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Abstract The expansion of globally consistent satellite-radar imagery presents new opportunities to
measure Earth-surface displacements on intercontinental scales. Yet global applications, including a
complete assessment of the land contribution to relative sea-level rise, first demand new solutions to
unify relative satellite-radar observations in a geocentric reference frame. The international network of
Very Long Baseline Interferometry telescopes provides an existing, yet unexploited, link to unify
satellite-radar measurements on a global scale. Proof-of-concept experiments reveal the suitability of
these instruments as high-amplitude reflectors for satellite radar and thus provide direct connections to
a globally consistent reference frame. Automated tracking of radar satellites is easily integrated into
telescope operations alongside ongoing schedules for geodesy and astrometry. Utilizing existing
telescopes in this way completely avoids the need for additional geodetic infrastructure or ground
surveys and is ready to implement immediately across the telescope network as a first step toward using
satellite radar on a global scale.

Plain Language Summary Satellite-radar imagery is used increasingly to map Earth-surface
displacements, providing unprecedented insights into geohazards and crustal changes. Although the
coverage of radar imagery is now global, applications to global-scale processes are not underway. A
fundamental obstacle is the need to transform satellite-based displacement maps from measuring changes
relative to an arbitrary point to being constrained within a globally consistent reference frame. In a new
approach, the international network of radio telescopes is shown to be a unique, unexplored, yet readily
available, link, requiring no installations of additional infrastructure or ongoing fieldwork. Proof-of-concept
experiments using telescopes on two continents demonstrate that these instruments simultaneously provide
high-intensity reflections in satellite-radar imagery, while simultaneously acting as direct ties to a global
reference frame. Automated tracking of radar satellites requires only minor additions to existing telescope
operations and is therefore immediately ready to implement globally, impacting upon the rapidly growing
numbers and diversity of scientists using satellite radar to address geohazards on ever-increasing scales.
This is a first step toward integrating satellite-radar measurements on a global scale, which will inevitably
deliver new understanding of the processes that shape Earth's crust, including a complete, consistent
assessment of the contribution of land displacements to relative sea-level rise.

1. Introduction

High-resolution (down to tens of meters) ground displacement maps obtained via repeat satellite radar
(interferometric synthetic aperture radar or InSAR) fulfill an increasingly significant role in deciphering
the effects of solid Earth, cryospheric and anthropogenic processes that manifest as spatiotemporal changes
in the height of the Earth's surface (e.g., Elliott et al., 2016; Galloway et al., 1998; Goldstein et al., 1993;
Massonnet & Feigl, 1998). The spatial coverage of InSAR imagery has now evolved to a systematic global
basis provided via open access by the European Space Agency's Sentinel-1 satellites (Copernicus Space
Component Mission Management Team, 2017; Torres et al., 2012). Rather than local- or regional-scale appli-
cations, this provides new opportunities for InSAR to deliver complete, global-scale assessments of the
processes shaping Earth's geomorphic and tectonic landscapes, including the land component of sea-
level change.
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Global unification of InSAR-derived ground displacements first requires measurements on water-
separated landmasses to be tied into a consistent, geocentric reference frame (e.g., Mahapatra et al,,
2018). Ground displacements from InSAR are measured relative to the time of the first image acquisi-
tion and are defined with respect to some arbitrary reference frame, such as the mean displacement
of the image (Finnegan et al., 2008) or the displacement of pixel(s) in a far-field region that has to
be assumed to be nondeforming (Elliott et al., 2016; Schmidt & Biirgmann, 2003). As the radar scenes
overlap in range and azimuth, many synthetic aperture radar (SAR) frames may be combined into a
single image on regional or continental scales (Hussein et al., 2018; Walters et al., 2016). However,
due to the relative nature of the measurements and time-varying scattering characteristics over water
bodies, InSAR is limited to overlapping scenes on the same landmass and thus cannot be used directly
on a global scale. Therefore, special strategies are necessary to overcome this deficiency, which we
present here.

