5) are
used to estimate the temporal average of the reflector’s RCS and clutter power using
a maximum likelihood fit of a Rice distribution [36],

3. SCR estimate is finally obtained using Equation (5).

A priori phase standard deviations are computed using the estimated SCR, see Equa-
tion (14).

3.7. InSAR Network Solution

The displacement time series of corner reflectors (CR) are estimated using the geodetic
time series InSAR methodology, see Section 2.4. However, the arcs directly connecting CR in
an estimation network could be significantly contaminated by the differential atmospheric
phase, depending on their length. Therefore, PS are incorporated into the estimation to
fill the spatial gaps and form a reliable estimation network. Hence SLC image patches,
including all CR within the network, are extracted from the co-registered stack. For all
image patches, flattened and topography-corrected interferograms are generated. Then,
InSAR processing is performed by the following steps:

1. High-quality, coherent point scatterer (PS) candidates are identified using a strict
threshold of 0.2 on the normalized amplitude dispersion [36]. The side-lobes are
removed using the local maximum detection and phase correlation method [59].

2. CR and the PS candidates are connected using Delaunay triangulation to form a
first-order estimation network.

3. The phase correction due to the sub-pixel position [34] is evaluated for each CR.
4. Variance Component Estimation (VCE) [60] is performed to obtain an initial diagonal

variance-covariance matrix of the phase time series. A priori phase variances of CR
are predicted using the estimated SCR (Section 3.6).

5. Temporal ambiguities in the double-differenced phases per arc are solved using the
model in Equation (11). Temporal ambiguity resolution, that is, the phase unwrapping,
is carried out using the LAMBDA method [61].

6. Ambiguities per arcs are then integrated spatially [38,62] using a selected reference
CR or the datum-free network solution.

7. The Atmospheric Phase Screen (APS) is estimated from the unwrapped phases using
spatio-temporal filtering, variogram fitting and kriging interpolation [38].

8. The unwrapped phase time series, corrected for the APS, are used to estimate the
residual heights of the PS, using Equation (11) without the ambiguities.

9. The phase residuals are then converted to the LOS displacement time series.
10. Finally, decomposition of the cross-track LOS displacements of CR (see the double

corner reflectors in Section 4.1) to the vertical and horizontal components is done by
solving following linear equations [63]:
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[
dasc
ddsc

]
= A ·

[
dv
dh

]
; A =

[
cos θasc sin θasc sin αasc
cos θdsc − sin θdsc sin αdsc,

]
(17)

where dasc and ddsc are the ascending and descending displacements, dv and dh are
the vertical and horizontal (approximately east-west) displacements, θ and α are the
local incidence angle and local azimuth angle, respectively. Full variance-covariance
matrix of the vertical and horizontal displacements is obtained as:

Σv,h =

(
AT ·

[
σdasc 0

0 σddsc

]−1

· A
)−1

. (18)

4. Use Cases

In this section, we present practical use cases of the GECORIS toolbox on the Sentinel-1
measurements. We show the individual steps in the evolution process of a corner reflector
network, comprising of: (i) aiding an optimal network design; (ii) analyzing the SAR
time series to validate the performance of individual reflectors; and (iii) InSAR time series
analysis to estimate their displacement.

4.1. Corner Reflector Network

Three networks of corner reflectors (CR) were built for landslide activity monitoring
in Slovakia (Figure 6) under the authority of the Slovakian State Geological Institute
of Dionyz Stur (SGIDS). Seven CR are in The Upper Nitra region, six and ten CR are
in the south and north of The Kosice Basin, see Figure 6a. The CR were deployed in
February 2020. All CR are double back-flipped square trihedrals (DBST), that is, consisting
of one reflector for ascending and one reflector for descending orbits, with inner-leg
lengths of 0.76 m (Figure 6b). Reflectors are mounted on the drilled pillars, minimum 1 m
above the ground, to minimize the undesired secondary ground reflections. The central
plate of the DBST reflectors includes the mounting console for precise collocation with a
geodetic GNSS antenna. Using back-flipped reflectors has an advantage of their bore-sight
alignment (∼35.3◦ zenith angle) with the average local incidence angle of the Sentinel-1
IWS acquisitions (∼37.6◦). DBST, being double reflectors, are oriented northwards with
their central plate to minimize the unavoidable azimuth misalignment (approximately
11◦ for Central Europe) in ascending and descending directions. The drawback of a level
back-flipped reflector is its proneness to precipitation or debris accumulation. Hence the
design of DBST uses perforated aluminium side plates, with 5 mm hole diameter at 8 mm
spacing. Given the geometry and orientation of the C-band Sentinel-1 measurements
covering the case study areas, DBST yields an average analytical RCS of 33.5 dBm2.

