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Abstract: This special issue is a collection of papers addressing the scientific utilization of data
acquired in the course of the TerraSAR-X mission. The articles deal with the mission itself, the accuracy
of the products, with differential interferometry, and with applications in the domains cryosphere,
oceans, wetlands, and urban areas. This editorial summarizes the content.

Keywords: synthetic aperture radar; TerraSAR-X; SAR interferometry; land subsidence; precise orbit
determination; geometric and radiometric calibration; PSI

1. Introduction

We commemorated the 10th anniversary of the TerraSAR-X mission on June 2017. TerraSAR-X is a
German SAR satellite operating in X-Band. Its twin satellite TanDEM-X was launched three years later
in June 2010. Both satellites serve the TerraSAR-X and the TanDEM-X missions and have provided
images of superb quality since then. For the TerraSAR-X mission just one of the satellites is employed
while the TanDEM-X mission always supplies a simultaneously acquired image pair, serving the goal
of a global digital elevation model. The satellites were developed in the scope of a public—private
partnership between the German Aerospace Center (DLR) and Airbus Defense and Space.

This special issue addresses the scientific utilization of data acquired in the course of the
TerraSAR-X mission.

2. Peculiarities of the TerraSAR-X Mission

TerraSAR-X is characterized by numerous operational and experimental modes of its SAR
instrument, unfolding a wide parameter space, e.g., multiple polarizations, along-track interferometry
and a variety of SAR imaging modes with resolutions down to 0.5 m in range and 0.25 m in azimuth.
Despite being well beyond their design lifetime of 5.5 years, both satellites are still fully functional,
deliver high-quality images without any performance deterioration, and have enough consumables
for operation into the 2020s.

From the very beginning, the high resolution data of the TerraSAR-X mission complemented
the European medium resolution missions in C-Band and the Japanese L-Band missions. Not quite
unexpectedly, it was especially the high resolution that revealed many new insights into SAR scattering,
which led to a large number of scientific publications. The expectation that the interferometric
coherence over distributed scatterers and longer time spans would be low in X-band was confirmed.
But it was more than compensated by a real surprise: the high resolution and the small wavelength
revealed a very high number of point-like reflectors in urban and even in natural environments, which
gave rise to some ground breaking new methods such as urban SAR tomography and new applications
in 3D point localization and deformation mapping of buildings and of infrastructure.

Remote Sens. 2019, 11, 364; d0i:10.3390/rs11030364 1 www.mdpi.com/journal /remotesensing
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3. Contents of this Special Issue

The 20 papers of this special issue cover six major disciplines. Five papers [1-5] deal with
interferometric applications for land surface deformation mapping. A key success factor here is the high
resolution, which enables the mapping of smaller landslides, of single buildings and of infrastructure.

Another five papers [6-10] demonstrate the success of TerraSAR-X in the field of oceans and
wetlands exploiting the high resolution and the multi-polarization capabilities of TerraSAR-X. As it
turned out, not only the space segment but also the ground segment performance such as reliability and
fast near real-time services contributed to the success of TerraSAR-X in maritime applications. Three
papers [11-13] cover such operational aspects and the scientific and operational use of TerraSAR-X data.

Four papers [14-17] deal with the radiometric and geometric performance validation and with
the new methods which made TerraSAR-X the first SAR sensor with geodetic accuracy. Two papers
about mapping urban environments [18,19] and one about the cryosphere [20] finalize the different
topics covered in this special issue.

From the 25 submissions for this special issue, 20 could be accepted and 5 had to be rejected or
were withdrawn.

Of course, this collection is only a snapshot in time and many more papers have been published in
the years before, demonstrating the success of this mission. A quick search for TerraSAR-X on Google
scholar delivers more than 20,000 results!