The transformation of InSAR measurements to a consistent reference frame is possible via connection
to absolute geodetic infrastructure (e.g., continuous Global Navigation Satellite Systems—cGNSS)
(Bock et al., 2012; Dheenathayalan et al., 2016), referencing the measurements to pixel(s) that are
coincident with, or proximal to, such instrumentation (Bekaert et al., 2017). It is preferable to install
co-located artificial corner reflectors (CRs) or actively transmitting transponders (Mahapatra et al.,
2014) to (1) ensure there is interferometric coherence proximal to the cGNSS (Parker et al., 2017)
and (2) avoid the assumption that the average displacement of nearby pixels is representative of that
at the instrument (Raucoules et al., 2013; Woppelmann et al., 2013) but which may not be true and
cannot be verified.

However, neither CRs nor transponders are necessarily a readily global solution. Installing CRs is
costly (thousands of dollars) and involves fixing the CR orientation to a single satellite and orbit direction
(i.e., ascending or descending) or installing multiple CRs (e.g., Fuhrmann et al., 2018). Periodic site mainte-
nance is then required to remove debris and assess possible disturbances or geometric alterations arising
from environmental factors. Transponders are not yet commercially available and, once installed, require
battery changes (Mahapatra et al., 2018) and radio transmission licenses to be operated, which are restricted
in many jurisdictions (Garthwaite, 2017). If not directly and rigidly attached to the cGNSS monument, sub-
sequent and regular repeat local ties from CRs and/or transponders to the cGNSS then require ongoing long-
term repeat fieldwork at a cost.

A unique and, until now, unexplored solution to these problems is the international network of geodetic
Very Long Baseline Interferometry (VLBI) radio telescopes. The global geodetic network currently consists
of ~30 VLBI telescopes, with at least one located on each major landmass and over which Sentinel-1 acquires
imagery at a frequency of between 1 and 12 days (Figure 1). These telescopes act simultaneously as direct ties
to the International Terrestrial Reference Frame (ITRF) (Altamimi et al., 2011, 2016), while other radio tele-
scopes (e.g., ground stations) have been identified as passive reflectors suited to radiometric calibration for
SAR (Keen, 1983; Meadows, 2000; van't Klooster, 2011; Zakharov et al., 2003). Exploiting VLBI telescopes as
persistent, high-amplitude scatterers in InSAR imagery therefore presents an immediate opportunity to
unify ground displacement measurements from InSAR across continents, while avoiding the implicit
assumptions, additional costs, and ongoing fieldwork required when connecting InSAR measurements to
other geodetic infrastructures.

The integration of InSAR and VLBI necessitates a small paradigm shift in VLBI instrument operations
(i.e., pointing telescopes toward, rather than away from, the satellite-radar beam), which requires inter-
national cooperation to fully realize. The proof-of-concept experiments described herein are intended to
initiate international adoption of this new approach, which has arisen in light of advances and expan-
sion of SAR technology. We use two common VLBI telescope types to validate different modes of track-
ing SAR satellites, while ensuring protection of telescopes’ delicate electronics from the illuminating
radar. We find that tracking is easily automated and implemented alongside existing, ongoing VLBI
observation schedules and thus demonstrate that this existing telescope infrastructure is well suited to
unify InSAR-derived ground displacements across continents within an absolute geocentric reference
frame. This represents the first discussion of implementing satellite-radar measurements on a truly
global scale.
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Figure 1. The global network of the International Very Long Baseline Interferometry Service telescopes. Circles with
black outlines indicate sites where next-generation VLBI Global Observing System instruments will be, or are already,
located. All telescopes are imaged by the European Space Agency synthetic aperture radar satellite constellation Sentinel-1
in either (or both) a south to north ascending orbit (labeled A) or a north to south descending orbit (labeled D) at a
repeat frequency between 1 and 12 days.

2. Concept and Method

Four telescopes from the global VLBI network (Figure 1) were used to test tracking of Sentinel-1 over a
3-month trial period. This includes the two most common types of telescope of the future VLBI Global
Observing System (VGOS: Hase & Pedreros, 2014) network: 12-m-diameter COBHAM Satcom Patriot
Products instruments (Lovell et al., 2013; Hobart, Hb; Katherine, Ke; and Yarragadee, Yg, located in
Australia) and a 13.2-m-diameter MT Mechatronics instrument (Onsala, Oe, located in Sweden).