Precise CR positions were measured by two, six-hour-long, static GNSS observation
sessions using geodetic-grade Trimble receivers. The coordinates were determined in the
ETRS89 (ETRF2000) system via the Slovakian permanent reference network SKPOS [64].
GNSS-derived coordinates refer to the reflector reference point, which is at the tip of the
central plate (Figure 6b). For precise radar positioning, they are recomputed with respect to
the phase centre, using local offsets known within the manufacturing accuracy of ∼2 mm.

4.1.1. Sentinel-1 Data

The Upper Nitra region CR are covered by the ascending orbit 175 and the descending
orbit 51. The Kosice basin CR are covered by the ascending orbit 102 and the descending
orbit 153. One year of time series (>60 SLC) from the period before the CR were deployed
are used for the clutter estimation. Eleven months of CR time series are used for their
performance testing and InSAR analysis. Altogether, four stacks are used, each comprising
∼120 SLC time series covering the period from February 2019 until December 2020.
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(a) (b)

Figure 6. (a) Three networks of 23 double back-flipped square-trihedral (DBST) corner reflectors (red triangles) in The Upper Nitra
region and The Kosice Basin, Slovakia. (b) Photo of the DBST reflector with the collocated GNSS receiver.

4.1.2. Design Considerations

The primary purpose of our CR networks is landslide activity monitoring using InSAR.
Therefore, individual CR were carefully placed to:

• provide reliable displacement time series over the critical landslide zones,
• strengthen the PS estimation network,
• improve the positioning precision of the nearby PS,
• provide an absolute geodetic reference for the InSAR displacement estimates.

However, the limitations imposed by the radar clutter must be considered when
choosing optimal locations for CR. It is particularly important for the InSAR CR, often
installed in complex environments of the monitored deformation phenomena. Therefore,
for planning purposes, the toolbox was used to produce maps of the expected SCR over the
potential sites. These serve as initial guidance in the decision process of situating the CR.
For a particular landslide in The Kosice basin, the average radar brightness of the clutter
was estimated using one year of Sentinel-1 data. Expected SCR was computed using the
DBST reflector’s analytical RCS of 33.5 dBm2. Figure 7 shows the map of the expected SCR
over the area, superimposed on the orthoimage.

Using the simple thresholding approach, given the requirement on the LOS displace-
ment standard deviation, σdLOS , of <0.5 mm, the required SCR is >20 dB, see Equation (15).
Hence all areas, which meet this condition and are separated at least two resolution cells in
the range and azimuth directions from nearby point scatterers, can be considered viable for
the CR. Nonetheless, it is strongly recommended to incorporate the in situ information into
the decision process. Additionally, one has to be aware that the applied simulation does not
consider the sensor’s thermal noise and other InSAR-related noises, such as the residual
atmospheric phase or the unmodelled deformation. For areas with more significant clutter,
reflector designs can be optimized, for example, utilizing larger dimensions to attain higher
RCS and consequently higher SCR.
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Figure 7. Maps of the expected Signal-to-Clutter Ratio (SCR) for a particular landslide area before the
corner reflectors (CR) were installed. Black polygons demarcate the active landslide. Black triangles
signify the final CR locations. Maps are superimposed on the orthoimage, ©GKU, NLC; y. 2017–2019.