4. Summary and Outlook

At the time of writing more than 235,000 individual data takes were acquired. Of those, 100,000
were initiated for scientific purposes and 1636 scientific proposals have been submitted to DLR to work
with these data. Numerous scientists benefitted from TerraSAR-X which is a benchmark in geometric
and radiometric accuracy—getting even better after ten years of operation.
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Abstract: This paper presents the first comprehensive review on the scientific utilization of earth
observation data provided by the German TerraSAR-X mission. It considers the different application
fields and technical capabilities to identify the key applications and the preferred technical capabilities
of this high-resolution SAR satellite system from a scientific point of view. The TerraSAR-X mission is
conducted in a close cooperation with industry. Over the past decade, scientists have gained access
to data through a proposal submission and evaluation process. For this review, we have considered
1636 data utilization proposals and analyzed 2850 publications. In general, TerraSAR-X data is used
in a wide range of geoscientific research areas comprising anthroposphere, biosphere, cryosphere,
geosphere, and hydrosphere. Methodological and technical research is a cross-cutting issue that
supports all geoscientific fields. Most of the proposals address research questions concerning
the geosphere, whereas the majority of the publications focused on research regarding “methods
and techniques”. All geoscientific fields involve systematic observations for the establishment of
time series in support of monitoring activities. High-resolution SAR data are mainly used for the
determination and investigation of surface movements, where SAR interferometry in its different
variants is the predominant technology. However, feature tracking techniques also benefit from the
high spatial resolution. Researchers make use of polarimetric SAR capabilities, although they are
not a key feature of the TerraSAR-X system. The StripMap mode with three meter spatial resolution
is the preferred SAR imaging mode, accounting for 60 percent of all scientific data acquisitions.
The Spotlight modes with the highest spatial resolution of less than one meter are requested by only
approximately 30 percent of the newly acquired TerraSAR-X data.

Keywords: TerraSAR-X; synthetic aperture radar (SAR), radar mission; remote sensing

1. Introduction

On 15 June 2007, Germany’s first operational radar satellite TerraSAR-X was launched into space.
The TerraSAR-X mission is organized in a public—private partnership (PPP) between the German
Aerospace Center (DLR) and the European Aeronautic Defence and Space Company (EADS) Astrium
GmbH (since 2014 Airbus Defence and Space (DS)) [1]. Representing the German government, DLR
solely owns and operates the satellite and coordinates the scientific utilization of the TerraSAR-X data
and products. The commercial exploitation rights are exclusively granted to Airbus DS. The X-band

Remote Sens. 2018, 10, 1170; d0i:10.3390/rs10081170 4 www.mdpi.com/journal /remotesensing
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SAR can be operated in Spotlight, StripMap and ScanSAR mode providing different spatial resolutions
and areal coverages with two polarizations in various combinations.

The TerraSAR-X mission pursues two main goals. The first is the provision of high-quality,
multimode X-band SAR-data for scientific research and applications. The second goal is to support the
establishment of a commercial earth observation (EO) market and to develop a sustainable EO-service
business, based on derived information products. This paper reviews the TerraSAR-X mission solely
from the perspective of scientific data utilization. It considers technical and operational issues and
provides a resume of the mission’s utilization and a background for future EO mission designs.

In general, earth observation data are an invaluable source of information for geoscientific research
which, in turn, has resulted in a growing body of associated publications. NASA’s Seasat was the
first successful civilian SAR project in space, operating for 100 days in 1978 [2]. The SIR-C/X-SAR
mission provided the unique capability for investigating the suitability of different frequencies
and polarizations for applications in ecology, geology, hydrology, and oceanography [3]. Europe,
in particular the European Space Agency, Canada and Japan have run SAR missions since the early
1990s. In this regard, these SAR missions [4-7], their objectives [8,9] and design, the sensors and other
technical aspects were of interest [1,2,9-14]. Also the summary of a research call [15] and the potential
for specific geoscientific applications are presented [16-20]. To date however, a comprehensive review
of a high-resolution SAR system such as TerraSAR-X considering the technical capabilities, individual
user needs in the relevant application fields and the system utilization associated with it has not
been published in the peer-reviewed literature yet. Hence, this paper aims to answer the following
questions: What are the key applications and modes of TerraSAR-X and how does the scientific user
community generally utilize the mission? Therefore, we briefly summarize the TerraSAR-X mission,
its technical capabilities and the product provision mechanism for scientific purposes. Based on the
analysis of 1636 data utilization proposals, we determine the thematic scope as well as user motivations
and expectations for using high resolution X-band SAR data. We examine all data takes acquired
on requests by scientific users to assess the share of the different modes and polarizations and to
identify the preferred settings and geographic areas of interest. We analyze the published results
based on TerraSAR-X data in peer-reviewed scientific literature. Finally, we compare and discuss the
revealed findings.