2.1. Implementing Telescope Tracking Modes

Two approaches to SAR satellite tracking were tested: Telescopes either were pointed in a single, static orien-
tation (fixed azimuth and elevation angle) toward the overpassing SAR satellite or were steered to track the
SAR satellite overpass using time-tagged orientation parameters. For a given telescope and SAR satellite
orbit, orientation parameters were calculated based on the location of the telescope (geodetic coordinates
of latitude, longitude, and ellipsoidal height) and satellite orbital information derived from up-to-date
two-line element files (Hoots & Roehrich, 1980). When not in use for geodesy, astrometry, or SAR satellite
tracking, VLBI telescopes are stowed in a baseline position to reduce gravity sag (cf. Bergstrand et al.,
2019) and mechanical stress on the mountings. The Australian telescopes are stowed pointing in a near-
zenith direction (azimuth 0°, elevation angle 89°), whereas the Swedish Oe telescope is stowed close to hor-
izon (azimuth 0°, elevation angle 0°) or near zenith during heavy storms.

Tracking SAR satellites is easily integrated alongside ongoing commitments of the global VLBI network to
geodesy and astrometry, in which telescopes observe the arrival times of radio emissions from extragalactic
quasars to determine and connect the terrestrial and celestial reference frames (e.g., Schuh & Behrend, 2012;
Sovers et al., 1998). These observations are performed simultaneously at two or more telescopes on the
Earth's surface and are coordinated by international collaboration via the IVS (International VLBI Service
for Geodesy and Astrometry: Nothnagel et al., 2017; Schuh & Behrend, 2012). Coordinated VLBI observation
sessions occur ~200 times per year, usually lasting 24 hr, and during which each telescope follows a sequence
of 300 to 700 observation “scans,” pointing to a specific extragalactic target and recording data for a prede-
fined observation period (between 30 and 300 s). Prior to observation sessions, the IVS issues a schedule to
VLBI telescope operators, which is used to produce a sequence of commands enabling automated operation
of antenna steering, signal chains, and sampler configuration for recording of the data.

If a SAR satellite overpass coincides with an IVS observation session, the scan(s) coincident with the over-
passes can be overwritten and replaced with the orientation parameters of the radar satellite. Including steer-
ing, this corresponds to only one to two scans of the original IVS schedule being missed. Short breaks in
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Figure 2. Synthetic aperture radar intensity imagery for different telescope tracking modes. Results are for tele-
scope Yarragadee (Yarragadee, Australia) showing (a) the telescope stowed in the near-zenith stowed position and the
impulse response observed when tracking Sentinel-1A via (b) steered and (c) static orientations. Black windows show the
region used to calculate the background “clutter.” Images are in radar co-ordinates.

typical 24-hr observation sessions are shown not to significantly degrade results (Iles et al., 2017), and given
the large number of scans per day (typically > 500 per station), we deem this to be entirely acceptable. In the
future, the next-generation VGOS will use faster-slewing telescopes and short on-source times (Petrachenko
etal., 2009) to double the number of scans per station, with at least two observations per minute per telescope.
This will further reduce any impact of missing scans during SAR satellite overpasses until complete
automation can be achieved via the dynamic observing concept (Iles et al., 2017; Lovell et al., 2013) and
direct implementation of SAR tracks within session scheduling.

2.2. Comparing Telescope Tracking Modes

The two modes of telescope tracking (static vs. steered) can be compared to the baseline setup by evaluating
the “brightness” of the reflection from the telescope in coregistered SAR intensity imagery (Figure 2). To act
as a persistent scatterer in SAR imagery, the telescope must provide a high-intensity radar reflection that is
clearly differentiable from the backscatter response of surrounding scatterers, the so-called clutter. The rela-
tive “brightness” of the reflection is quantified as a signal-to-clutter ratio (SCR: Ferretti et al., 2007;
Garthwaite, 2017; Parker et al., 2017). The SCR measures the ratio between the integrated point target energy
measured in the target window (the telescope) and that arising from the average background “clutter.”