4.2. RCS Results

Once CR are permanently installed, the toolbox is used to assess their reflectivity
performance on the Sentinel-1 SLC time series. Figure 8 shows the apparent RCS time
series corresponding to a particular site of the DBST reflector. The dashed vertical line in
the figure represents the date of the reflector deployment and proper bore-sight alignment.
The horizontal lines denoted as RCS and clutt represent the estimated reflector’s temporal
average RCS and the clutter power, respectively. The horizontal line, denoted as RCS0,
represents the analytical RCS. The exact values are reported in Table 1.

For the CR at the LHE-1 station in Figure 8, we observe temporal average RCS of
33.00 dBm2 and 32.96 dBm2, from ascending and descending orbits, respectively. Low
RCS standard deviations, 0.30 dBm2 and 0.37 dBm2, for ascending and descending orbits,
respectively, confirm the temporal stability of the CR response. The clutter power, here
expressed in dBm2 to be directly comparable to the reflector’s RCS, is independently
estimated: (i) from the time series of the site before the CR deployment, (ii) from the time
series of the CR, using the temporal SCR estimation method, see Section 3.6. We observe
that the estimated clutter power remains practically unchanged after the CR installation.
Therefore, we can reject the hypothesis on the presence of undesired secondary reflections,
for example, from the ground or other proximate objects.
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Figure 8. Apparent Radar Cross Section (RCS) time series of the site of the DBST reflector installed in
February 2020 (the dashed vertical line).

Table 1. Summary of the Radar Cross Section (RCS) and Signal-to-Clutter Ratio (SCR) results for corner reflectors (CR) in
The Upper Nitra region.

CR Sentinel-1 RCS [dBm2] σ̂RCS SCR [dB] σCRLB
dLOS

Track Predic. Estim. [dBm2] Predic. Estim. [mm]

HRD-1 ASC175 33.57 32.88 0.29 26.69 24.42 0.27
DSC51 33.48 32.57 0.29 28.30 24.27 0.27

HRD-2 ASC175 33.57 33.05 0.31 25.78 23.97 0.28
DSC51 33.47 32.50 0.37 26.87 22.35 0.34

LHE-1 ASC175 33.57 33.00 0.30 27.90 24.18 0.28
DSC51 33.47 32.96 0.37 24.65 22.20 0.35

LHE-2 ASC175 33.57 33.22 0.39 23.14 21.74 0.37
DSC51 33.47 32.83 0.27 28.66 25.05 0.25

LHE-4 ASC175 33.57 33.19 0.32 25.38 23.68 0.29
DSC51 33.47 32.84 0.32 23.97 23.61 0.29

The estimated temporal average RCS of all corner reflectors in the network are shown
in Figure 9a. Comparing the observed with the simulated RCS is used to evaluate the
performance with respect to the design requirements. Only two CR—the ascending reflector
POW-2, and the descending reflector RNV-1—show significantly lower average RCS.
Upon in situ inspection, we found that it is caused by the uncontrolled, dense, and high
vegetation growth in the bore-sight of the corresponding reflectors. Excluding these two
problematic CR, the detailed RCS comparison is plotted again in Figure 9b. In the case
of The Upper Nitra CR, corresponding to the two marginal gray areas in Figure 9, with
zenith misalignment of −2.4 degrees and −6.8 degrees for ascending and descending
orbits, respectively, the average RCS difference is−0.43 dB and−0.81 dB for ascending and
descending orbits, respectively. In the case of The Kosice basin CR, corresponding to the
central white area in Figure 9, with zenith misalignment of −5.1 degrees and −4.5 degrees
for ascending and descending orbit, respectively, the average RCS difference is −0.51 dB
and −1.29 dB for ascending and descending orbit, respectively. The differences are notably
higher for the descending measurements, possibly indicating slight systematic azimuth
misalignment of the CR.

Several other factors can negatively influence the observed RCS, mainly the mechanical
construction imperfections [11]. For our particular case, the use of perforated side-plates
could also have a negative impact. However, [12] reports insignificant RCS loss due to 1 cm
diameter perforation at C-band. The radiometric stability of the Sentinel-1 A/B IWS SLC
should be better than 0.25 dB [4,5]. Our average RCS standard deviation, excluding the
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problematic CR, is 0.33 dB and 0.37 dB for ascending and descending orbits, respectively.
Considering the standard deviation of our RCS estimates, the idealized geometrical optics
simulation, and the construction imperfections, we observe reasonable RCS differences,
concluding that the DBST corner reflectors meet the design requirements.

