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Abstract: Compact active transponders (CATs) – also termed
electronic corner reflectors – are compact electronic devices
designed to receive, actively amplify and re-transmit a radar
signal, e.g. a C-band radar signal received from a Sentinel-1
satellite. CATs can potentially be useful for a number of
purposes, e.g. if co-located with geodetic infrastructure.
However, CATs have only recently become commercially
available, and therefore, the usability and long-term perfor-
mance of CATs are not well known. In this study, two CATs
are tested under realistic operating conditions for a period
of 14 months, from July 2020 to September 2021. The displa-
cement time series of the CATs are determined from a per-
sistent scatterers interferometric synthetic aperture radar
processing of four tracks of Sentinel-1A/-1B data with a pas-
sive corner reflector (CR) as the spatial reference. The dis-
placement time series of the CATs are evaluated against a
ground truth established from repeated levellings between
the CR and the CATs. Based on the results of this study, it is
found that a sudden vertical displacement of a CAT can be
determined with an accuracy better than 1 cm, possibly a few
millimetres. Furthermore, it is found that the mean vertical
velocity of a CAT, calculated from 14 months of interfero-
metric synthetic aperture radar displacement time series,
can be determined with an accuracy of a few mm/year.
Finally, the line of sight (LoS) phase error is generally
found to be moderately correlated with temperature,

with an instrument-specific linear relationship between
LoS error and temperature ranging between approx. 0.1
and 0.2 mm/°C. This correlation between LoS phase error
and temperature can in principle be used for instrument-
specific calibrations, which is a topic that should be
addressed in future studies.

Keywords: artificial radar reflector, CAT, compact active
transponder, ECR, electronic corner reflector, field test,
InSAR, InSAR geodesy, interferometric synthetic aperture
radar, Sentinel-1

1 Introduction

Interferometric synthetic aperture radar (InSAR) and per-
sistent scatterer interferometry (PSI) are important and
well-established remote sensing techniques used for the
mapping of a wide range of natural and anthropogenic
deformation phenomena occurring on the surface of Earth
(Ferretti et al., 2000; Frei, 2017). The evolution of InSAR
towards a well-established and widely used technique for
deformation mapping has undoubtedly been stimulated by
recent advances in relation to the quality and accessibility of
synthetic aperture radar (SAR) data. Thus, an important
milestone in relation to the uptake of InSAR is the 2014
launch of the Sentinel-1 satellite mission under the Coper-
nicus Programme. An essential aspect of this mission is the
design parameters and data policy offering high spatial and
temporal resolution C-band SAR data, fully free and open
(Torres et al., 2012). Another important milestone – at least
in a European context – is the 2022 launch of the European
Ground Motion Service (EGMS) under the Copernicus Pro-
gramme. Thus, following the launch of EGMS, pan-European
deformationmaps based on Sentinel-1 data are available fully
free and open (Crosetto et al., 2020; Costantini et al., 2021).

Following the increased uptake of InSAR data, a corre-
sponding increase in the use of artificial radar reflectors
for PSI C- and X-band InSAR has taken place in the past
few years. It is thus estimated that by the end of 2022, >100
artificial radar reflectors have been installed in Denmark
alone (K. Vognsen, Geopartner Inspections, Denmark, personal



* Corresponding author: A. Meister, Agency for Data Supply and
Infrastructure, Ministry of Climate, Energy and Utilities, Sankt Kjelds
Plads 11, 2100 Copenhagen Ø, Denmark,
e-mail: asmei@sdfi.dk, aslak.meister@gmail.com
J. Balasis-Levinsen: Agency for Data Supply and Infrastructure, Ministry
of Climate, Energy and Utilities, Sankt Kjelds Plads 11, 2100 Copenhagen
Ø, Denmark; European Environment Agency, Kongens Nytorv 6, 1050
Copenhagen K, Denmark
K. Keller, M. R. V. Pedersen, M. Jensen: Agency for Data Supply and
Infrastructure, Ministry of Climate, Energy and Utilities, Sankt Kjelds
Plads 11, 2100 Copenhagen Ø, Denmark
J. P. Merryman Boncori: DTU Space, Technical University of Denmark,
Elektrovej, Building 327, 2800 Kongens Lyngby, Denmark

