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InSAR Measurements in a Geodetic Reference Frame

Abstract

Synthetic Aperture Radar Interferometry (InSAR) is a mature geodetic remote sensing technique
for measuring the deformation time series of the Earth’s surface with sub-centimetre accuracy in a
network of natural radar scatterers. Geodetic utilization of InSAR may be limited because: (i) the
displacement time series are observed at opportunistic points with low geolocation accuracy, (ii) in
a datum of an arbitrary reference point with assumed zero-displacement, (iii) in difficult-to-interpret
satellite’s line-of-sight geometry, and (iv) with accuracy limited by the systematic effects. In this
thesis, we summarize in-depth theoretical and practical particulars of using artificial radar reflectors,
1.e., corner reflectors and radar transponders, to attain a reliable reference frame and quality control
of datum-free InNSAR measurements. We introduce a new temporal method for estimating the Signal-
to-Clutter Ratio (SCR) of radar reflectors. Empirical results on a corner reflector network in the
Netherlands show that the temporal method, compared to the standard method, yields a less biased
and more precise estimate of the SCR, providing prediction of the InSAR phase variance, as well as
the positioning precision, which are closer to the truth. We develop a dedicated InSAR time series
software, GECORIS, based on the geodetic estimation theory and integrating artificial radar reflectors.
We demonstrate its functionality on the corner reflector network for landslide monitoring in Slovakia.
To test the reliability of radar transponders as a compact alternative to corner reflectors, we perform first
multi-year experiments, achieving 0.5—-1 mm phase standard deviation. However, transponders suffer
from notable drawbacks: the significant radar-cross-section variations, internal electronic delays, and
phase instability due to the temperature variations. Therefore, individual calibration is necessary for
their precise InSAR applications. Finally, we design and test the permanent station co-locating InSAR
and global navigation satellite systems (GNSS) measurements.

InSAR Merania v Geodetickom Referencnom Ramci

Abstrakt

DruZicovaradarovd interferometria (InSAR) je pokrocild geodeticka technolégia dialkového prieskumu
na urovanie ¢asovych radov deformécii zemského povrchu v sieti prirodzenych radarovych odrazacov
so sub-centimetrovou presnosfou. Geodetické vyuzitie InSAR je obmedzené tym, Ze (i) deformacné
Casové rady su pozorované v a priori neznamych bodoch s nizkou presnosfou geolokdcie, (ii) relativne k
lubovolnému referencnému bodu s predpokladanou stabilitou, (iii) v fazko interpretovatelnej geometrii
snimania druZice a (iv) s opakovatelnosfou obmedzenou systematickymi chybami. V praci sumarizu-
jeme teoretické a praktické aspekty vyuZitia umelych radarovych odrdzacov, t.j. kitovych odrdZacov a
radarovych transpondérov, s cielom zabezpecif definovanie spolahlivého referenc¢ného ramca a valida-
ciu kvality InSAR merani. Predstavujeme novi metddu na odhad pomeru signdlu k radarovému
pozadiu (z angl. Signal-to-clutter ratio, SCR) radarového odrdZaca. Na experimentoch s odrdzami
v Holandsku ukazujeme, Ze tito metdda, v porovnani s Standardnou metédou, poskytuje menej vy-
chyleny a presnejSi odhad SCR, ¢o zabezpecuje spolahlivejSiu predikciu rozptylu InSAR fazovych
merani, ako aj presnosti uréovania polohy. Vyvijame Specializovany open-source softvér, GECORIS,
na analyzu InSAR casovych radov, postaveny na tedrii spracovania geodetickych merani a s integra-
ciou umelych radarovych odrdzacov. Jeho vyuZitie demonstrujeme na meraniach zo siete kitovych
odrdzacov na monitorovanie zosuvnych oblasti Slovenska. Aby sme overili spolahlivost radarovych
transpondérov ako kompaktnej alternativy kutovych odrdzacov, ukuto¢iiujeme prvé viacroéné experi-
menty, pri ktorych dosahujeme Standardnd odchylku 0.5—-1 mm fdzovych merani. Nachddzame vSak
aj nedostatky: vyznamné varidcie intenzity radarovej odozvy, interné elektronické oneskorenia, a
fazovu nestabilitu v dosledku teplotnych varidcii. Preto je nevyhnutnd individudlna kalibricia pre
vyuZzitie transpondérov na presné InSAR aplikdcie. Na zdver prace vytvirame a testujeme novy dizajn
permanentnej stanice na kolokaciu merani InSAR a globdlnych druZicovych systémov na urCovanie
polohy (GNSS).



Contents

1 Introduction
1.1 Problem Statement . . . . . . . . . . ... e
1.2 Research Objectives . . . . . . . . . . . o v i it i e e e e
1.3 Outline . . . . . . . . . e e e

2 Corner Reflectors for InSAR Geodesy

2.1 Estimating Signal-to-Clutter Ratio of InSAR Corner Reflectors From SAR Time Series
2.1.1 Methodology . . . . . . . . . . e
2.1.2  Experiments . . . . . . . ... e e e e e e
2.1.3 Discussion and Conclusions . . . . . . . .. ... .. ... ...

2.2 GECORIS: An Open-Source Toolbox for Analyzing Time Series of Corner Reflectors
inInSAR Geodesy . . . . . . . .
2.2.1 Implementation . . . . . . . . . . ... e
222 CaseStudy . . . . . . . e

3 Radar Transponders for InSAR Geodesy
3.1 EXperiment setup . . . . . . ... e e e e e e e e
3.2 Resultsand Discussion . . . . . . . .. .. L
3.2.1 Radiometry . . . . . . ...
3.2.2 InSAR Phase Stability . . . . ... .. .. ... ... . .
3.2.3 Absolute Positioning . . . . .. ... L
33 Conclusions . . . . ... e e

4 InSAR and GNSS Co-location
5 Research Contributions
List of Author’s Publications

References

(NI NS R

O N W W W

15
16
17
17
19
22
22

23

26

27

28



1 Introduction

Synthetic Aperture Radar (SAR) Interferometry (InSAR) is nowadays a well-established geodetic
remote sensing technique gaining its place among the state-of-the-art deformation monitoring methods
like levelling, tachymetry, laser scanning or Global navigation satellite systems (GNSS). InSAR time
series techniques utilize regular image acquisitions from satellite-borne SAR sensors over a particular
place on the Earth’s surface to identify natural radar reflectors forming an ‘opportunistic’ geodetic
network. Through InSAR processing, the temporal evolution of relative displacement over this
network can be retrieved, thus allowing to monitor the impact of deformation phenomena over large
areas (seismic or tectonic activity), cities and municipalities (landslides or land subsidence), or even
individual structures (stability failures). Pioneering works in the field of InSAR time series by Ferretti
et al. (2001) and Hanssen (2001), extended with the principles of geodetic estimation theory and
stringent quality control (Kampes 2006, Guarnieri & Tebaldini 2008, Ketelaar 2009, van Leijen 2014,
Samiei-Esfahany et al. 2016, Ansari et al. 2018), define the state-of-the-art, which we hereafter refer to
as the InSAR geodesy. Millimetre-level accuracy of InSAR geodesy, comparable to the conventional
geodetic monitoring techniques, was proven by several independent validation initiatives worldwide,
most notably: (Ferretti et al. 2007, Hanssen et al. 2008, Marinkovic et al. 2008, Crosetto et al. 2009,
Adam et al. 2009, Sadeghi et al. 2021).

1.1 Problem Statement

The precision and reliability of InSAR estimates are rarely addressed. However, the declared
millimetre-level accuracy of InSAR can be only attained under the coherent conditions and the
successful mitigation of systematic errors, e.g., due to the differential atmospheric delays. Different
InSAR time series approaches often provide different results using the same data. It results in de-
valuation and misinterpretation of the reliability of the InSAR products for the wider geoscientific
community. The most serious causes of mistrust in InNSAR measurements are: (i) networks of natural
radar scatterers are ‘opportunistic’, i.e., zero-order design of the geodetic network is missing; (ii)
parameter estimates of the network are ‘datum-free’ or in a vaguely specified datum of an arbitrary
reference point; (iii) the parameter estimates are usually not accompanied by the appropriate quality
indicators and are increasingly affected by the systematic effects with the increasing network sizes;
(iv) the displacement estimates are in a difficult-to-interpret line-of-sight geometry of the satellite; (v)
the accurate displacement estimates are at ‘points’ of low geolocation accuracy, often missing a link
to the physical objects.

Although the opportunistic character of InSAR as a remote sensing technique does not require any
planning and in-advance installation of markers/benchmarks in the field, the deployment of artificial
reflectors may solve some of the mentioned limitations.

Artificial radar reflectors, that is, corner reflectors or transponders, approximating ideal radar point
scatterers (PS) with precisely known positions of their effective phase centres, are commonly used
for SAR sensor calibration and validation, both radiometric and geometric. For InSAR applications,
they may be deployed to obtain reliable measurement points with displacement time series over areas
with few natural coherent scatterers. InSAR is inherently a relative technique, i.e., the phase double-
differences are the first interpretable observations, and thus the estimated displacements between the
radar scatterers can be regarded as a datum-free network (Hanssen 2001). A datum-free network of
natural radar scatterers could be tied to a well-defined geodetic terrestrial reference frame (TRF) by
co-locating SAR measurements with other geodetic observations. However, co-location of InSAR and
other geodetic techniques is not trivial, as they operate in different datums, in different geometries, with
different benchmarks, and at different observation times. This co-location problem could be overcome
using artificial reflectors, with known local ties to the measurements of the Global Navigation Satellite
System (GNSS).