(a) RCS of all CR (b) detail of (a)
Figure 9. Estimated vs. analytical RCS (RCS0) of the corner reflectors (CR) in The Upper Nitra (gray
areas) and The Kosice basin (white area) plotted w.r.t. their zenith misalignment.

4.3. SCR Results

The average SCR of all corner reflectors were estimated using the temporal estimation
method, see Section 3.6. Figure 10 shows the comparison of the estimated SCR and the
predicted SCR per individual CR. The predicted SCR (in orange and red color) is the ratio
of the corner reflector’s analytical RCS and the clutter power, estimated from the SLC time
series of a particular site before the reflector installation. The estimated SCR is in light- and
dark-blue color. The two-sigma confidence bounds of the estimated SCR are illustrated
as black whiskers in the figure. For The Upper Nitra CR, the exact values are reported in
Table 1.

Here, we test whether the corner reflector’s estimated SCR meets the monitoring
expectations. Despite the varying differences of 1–3 dB between the estimated and the
predicted SCR, The Upper Nitra reflectors (Figure 10a) all meet the monitoring requirements
and attain the average SCR above 20 dB. Moreover, we observe very similar clutter levels
for both acquisition geometries. In the case of The Kosice basin reflectors, the stations
POW-2 and RNV-1 show significant differences for the descending and ascending orbits,
respectively. For the RNV-1 station, the average SCR is as low as 6.4 dB. Hence, for the
ascending reflector of this station, the required InSAR quality can not be guaranteed. As
already seen on the average RCS estimates, see Figure 9a, it is caused by dense vegetation
growth in the corresponding LOS directions, hence an inappropriate decision on the corner
reflector placement. For other corner reflectors of the Kosice basin, the differences between
the predicted and the estimated SCR are negligible in terms of our InSAR requirements.



Remote Sens. 2021, 13, 926 19 of 26

Figure 10. Predicted versus estimated average SCR of the DBST corner reflectors in the Upper Nitra, (a), and the Kosice
basin, (b). Orange (ascending) and red (descending) bars correspond to the SCR predicted using the clutter power estimated
from the sites’ measurements before the reflectors were installed. Light-blue (ascending) and dark-blue (descending) bars
correspond to the average SCR estimated from the time series of the reflectors.

4.4. Precise SAR Positioning Results

An independent way to verify the estimated SCR is to observe the reflector’s peak
variance in the SLC time series and compare it to the variance predicted by the CRLB, see
Equation (8). For this purpose, we use the Absolute Positioning Errors (APE), which are the
azimuth/range differences between the GNSS-derived phase centre positions, corrected
for all the systematic corrections listed in Section 3.3, and the observed sub-pixel peak
positions (see Section 3.4). The APE boxplot for 7 CR in The Upper Nitra network, as
generated by the toolbox, is shown in Figure 11. For 7 CR in The Upper Nitra, the average
absolute positioning errors ± standard deviations are 13 ± 69 cm and −6 ± 18 cm in
azimuth and range, respectively. The GNSS-derived CR coordinates have 2 cm horizontal
accuracy and 4 cm vertical accuracy in the terrestrial reference frame.

Absolute positioning errors of the CR are generally used to quantify the SAR position-
ing accuracy of a particular sensor as performed by [10,33] for TerraSAR-X and Sentinel-1
missions. Absolute positioning accuracy of the Sentinel-1 IWS products reported by [10,33]
and regular Sentinel-1 calibration reports [4,5] is −20 ± 27 cm and −10 ± 7 cm for the
range and azimuth directions of Sentinel-1A, respectively, and 14 ± 23 cm and 3 ± 6 cm
for the range and azimuth directions of Sentinel-1B, respectively. These are determined
using the Australian Corner Reflector Array, DLR corner reflectors, and transponders.
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For our particular application, to independently validate the estimated SCR of the CR,
we do the reverse and use the observed position variance to compare with the prediction
computed by the SCR estimated in Section 4.3. The comparison of the observed APE and
CRLB predictions are listed in Table 2. The reported APE are mean ± standard deviation.