Journal of Geodetic Science 2024; 14: 20220164

Open Access. © 2024 the author(s), published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0 International License.

https://doi.org/10.1515/jogs-2022-0164
mailto:asmei@sdfi.dk
mailto:aslak.meister@gmail.com


communication). The vast majority of these are corner reflec-
tors (CRs), passively reflecting the received radar signal, whereas
only a small minority are compact active transponders (CATs) –
also termed electronic corner reflectors – actively amplifying
and re-transmitting the received radar signal. This is due to
the simple fact that CRs have been in use for many years and
can be considered well-known and well-tested devices. In con-
trast, CATs have only recently become commercially available
and thus are less well-known and less tested.

Accordingly, a large number of field tests investigating
various aspects of usability and performance of CRs have
been reported in the literature in the past years – see, e.g.
(Ferretti et al., 2007; Marinkovic et al., 2007 and Qin and Peri-
ssin, 2015) – whereas only a relatively small number of field
tests involving CATs have been reported so far, e.g. (Luzi et al.,
2021, Czikhardt et al., 2022; Gruber et al., 2020 and Gruber et al.,
2022). Thus, the usability and performance of CATs require
further investigation. That is addressed in this respective study.

The overall purpose of the field test reported in this
article is to: a) test the performance of two CATs when used
for Sentinel-1 InSAR-based deformation monitoring and oper-
ating under realistic conditions and b) assess the potential of
co-locating the CATs with geodetic infrastructure. The overall
purpose of the field test was met, but further testing and
investigation of the encountered problems are needed.

This article is organized in the following sections: this
introduction, followed by a discussion and overview of the
potential benefits of co-locating artificial radar reflectors
for InSAR with geodetic infrastructure (Section 2). The
scope of this discussion and overview is the potential ben-
efits of InSAR displacement time series of artificial radar
reflectors – in particular of the CAT type – co-located with
geodetic infrastructure. Then follows a description of the
field test (Section 3), the artificial radar reflectors deployed
(Section 4), InSAR acquisition and processing (Section 5)
and levelling surveys (Section 6). Then follows a documen-
tation of the achieved results (Section 7) and a discussion
and comparison of the achieved results with those of other
similar studies (Section 8). Finally, conclusions on the per-
formance of the CATs are drawn (Section 9).

2 The potential benefits of co-
locating artificial radar reflectors
for InSAR with geodetic
infrastructure

InSAR-based deformation maps covering large geographical
areas such as nation-wide deformation maps are often

calibrated with external velocity data stemming from
Global Navigation Satellite Systems (GNSS). This is done to
refer the inherently relative InSAR deformation estimates to
the “absolute” geodetic reference frame of GNSS, as well as
to introduce into the deformation maps long-wavelength
deformation phenomena usually obscured by troposphere
delay error (Roukounakis et al., 2021). External GNSS data
used for the calibration of InSAR are usually in the form of
time series from a number of individual GNSS stations (Far-
olfi et al., 2019). In that case, the calibration requires a tie
between InSAR and the GNSS stations, which gives rise
to the problem of how this can optimally be established.
InSAR–GNSS ties can either be established following an
opportunistic approach using InSAR displacement time series
of naturally occurring persistent scatterers (PSs) near the
GNSS stations or – at least in principle – they can be estab-
lished using InSAR displacement time series of purpose-build
artificial radar reflectors co-located with GNSS stations.

The establishment of InSAR–GNSS ties based on natu-
rally occurring PSs relies on the fact that the latter are
stable relative to the nearby GNSS station, which is not
necessarily the case (Puggaard and Meister, 2022). There-
fore, the potential major advantage of artificial radar
reflectors is that they can serve as well-defined radar tar-
gets that can be installed onto or close to the GNSS stations
to be used for the calibration of InSAR. However, if an
artificial radar reflector of the CR type is installed directly
onto a GNSS station, there is – at least in theory – a risk that
the large metal surfaces of the CR can cause GNSS signal
multipath, negatively affecting the GNSS observations. So
far, there are few published studies investigating whether
this is a real problem or not, although according to Fuhr-
mann et al. (2021), the multipath effect is negligible even if
the CR is installed directly below the GNSS antenna. In any
case, a CAT – due to its smaller size andweight and the absence
of large metal surfaces – can more easily be mounted directly
onto the same structure as the GNSS antenna. Additionally, in a
recent study by Olsen (unpublished data), CATs co-located with
GNSS were found not to affect the GNSS observations nega-
tively. Therefore, the potential major advantage of CATs over
CRs is that any relative motion between radar reflectors and
GNSS stations that could otherwise degrade the accuracy of the
InSAR–GNSS ties can in principle be eliminated.