The absolute positioning of radar scatterers relates to a dimensionless 2D radar datum (azimuth and
range). Utilizing the range-Doppler equations, precise orbital state vectors, and an external elevation
model, these positions can be transformed to a TRF (Bamler & Hartl 1998, Cumming & Wong 2005).
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 (Dheenathayalan
et al. 2016, Gisinger et al. 2021). Artificial reflectors can be utilized to quantify these positioning
errors. Consequently, they could improve the geolocation accuracy of a surrounding network of natural
radar scatterers (Gisinger et al. 2016, Yang et al. 2019).

The methodology for analyzing the SAR time series of artificial radar reflectors has not been
concisely summarized, nor are the particulars of InSAR corner reflectors and their co-location with
geodetic infrastructure addressed. Moreover, the viability of long term geodetic collocation of InNSAR
corner reflectors is yet to be proven, especially for compact radar transponders, only recently appearing
on the commercial market. For best co-location results, avoiding assumptions, a mechanical connection
of corner reflector and GNSS antenna might be necessary. However, the InNSAR datum connection
and geodetic integration using direct co-location in observation space have been seldom studied
(Mahapatra et al. 2017).

1.2 Research Objectives

Concerning the problem statement, the research objective of this dissertation is to attain InSAR
measurements in a geodetic reference frame, for which the sub-objectives are:

I Contribute to the detailed documentation of InSAR estimates in terms of precision and repeata-
bility, focusing on the geodetic community. To achieve this objective, develop an in-house and
open-source InSAR time series processing framework, implementing state-of-the-art InSAR
time series analysis based on the geodetic estimation theory. Focus on the quality control,
limitations, and mitigation of systematic errors, such as differential atmospheric phase delays.

IT Summarize the particulars of artificial radar reflectors and implement the methodology to
analyze their SAR time series. Focus on the design, installation, radiometric, positioning and
interferometric measurements.

III Test usability and demonstrate practical advantages of corner reflectors and radar transponders
for InSAR geodesy in field conditions.

IV Design and validate a co-location station connecting inherently relative INSAR measurements
to the absolute geodetic reference frame in Slovakia.

1.3 Outline

The thesis is a cumulative dissertation summarizing the contents of four peer-reviewed journal papers.
The thesis contains the in-depth introduction into the InSAR geodesy and InSAR time series analysis
based on the geodetic estimation theory. It includes the examples on the case study of landslide
and land subsidence monitoring in Slovakia, published in the Geosciences journal (Czikhardt et al.
2017). The scope of this executive summary is limited to the main research contributions of the
thesis. Section 2.1 contains the measurement theory and new method for estimating Signal-to-Clutter
Ratio (SCR) of the radar point scatterers, such as corner reflectors. It was published in the /IEEE
Geoscience and Remote Sensing Letters journal (Czikhardt, van der Marel, van Leijen & Hanssen
2021). Section 2.2 presents new software for analyzing SAR time series of corner reflectors, with
the case study of corner reflector network for landslide monitoring in Slovakia. It was published in
the Remote Sensing journal (Czikhardt, van der Marel & Papco 2021). Section 3 reports the results
of the first multi-year field tests of compact radar transponders for InNSAR geodesy. It was submitted



to the IEEE Transactions on Geoscience and Remote Sensing. Finally, Section 4 presents the new
design of InSAR and GNSS co-location station. Research contributions of the thesis are summarized
in Section 5.

2 Corner Reflectors for INSAR Geodesy

Corner reflectors are commonly used for radiometric and geometric SAR sensor calibration and
validation, (Freeman 1992, Doerry 2008, Balss et al. 2018, Gisinger et al. 2021), SAR interferometry
(InSAR) quality assessment (Ferretti et al. 2007, Quin & Loreaux 2013), InSAR applications over
areas with few natural coherent reflectors (Fu et al. 2010, Garthwaite 2017), and for InSAR datum
connection and geodetic integration (Mahapatra et al. 2017).

2.1 Estimating Signal-to-Clutter Ratio of INSAR Corner Reflectors From SAR
Time Series

SAR calibration, positioning, and InSAR applications require a precise and unbiased estimation of
the Signal-to-Clutter Ratio (SCR): the ratio of the Radar-Cross-Section (RCS) of the reflector and
the power of its background clutter. The SCR estimate is used to estimate the InSAR phase variance
(Dheenathayalan et al. 2017) and the absolute positioning accuracy (Bamler & Eineder 2005) of point
targets, such as corner reflectors, for geodetic applications.

The standard method for estimating RCS and SCR of point targets involves spatial numerical
integration of pixel intensity values in square-law detected SAR images (Gray et al. 1990, Freeman
1992). It assumes that the background clutter over the integrated area exhibits the same statistical
properties as its surroundings, i.e. spatial ergodicity. However, for geodetic applications using medium-
resolution SAR data clutter in the surrounding pixels is often not representative and sometimes contains
other point scatterers, violating the assumption of spatial ergodicity.

Here we propose to estimate the SCR of small-to-medium-sized corner reflectors using SAR time
series. The objective is to obtain an unbiased and precise average SCR estimate under the assumption
on the temporal ergodicity. SAR time series are currently in abundance thanks to the operational SAR
satellite missions, such as Sentinel-1. A secondary objective of the proposed method is to utilize the
time series of RCS to track the reflector performance, and identify possible outliers due to damage,
debris accumulation or other external factors.

2.1.1 Methodology

A point scatterer response in the SAR image is a ‘sinc-like’ 2D impulse response function (IRF) in
azimuth and range (Bamler & Hartl 1998). A corner reflector is an approximation of an ideal radar
point scatterer, P. Considering single-look-complex (SLC) SAR images in the zero-Doppler geometry,
the phasor measurement y, per resolution cell R, containing a dominant point scatterer P consists of
areal Re{y,} and an imaginary Im{y, } signal component:

Yp = Re{y,}+jIm{y,} = > Avexp (jun), (1)

zeRP

which is the coherent summation of the backscatter from the point scatterer P and the scattering
contributions of its surroundings—the clutter—within the same resolution cell R,, where A is the
amplitude and ¢ the phase.

Radar Cross Section The power (intensity) of the signal in (1) is A3 = Re{y,}* + Im{y,}?. The
pixel intensity is stored in the SLC image as a digital number (DN). Scaling factors are used to express
DN in terms of a specific backscattering coefficient.



In the context of point scatterers (PS), DN is converted to RCS, which describes the ability of a
point scatterer to intercept incident energy with an effective cross-sectional area and reflect it in the
direction of a radar receiver (Doerry 2008). For an idealized PS response in the absence of clutter, the
RCS is the integral of the power (signal energy) under its IRF (Gray et al. 1990).

RCS is strictly related to PS. For distributed scatterers (DS), a dimensionless backscattering
coefficient, oy, is generally used to describe their mean reflectivity per unit area of a horizontal
surface. Contrary to oy, radar brightness, o, is independent of the radar signal’s local incidence
angle, as its area normalization is in the slant-range direction (Raney et al. 1994). Radar brightness is
computed via (Miranda & Meadows 2015):

Bo = (DN? - ) ok k™! @)

where the calibration constant K and the pixel scaling factor apn are annotated in the metadata of
SLC products. apy is given as a pixel look-up table (LUT). The thermal noise correction 7, i.e. the
Noise-Equivalent-Sigma-Zero (NESZ), is applied if available in the LUT annotation (e.g. in the case
of Sentinel-1 data (Piantanida et al. 2017)). Given the local incidence angle, 6, oy is readily obtained
from By as 09 = Bosinf. Henceforth, we assume a dimensionless, calibrated, and noise-corrected
amplitude measurement, A, obtained from (2) as A = v/By.

Amplitude Probability Density and SCR Distributed scatterers (DS) can be considered as the
coherent summation of many random elementary scatterers within a resolution cell. Therefore, the
central limit theorem applies, and the probability density function (PDF) of a DS complex phasor per
image pixel is circular Gaussian (Dainty 1975, Bamler & Hartl 1998). Consequently, its amplitude A
(1) is Rayleigh distributed with (Hanssen 2001)

2
PDF(A|o) = % exp —A—] 3)

202

where o is a scale parameter, related to the expected value of the power by E(A?) = 202, and the
phase ¢ € [—n, «r) is uniformly distributed (Oliver & Quegan 2004).

Point scatterers (PS), on the other hand, can be considered a signal determined by their physical
properties and coherence. However, they are typically superimposed on the surrounding scatterers
within the same resolution cell, i.e. the clutter. The ratio between the signal and the clutter is described
by the SCR, and is a metric for the noise in the PS. Consider a PS characterized by complex phasor y.
Clutter in the same resolution cell introduces circular Gaussian noise n characterized by its expected
value E(n) = 0 and variance o> for both its real and imaginary components. The PS amplitude A (1)
follows a Rice distribution (Ferretti et al. 2001, Oliver & Quegan 2004):

— (A% + )

207

A (A
PDF (A, 07) = —5Io (—’2‘) exp 0))
(o} g,

n n

where I is the modified-Bessel function of the first kind with order zero and u = E(A) is the expected
value of the amplitude. The shape of the Rice distribution is determined by the SCR:

2
SCR = £ (5)
207
which is the ratio of a reflector’s signal power to the power of the surrounding clutter within the
resolution cell. Note that for clutter only, the Rice PDF transforms to a Rayleigh PDF driven solely

by variance o> = E(A?)/2.