1.1. The TerraSAR-X Mission

Since the late 1970s, the German Aerospace Center (DLR) has supported a long and successful
technology development line for high frequency X-band SAR systems. On 15 June 2007, a key milestone
was achieved when Germany’s first operational radar satellite TerraSAR-X was launched into space.
Operational product ordering and delivery was opened to scientific and commercial users on 1 January
2008 after a six month commissioning phase. TanDEM-X, a twin-satellite to TerraSAR-X, was launched
in June 2010. Both satellites fly in a close formation enabling single pass interferometry [21] and serving
two purposes. The TerraSAR-X mission utilizes one of the satellites when just a single acquisition is
needed, while the TanDEM-X mission simultaneously acquires two images from the same area on the
ground using both satellites. The main goal of the latter has been the generation of global, consistent
and high-quality digital elevation models (DEMs) [21].

The SAR sensors of TerraSAR-X and TanDEM-X operate at X-band with 9.65 GHz center frequency.
Depending on the SAR imaging mode, the transmitted bandwidth is 55 to 100, 150, or 300 MHz [22].
The satellite was positioned in a polar sun-synchronous dawn-dusk orbit with an inclination of
97.44 degrees and an altitude of 515 km. The repeat cycle is 11 days, with ground track repeatability
within £250 m for the TerraSAR-X satellite. One repeat period consists of 167 consecutive orbits.
TerraSAR-X features different modes and polarizations. The SpotLight, StripMap, and ScanSAR-modes
provide high-resolution SAR images for detailed analysis as well as wide swath capability whenever
a larger coverage is required. Operational imaging is possible in single and dual polarization.
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Quad-polarized data are available on an experimental basis only. Beam steering enables observations
at different incidence angles and double side access can be realized by satellite roll maneuvers.

Within the StripMap and ScanSAR modes, a continuous data take of up to 1500 km until
the flight direction can be realized. This is not possible in the Spotlight modes. Here, the sensor
rather focusses on a predefined position on the ground during the overflight. This enhances the
synthetic aperture and, thus, provides a high spatial resolution in azimuth. The range bandwidth
resolution is 150 MHz for Spotlight mode. The High Resolution Spotlight and the Staring Spotlight
are acquired with the 300 MHz variant. The mission’s potential was upgraded in 2013 when two
new modes were implemented. The Staring Spotlight capability increases the spatial resolution in
azimuth to 24 cm. The new WideScanSAR mode (6 ScanSAR beams) extends the spatial coverage to
200 km. The characteristics of the operational ScanSAR and StripMap modes are provided in Table 1,
the specifications of the Spotlight mode are displayed in Table 2.

Table 1. TerraSAR-X's StripMap and ScanSAR mode parameters (modified from [23]).

Parameter StripMap 4 Beams ScanSAR 6 Beams ScanSAR
Number of subswaths 1 4 6
Swath width (ground range) 30km !, 15 km 2 100 km 194 to 266 km
Nominal L1b product length 50 km 150 km 200 km
Full performance incid. angle range 20°-45° 20°-45° 15.6°—49°
Data access incidence angle range 15°-60° 15°-60° 15.6°-49°
Azimuth resolution 33m!,6.6.m?2 18.5m 40 m
Ground range resolution 1.7 m-3.49 m 1.7 m-3.49 m <7m
HHor VV'!
Polarizations HH/VV,HH/HYV, HH or VV HH or VV
VV/VH?

1 single pol, 2 dual pol.

Table 2. TerraSAR-X Spotlight mode parameters (modified from [23]).