The calibration of InSAR need not necessarily rely on
time series from individual GNSS stations. Instead, it can
rely on a velocity model derived from a network of GNSS
stations (Costantini et al., 2021) or on a geophysical defor-
mation model derived not only from GNSS but also poten-
tially from all relevant geodetic observation techniques, as
well as an – so to speak – “a priori” geophysical knowledge
about the nature of the deformation signal to be modelled.
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However, even in these cases, it may still be relevant to
install CATs on individual GNSS stations, as doing so can
facilitate the quality control of calibrated InSAR-based
deformation maps.

The potential use of artificial radar reflectors is, how-
ever, not limited to the calibration or quality control of
InSAR-based deformation maps. Artificial radar reflectors
can in principle be deployed in any situation in which
there is a need to monitor the stability of a surface or
structure not by itself acting as a PS – at least as long as
the surrounding level of clutter is not too high. In opera-
tional geodesy, the physical stability of geodetic instru-
ments is often an important concern. This applies, for
example, to the operation of national geodetic infrastruc-
tures, such as networks of GNSS stations or tide gauges.
Traditionally, the relative stability of such infrastructures
is monitored with levelling, which is labour-intensive and
expensive. However, the use of artificial radar reflectors
and InSAR displacement time series potentially represent a
less resource-demanding alternative and, furthermore, allow
stability to be monitored much more frequently than with
levelling. That is especially the case if artificial radar reflec-
tors of the CAT type are installed directly onto the geodetic
infrastructures to bemonitored, because then the use of level-
ling can in principle be completely avoided.

In summary, the co-location of CATs with geodetic
infrastructure could potentially be useful for a range of
purposes. However, because the exploitation and explora-
tion of CATs within the geodetic community has only begun
in recent years, it is important to add that the investigation
of these potentials is in an early phase with only limited
documentation of actual benefits so far. This further empha-
sizes the relevance of field testing of CATs under realistic
operation conditions.

3 The field test

The field test was facilitated by a test setup established at
the GNSS station HABY – a class A GNSS station located in a
rural, mostly unbuilt area in western Zealand, Denmark,
cf. Figure 1. The established test setup consisted of three
artificial reflectors – two CATs identified as CAT1 and CAT2,
respectively, and one CR identified as CR1. The three arti-
ficial reflectors were arranged in an almost straight line, at
least 60 m apart so that each reflector would be located in
its own Sentinel-1 radar resolution cell, cf. Figure 2. A third
CAT was also installed at the test site. However, this CAT was
later discovered to be suffering from aweak or disappearing
return signal and, consequently, was excluded from the pre-
sent study.

Before the artificial reflectors were installed, the sur-
rounding level of radar backscatter was analysed. This was
done using monthly median values of the backscatter coef-
ficient calculated using Google Earth Engine (Gorelick et al.,
2017), cf. Figure 2. Thus, the July 2018 median values of the
backscatter coefficient were found to be approx. −15 dB at the
sites of CR1 and CAT2, and between approx. −11 and 2 dB at
CAT1. The relatively high backscatter coefficient at CAT1 was
most likely due to the HABY GNSS station as well as several
containers located approx. 25–50m south of the GNSS station.
Thus, the two CATs were tested under different levels of back-
scatter: CAT2 under ideal conditions and CAT1 under less
ideal but arguably more realistic conditions.

CAT2 as well as CR1 were mounted on custom-made plat-
forms, each supported by three torsional plugs extending
approx. 2.5 m below the surface, thus ensuring the high sta-
bility of the reflectors, cf. Figures 3 and 4. CAT1 was mounted
on a custom-made platform fixated to the foundation of
HABY GNSS station, thus being tested under conditions
exactly corresponding to the intended application as an
InSAR–GNSS tie, cf. Figure 3.