Spatial SCR estimation method If SAR sensor and processing gain factors are known, and DN
values, see (2), are scaled to pixel intensities, the standard RCS estimation formula (Gray et al. 1990,
Freeman 1992) can be rewritten as (Miranda & Meadows 2015, Schmidt et al. 2020):

RCS = IpPa (6)

K Cr

where Ip is the total (integrated) power in the mainlobe (which is not directly observable due to the
superimposition with clutter occupying the same resolution cell as the point target), Cr is the relative
power in the sidelobes and P4 is the sample (pixel) area. As the IRF is finitely sampled by the SAR
image pixels, oversampling and numerical integration is employed within the estimation process. The
components of (6) are approximated as follows:

Ip We estimate the background clutter C from four areas (quadrants) outside the cross-shaped area
of the IRF, assuming spatial ergodicity. We subtract C from all pixel intensities within a center
area of 2 by 2 resolution cells (half-power width of IRF), centered at the point target. We
integrate corrected pixel intensities within the center area, which yields /p.

Cr We estimate the sidelobe energy from pixels spanning the IRF cross-hair within 10 by 10
resolution cells. We then compute the ratio between the total energy in the sidelobes (excluding
the mainlobe) and the energy in the mainlobe, i.e., the integrated sidelobe ratio ISLR. The
relative power in the sidelobes is Cr = 1/(1 + ISLR).

K calibration constant as annotated in the SLC metadata.
P, azimuth times slant-range pixel spacing in meters.

The SCR is obtained as the ratio of the estimated /p and the estimated clutter power C, multiplied by

the mainlobe area Anainiobe:
Ip
SCR= ———. @)
C- Amainlobe

Temporal SCR estimation method An alternative to the spatial SCR estimation method is to
compute the average SCR from time series of the instantaneous ‘apparent RCS’, using the peak
method (Gray et al. 1990, Ulander 1991), and maximum likelihood estimation (MLE) to estimate
the mean RCS and the clutter. Defining the resolution as the half-power width (-3 dB) of the IRF
mainlobe, multiplying the IRF peak intensity with the resolution cell area yields the volume of a
rectangular box which is the same as the volume (power) under a 2D IRF.

The original peak method assumes that the space-averaged clutter and mean system noise are used
to correct the peak response. However, the clutter power estimated from nearby pixels in medium-
resolution SAR imagery in areas with spatially varying clutter may be inaccurate. Therefore, we
intentionally omit this correction in the ‘apparent RCS’ computation:

RCS ~ By - Ag;A,  [m?] (®)

where A, are the azimuth and range resolution respectively. Peak and clutter contributions are
separated from the amplitude time series assuming temporal ergodicity. Given a reasonably large time
series (>20 images), two independent clutter power estimates are obtained by:

1. a maximum likelihood fit of a Rayleigh distribution, see (3), to the amplitude time series of the
site prior to the installation of the reflector, to estimate the power of the clutter, and



2. amaximum likelihood fit of a Rice distribution to the peak amplitude time series of the reflector
after installation, to separate the clutter and point scatterer contributions via its two parameters,
see (4). The first parameter, fiypg, multiplied by the resolution cell area yields the reflector’s
RCS, see (8). The second parameter, o g, represents the power of the clutter while the reflector
is in place (provided its statistical properties are not undergoing significant temporal changes).
The ratio of the two parameters is the estimate of the SCR, see (5):

/22
SCR = MLE 9
267 ®

MLE

Note that the sample mean and the standard deviation are biased estimators for u and o, although
their ratio, known as the normalized amplitude dispersion, is generally used as the phase standard
deviation proxy in InSAR applications (Ferretti et al. 2001). If the assumption on the stationarity of the
clutter is violated, it still yields the unbiased average SCR estimate, although not fully representative
for the instantaneous RCS (considering, e.g., seasonal or secular variations). Absolute radiometric
calibration, however, is not the primary objective of the temporal estimation method. Potential outliers
in the ‘apparent’” RCS (e.g. due to debris accumulation) are readily handled in time series analysis
using a threshold of three median absolute deviations (MAD), thus ensuring the reflector’s RCS does
not significantly vary in time.

2.1.2 Experiments

The viability of the proposed method is tested on Sentinel-1 C-band SLC time series in two different
experiments in the Netherlands. The first experiment uses a corner reflector network with 24 sites (48
reflectors), see Fig. 1.

The
Netherlands

XAmsterdar’rQ

(a) (b)

Figure 1: (a) Network of 24 Integrated Geodetic Reference Stations (IGRS), (b) CRDS reference reflector
used in the second experiment, (c) IGRS DBFT reflector used in both experiments.

The second experiment uses two proximate corner reflectors. For each experiment, a time series of
three years with a 6-day acquisition interval is collected, from April 2017 until April 2020, including
one year of measurements before installation. For each reflector, an image patch of 10 X 10 resolution
cells is selected and oversampled by a factor 32 in the frequency domain using zero-padding. Then,
we estimate the precise peak position and amplitude by fitting a 2D elliptic paraboloid over a small
image sub-patch, centered at the oversampled amplitude maximum of the initial image patch (Balss
et al. 2018).

Corner reflector network experiment Both the spatial and the temporal RCS and SCR estimation
methods were applied on ascending track 88 and descending track 139 covering the network of



Integrated Geodetic Reference Stations (IGRS) in Groningen, see Fig. 1a. Each of the 24 IGRS
stations consists of a GNSS antenna and two back-flipped triangular trihedral corner reflectors, see
Fig. lc, with an inner edge length of 0.9 m and a corresponding theoretical RCS of 29.5 dBm? at bore-
sight for C-band (Hanssen 2017). Figs. 2a and b show the distribution of the observed radar brightness
values for a particular resolution cell, before and after corner reflector installation, respectively. The
corresponding distribution functions match with the Rayleigh and the Rice distribution. This sustains
our assumption on the validity of these functions, see section 2.1.1.
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Figure 2: Sorted and scaled amplitude data of a resolution cell before (a) and after (b) corner reflector
installation, corresponding to the background clutter and the point target response, respectively. The
background clutter follows a Rayleigh distribution whereas the reflector follows a Rice distribution.

Fig. 3 shows scatter plots of the temporally averaged results for all 48 reflectors.
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Figure 3: (a) - (¢) Comparison of the spatial method (SM) and the temporal method (TM) for RCS and
SCR estimation of 48 corner reflectors (CR) on three years of Sentinel-1 time series from ascending
track 88 and descending track 139. (d) Clutter power estimated by the TM before/after corner reflector
deployment. Each triangle represents a single CR of the network.

Fig.3a confirms that the estimated RCS values of the reflectors by the temporal method (TM) are
comparable to the spatial method (SM). The mean and standard deviation of the differences is 0.04 dB
and 0.42 dB respectively. The black dots show the analytical RCS values computed using a geometric
optics simulation (Doerry 2008, Groot 1992), taking into account the corner reflector alignment for
each acquisition. Fig. 3b shows that the precision of the RCS estimates, expressed as the standard
deviation of the time series, is significantly better for the temporal method. This is mainly because the
temporal method does not use the instantaneous clutter estimates to correct (8), whereas the spatial
method does. The higher precision of the temporal method is also justified considering the reported
0.25 dB radiometric stability (1 sigma) of Sentinel-1 SLC data (CLS 2020). Fig. 3¢ shows that the
differences between the spatial and temporal methods for SCR estimation are significant. This is
caused by the different strategies of clutter estimation. While the spatial method uses samples outside



the IRF (which represents surfaces tens to hundreds of meters away from the actual reflector position in
case of medium-resolution data), the temporal method uses samples directly from the reflector, albeit
assuming temporal ergodicity of the SCR in the time series. Finally, Fig. 3d depicts an independent
validation of clutter power estimates using the temporal method, see section 2.1.1. The clutter power
values estimated from time series after reflector installation (Rice distribution fit, scale parameter)
differ by 0.05 dB in the mean with 3.84 dB standard deviation from the independently estimated values
from the time series before reflector’s deployment (Rayleigh distribution fit).

The estimated SCR can be used to predict the peak position variance in the radar coordinates
(azimuth and range) (Bamler & Eineder 2005). We do the reverse, and use the observed peak position
variance to compare with the predictions computed by the spatial and the temporal method. The
observed sub-pixel peak positions were corrected for the effects of reference frame motion, solid earth
tides, atmospheric signal delay and Sentinel-1 specific processor biases in both azimuth and range, as
reported by (Small & Schubert 2019, Gisinger et al. 2021). Fig. 4 shows that the positioning standard
deviations predicted by the spatial method are higher than the observed standard deviations. On the
other hand, standard deviations predicted by the temporal method are equal or slightly lower. The
latter is what we expect: the predicted values are the Cramer-Rao Lower Bounds (CRLB) and should
be smaller than those observed, and the observed standard deviation is affected by other errors, such
as variations in tropospheric signal delay, which could not be completely mitigated.
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Figure 4: Predicted versus estimated standard deviations (STD) of observed peak positions in azimuth
and range (in meters) of 150 Sentinel-1 time series. Each point represents a single corner reflector.