Figure 11. Boxplot of the Absolute Positioning Errors (APE) of the CR in The Upper Nitra.

Table 2. Summary of the positioning accuracy for corner reflectors in The Upper Nitra.

CR Sentinel-1 Azimuth [m] Range [m]
track CRLB APE CRLB APE

HRD-1 ASC175 0.51 −0.21 ± 0.76 0.07 −0.02 ± 0.16
DSC51 0.52 0.19 ± 0.50 0.08 −0.08 ± 0.16

HRD-2 ASC175 0.54 0.64 ± 0.72 0.08 −0.02 ± 0.14
DSC51 0.65 0.44 ± 0.56 0.10 −0.12 ± 0.18

LHE-1 ASC175 0.53 0.12 ± 0.57 0.07 0.03 ± 0.18
DSC51 0.66 0.29 ± 0.89 0.11 −0.15 ± 0.20

LHE-2 ASC175 0.70 0.31 ± 0.74 0.10 −0.02 ± 0.21
DSC51 0.47 0.06 ± 0.58 0.08 −0.10 ± 0.16

LHE-4 ASC175 0.56 0.38 ± 0.66 0.08 0.02 ± 0.19
DSC51 0.56 0.17 ± 0.62 0.09 −0.13 ± 0.17

The average range APE for the ascending orbit is at the accuracy level of the GNSS
coordinates. However, we observe −10 cm systematic shift in the range direction for the
descending orbit. Nonetheless, similar offsets are reported by [10,33]. Moreover, we do not
distinguish between Sentinel-1A and B. While the azimuth APE standard deviations nicely
match the CRLB predictions, the range APE standard deviations are almost exactly a factor
2 higher. It is a consequence of other errors, such as variations in tropospheric signal delay,
which could not be completely mitigated by the ERA5 ECMWF model with limited spatial
and temporal resolution.

To conclude, the toolbox provides the geodetic-grade positioning of the reflectors.
However, for absolute positioning in the terrestrial reference frame, the third dimension,
cross-range, is limited by the accuracy of InSAR [18]. The APE analysis is also useful
for identifying gross errors, such as mistakenly selecting different nearby point scatterers
during the peak extraction procedure.
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4.5. InSAR Results

The time series InSAR analysis of the corner reflectors was performed jointly with the
surrounding highly coherent PS, following the procedure described in Section 3.7. InSAR
results from The Upper Nitra CR network, monitoring the active landslide, are presented.
To verify the stability of the reference CR (LHE-4), we present the results of the datum-free
network solution. Estimated displacement time series are shown in Figure 12. The error
bars correspond to the two-sigma intervals given by the estimated SCR and scaled by the
variance factors of individual acquisitions. The phase centre offset between the ascending
and descending reflectors of the DBST is only 2 cm in the longitudinal direction. Therefore,
we can safely assume that both reflectors undergo the same displacement. Assuming the
temporal smoothness of the displacement between the nearest acquisitions, which are less
than 72 h apart, we can directly do the decomposition of the LOS displacements into the
vertical and horizontal components, using Equation (17).

Figure 12. InSAR displacement time series of the corner reflectors at the Upper Nitra landslide. Each
row corresponds to an individual DBST reflector. Left column corresponds to the Line-of-sight (LOS)
displacements and right column corresponds to the vertical and horizontal displacements.

The estimated CR displacement time series reveal strongly nonlinear motions. The
displacement time series in the horizontal direction reveal predominantly west-ward mo-
tion, which is in agreement with the slope orientation of the landslide, as already reported
by [47,65]. However, the precise displacement time series in Figure 12 also reveal seasonal
effects and periods of acceleration. The seasonal effect, that is, few millimeters of uplift
following winter 2019/20, could be the consequence of the extrusion of the pillars carrying
the CR, as this effect is not so apparent on the nearby PS. The displacement acceleration
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in September/October 2020 follows periods of significant precipitation, confirming the
landslide’s reaction to the underground water accumulation [47,66].