The field test was carried out from July 2020 to
September 2021, thus spanning more than a full seasonal
cycle. CR1 and CAT1 were kept stable throughout the field
test, whereas CAT2 was subjected three times to a manual
(i.e. intentional) vertical displacement in the range +/−
0–2 cm, cf. Table 1. Of these displacements, the third and
smallest displacement with a size of approx. +1 mm was
specifically intended to test whether a displacement of
that size could be detected by InSAR.

The line of sight (LoS) displacements of CAT1 and CAT2
were derived from a multi-temporal persistent scatterer
interferometric synthetic aperture radar (PSInSAR) proces-
sing with CR1 as the spatial reference. This InSAR processing
was carried out on four ground tracks of Sentinel-1A/-1B
data (T44A, T146A, T66D and T168D). The LoS displacements

Figure 1: Geographical location of the test setup and HABY GNSS station
(55.9718°N, 11.3553°E). Map downloaded from www.eea.europa.eu.

A field test of compact active transponders  3
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thus determined were decomposed into the 2D East and Up
components, yielding estimates of the East and Up displace-
ments of CAT1 and CAT2 relative to CR1.

In order to evaluate the accuracy of these LoS and 2D
displacements, it is necessary to have some external/inde-
pendent observations fromwhich the actual displacements
– the ground truth – can be established. Thus, a precise
levelling survey was carried out approx. every third month
from January 2020 to September 2022, as well as immedi-
ately before and after each manual displacement of CAT2.

Based on these levelling surveys, it will be possible to accu-
rately establish a ground truth with respect to the vertical.
In principle, it is also possible to establish a ground truth
by means of GNSS. However, as CAT1 is the only radar
reflector co-located with a GNSS station, only the “abso-
lute” displacements of CAT1 in the geodetic reference
frame of GNSS can be derived – not the relative displace-
ments between CAT1 and the other radar reflectors of the
test setup. For this reason, the ground truth will be deter-
mined solely from repeated levelling surveys.

Figure 2: Left: an overview of the test setup and surrounding area. Top right: median level of radar backscatter coefficient σ0 [dB] before any artificial
radar reflectors were installed (July 2018). Bottom right: median level of radar backscatter coefficient σ0 [dB] after installation of artificial radar
reflectors (July 2020). The third CAT, which was excluded from the study, is visible as a backscatter between CAT1 and CAT2. Orthophoto by the Agency
for Data Supply and Infrastructure.

Figure 3: Left: CAT1 on the foundation of the HABY GNSS station. Middle: CAT1 and HABY GNSS station. Right: CAT2.
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4 Artificial radar reflectors

4.1 CAT1 and CAT2

The two CATs being tested are produced by MetaSensing
and designed to receive, amplify and re-transmit C-band
radar signals of both ascending and descending satellite
geometry. CAT1 (serial no. 123) and CAT2 (serial no. 134)
are identical in terms of type and design. Each CAT is
equipped with two pairs of dual-polarization antennas, i.e.
one antenna pair for each satellite geometry, each consisting
of one receive and one transmit antenna. By the manufac-
turer, the antenna orientations are adjusted to an azimuth
squint of 11° (south-bound from the East–West direction)
and an elevation tilt from zenith of 32°. This antenna orien-
tation approximately corresponds to the average Sentinel-1

LoS geometry as observed from the location of the test site.
The CATs, including antennas, are covered by a protective
PVC radome transparent to C-band radar and are powered
by AC mains.

Prior to installation, the CATs were configured for V
polarization (only one polarization is possible at a time)
and programmed to activate at the time of Sentinel-1A/-1B
satellite overpasses.

For the basic specifications of CAT1 and CAT2, refer to
Table 2. For a more thorough technical description of this
type and design of CAT, refer to the study by Czikhardt
et al. (2022).

4.2 CR1

CR1 is a double square trihedral CR (the so-called MUSE-
design; Quin and Loreaux, 2013) equally well-suited for
ascending and descending geometries. For the basic speci-
fications of CR1, refer to Table 3. The theoretical peak RCS
given in Table 3 has been calculated based on the relevant
formula in the study by Doerry (2008).

CRs of a design similar to CR1 have previously been
deployed and successfully tested at two separate test setups in
northwest Jutland, Denmark (Balasis-Levinsen et al., 2019).