Short baseline experiment An experiment to evaluate the bias in the estimated SCR is performed
on a test site where two corner reflectors, ‘CRDS’ and ‘DBFT’, form a very short baseline of 102 m
length. Under such circumstances, the clutter can be considered the main component of the phase
variance. CRDS is square-based trihedral, see Fig. 1b, with an inner edge length of 1.425 m and a
corresponding peak-RCS of 40.7 dBm? for C-band, while DBFT is a back-flipped triangular trihedral
with an inner edge length of 0.9 m and a corresponding peak-RCS of 29.5 dBm? for C-band.

The CRLB, O';CR, (Dheenathayalan et al. 2017) of the single-epoch phase measurement y, com-

puted from the estimated SCR and propagated to the double-differenced InSAR phases, O'ESR, with
O'Z o = 2(7(/%[ + 20(/%1,, i1s compared to the standard deviation &4 estimated on the actual observed
double-differenced phase measurements. Results for different SCR estimation methods are shown in
Table 1. For the spatial method we used the temporally averaged SCR. The empirical standard devia-
tion, G'a¢, s computed from the detrended double-differenced phase measurements of two descending

Sentinel-1 tracks spanning 2.5 years, i.e., 150 acquisitions, see Fig ??. Considering the sensor noise,



Table 1: SCR-derived versus observed double-differenced phase standard deviations, in millimeters

SCR SCR
Ty Trop
Track Reflector SM ™ SM ™ )
CRDS 0.22 0.10
DSC t037 DBET 0.67 032 1.00 0.47 0.43
CRDS 0.21 0.11
DSCt110 DBET 077 031 1.13 0.47 0.44

not accounted for by the CRLB prediction, the comparison shows that the temporal method provides
a more realistic, unbiased phase variance prediction, hence SCR estimate, while the spatial method
overestimates it, even if a sizeable temporal average is used.

2.1.3 Discussion and Conclusions

The pros and cons of the spatial and temporal SCR estimation methods for corner reflectors are
summarized in Tab. 2.

Table 2: Comparison of the spatial and the temporal method for SCR estimation.

Spatial method (SM) Temporal method (TM)
advantages

* Epoch-wise description of IRF * Higher precision

* Instantaneous RCS representative of secular or seasonal ¢ Unsupervised clutter estimation

effects . . . .
* Less biased SCR estimate in a complex environment

 Invariant to resolution values

disadvantages

* Assumption on spatial ergodicity of the clutter * Assumption on temporal ergodicity of the clutter, time

. . . . series needed
* Biased SCR estimate in case of close proximity of other

point scatterers or significant clutter * Precise resolution values needed

» Sidelobes not accounted for

The significant standard deviation of the clutter power differences, estimated by the temporal
method, shows that the temporal ergodicity assumption may be violated. Nonetheless, for small-sized
InSAR corner reflectors with proximate point scatterers, this assumption is often more realistic than
the assumption of spatial ergodicity. The assumption of spatial ergodicity cannot be fulfilled as the
surroundings of the reflectors are often not homogeneous random scatterers but may contain several
other point scatterers. The temporal SCR estimate, invariant to the potential RCS estimate bias, is more
realistic with respect to the standard deviation of the phase measurement and positioning precision,
which are imperative for InSAR applications.

2.2 GECORIS: An Open-Source Toolbox for Analyzing Time Series of Corner
Reflectors in InSAR Geodesy
Organizations operating or deploying networks of corner reflectors (CR)—such as the Australian

Corner Reflector Array (Garthwaite et al. 2015b), the network of Integrated Geodetic Reference
Stations (IGRS) (Hanssen 2017, Kamphuis 2019) 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.

Therefore, the objectives of this work are (i) 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, (ii) to implement this procedure into an efficient, open-source
toolbox, (ii) to validate the performance of the developed toolbox on the networks of corner reflectors
in Slovakia.

2.2.1 Implementation

In this section, we describe GECORIS—A FOSS Geodetic Corner Reflector (In)SAR toolbox devel-
oped in Python. Its main objective is to facilitate the analysis of the SAR time series of artificial radar
reflectors, either corner reflectors or transponders. Standard data I/O modules are adopted from the
FOSS Sentinel’s Application Platform (SNAP) (ESA 2021). The flowchart of the toolbox is given in
Fig. 6.

The fully automated process of the toolbox is initially driven by the station log file containing
information on the reflector type, its geometry and orientation, coordinates of its phase centre for
ascending/descending orbits, and installation date. For each SAR data stack, the time series analysis
consists of the following steps:

1. Positioning of reflectors: The primary SAR observables: azimuth time ¢ and range time 7
correspond to zero-Doppler geometry, which is at the instant of closest approach of a satellite
with respect to the scatterer P—i.e., velocity vector of the sensor is perpendicular to the line-of-
sight (LOS) between the sensor and the scatterer. Consequently, the Doppler shift at this instant
is zero. The related range-Doppler observation equations are (Cumming & Wong 2005):

I8 (@)~ Pl 2 -7 =0
S(t)-(S(t) - P) o (10
[$ @IS @ - P

where P is the position vector of a scatterer in the Terrestrial Reference Frame (TRF), S and
S are the position and velocity vectors of the satellite (the antenna phase centre) at the zero-
Doppler azimuth time 7. A reflector position in the radar datum of each SLC is obtained by
transforming the GNSS-derived TRF coordinates of its phase centre. The reverse solution of
range-Doppler equations (10) is used, utilizing precise orbit state vectors (Peter et al. 2017) and
metadata of each SLC.

2. Reflector response extraction: Image patch surrounding reflector position is first created.
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 modula-
tion 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 Yague-Martinez et al. (2017), Miranda (2017). For each reflector’s SLC
image patch: (i) A local maximum is identified in a small search window of 1 X 1 resolution cell
around the initial reflector position in the oversampled data. (ii) Elliptic paraboloid is fitted in a
smaller search window (9 X 9 subsampled pixels) centered on the maximum to refine the peak
coordinates and amplitude estimate. This procedure guarantees the peak identification precision
of 1/100 pixel (Balss et al. 2018).
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3. Absolute positioning errors (APE) are epoch-wise differences between the detected subpixel
peak coordinates and the expected radar coordinates computed from the precise TRF positions
via the inverse range-Doppler equations, while re-introducing all SAR timing biases. The APE
in range (rg) and azimuth (az) is computed as:

APEyg = (Tpeak, IPF — Tpredicted) * € an

APEaZ = (tpeak, IPF — tpredicted) * VzeroDopplers

where v eroboppler 18 the satellite’s ground-track zero-Doppler velocity. Tpeak, 1pr and fpeax, 1pF are
the azimuth and range time, respectively, of the sub-pixel peak positions in the SLC images as
processed by the Sentinel-1’s instrument processing facility (IPF). Predicted timings, Tpredicted
and Zpredicted, consist of individual timing biases:

Tpredicted = TITRF + ATSgT + ATtropo + ATiono + ATDopp]er (12)
Ipredicted = HITRF + AtsgT + Atpistatic + ATFM-rate

where:

» ITRF are positions directly obtained solving the range-Doppler equations from GNSS-
determined coordinates in ITRS (ITRF2014 reference frame) at the particular acquisition
epoch. The initial coordinates in ETRS89 (ETRF2000 reference frame) are first trans-
formed to ITRS at the particular acquisition epoch, hence reflecting the plate motion.

» SET are timing corrections computed from topocentric solid earth tides displacements,
hence transforming from a ‘tide-free’ position (ITRF) to the instantaneous position as seen
by the satellite (adding permanent ‘mean-tide’, as well as a periodic components of tidal
displacement using IERS SET displacement models (IERS 2021)).

* tropo is the range timing correction for the slant tropospheric signal delay (modelled using
ECMWF ERAS model (Hersbach & Dee 2016)).

* iono is the range timing correction for the slant ionospheric signal delay (modelled using
CODE IGS global ionospheric model (IGS 2021)).

* bistatic is the residual bistatic correction of the Sentinel-1 IPF in the azimuth timing,

* Doppler are Doppler-centroid-induced range timing corrections, and

* F'M are FM-rate mismatch of Sentinel-1 IPF in the azimuth timing (Gisinger et al. 2021).
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 Fig. 5.
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Figure 5: The influence of the individual SAR positioning corrections on the double corner reflector with
22 dB Signal-to-Clutter Ratio (SCR). Each scatter represents a single Sentinel-1 acquisition.

Considering that all systematic timing corrections have been applied, the SAR positioning
accuracy limit is imposed by the scatterer’s SCR (Eq. (5)). Positioning CRLB for point
scatterers with SCR > 1 dB is (Bamler & Eineder 2005):

o N \/§ Ar/az
imuth ¥ —= -
range/azimut V2 VSCR

. Outlier detection using a threshold of three median absolute deviations (MAD).