Here, SCRs were calculated using a target window of 3 X 3 pixels located at the center of each telescope's
impulse response. The background clutter in the SAR imagery was then calculated using four quadrants
(black squares in Figure 2) that shoulder the side lobes of the telescope impulse response. This approach pro-
vides the most representative measure of clutter and avoids bias associated with choosing arbitrary windows
containing the lowest clutter in the region surrounding the target (cf. Garthwaite, 2017). For reference we
also examined the phase stability of other man-made structures in the SAR imagery that yield “bright”
reflections (SCR > 10 dB) (see grey circles in Figure 3).

2.3. Unification of InSAR Velocities

A worked example demonstrating how to utilize VLBI telescopes as persistent scatterers in InNSAR imagery
and thus unify InSAR-derived velocities intercontinentally for the Oe and Yg telescopes and a set of
simulated InSAR-derived velocities is shown in the Supporting Information. Application to measured
InSAR-derived velocities is reliant upon a long-enough time series of observation epochs in order to attempt
to determine any reliable InSAR rates. Accurately determining the error on the InSAR-measured velocities
at the telescopes is further reliant upon an assessment of the phase stability of the scatterer over the time ser-
ies (see details in Garthwaite, 2017).

The primary geodetic use of VLBI aims to determine the time series of geocentric Cartesian coordinates at
the invariant point of the telescopes, which is the intersection of axes that is not directly observable so has
to be determined indirectly by local land-surveying techniques (cf. Dawson et al., 2007; Losler et al.,
2013). The geocentric Cartesian velocities are computed from these invariant point coordinates using time
series analysis (cf. Altamimi et al., 2016). As such, the question may arise as to how the SAR reflection point
on the telescope relates to the invariant point. We contend that this does not affect our technique, as we are
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Figure 3. Time series of signal-to-clutter ratios at four Very Long Baseline Interferometry telescopes. Hobart,
Katherine, and Yarragadee are located in Australia. Onsala is located in Sweden. The initial testing phase at Hobart
was undertaken to ensure protection of receiver electronics. The ground control point shown for Yarragadee is a man-
made building situated ~300 m from the telescope.

concerned with the geodetic velocities of the telescope structure. Fundamentally, the geometry of the
telescope is deliberately left unchanged. As such, so long as the telescope is pointed consistently to each
SAR satellite, it becomes immaterial as to exactly where the SAR reflection originates from on the telescope.

3. Results
3.1. Static Versus Steered Tracking

Tracking SAR satellites across the global VLBI network requires a mode of steering that is suitable for all tele-
scopes. In testing different telescope types, we found that new-generation telescopes (e.g., Oe) can directly
read satellite two-line element file information available in the telescope operation systems and use this to
seamlessly implement either automated static or steered tracking of overpassing SAR satellites.
Conversely, telescopes operating with “standard” IVS antenna control software (Hb, Ke, and Yg) first require
orientation parameters to be calculated from the two-line element files externally, using a platform such as
the open-access Systems Tool Kit modeling environment (http://www.agi.com/products/stk/; e.g., Parker
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et al., 2017). These telescopes do not necessarily enable automatic steered tracking of satellites
(Hellerschmied et al., 2018; Plank et al., 2017). Instead, steered tracking of the Australian telescopes requires
manual implementation using a time-tagged list of discrete azimuth and elevation angle orientations at 1-s
intervals, which is loaded into the antenna's control system. Static tracking of SAR satellites can, more sim-
ply, be treated in a similar way as a scan to a radio source. Consequently, static mode (single azimuth and
elevation angle) tracking is more generally suited to different telescope types. This static approach is very
straightforward to implement into existing IVS observing commitments and automated antenna orientation
sequences, requiring only minor alterations to current operating procedures.