5 InSAR acquisition and processing

The InSAR processing included a total of 278 Sentinel-1 images
covering the period from 2 July 2020 to 1 September 2021, cf.
Figure 5. Data from each ground track were processed with
the PSInSAR method described in the study by Ferretti et al.
(2000) and implemented in the commercial SARPROZ© soft-
ware. An Amplitude Dispersion Index of 0.3 was used for the
selection of the persistent scatterer candidates (PSCs) in the
area of interest, and the PSCs with the highest average inten-
sity located in a neighbourhood of the expected point target
positions were selected. Each resulting LoS time series for the
CAT1 and CAT2 PSCs was spatially referenced to CR1. This

Figure 4: CR1.

Table 1: Date and size of manual, vertical displacements of CAT2

CAT2 – Manual displacements

Date Size (mm)

15 September 2020 (2020.705) −3.9
24 February 2021 (2021.146) −14.4
13 July 2021 (2021.533) +1.1

Table 2: Basic specifications of CATs according to the manufacturer
(Meo et al., 2019)

Dimensions (W × L × H) 0.360 m × 0.570 m × 0.233 m
Weight 10.2 kg (excluding custom-made

platform)
Radar cross-section (RCS) 31.8 dBm2

A field test of compact active transponders  5



spatial referencing also effectively removes the effects of
atmospheric propagation errors in the subsequent time series
analysis, since the errors affecting CR1 and the CATs are highly
correlated, due to their proximity. The East and Up displace-
ment time series in a local Cartesian system were obtained by
resampling the LoS time series of each ascending and des-
cending track to a common temporal grid, namely that of
descending track 66, and solving a least squares system of
four equations in two unknowns, assuming the northward
motion component to be zero (Merryman Boncori, 2019).

6 Precise levelling

All levelling surveys were carried out as geometric precise
levelling in accordance with guidelines established by the
Nordic Geodetic Commission (Becker and Andersen, 1986).
Furthermore, in order to minimize the effects of both
random and systematic errors, each levelling survey con-
sisted of four repeated levelling runs, each interconnecting
the three artificial radar reflectors of the test setup.

Each levelling survey underwent a least squares adjust-
ment using GNU Gama – a software package dedicated to
the adjustment and quality control of geodetic survey net-
works (Čepek, 2022). All levelling adjustments were carried
out with a fixed height of CR1, thus yielding vertical displa-
cement time series of CAT1 and CAT2 relative to CR1.

7 Results

The LoS displacement time series of CAT1 and CAT2 are
plotted in Figure 6, while the corresponding 2D East and

Up displacement time series (i.e. East and Up components
time series) are plotted in Figures 7 and 8. The 2D Up dis-
placement time series are plotted against the model of
ground truth (Figure 8, top left and right), as well as with
the manual displacements, cf. Table 1, subtracted (Figure 8,
bottom left and right).

The ground truth is modelled as follows: for CAT1, a
linear fit is determined from the levelling time series, cf.
Figure 8, bottom left. For CAT2, the manual displacements
as determined by the differences in levelled heights before
and after each manual displacement are subtracted from
the levelling time series, and a linear fit is determined, cf.
Figure 8, bottom right. Finally, the manual displacements
are re-added to the linear fit of CAT2. The ground truth is
determined with an accuracy of approx. 1 mm, cf. the 95%
confidence bands for the ground truth models of CAT1 and
CAT2 depicted in Figure 8, bottom left and right.

If the 2D Up time series of CAT2 is compared with the
ground truth, a level of agreement within a few milli-
metres is found. Thus, the first and second manual vertical
displacements of CAT2 are easily resolved, whereas the
third and smallest displacement, cf. Table 1, cannot be
unambiguously detected from the 2D Up time series. This
indicates that a sudden displacement of a CAT in the range
of 1–2 cm can be determined with an accuracy of a few
millimetres. However, if the 2D Up time series of CAT1,
which was not subjected to any displacements, is com-
pared with the ground truth, a deviation up to approx.
7 mm is found. Based on the accuracy with which the
ground truth is determined, any actual displacements of
CAT1 relative to CR1 as an explanation for this 7 mm devia-
tion can be ruled out. In addition, the time series of GNSS
station HABY – onto which CAT1 is installed – has been

Table 3: Basic specifications of CR1

Inner leg length of square trihedral 0.650 m
Weight 31 kg (excluding custom-made platform)
RCS 33 dBm2

Figure 5: Temporal distribution of the processed Sentinel-1 radar images.
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examined, and indeed, no displacement signal resembling
the 2D Up time series is found in the GNSS time series
(Khan and Kolster, unpublished data).