(13)

5. SCR estimation by following methodology in Section 2.1.1.

. InSAR time series analysis: The displacement time series of corner reflectors (CR) are es-
timated using the geodetic InSAR time series methodology, incorporating PS. For all SLC
image patches, flattened and topography-corrected interferograms are generated. Then, InSAR
processing is performed by the following steps:

(1) High-quality, coherent point PS candidates are identified using a strict threshold of 0.2 on
the normalized amplitude dispersion (Ferretti et al. 2001), considering only the mainlobes.

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

(iii)) The phase corrections due to the sub-pixel position (Yang et al. 2020) are evaluated.

(iv) Variance Component Estimation (VCE) (Teunissen & Amiri-Simkooei 2008) 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. The CRLB, evaluated by
Dheenathayalan et al. (2017) for reflectors with SCR > 1 dB, i.e., even for small-sized
reflectors, is:

P! 2
Tdios = oy | ————, (14)
o8 4ﬂ\/2 SCR - V3/x

expressed from phase variance in terms of the standard deviation of the LOS displacement
using wavelength A.
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(v) Temporal ambiguities in the double-differenced phases per arc are solved using the integer
least-squares estimator (Kampes & Hanssen 2004, van Leijen 2014) and the LAMBDA
method (Teunissen 1993).

(vi) Ambiguities per arcs are then integrated spatially (van Leijen 2014) using a selected
reference CR or the datum-free network solution.

(vii) The Atmospheric Phase Screen (APS) is estimated from the unwrapped phases using
spatio-temporal filtering, variogram fitting and kriging interpolation (van Leijen 2014).

(viii) The unwrapped phase time series, corrected for the APS, are used to estimate the residual
heights and displacement model parameters of the CR and PS.

(ix) The phase residuals are then converted to the LOS displacement time series. The outliers,
identified in the RCS time series, are discarded.

(x) Finally, decomposition of the cross-track LOS displacements of CR to the vertical and
horizontal components is done by solving the set of linear equations (Ketelaar 2009).
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Figure 6: Flowchart of the Geodetic Corner Reflector (In)SAR (GECORIS) toolbox.

2.2.2 Case Study

Here, we use the GECORIS toolbox to analyze the Sentinel-1 measurements of a corner reflector
network.
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Corner Reflector Network Three networks of corner reflectors (CR) were built for landslide mon-
itoring in Slovakia under the authority of the Slovakian State Geological Institute of Dionyz Stur
(SGIDS). Seven CR are in the Upper Nitra region, and sixteen CR are in the Kosice Basin. 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 (Fig. 7a). Using back-flipped reflectors has an advantage of their bore-sight align-
ment (~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 mini-
mize the unavoidable azimuth misalignment (approximately 11° for Central Europe) in ascending and
descending directions. 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 dBm?. The central
plate of the DBST reflectors includes the mounting console for precise co-location with a geodetic
GNSS antenna. Precise CR positions were measured by two, six-hour-long, static GNSS observation
sessions using geodetic-grade Trimble receivers.

The limitations imposed by the radar clutter must be considered when choosing optimal locations
for CR. Therefore, for planning purposes, the toolbox was used to produce maps of the expected SCR
over the potential sites. One year of Sentinel-1 time series (>60 SLC) from the period before the
CR were deployed are used for the clutter estimation. Using the simple thresholding approach, given
the requirement on the LOS displacement standard deviation, o, ¢, of <0.5 mm, the required SCR
is >20 dB, see Eq. (14). 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 recommended to consider also in situ information.

Results Once CR are permanently installed, the toolbox is used to assess their SAR measurement
performance. We analyze one year of Sentinel-1 time series for the CR performance testing and InSAR
analysis. Fig. 7b shows RCS time series of the particular DBST reflector at The Upper Nitra. 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 RCSO0, represents the
analytical RCS. The dashed red circle marks the outliers detected during the winter months, possibly
caused by the snow clogging in the reflectors.

Comparing the predicted and estimated RCS and SCR in Tab. 3 we test whether the CRs meet the
monitoring requirements. Despite the varying differences of 1-3 dB between the estimated and the
predicted SCR, The Upper Nitra reflectors all attain the average SCR above 20 dB. The 3 dB SCR loss
at 20 dB SCR accounts to ~2.4° phase error increase (equivalent to 0.2 mm at C-band).

Fig. 7(c) shows LOS displacement time series of the reflector estimated using InSAR analysis. To
verify the stability of the reference CR (LHE-4), we show the results of the datum-free solution. The
error bars correspond to the two-sigma intervals given by the estimated SCR and scaled by the variance
factors of individual acquisitions. The cross-track LOS displacement time series are transformed to
the vertical and horizontal displacement time series, see Fig. 7(d). The time series reveal a nonlinear
motions, predominantly in the west-ward direction, which is in agreement with the slope orientation
of the landslide. The seasonal effect in vertical direction, 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 in September/October 2020
follows periods of significant precipitation, confirming the landslide’s reaction to the underground
water accumulation (Ondrejka et al. 2016, Czikhardt et al. 2017). We have interpolated the time
series by the cubic splines, assuming that the model residuals are representative of the phase noise.
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.
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Figure 7: Landslide monitoring at Hradec and Velka Lehotka villages supported by the corner reflectors
(a). The time series plots show RCS-based outlier detection (b) and LOS displacement (c) decomposition
into vertical and horizontal displacement time series (d).

Table 3: Summary of the Radar Cross Section (RCS), Signal-to-Clutter Ratio (SCR), and Absolute
Positioning Error (APE) results for corner reflectors (CR) in The Upper Nitra region.

CR Sentinel-1 RCS [dBm?] SCR [dB] APE [cm]
track predic. estim. | predic. estim. | azimuth range

HRD-1 ASC175 33.6 329+0.3 26.7 24.4 21 +76 2+16

DSC51 33.5 326 +0.3 28.3 243 19 + 50 -8+16

HRD-2 ASC175 33.6 33.1+0.3 25.8 24.0 64 +72 2+ 14
DSC51 33.5 325+04 26.9 22.4 44 + 56 -12+ 18

HRD-3 ASC175 33.6 33.2+04 19.5 21.0 27 £ 101 9+20

DSC51 33.5 32.1+04 26.5 22.4 10 + 50 9+ 18

LHE-1 ASCI175 33.6 33.0+0.3 27.9 24.2 12 + 57 3+18
DSC51 33.5 33.0+04 24.7 22.2 29 + 89 -15+20

LHE-2 ASC175 33.6 33.2+04 23.1 21.7 31 +74 2+21
) DSC51 33.5 32.8+0.3 28.7 25.1 6 +58 -10 £ 16
LHE-3 ASC175 33.6 334+ 04 26.3 21.7 -81 + 81 28+ 14

DSC51 33.5 329+0.3 254 23.2 -11+77 5+20

LHE.-4 ASC175 33.6 33.2+0.3 25.4 23.7 38 + 66 2+ 19
) DSC51 33.5 32.8+0.3 24.0 23.6 17 £ 62 -13+£17

3 Radar Transponders for InSAR Geodesy

Radar transponders are active electronic devices that receive a radar signal, amplify it, and transmit it
back to its source, such as a satellite carrying a SAR antenna. They can serve as a compact alternative to
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corner reflectors (CR) for precise SAR positioning (Gruber et al. 2020), SAR interferometry (InSAR),
deformation monitoring over areas with few natural coherent scatterers (Mahapatra et al. 2014), InSAR
datum connection, and geodetic data integration to provide an absolute reference to the inherently
relative InSAR measurements (Mahapatra et al. 2017). Recently, medium to low cost transponders
for such applications have entered the market for C-band SAR sensors, which triggers questions about
their performance and applicability for specific studies. In particular, this concerns their precise
radiometric and geometric characteristics, INSAR phase stability, and dependence of external secular
or seasonal effects, such as variations in temperature and humidity. Especially for long-term geodetic
applications, or as permanent reference stations, there is a need for performance metrics. The aim
of this study is to derive these quantitative quality metrics based on multi-year experiments with
transponders.

Measuring 360x570%233 mm, they contain two pairs of transmit and receive antennas, for the
ascending and descending orbits of right-looking satellites, such as Sentinel-1 and Radarsat-2. The
transponder receives the C-band signal via a squinted receive ‘patch’ antenna, amplifies it, and transmits
it back to the source using equally oriented transmit ‘patch’ antenna. It operates at a bandwidth of
5.405 GHz + 100 MHz. The antennas are placed under the protective plastic dome, see Fig. 8(a),
transparent to C-band signals. Their orientation can be optimized for the average line-of-sight direction
at the latitude at which they are deployed. For European latitudes, they are squinted in azimuth by
12° (southward from the east-west direction) and tilted in elevation by 32° with respect to the zenith.
The azimuth and elevation beamwidths are 20° and 40°, respectively, enabling an orientation to the
average Sentinel-1 incidence and zero-Doppler angles for overlapping tracks, while allowing for slight
misalignment. The transponder is switched on automatically based on the selected satellite overpass
times. The main function of the integrated GNSS receiver is to keep the internal oscillator of the
microcontroller synchronized with respect to the time reference (UTC). With an expected overall RF
gain of 50 dB, the expected RCS of the transponders is 44 dBm?.

Figure 8: (a) ECR-C model, (b) antennas under radome (Metasensing 2019), (c) ECR141 during static
GNSS positioning.