Parameter Spotlight High Resolution Spotlight Staring Spotlight
Number of subswaths 1 4 6
_ Scene extent 5km x 10 km 5km x 10 km 25km x 6 km
(azimuth x ground range)
Full performance incid. angle range 20°-55° 20°-55° 20°-45°
Data access incidence angle range 15°-60° 15°-60° 15°-60°
Azimuth steering angle Up to £ 0.75° Up to £ 0.75° +2.2°
Azimuth resolution 1.7m!,34. m?2 11m?1,22.m?2 024m!
) 1.48 m-3.49 m (150 MHz)
Ground range resolution 148 m-3.49 m 0.74 m-1.77 m (300 MHz) 0.85 m-1.77 m
Polarizati HHor VV ! HHor VV ! .
olarizations HH/VV 2 HH/VV 2 HHor VV

! single pol, 2 dual pol.

The TerraSAR-X Ground Segment [24] controls and operates the satellite platform as well as the
SAR sensor [25], performs instrument calibration [26], acquisition and archiving of the SAR data and
the generation of user-defined products on request [22].

The Mission Control Center is located at DLR in Oberpfaffenhofen, Germany. The central receiving
station for the TerraSAR-X mission is at DLR in Neustrelitz, Germany. Additionally, commercial data
requests are downloaded at direct-access stations. The demand for TerraSAR-X products increased
over the years and data downlink became a limiting factor. Since 2015, extra downlink capacity has
been purchased at other receiving stations. Near-real-time access was realized at the DLR stations in
Neustrelitz and O’Higgins in Antarctica.
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All data acquired from the TerraSAR-X and TanDEM-X missions are stored in the multimission
archive of DLR. By the end of June 2017, more than 235,000 individual data takes were ingested
corresponding to almost 290 TBytes of SAR raw data. The raw data are processed to SAR Level 1b
products following user requests.

1.2. Scientific Access to TerraSAR-X Data

Access to TerraSAR-X data for scientific purposes needs to be gained via a proposal submission
and evaluation process. Here, interested users describe the intended research, their project partners
and team organization, the expected schedule, an estimate of the number of TerraSAR-X products
needed and the location of the test site. A principle investigator (PI) submits the proposal and acts
as project lead and single point of contact to DLR. The evaluation is usually completed within two
months. The evaluation includes an assessment whether the data is used for scientific purposes and
would, therefore, conform to the mandate of DLR.

DLR issued several calls for proposals, so-called announcement of opportunities (AO). The first
was the pre-launch AQO, released already in 2004. Seven additional calls followed, four of which
addressing specific issues such as promoting the new modes or enabling collaborations with the
Canadian Space Agency (CSA) as an international partner were of limited duration. Three calls remain
open for submission at any time during the mission. The archived data AO provides simplified access
to archived TerraSAR-X data older than 18 months at the time of ordering. Archived experimental data,
e.g., in full-polarimetric mode, can be requested through the Special Products AO. New acquisitions or
more recently acquired data can be accessed through the general AO.

Users with accepted proposals get an account with access to DLR’s EOWEB GeoPortal EGP [27].
The account’s functionality is configured according to the corresponding AO, enabling for example
access to future acquisitions or ordering products from the archive. When new observations are
needed, the PI gets full flexibility to select and order the best suited mode, polarization and acquisition
date. In case of acquisition conflicts, a priority scheme is applied by DLR’s mission planning in order
to automatically generate the acquisition timeline [25].

The TerraSAR-X mission is governed by national security regulations because of the high spatial
resolution capability. In particular, these take effect when users request the Spotlight modes or
StripMap Single Look Slant range Complex products (S5C). The provision of such products may
become sensitive depending on the geographical region or the urgency of the data delivery. The latter
can usually be simplified if the default latency of five days is acceptable for the user. Otherwise, DLR
as the provider has to apply for the data release from the relevant state authority.

The vast majority of the scientific orders could generally be delivered without any extra actions.
Altogether, a total of 154,000 scientific orders requested TerraSAR-X products, either from the archive
or new data acquisitions. Only 306 of them needed further clarification. From these, 279 requests were
accepted for delivery and, in only 27 cases, the corresponding products could not be provided.