From each 2D East and Up displacement time series, a
linear fit is determined (in the case of CAT2 Up after the
manual displacements have been subtracted), cf. Figures 7
and 8, bottom left and right. Thus, for the Up displacement
time series of CAT1 and CAT2, slopes corresponding to mean
vertical velocities of −1.83 and 2.05mm/year, respectively, are
found. For CAT1, the estimated velocity is approx. 1.9mm/

year below the ground truth value, and for CAT2, approx.
1.2mm/year above the ground truth value. However, none
of the linear fits determined from the InSAR 2D East and
Up time series have a slope that is significantly different
from zero (at a 5% significance level). Furthermore, neither
of the linear fits determined from the levelling time series
have a slope that is significantly different from zero (at a 5%
significance level). In that sense, an overall agreement
between the InSAR 2D time series and the ground truth
has been found.

Figure 6: InSAR LoS displacement time series of CAT1 and CAT2.
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7.1 Phase error and temperature correlation

The LoS displacement time series of CAT1 all seem to exhibit
some degree of seasonality in the sense that all have a slight
minimum at the beginning of 2021, cf. Figure 6. In order to
examine if this pattern is due to seasonal temperature var-
iations, the LoS time series of CAT1 and CAT2 are plotted
against air temperature, cf. Figure 9. The plotted tempera-
ture is the meteorological air temperature measured by the
Danish Meteorological Institute at weather station Gniben
6 km northeast of the test site (Online: https://confluence.
govcloud.dk/display/FDAPI/Climate + data/ [accessed on 12
December 2022]). The plotted LoS time series are time series

with the ground truth removed, i.e. the ground truth has
been projected to LoS and then subtracted from the time
series. After the removal of the ground truth, the time series
have been filtered using a simple algorithm, removing data
points lying outside the mean ±2 times the empirical stan-
dard deviation. Since the baselines between CR1 and CAT1
resp. CAT2 are very short (<200m), troposphere delay errors
can be neglected. Therefore, the LoS time series of Figure 9
can be regarded as the time series of the LoS phase error
due to CAT phase error and surrounding backscatter.

From Figure 9, it is evident that some degree of corre-
lation exists between the LoS time series and air tempera-
ture. To investigate this further, the LoS error is plotted as

Figure 7: InSAR 2D East displacement time series of CAT1 and CAT2.

Figure 8: InSAR 2D Up displacement time series of CAT1 and CAT2.

8  A. Meister et al.
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a function of temperature, and a linear fit including the
Pearson correlation coefficient is determined, cf. Figure 10.
Thus, the CAT1 LoS error is found to be moderately corre-
lated with temperature on all tracks. The CAT2 LoS error is
found to be moderately correlated with temperature on
tracks T44A and T66D and weakly correlated on tracks
T146A and T168D. The test site is positioned in the mid-
range of tracks T44A and T66D, in the near range of
T146A and in the far range of T168D. For both CATs, the

weakest correlations are found on T146A and T168D. How-
ever, it is unknown if this is a mere coincidence or if it is in
fact because errors unrelated to temperature are more
dominant in the near and far range.

As for the actual linear relationship between LoS error
and temperature, varying results are obtained for CAT1
and CAT2. For CAT1, rather uniform results are found
across tracks with a linear relationship varying between
0.15 and 0.19mm/°C and a LoS error at 0°C varying between

Figure 9: InSAR LoS time series of CAT1 and CAT2 plotted against temperature.
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−5.16 and −5.29mm. For CAT2, the results are less uniform,
with a linear relationship varying between 0.04 and 0.13mm/
°C and a LoS error at 0°C varying between −0.41 and −1.91mm.

Similar results are found for the 2D Up component time
series, cf. Figures 11 and 12: the CAT1 Up error is moderately
to strongly correlated with temperature, while the CAT2 Up
error is weakly to moderately correlated with temperature.
The linear relationship between Up error and temperature
varies between 0.17mm/°C for CAT1 and 0.07mm/°C for

CAT2. The Up error at 0°C varies between −5.16mm for
CAT1 and −1.20mm for CAT2.