3.1 Experiment setup

The first experiment is performed at the meteorological station in Slovakia, nearby the permanent
GNSS station JABO of the SKPOS network, see Fig. 8(c). At this site, we test the performance of
two transponders, ECR141 and ECR148, see Table 4, which are in a very short baseline configuration
of 46.5 m length. The second experiment is performed at the TU Delft artificial radar reflector
test site, WASS, located in Wassenaar, The Netherlands. At this site, we test the performance of two
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transponders, ECR100 and ECR128, see Table 4. The positions of the transponders were selected such
that: (i) it guarantees a high SCR, (ii) avoiding the interference of their impulse response by separating
them mutually and from proximate point scatterers. The transponders are fastened on horizontal
concrete slabs. At the WASS test site, we use six reference corner reflectors (CRAS, CRDS, and
double reflectors DBFT, DBFX, the same as in the experiments in Section 2.1. All reference reflectors
are deployed since 2017 and their RCS and phase stability are well known. ECR100 and ECR128
form very short baselines w.r.t. the reference reflectors. The long-term stability of the concrete slabs
carrying the transponders has been verified by repeated levelling measurements carried out since 2013.
For our experiments, we use meteo data from the nearby meteo stations.

Using GECORIS toolbox, see Section 2.2, we analyzed nearly 1000 Sentinel-1 SLC time se-
ries acquired from two overlapping ascending and two overlapping descending tracks covering the
transponders. Table 4 summarizes the number of Sentinel-1 data used for the operational period of
the tested transponders.

Table 4: Summary of the four tested transponders and Sentinel-1 data used until 28 March 2021

. Operational No. Sentinel-1a+b acquisitions
Transponder Location . - .
since ascending descending
ECR100 WASS, Wassenaar, Netherlands 2019/06/19 104 + 105 107 + 106
ECR128 WASS, Wassenaar, Netherlands 2020/04/04 56 + 58 58 + 58
ECR141 JABO, Jaslovske Bohunice, Slovakia 2020/07/09 41 +42 41 +40
ECR148 JABO, Jaslovske Bohunice, Slovakia 2020/07/09 41 +42 41 +40

3.2 Results and Discussion

In the following, we discuss the results of our experiments considering the amplitude behaviour,
InSAR phase stability, and absolute positioning in sections 3.2.1-3.2.3, respectively.

3.2.1 Radiometry

Fig. 9 shows an example of the oversampled radar brightness for all reflectors at the WASS test site.
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Figure 9: The radar brightness 3y image patch showing all reflectors at the WASS test site.
The temporal average RCS of the units ECR128, ECR141, and ECR148 ranges from 42 dBm? to

45 dBm? across Sentinel-1 tracks, while the temporal average RCS of unit ECR100, which is an older
prototype, is approximately 4 dB lower. Note that 45 dBm? is equivalent to a triangular trihedral corner

17



reflector with leg-length longer than 2.0 m. These values are in agreement with the theoretical value
given by formula using gains of the transponder’s components (Brunfeldt & Ulaby 1984, Freeman
et al. 1990).

The RCS averages differ between tracks, depending on incidence angle and zero-Doppler direction,
resulting in antenna misalignment and subsequently RCS attenuation. Fig. 10 shows this average RCS
plotted against a misalignment in elevation and azimuth angles.
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Figure 10: RCS versus antenna misalignment in elevation (A¢) and azimuth (A@) angles. A weighted-
least-squares fit approximates the attenuation by a quadratic polynomial. Error-bars are 2.5 sigma.

We observe maximally 3 dB RCS loss for 13° and —3° misalignment in elevation and azimuth
angles, respectively. Compared to a triangular trihedral corner reflector, an equivalent misalignment
would yield an attenuation of ~1.5 dB. Considering a SCR of 20 dB, a 3 dB loss increases the phase
error by ~0.1 mm. We approximate the observed attenuation by a quadratic polynomial by a weighted-
least-squares (WLS) fit (excluding the data from prototype ECR100 due to its constant offset). The
only large residual appears for ECR128, track 37, which could be due to a slightly erroneous antenna
orientation within the sealed casing of the transponder.

Comparing the temporal RCS stability of the transponders with conventional corner reflectors, see
Table 5, we find that despite the higher average RCS of the transponders, their RCS standard deviations,
Ores» are significantly higher. For the WASS test site, both the reflectors and the transponders experience
identical clutter conditions, which implies that the observed o is not influenced by the clutter. The
temporal RCS stability of the transponders is comparable to the DBFT reflector, which has a more
than 10 dB lower RCS. In section 3.2.2 we show the implications of the RCS stability on the temporal
phase stability.

Table 5: RCS standard deviations for corner reflectors and transponders, in [dBm?3].

. ORcs
Target Type stte average RCS — qrgg— ASCI61  DSC37  DSCII0
CRAS /CRDS reflector WASS 39.0 0.13 0.19 0.14 0.19
DBFX reflector WASS 354 0.24 0.21 0.16 0.22
DBFT reflector WASS 28.6 0.44 0.42 0.47 0.44
ECR100 transponder WASS 384 0.58 0.68 0.46 0.46
ECR128 transponder WASS 42.4 0.69 0.68 0.51 0.30
ECR141 transponder JABO 43.9 0.42 0.63 0.58 0.40
ECR148 transponder JABO 434 0.25 0.62 0.35 0.36

For a correct interpretation of transponder time series, it is important to understand whether the
RCS is susceptible to systematic temporal variations. Fig. 11 shows scatter plots of transponders’ RCS
plotted in combination with hourly surface temperatures. The RCS variability of the units in the WASS
test site does not show a significant correlation with temperature, and neither does the variability of
the descending data of the JABO test site. However, there is a significant correlation of —0.82 for the
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ascending data of the JABO test site’s ECR141. Thus, this temperature dependency is observed (i)
in only one of the two test sites (JABO), (ii) in only one of the two viewing geometries (ascending),
(iii) for environmental temperatures higher than 20°C, which only occur in the ascending (afternoon)
orbits, and (iv) in two independent units (ECR141 and ECR148). This suggests that temperature
variations do not necessarily affect the RCS, but if they do, it occurs mainly for temperatures higher
than 20°C. An increase in temperature results in a (slight) decrease of RCS for these acquisitions.
Note that this would lead to a 1 dBm? reduction in RCS, hence, a 1 dB reduction in SCR, which is
equivalent to less than 0.2° phase error for an SCR>30.

ECR100

ECR141
301 ® DESCEND. 301 ® DESCEND.
5] r=0.28 ASCEND. 25 ASCEND.
L J
U ® . @ ‘e — i -
¢ 201 @] 20 L] [ ]
o ° "y P o, coe _Segp
2 151 ° ¢ "‘«;'h ‘-*ﬁ. e @ 154 o0 °, . ” oo ®
3 ° ﬂ'ﬁr,o%-: L ° S e® o | W)
© 104 o o & [ S ) B 101 ®
@ I s ®e o ° o %
a ¢ Alw :?t; Coe o ] L] 0 ® *
E s5Ppgoep © 'E.‘_ Fd %@ ¢ £ ® v %5
& ° :o‘ ." ﬂo.". ® @ ° .0 '.. L'n" L4
0 o, 1 J e .Q- = 01 o ot °
o ° 54 ™ L4 e [ ] e
-5 ° =-0.14
o —101 r —I . [ ]

-2.0 -15 -1.0 =05 0.0

05 1.0 15

RCS - mean(RCS) [dBm?]

2.0 -2.0

-1.0 -05 00 0.5 1.0

RCS - mean(RCS) [dBm?]

=15

1.5

Figure 11: RCS variability versus surface temperature for the two transponders, including Pearson’s
sample correlation coefficient r.

3.2.2 InSAR Phase Stability

Deploying compact transponders is arguably most interesting for applications that use the phase
information, i.e., SAR interferometry. This requires an assessment of the reliability and stability of
the transponder phase. At the WASS test site we evaluate this using a configuration that combines
transponders and corner reflectors at distances of less than 70 m, which results in an atmospheric
differential signal that is on average 0.03 mm (Hanssen 2001), corresponding to 0.4° for C-band,
respectively. This allows us to evaluate the temporal coherence, i.e. the phase stability, of the
transponders, as the phase variance should be dominated by the clutter, described by the SCR of the
transponders, and the sensor’s thermal noise.

Flattened and topography-corrected interferograms were computed for all Sentinel-1 stacks, and
subsequently interferometric phase time series, evaluated at the IRF peaks, were used to compute
double-difference phase time series between transponders and reflectors. Fig. 12 shows double-
difference (DD) phase time series between a transponder’s ascending oriented antenna and a reference
reflector, for all Sentinel-1 tracks. As the seasonal signal is apparent in the time series, we also
plot the surface temperature readings of a nearby meteo-station (Voorschoten) obtained for the whole
hour closest to the Sentinel-1 acquisition. To verify that this signal is not coming from the reference
reflectors, we also compute DD time series between the independent reference reflectors.

Fig. 13 with scatter plots of the LOS displacement against the temperature, measured from the
ascending tracks, shows a significant correlation for the transponders, while practically no correlation
for CR. While such a seasonal signal could be also caused by the actual displacement between the con-
crete slabs carrying the reflectors, repeated levelling measurements do not show such displacements.
Therefore, the phase measurements of the ECRs are indeed sensitive to the temperature variations,
with a typical dependency of 0.07-0.15 mm per °C.