2. TerraSAR-X Proposals, Scientific Orders and Literature Review

2.1. TerraSAR-X Proposals

The access to TerraSAR-X data for scientific purposes is granted via a proposal mechanism.
TerraSAR-X data are usually exploited by a team of scientists headed by a PI, with partners acting
as Co-Investigators (Co-Is). In total, 955 Principle Investigators from 617 institutions in 55 different
countries submitted requests for TerraSAR-X products until the end of June 2017. Figure 1 shows
countries of the institution with which the PIs were affiliated.
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Figure 1. Countries of the principle investigator’s (PI) institutions: 955 Pls submitted proposals.
All countries with more than 20 PIs were considered.

Please note that the location of the investigator’s affiliated institution but not the PI's nationality
is considered. A further 1396 Co-Is from 1062 institutions in 79 countries collaborate with the PIs in
the related projects.

Some of the PIs handed in several proposals so that in total 1636 proposals were submitted
until the end of June 2017. A keyword scan was applied to all of the 1636 proposals in order to
investigate which user community uses TerraSAR-X data for what purposes. Here, 55 thematic and
25 technique-related keywords were considered. On that basis, we assigned every proposal to one of
the following six areas of research (=sphere):

e Anthroposphere (e.g., urban areas, infrastructure, mining, vulnerability studies).

e  Biosphere (e.g., agriculture, forestry, grassland, wetland).

e  Cryosphere (e.g., glacier, snow, permafrost, sea ice).

e  Hydrosphere (e.g., sea conditions, ocean current, tidal flats and coastal areas, soil moisture,
hydrological cycle).

e  Geosphere (e.g., earthquakes, volcanos, landslides, soil conditions).

e Methods and techniques (e.g., new image analysis and processing techniques, preparation of new
imaging modes).

Note that a proposal can just belong to one sphere so that the sum of proposals over all spheres
is 100 percent. Each sphere is subdivided into characteristic thematic fields. Thus, one keyword
may occur multiple times within title and keyword list. These keywords are used to characterize
the corresponding research and application more specifically. Here, the number of keywords used
within the respective sphere is given as a percentage, though the sum is not necessarily 100 percent.
A more detailed analysis of the proposals is provided in Sections 3.1-3.7, which are supplemented by
references to published results.

2.2. Scientific TerraSAR-X Acquisitions

By the end of June 2017, more than 235,000 individual data takes were acquired and stored in
the TerraSAR-X mission archive. A data take is a continuously acquired strip of SAR raw data which
can consist of several individual scenes. 100,711 of them were initiated for scientific and mission
control purposes. Figure 2 shows their yearly distribution between 19 June 2007 and 30 June 2017.
General ordering was opened up on 1 January 2008. Hence, all acquisitions in 2007 were exclusively
related to commissioning activities. Therefore, they are not considered in the following analyses.
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Figure 2. Number of scientific data takes of the TerraSAR-X mission between 19 June 2007 and
30 June 2017.

For the purpose of this review, all data takes acquired on request of scientific users after 1 January
2008 are examined to examine the role of different modes and polarizations, to identify the preferred
settings and geographic areas of interest.

2.3. Scientific Publications

The publication of research results represents an important indicator for the assessment of
key applications of a high-resolution SAR system and the scientific utilization of the TerraSAR-X
mission. For this purpose, an analysis of renowned journals was performed based on Elsevier’s
Scopus data base, a comprehensive abstract and citation data base of peer-reviewed literature. For this
study, we only considered papers written in English and published in scientific journals and books.
Conference proceedings were not taken into account. In order to avoid confusion with the TanDEM-X
mission, papers addressing a bistatic use of SAR data were excluded from this analysis. In total,
2850 publications refer to the TerraSAR-X mission.

Similar to the analysis of the TerraSAR-X proposals, a keyword scan was applied to all titles,
authors and index keywords within the Scopus data base. Here, the 80 keywords of the proposal
analysis were supplemented by another 36. Those 116 keywords were grouped in a specific way to
represent the same fields of research as applied for the proposals. The publications were then assigned
to the research sphere with the majority of hits revealed from the keywords search. Like the proposals,
a publication can only belong to one sphere so that the sum of all proposals is 100 percent.