Our first evaluation of SAR intensity imagery demonstrates that, when stowed in the baseline setup (near
zenith for Hb, Ke, and Yg and horizon for Oe), VLBI telescopes do not act as bright reflectors for Sentinel-
1 SAR (SCR ~ 0; Figures 2 and 3). However, both static and steered tracking of the Sentinel-1 satellites pro-
vides the desired high-amplitude impulse response (Figure 2) and results in comparable SCR values that are
above 30 dB (Figure 3), the threshold used for SAR calibration and validation purposes (Freeman, 1992). Any
variability in the SCRs over time (Figure 3) is due to changes in the orientation of neighboring ground infra-
structure (e.g., other telescopes) and environmental factors (e.g., changes in moisture) as demonstrated by
the example of time series of a control point (man-made building) at Yg, which shows comparable variations
in SCR over time as the Yg telescope (variations within 4 dB: gray circles in Figure 3).

SCRs, observed when tracking Sentinel-1 in either static or steered mode, are considerably larger than those
observed in tests with 1-m trihedral CRs (13 dB for Sentinel-1B: Parker et al., 2017), due to the larger size of
the target (12-m or 13.2-m diameter). As both tracking modes yield calibration-grade SCRs, they are both
equally valid for the proposed purpose of global unification of InSAR time series. This finding is crucial to
the feasibility of implementing this technique at all telescopes in the global VLBI network (Figure 1).
Static tracking of Sentinel-1 is now fully automated at telescopes Hb, Ke, and Yg and will
continue indefinitely.

3.2. Protection of Receiver Electronics

Radio astronomical telescopes are designed to observe low-power radiation from extragalactic quasars.
Received signals directly pass from the antenna feed to a sensitive low-noise amplifier (LNA) in the receiver,
which—by default—is not protected against damaging, high-power radio-frequency interference (RFI). The
damage threshold levels for S/X-band (Yg, Ke) and new VGOS broadband (Hb, Oe) VLBI receivers are com-
parable to the peak power levels of SAR satellites, with the VGOS damage level (—40 dB/(W/m?): Hase et al.,
2016) only marginally above the maximum power flux density of SAR satellites (—45 dB/(W/m?>): NASA,
2011). Protection of LNAs from the illuminating satellite radar is the only caveat emptor of deliberately using
VLBI telescopes as SAR targets, and consequently during these experiments, measures were taken to ensure
protection of the telescopes' electronics.

Regardless of the necessity to implement protection measures for the integration of InSAR and VLBI, protec-
tion of telescope electronics is beneficial (and in some cases essential) for avoiding ambient levels of high
RFI. Multiple mechanisms are available, including avoidance of the satellite beam (modus operandi for cur-
rent VLBI activities), electronic or physical protection of the LNA, or turning off the LNA during a SAR satel-
lite overpass. In essence, VLBI telescope operators would normally want to avoid SAR satellites, whereas we
are recommending they target them to achieve this previously unforeseen new and additional application for
VLBI telescopes.

Electronic LNA protection via diode limiters is a default component of receiver chains at all telescopes tested
in these experiments, as all operate in high-RFI areas. In these cases, SAR satellites can be tracked without
damaging the LNAs. The installation of protective diodes at other telescopes will depend on the character-
istics of the individual LNA (Hase et al., 2016) but potentially poses a loss in antenna sensitivity.

Additional physical LNA protection was implemented at the Oe telescope by installing a blocking mechan-
ism consisting of material that is nonpermeable for the radar frequency (~5.404 GHz), in this case, metallic
foil. The blocking mechanism prevents damage to the receiver during SAR satellite tracking and from other
RFI when the telescope is stowed. Consequently, a prototype multipurpose, automated blocking system is
under development for installation at Oe to facilitate automated long-term SAR tracking operations. An
alternative option is to install a remote switch to power off the LNA completely during a SAR track, as
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successfully tested and installed at Yg during observations of RadioAstron (Litvinov et al., 2017). In this
instance, it must be ensured that switching off the LNAs during a VLBI experiment does not cause undesired
jumps in the calibration signals or in the recorded data.