For the transponders at test site JABO, we cannot compute independent phase DD’s as there is
no nearby reference corner reflector. Therefore, Fig. 14 only shows phase DD’s, converted to LOS
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Figure 12: InSAR phase double-difference (DD) for transponder ECR100 and reflector DBFT, relative
to a reference corner reflector CRAS, plotted against air temperature for test site WASS.
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Figure 13: InSAR LOS displacement of transponder E100 and reference reflector DBFT plotted against

temperature, for test site WASS.

displacements, over the very short baseline between ECR141 and ECR148. Assuming the same
temperature dependency for both the units, it should cancel out over this baseline. However, the
residual correlation of the InSAR phases with the surface temperature is apparent. Unfortunately, in
this case we cannot rule out actual subsidence or uplift of one of the concrete blocks carrying the
transponders. In Fig. 14 we also compare the LOS displacement time series with the snow cover
data of test site JABO. The sudden 2 mm phase jumps in January and February of 2021 are clearly
a consequence of the snow and ice cover on the transponder’s radomes, as shown by the snow cover

time series in Fig. 14.

ECR141 - ECR148

] -10 = 8]
T 8] sl_dscl24 E —A— sl_gsclzzl .
E 61 sl _dsc51 -5 T = 6 sl _dsc5l A
t —— sl_asc73 lg & 5 —— sl_asc73 E
g 4| = slasclis . E g 4] = slascl7s "
S - 3
2 F 5 £ 24 [¥]
T 2] 10 ¢ 3 s
& g‘ o 2o
T 15 £ 5| 8
" 0 - wn 0 7]
° L 20 9 P
—21 : : ‘ ‘ 2] 1 ; : ‘
N N 0 N A" Ay 0 N N 0 \S \y
©7 @7 o N o o7 R @7 R o7 o7 o

Figure 14: Time series of InSAR phase double-differences (LOS displacement) between ECR141 and
ECR148, and surface temperature, and snow cover for test site JABO.

To compensate for the influence of temperature on phase, the transponders would need to have
an active temperature control system, such as used by calibration transponders (Raab et al. 2016).
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This would, however, increase the complexity, energy consumption, and consequently the cost of the
transponders.

In fact, secular and seasonal effects in the time series can be effectively modelled in the post-
processing, as long as they remain trend-stationary. Our results show that rather than using a universal
equation, each individual transponder requires unique modelling. For each track, we estimate and
remove the (seasonal) temperature-dependent signal from the InSAR DD time series assuming the
simple linear scaling factor with temperature. The time-dependent trend (drift) is not parameterized,
as no displacement trend is observed from the levelling measurements. However, we estimate the drift
from the residuals and test its significance using the parameter significance test (Koch 1999). The
estimated drift values are reported in Table 6. For ECR100, in track 88-asc and 37-dsc, the estimated
drifts are significant (level of significance @ = 0.01), while neither of the estimated drifts of ECR128
could be proven significant. Since the estimated residual drifts over the baseline between the corner
reflectors are not significant, see Fig. 12, we reject the hypothesis that reference reflectors have an
influence on the observed drift of the transponders.

After removing the estimated temperature-dependent signal and the residual drift, we assume that
the phase residuals are representative of the phase noise and compute the standard deviation (STD)
of the residuals. Table 6 shows the estimated STDs for the transponder-reflector (T/R), reflector-
reflector (R/R), and transponder-transponder ('T/T) baselines before (‘raw’) and after the trend removal
(‘detrended’). We compare the estimated STD with the STD predicted using the normalized amplitude
dispersion (NAD) (Ferretti et al. 2001) and the temporal average SCR (Dheenathayalan et al. 2017).
For the reflectors CRAS and CRDS, we have a reliable estimate of their long-term phase STD, which
18 0y r = 0.11 mm, see Table 1. Therefore, an estimate of the double-difference phase STD for a T/R
baseline is obtained by error propagation (assuming uncorrelated measurements). Table 6 shows that
the SCR-based estimation of the phase STD gives overly optimistic values, hence the average SCR
estimates are biased.

Table 6: InSAR double-difference (DD) phase standard deviation (STD) and drift.

Baseline Track InSAR DD phase STD [mm] Residual drift
predicted observed [mm/yr]
SCR NAD raw detrended +1o
ECR100 - CRAS 88a 2 5 .8 S -0.5+0.1
161a 2 4 1.2 .6 -0.3+£0.2
-CRDS 37d 2 .6 .8 .6 -04+0.1
110d 2 .6 7 .6 -0.3+£0.1
ECR128 - CRAS 88a 2 3 9 i -0.7+04
161a 2 5 1.0 7 -0.6 +0.3
-CRDS 37d 2 .6 .6 .6 -04+0.3
110d 2 .6 5 S -0.6 +0.3
DBFT - CRAS 88a 4 4 .5 5 -0.2+£0.1
161a 4 4 .6 .6 +0.2 + 0.1
-CRDS 37d .5 5 .6 .6 0.0x0.1
110d 4 5 5 S 0.0+0.1

Knowing that the clutter of the transponders has not changed over the monitored period, the
assumption of temporal ergodicity fails for the time series of the transponders’ peak responses. In
other words, the RCS variations are fully displayed in the phase instability. Therefore, the NAD
provides a better STD proxy for the transponders. Removing the trend and seasonal components
lowers the STDs, cf. Table 6, where the most notable improvement is observed for the ascending
tracks, which are more affected by temperature variations. For T/R baselines with ECR100 and
ECRI128, we observe an average STD of 0.6 mm across all Sentinel-1 tracks.
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3.2.3 Absolute Positioning

The positions of the transponder’s antenna phase centres (both ascending and descending) in a TRF
were determined applying a two-step procedure. First, we determined the coordinates of the transpon-
der reference point, i.e., the northwestern corner of the base-plate, see Fig. 8(b), using GNSS. For
the JABO test site, we used static GNSS observations for one hour (with a geodetic-grade receiver
Trimble R10), connected to the ETRS89 coordinate reference system (ETRF2000 reference frame)
via the nearby permanent reference station JABO (SKPOS network). For the WASS test site, we used
four 90-seconds GNSS RTK observations (with a geodetic-grade receiver Trimble R8), connected to
the ETRS89 coordinate reference system (ETRF2000 reference frame) using the NETPOS processing
service of the Dutch Kadaster. Second, we computed the phase centre coordinates, for each of the
antennas, from the reference point coordinates using local coordinate offsets supplied by the manu-
facturer Metasensing (2019). The accuracy of the TRF coordinates is 1-2 cm in the horizontal and
3 cm in the vertical direction.

The absolute SAR positioning accuracy of the transponders is evaluated by computing the Absolute
Positioning Errors (APE) for each acquisition using Eq. (11). Fig. 15a shows APE for the tested
transponders and reference reflectors. Observed systematic differences in the range coordinate are
primarily caused by the internal electronic delay of the transponders. An approximate internal
electronic delay of ~1.5 m (107 s), including the antennas and protective radome, was estimated
by Metasensing (2019). However, the observed average range differences vary between —1.24 m to
—2.10 m. Moreover, different internal delays are observed across the individual transponders and
between ascending and descending tracks. Fig. 15b shows average range delays plotted against the
antenna misalignment in elevation and azimuth angles. We observe nonsystematic shifts between
individual transponders. We also observe an apparent shift between ascending (negative A«a) and
descending (positive Aa) tracks, which is highest for ECR141 (>0.5 m) and smallest for ECR148
(<0.1 m). Although Gruber et al. (2020) report an incidence angle dependence of the transponder’s
internal range delay, our results could not confirm this. It is interesting to note the completely
different range delay behavior between ECR141 and ECR148, despite that these are separated only
46.5 m. For standard deviations of the range coordinate differences, even if the uncertainties of GNSS
measurements, orbit state vectors, and atmospheric signal delay corrections are considered, we still
reach at least a factor 2 worse results. The average azimuth coordinate differences are all within the
confidence interval of their standard deviations. For azimuth standard deviations, we reach the limit
dictated by the SCR (CRB) and the azimuth resolution (~ 22 m).

3.3 Conclusions

From the experimental results with four compact transponders installed at two different test sites,
we can draw the main conclusion that each transponder unit is specific in terms of its radiometric,
geometric, and phase stability. From the experiments with recent Metasensing ECR-C transponders,
we conclude these recommendations:

* Although transponders provide high average RCS, it has significantly higher temporal variations
compared to corner reflectors of equivalent RCS. These are unit-specific and may be influenced
by environmental temperature variations, mainly for temperatures above 20°C. Therefore, using
SCR as the phase precision proxy yields biased estimate.

* Due to the significant antenna-specific internal electronic delays, the transponders might require
individual calibration models, similar to the geodetic GNSS antennas, for absolute centimetre-
level geodetic positioning purposes.
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Figure 15: Absolute Positioning Errors (APE) on Sentinel-1 data (a) in azimuth and range of the corner
reflectors (CRAS/CRDS) and the transponders (ECR100/ECR128) at the WASS test site, (b) in range
versus antennas misalignment in elevation (A6) and azimuth (Aa) angles. Error-bars are 2.5 sigma.

* The phase measurements of the transponders are sensitive to environmental temperature vari-
ations, which can be modelled using simple scaling factor. However, each transponder unit
requires a unique modeling.