3. Results

3.1. Proposal Analysis Overview

All 1636 proposals were classified into one of the six spheres as a result of the keyword scan.
Generally, a largely homogeneous distribution over the different fields of research can be noticed,
as shown in Figure 3. The share ranges from 13 percent for methodological and technical developments
to 20 percent for research in the geosphere domain.
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Figure 3. Histogram of TerraSAR-X related fields of research, expressed in percent based on the analysis
of 1636 proposals.

3.1.1. Anthroposphere

The focus of 17 percent of all TerraSAR-X proposals is the environment created by humans
(see also Figure 4). Today, more than half of the world’s population live in cities and the trend of
migration into urban areas is still increasing. Urban sprawl, expanding, and increasing exposure to
hazards are only some of the associated challenges. High-resolution TerraSAR-X data are utilized for
mapping the urban extent [28-30] and its temporal evolution [31]. Especially the StripMap mode’s
ground resolution of approximately three meters enables an automated derivation of built-up areas
on a global scale [32]. Furthermore, TerraSAR-X StripMap time series are employed for investigating
the impact of urban growth and associated anthropogenic activities like tunnel excavation, or ground
water pumping [33].

urban areas 49%
single buildings

infrastructure

flooding

archaeology 8%
8%

0% 10% 20% 30% 40% 50% 60%

mining

Figure 4. Thematic fields of anthroposphere-related TerraSAR-X proposals sorted by frequency,
addressing the built-up area in general, individual buildings and infrastructure (e.g., dams, bridges,
roads, railway tracks), the impact of natural disasters (in particular flooding), archaeology and
manmade activities like mining.

The very high-resolution Spotlight modes are utilized on a local scale. Here, the reconstruction
of individual buildings and the observation of settlements are of interest [34,35]. Not only buildings
but also infrastructure like expressways [36], railway tracks [37], bridges [38], and dams [39] are
investigated. Very high-resolution data are even employed to measure thermal expansion of buildings
and infrastructure [40,41]. Mostly, interferometric techniques are applied.
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All TerraSAR-X modes are employed for investigating flooding events [42—44] and identifying
areas with a higher risk of being flooded [45]. Damage assessment [46] as well as the monitoring of
reconstruction activities are research fields utilizing high-resolution SAR data [47]. A new application
field arises with the use of remote sensing data for archaeological purposes. This includes the
investigation of historical sites and their surrounding areas [48-50] as well as the monitoring of
historical sites endangered by natural or human-made hazards or under pressure from settlement
expansion [51,52]. Moreover, looting activities are observed in areas which are not accessible due to
armed conflicts [53]. Most of the archaeological applications benefit from the high spatial resolution
of TerraSAR-X.

SAR interferometric techniques are applied to monitor mining activities [54,55]. This includes
active mining but also the effects of already sealed underground mines on above-ground settlements.
Furthermore, the impact of geothermal drilling is investigated [56].

More than 50 percent of all proposals in the anthroposphere domain address SAR interferometry
in general or a particular interferometric measurement technique. Due to the high spatial resolution,
more scatterers with a stable backscattering behavior over time can be identified, enabling for example
the persistent scatterer technique. Further, SAR tomography employs SAR data acquired from different
incidence angles. It allows not only the reconstruction of the three-dimensional position of stable
scatterers along a building facade but also their spatial dynamics over time when time series are
available. Notably, SAR polarimetry is not a driver when SAR data are used for mapping and
monitoring of urban areas.

3.1.2. Biosphere

Geoscientific research in the biosphere domain is addressed by 15 percent of the proposals
(see Figure 5), the majority of which is concerned with agricultural issues, specifically crop type
mapping and monitoring. Most commonly, spatio-temporal backscatter variations are employed for crop
type discrimination [57], crop production forecast [58], and mapping of phenological conditions [59].
In addition, surface characteristics like soil moisture [60] and their change due to tillage and harvesting
activities are of interest [61]. Further studies map [62] and monitor rice growth [63-65].

agriculture 51%
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Figure 5. Thematic fields of biosphere-related TerraSAR-X proposals, sorted by frequency, specifically
addressing agriculture, forest, wetland and grassland issues or, more generally, vegetation and
land cover.