Since CR exhibit a nonlinear displacement behaviour, we have interpolated the time
series by the cubic splines, assuming that the model residuals are representative of the phase
noise. The number of splines (1–3), fitted to the equal temporal subsets, was determined
by satisfying the Minimum Description Length criterion [67]. The standard deviations
of the model residuals vary between 0.6–0.9 mm for the ascending orbit and between
0.7 mm–1.3 mm for the descending orbit. These are more than a factor 2 higher than the
theoretical values predicted via the estimated SCR, see Table 1. However, the imperfect
atmospheric phase screen mitigation also increases the time series variance. Moreover,
external effects, such as wind loading, may impair the reflector’s stability.

5. Discussion and Conclusions

We show the practical use of the GECORIS toolbox by analyzing the Sentinel-1 SAR
time series of corner reflector networks intended for InSAR monitoring of landslides.
We demonstrate that simulating SCR over the sites of interest before corner reflector
deployment is a valuable aid in a network design. SCR can be, in most cases, predicted
with sufficient accuracy. We assess the RCS and SCR of individual corner reflectors against
the design requirements, and we successfully identify two problematic reflectors. Locations
of the InSAR corner reflectors are determined primarily by the monitored deformation
phenomena, often at the cost of suboptimal clutter conditions. Moreover, we show that
the toolbox can attain the geodetic positioning precision of corner reflectors. Finally, the
nonlinear InSAR displacement time series of each corner reflector were estimated with
sub-millimeter precision, meeting the imposed network design requirements.

Since GECORIS is an efficient toolbox working only on the SAR image patches contain-
ing reflectors, regular updates can be performed as soon as a recent Sentinel-1 acquisition
is available. It requires only the station log files to produce all results in a JSON format
accompanied by various plots shown in the previous chapter. Therefore, it allows tracking
the corner reflector’s measurement quality and operationally identifying possible problems,
for example, reflector damage or debris accumulation. Using the GECORIS, even less-
experienced users from wider geodetic, SAR and InSAR communities can readily analyze
SAR time series of their corner reflectors in a standard and concise way. We consider
this tool especially useful in the context of emerging national and international initiatives,
installing artificial radar reflectors, collocated with continuously operating GNSS reference
stations, to provide an absolute geodetic reference for large-scale, big-data, InSAR analysis.

The GECORIS toolbox is open-source and modular, therefore many potential exten-
sions could be implemented. Here, we list the most notable:

• Support for other current SAR missions (e.g., Radarsat-2, TerraSAR-X).
• Support for corner reflectors of arbitrary shapes as well as radar transponders.
• Inclusion of repeated GNSS measurements of corner reflectors as auxiliary information

to assist the spatio-temporal ambiguity resolution within the InSAR processing.
• The first-order InSAR network, consisting of corner reflectors and high-quality PS,

can be readily densified using additional PS [38] or distributed scatterers with a
reconstructed single-master phase [39].

• Incorporating a corner reflector as a PS with known absolute position in the TRF,
fixing the relative height estimates of the nearby PS [18].

• Transformation of the InSAR datum-free network solution into the terrestrial reference
frame using S-transformation [13,68].
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InSAR Interferometric Synthetic Aperture Radar
RCS Radar Cross Section
SCR Signal-to-Clutter Ratio
TRF Terrestrial Reference Frame
ITRS International Terrestrial Reference System
ETRS89 European Terrestrial Reference System
ITRF International Terrestrial Reference Frame
SET Solid Earth Tides
PS Point Scatterer
GNSS Global Navigation Satellite Systems
IRF Impulse Response Function
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IWS Interferometric Wide Swath
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CRLB Cramer-Rao Lower Bound
APS Atmospheric Phase Screen
SNAP Sentinels Application Platform
IGS International GNSS Service
EUREF Reference Frame Subcommission for Europe
ECMWF European Centre for Medium-Range Weather Forecasts
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TOPS Terrain Observation with Progressive Scan
MAD Median Absolute Deviation
VCE Variance Component Estimation
APE Absolute Positioning Error
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