Another approach to LNA protection, tested during our initial experiments (see gray panel in Figure 3), is to
slightly off-point the VLBI antenna during the SAR overpasses. However, a balance needs to be reached to
achieve an acceptable power in the SCR (30 dB for calibration purposes; Freeman, 1992). During testing at
Hb, the telescope was off-pointed by up to 2°, reducing the SCR to ~20 dB, below our accepted threshold.

Rapidly rising numbers of active SAR satellites, now including commercially launched SAR “microsatel-
lites,” plus more sophisticated radar modes, mean that it will continue to become increasingly difficult for
VLBI operators to simply avoid telescopes intersecting satellite-radar beams. Each of the protection mechan-
isms described above is entirely viable for telescopes across the global VLBI network, having been success-
fully implemented at the two most commonly used types of telescopes during our experiments. An
assessment of the observed satellite and each tracking antenna will determine the mechanism that is most
suitable on a case-by-case basis. Currently, a new generation of VLBI telescopes is in the construction phase
as international VLBI operations transition to the VGOS in line with requirements of the next-generation
global geodetic observing system (GGOS; Plag & Pearlman, 2009). We propose that the international com-
munity therefore looks now to implement automated LNA protection mechanisms, since physical changes
to the receiver will be easier to devise during commissioning, construction, and installation, rather than
to retrofit.

4. Outlook and Prospects

Advances in the use of InSAR to understand Earth-system dynamics are occurring in line with the recent
“step change” in the provision and consistency of satellite-radar data (e.g., Elliott et al., 2016). Inevitably,
InSAR applications will expand to a global scale, but to fully realize this global potential first requires a fra-
mework to unify intercontinental InSAR measurements within a consistent geocentric reference frame
using absolute geodetic methods. The existing international network of VLBI telescopes is herein shown
to be an unexploited, yet well-suited, link to achieve this vision.

Globally unified InNSAR measurements have unique potential to deliver a complete and consistent assess-
ment of the land component of relative sea-level change. This phenomenon is globally ubiquitous
(Nicholls & Cazenave, 2010), impacting upon growing coastal populations and records of sea-level change
(Raucoules et al., 2013; Woppelmann et al., 2013), but remains little studied (Bekaert et al., 2017).
Similarly, the spatial resolution, coverage, and accuracy of InNSAR measurements are now sufficient to assess
the fundamental mechanics of the way in which continents deform (Elliott et al., 2016). Utilizing a unified
set of global measurements expands the field of view from discrete studies of faults or plate boundaries
(Walters et al., 2016), to the scale of entire plates, constraining the distribution and rate of strain accumula-
tion in Earth's crust at a level of detail simply unachievable by ground-based methods. Strain rates (predo-
minantly estimated from cGNSS) are a key input to global forecasts of earthquake hazard (Kreemer et al.,
2014), and advances to these estimates from globally unified InSAR will impact most considerably in regions
where cGNSS coverage is limited (Elliott et al., 2016).

From another perspective, integrating InSAR and VLBI expands the scope of satellite radar to contribute to
regularly updating geodetic coordinates and datums (as proposed by Fuhrmann et al., 2018), the significance
of which permeates all measurements of global change. The most precise of these global coordinate frames is
the ITRF, which relies heavily on repeated local surveying ties between co-located space geodetic techniques
(e.g., VLBI, Satellite Laser Ranging, and/or cGNSS). Local ties are typically measured by land surveying
(Dawson et al., 2007; Losler et al., 2013, 2016; Sarti et al., 2004), but discrepancies between the surveyed ties
and space geodetic results have limited improvements to the ITRF (Altamimi et al., 2016, 2011). Co-location
of SAR CRs with VLBI telescopes (as recently implemented at Yg) also bears potential to independently ver-
ify local ties, allowing the land-surveying vector to be compared to the projected differential vector measured
by InSAR.

Initiation of these new modes of VLBI-InSAR activities requires a modest paradigm shift in telescope opera-
tions and international cooperation to be fully realized yet in reality involves only simple additions to IVS
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VLBI operations that can be easily implemented and automated by all telescope operators. Such advances in
approaches to the integration of relative satellite-radar measurements with absolute geodetic methods com-
prise a first step toward using InSAR on a truly global scale.
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