Mapping and monitoring of forests is another essential issue in biosphere-related applications.
Here, high-resolution SAR data are used for the derivation of forest stand attributes, forest structure
and biomass estimations. Generally, three basic sources of information from SAR data are utilized:
Backscatter, coherence and phase-based approaches [66]. Besides, radargrammetry is used for biomass
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estimation by determining tree heights through surface and terrain models [67,68]. Also, changes
of the forest cover over time are investigated, such as the impact of forest fires [69], degradation,
deforestation and forest health [70].

Several proposals target rather general issues of vegetation and land cover mapping such
as the assessment of soil erosion processes [71], shrub growth monitoring [72], the detection and
characterization of hedgerows [73], or biodiversity monitoring [73,74].

Wetlands are threatened by population growth, extension of agricultural land, and general
human interventions in the water budget. Goals of the research community are, for example,
to assess and better understand the wetland functions to improve land and water management [75].
Proposals and research with focus on reed belts [76] and other wetland vegetation [77] belong to this
group. Additionally, the possibility of applying differential interferometry for measuring water level
and water level changes is investigated [78].

A relatively small group of proposals addresses mapping and monitoring of grassland.
The identification of grassland and especially its conversion into cropland is a relevant topic for
studies on sustainable land use [79]. El Hajj et al. [80] identify the economic use of grassland for hay
production. SAR data are used for biomass estimation and monitoring of cutting activities [81].

Most of the applications in the biosphere group use TerraSAR-X data for monitoring (65 percent
of the proposals) and mapping purposes. Compared to 30 percent of the users requesting polarimetric
data, SAR interferometry plays a minor role, but still 11 percent utilize INSAR products. Furthermore,
change detection is addressed in 9 percent of the proposals. TerraSAR-X data are often synergistically
used with other EO data in order to benefit from both the higher spatial resolution and higher
frequency of the X-band in combination with other SAR and optical systems. This is evident through
the 24 percent of the biosphere proposals describing multisensoral approaches.

3.1.3. Cryosphere

The influence of climate and the climate variability on ice- and snow-covered areas of the Earth
(see Figure 6) is investigated by 17 percent of the proposals. Almost 50 percent concentrate on
the observation of ice caps and glaciers including monitoring of glacier outlines [82] and their
spatiotemporal variability [83,84] and, changing of calving rates at the shore line [85]. The major
application field, however, is the determination of the glacier flow velocity [86,87], an essential factor
for the assessment and understanding of mountain [88-90], rock [91] and polar glacier dynamics.
The latter is often combined with the determination of the glacier’s grounding line [92,93]. TerraSAR-X
data are used to monitor the collapse of ice shelves [94-96] and to investigate their internal and basal
structure [97].

glacier 48%
snow | | 28%
river & lake ice | | 27%
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Figure 6. Thematic fields of cryosphere-related TerraSAR-X proposals, sorted by frequency, addressing
polar and mountain glaciers, snow, permafrost, sea-, lake- and river-ice.
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Mapping of snow-covered areas is a key aspect of 28 percent of the cryosphere proposals.
A detailed knowledge of snow-covered areas, snow height [98] and the structure and physical
properties of the snow pack [99] are important for many applications such as water supply, flood and
avalanche risk prediction, weather forecast as well as the understanding of climate change in the long
term. Not only snow cover over land is observed but also its impact on sea ice cover and breakup
dynamics [100].

About 27 percent of the proposals monitor the river and lake ice phenology [101-105]. Water resource
distribution and accessibility, the use of frozen rivers and lakes for travel and transportation purposes as
well as an improved hydropower management are some of the motivations for research. Additionally,
thermokarst lakes are key elements of the permafrost landscape. With permafrost thawing and associated
greenhouse gas production limited to the period of unfrozen lakes, the ice phenology can be regarded as
an indicator for climate change.