* The residual phase drift of the transponders is smaller than 1 mm/year, which is especially
important for long-term InSAR reliability.

* The observed InSAR phase standard deviations after removing the seasonal trend are within
0.5-1 mm in LOS direction, which is more than factor 2 worse than specified by the manufac-
turer (Metasensing 2019). Snow or ice cover on the transponder radome causes undesired phase
spikes with larger magnitudes than the phase accuracy.

Our main conclusion is that compact radar transponders are a viable alternative to corner reflectors
for locations where installation of a corner reflector is not possible or otherwise not practical. However,
an individual calibration is recommended for precise InSAR applications, e.g., using transponders as
reliable reference points for deformation monitoring. For further research, we recommend repeating
the experiments using longer Sentinel-1 and Radarsat-2 SAR time series to obtain a more robust
estimate on the InNSAR phase stability, especially on the possible secular drift. Moreover, we encourage
an intercomparison with the ECR-C units installed within the Baltic height unification initiative (Gruber
et al. 2020) or the EUREEF initiative.

4 InSAR and GNSS Co-location

In the previous chapters, we have shown the viability of using artificial radar reflectors as phase
coherent point scatterers for InNSAR geodesy. The particular benefit of artificial reflectors is the
precise knowledge of their effective phase centre, allowing their direct co-location with other geodetic

23



measurements in the observation space. The only remaining assumption is that the measurement points
of different techniques undergo the same motion in time. To satisfy this assumption, measurement
points of different techniques could be rigidly connected within a single instrument, the co-location
station. Under such circumstances, co-locating radar reflectors and instruments of absolute space
geodetic technique, such as continuous GNSS measurements, allows: (i) to have a reliable network of
reference points; (ii) to transform multiple InSAR measurements from different acquisition geometries
into a common, well-defined terrestrial reference frame; and (iii) to validate the InNSAR measurement
quality. Continuously operating reference GNSS stations (CORS), as part of the state-wide permanent
GNSS networks, are well-suited to serve as a foundation for integrating InNSAR measurements in an
absolute geodetic datum.

The advantages/disadvantages of passive/active radar reflectors for geodetic InSAR co-location
are summarized in Table 7.

Table 7: Pros and cons of the passive/active radar reflectors for InNSAR geodesy and geodetic co-location.

Reflector passive (corner reflector) active (transponder)
Complexity simple, easy to manufacture relatively complex electronic device
Size large/bulky (esp. for longer wavelengths) | small/compact

Environmental sus-
ceptibility
Maintenance

Cost and availability
Selectiveness

SAR geometry

RCS

SAR positioning

InSAR

Multi-year reliability

GNSS co-location

conspicuous (vandalism), wind-loading,
clogging (debris, precipitation)

minimal (clogging)

cheap, various shapes

always on, multiple frequencies/polariza-
tions

single (ascending or descending)

size-and orientation-dependant,
temporal stability

good

apex known and easy to measure

phase-stable

well-verified (possible damage, vandal-
ism)

only new stations, robust construction re-
quired, height separation to avoid GNSS
multipath

temperature, snow/ice cover

power supply, GPS clock synchronization,
firmware updates

more expensive, new on commercial mar-
ket, prototypes

selective (e.g., C/X-band, polarization,
on-time)

multiple

RF-chain-and orientation-dependant,
temporal stability susceptible to tempera-
ture

antenna phase centre offsets necessary,
antenna-specific internal electronic delays

phase stability dependant on RF chain,
temperature-dependant, possible secular
drift

individual calibration recommended
(drift, temperature variations, electronics
degradation)

easy to install also at existing stations, flex-
ible mounting options required for main-
tenance

Our objective was to design an in-house co-location station within a single monument. For co-
location stations using corner reflectors, it is important to minimize the negative influence of corner
reflectors on the quality of GNSS signals (multipath), which is the main concern for GNSS network
operators. On the other hand, the influence of the station’s monument on the radar clutter should be
minimal. The requirement was to use the standard GNSS antenna mounting monument used by the
SKPOS permanent stations (SKPOS 2021), i.e., a concrete-filled corrugated plastic pipe with 400 mm
diameter and an interior steel armature. We combine it with the well-verified DBST reflector design
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from the landslide monitoring experiences, see Section 2.2. The main advantage of using a back-
flipped reflector is avoiding the need to dip them to achieve proper LOS alignment. Hence CR can
be connected to the mounting structure with their vertical central plates directly. The principal design
question was how to mount the CR on the GNSS antenna pole or pillar. Multipath effects induced by
co-located CR were studied in depth by (Fuhrmann et al. 2021). They analyze the influence of two
60 cm square trihedrals attached to the GNSS antenna pole with a vertical distance of 50 cm from
the top of the reflectors. Their experiments show that CR have no significant effect on daily GNSS
coordinates (less than 0.1 mm), and they induce smaller multipath effects compared to multipath
observed at GNSS sites on buildings. Experiments by Kamphuis (2019) show clear quality loss due
to multipath when the GNSS antenna is placed directly above the CR, but no negative influence with
height separation of > 1.3 m

From the InSAR perspective, the pipe protruding above and below the reflector’s central plate
causes undesired secondary reflection with a different phase centre as the primary reflection from
a corner reflector. This can cause either constructive/destructive interference, possibly diminishing
the SCR and jeopardizing the final phase centre position. To find the influence of the pipe on the
clutter, we first simulate the RCS of the pipe as a top-hat reflector using geometric optics (Doerry
2008). Considering the shallowest local incidence angle of the Sentinel-1 measurements (44°), the
analytical RCS of this 1.3 m high top-hat reflector with 0.4 m diameter is approximately 17 m?. The
RCS of the DBST reflector under such circumstances is >1600 m?2, i.e., almost 100 times stronger.
In terms of the SCR, this corresponds to gain or loss of +0.05 dB, which is one order smaller than
the radiometric accuracy of Sentinel-1. To confirm the simulation results, we perform an experiment
by mounting an empty corrugated pipe, in the ascending reflector (west one), protruding 1.3 m above
the opposite reflector’s central plate. For Sentinel-1 descending acquisition, we estimate the RCS and
peak position of the opposite reflector’s (descending, east) response and compare it to the average RCS
and positioning before the pipe was mounted. This experiment confirms the results of the simulation,
showing no detectable RCS or positioning changes.

In the final design, the reflectors are mounted 1 m above the ground to minimize undesired ground
reflection for CR (Doerry 2008). Therefore, the horizontal reflector plates are >1.3 m below the
GNSS antenna. Although squinting the reflectors by ~12 degrees in azimuth would yield ideal bore-
sight alignment with Sentinel-1 measurements, it would also increase the complexity of the carrying
construction. Therefore, we have opted for the straightforward east/west orientation of the reflectors,
hence connecting them within a single carrying construction of four steel rods drilled through the
pipe, filled with concrete. The photo of the built prototype station is in Fig. 16.

The average RCS of both ZVOL reflectors observed from one year of Sentinel-1 time series is
in concert with analytical RCS values and comparable to other DBST reflectors in Slovakia. The
clutter power is estimated to be at approximately the same level before/after the station installation.
Considering the multipath effects in the GNSS signals received by the ZVOL station, GNSS operator
SKPOS (2021) reports nominal values comparable to other stations without the corner reflectors.

Finally, we have assessed the co-location suitability of all SKPOS permanent stations. Many of
the stations, especially those with GNSS receivers mounted on roofs of buildings, were found to be
unsuitable due to high levels of clutter. Considering the limited possibilities to install bulky corner
reflectors on already existing stations, radar transponders are a plausible alternative. Our co-location
design with corner reflectors (Fig. 16) is preferred for all future SKPOS stations. After sufficient time
series of Sentinel-1 measurements are accumulated, the co-location stations will serve as a geodetic
reference for InNSAR time series analysis at regional, up to nationwide scale Parizzi et al. (2020).

The potential of InSAR geodesy will only grow with future SAR satellite missions. Co-location
stations integrating InSAR and GNSS measurements will be essential for the robust validation scheme
of the InSAR products from national and international initiatives, such as the European Ground Motion
Service (Larsen et al. 2020).
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Figure 16: The new type of InSAR and GNSS co-location reference station (ZVOL) of the permanent
SKPOS network (SKPOS 2021).

5 Research Contributions

I InSAR theory with the emphasis on geodetic particulars was summarized, addressing the readers
from the geodetic community.

IT The foundation for the state-of-the-art geodetic InNSAR time series software was developed,
including the quality control and integration of artificial radar reflectors.

III In-depth study of the radiometric, geometric, and interferometric particulars of analyzing SAR
time series of artificial radar reflectors was performed.

IV A new ‘temporal method’ for estimating the Signal-to-Clutter Ratio (SCR) of InSAR corner
reflectors was devised.

V Novel software for analyzing SAR time series of artificial radar reflectors, GECORIS, was
developed and provided to the public under a free and open-source license.

VI First corner reflector networks were built for landslide monitoring and geodetic InSAR integra-
tion in Slovakia.

VII The viability and reliability of radar transponders as a compact alternative to corner reflectors
for InSAR geodesy were tested in multi-year field experiments.

VIII A prototype permanent station for co-location of InNSAR and GNSS measurements was designed,
built, and tested.
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