8 Discussion

To the authors’ knowledge, no other published studies are
directly comparable to the present study in the sense that

Figure 10: InSAR LoS error of CAT1 and CAT2 as a function of temperature.
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no other studies examine the accuracy with which either a
sudden vertical displacement or the mean vertical velocity
of a CAT can be determined. However, in studies by
Czikhardt et al. (2022) and Luzi et al. (2021), the relation
between LoS phase error and temperature is examined.

In the study by Czikhardt et al. (2022), a field test invol-
ving two CATs of the same type and design as the CATs
tested in the present study is evaluated for a period of up
to 21 months. In that study, the LoS phase error was
generally found to be moderately correlated with tem-
perature, with an instrument-specific linear relationship
between LoS error and temperature ranging between
0.07 and 0.15 mm/°C.

In the study by Luzi et al. (2021), a field test involving a
prototype of a deliberately simple, low-cost CAT is evalu-
ated for a period of 11 months. In that study, the LoS phase
error was found to be strongly correlated with tempera-
ture, with a reported correlation coefficient of 0.8 and a
linear relationship between LoS error and temperature of
approx. −0.4 mm/°C.

The studies by Czikhardt et al. (2022) and Luzi et al.
(2021) are comparable to the present study in the sense that
the temperature correlation is determined for roughly the
same temperature interval (approx. 0–25°C), and – as it
appears from the above – especially between Czikhardt
et al. (2022) and the present study, a good overall agree-
ment is found. A possible explanation for the relatively
strong temperature correlation found in the study by
Luzi et al. (2021) may be the less mature and deliberately
simple design of the CAT tested in that study.

The fact that LoS phase error is correlated with tem-
perature can – at least in part – be explained by a tempera-
ture-dependent behaviour of the active radio frequency
components of the CAT (Raab et al., 2016). The impact
hereof can be minimized by integrating into the CAT an
active temperature management system that maintains
the internal temperature of the CAT within certain limits
regardless of variations in the ambient temperature, cf.
(Raab et al., 2016). However, such a system adds to the com-
plexity and cost of a CAT, and therefore – at least in prin-
ciple – a more desirable approach would be to perform

Figure 11: InSAR 2D Up time series of CAT1 and CAT2 plotted against temperature.

Figure 12: InSAR 2D Up error of CAT1 and CAT2 as a function of temperature.
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instrument-specific calibrations of the measured LoS phase
using the parameters of the linear models depicted in Figure
10 as calibration parameters. Indeed, this approach has
already been implemented by Czikhardt et al. (2022) and
Luzi et al. (2021). However, the practical benefit of instru-
ment-specific calibrations depends on the time variability
characteristics of the calibration parameters, which can
only be determined from longer studies collecting data
over several years.

As for the potential benefits of co-locating CATs with
geodetic infrastructure, e.g. for the calibration of InSAR-
based deformation maps or for the stability monitoring of
geodetic infrastructure, more accurate displacement times
and mean velocity estimates than found in this study are
generally needed. However, in most use cases, the co-loca-
lization of CATs with geodetic infrastructure presupposes
time series much longer than 14 months. That is, e.g. the
case for stability monitoring of geodetic infrastructure,
where the relevant time frame can be tens of years. It is
possible that longer time series corrected for instru-
ment-specific temperature dependencies could signifi-
cantly improve the achievable accuracy. However, this
can only be affirmed by longer studies collecting data
over several years.

9 Conclusions

In this study, a field test of two CATs was evaluated by
comparison with repeated levelling. Based on the results
of the field test, it is found that a sudden vertical displace-
ment of a CAT can be determined by InSAR with an
accuracy better than 1 cm, possibly a few millimetres.
Furthermore, it is found that the mean vertical velocity
of a CAT, calculated from 14 months of InSAR displacement
time series, can be determined with an accuracy of a few
mm/year. Finally, the LoS phase error is generally found to
be moderately correlated with temperature, with an instru-
ment-specific linear relationship between LoS error and
temperature ranging between approx. 0.1 and 0.2mm/°C
and an instrument-specific LoS error at 0°C ranging between
approx. −5 and −1 mm.
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