Permafrost research is focus of 16 percent of the proposals. This ecosystem faces dramatic changes
caused by climate warming and increasing human activities in the Arctic. TerraSAR-X data are used
to determine the thickness [103] of the so-called active layer, the soil above the permafrost where
most of the ecological, hydrological and biological activities take place. The seasonal thawing and
refreezing of the active layer causes surface deformations, posing a challenge for infrastructure and
engineering [104]. Also surface changes of the permafrost landscape [105,106] and arctic wetlands [107]
as well as the erosion of permafrost coastlines and riverbanks [108] are monitored.

The retreat of sea ice in the Arctic is a clear indicator and a visible sign of global warming.
The determination of the sea ice thickness [109], composition and extent [110,111] as well as iceberg
monitoring [112] provides essential information for operational ice services as well as the modelling of
the interaction between the polar oceans and the atmosphere. Information derived from TerraSAR-X
data about the sea ice state and in particular the dynamic processes forcing the sea ice breakup are
used for ice breaker support [113,114]. Also, the formation and dynamics of polynyas, which are
persistent areas of open water even during the polar winter, are monitored [115]. Sea-ice related issues
are investigated by 13 percent of the cryosphere proposals.

TerraSAR-X data are mainly used for mapping purposes. Apart from that, the derivation of glacier
flow velocity and velocity change is significant. About a third of the cryosphere proposals address
this issue. Here, both interferometric and feature tracking techniques are applied. The latter especially
benefits from the high spatial resolution of TerraSAR-X. For 18 percent of the proposals, polarimetric
data are requested.

3.1.4. Geosphere

Most of the TerraSAR-X proposals are related to the geosphere—one-fifth intends to use the
data to improve the understanding of the dynamics of the Earth’s crust as well as soil properties
and erosion processes (see Figure 7). 37 percent of the geosphere proposals address tectonic
issues. Co- and post-seismic surface deformations after an earthquake event are investigated by
providing displacement fields and trends [116,117]. The findings help, for example, to improve the
understanding and identification of the local tectonic settings [118] and even the interaction between
two subsequent earthquake events [119] by combining the TerraSAR-X derived displacement field
with GPS measurements and elastic dislocation models. Earthquakes can also be triggered by ground
water extraction [120].

Observation of active volcanos is addressed by 27 percent of the geosphere-related proposals.
Since their surface is constantly and rapidly changing, TerraSAR-X data are used to determine surface
deformation caused by emptying and refilling of magma reservoirs [121]. Also, the growth and
collapse of lava domes is monitored [122]. High-resolution X-band data are particularly utilized for
the identification and analysis of small scale surface deformations at the caldera’s rim and walls [123].
Moreover, the rapidly changing geomorphology and deposits of eruptive volcanos is investigated
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by evaluating the backscatter changes [124]. TerraSAR-X data are further used for the monitoring of
geothermal fields [125-127]
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Figure 7. Thematic fields of geosphere related TerraSAR-X proposals, sorted by frequency addressing
small- and large-scale surface deformations caused by the Earth crust’s dynamic (tectonics), volcanic
activities, landslides and soil mapping including erosion.

The identification of landslides, their spatial extent and dynamics is focus of 25 percent of the
proposals. Landslides mostly appear on hill slopes dominated by weakly consolidated sediments [128].
They can be triggered by earthquakes, hydrological factors [129], melting of permafrost [130] and other
erosion processes [131], but also human activities like cutting steep slopes to accommodate roads [132].
Inventories help to assess landslide hazards to protect people, properties and infrastructure [133,134].

A smaller share of proposals (12 percent) concentrate on soil mapping. Here, high-resolution
X-band data are utilized for top-soil mapping [135], soil surface texture [136] and the investigation
of erosion and sedimentation processes [137]. Other proposals assess the impact of ground water
extraction [138]. A special case is the formation of sinkholes when subsurface cavities are formed
which suddenly collapse [139].

All these applications benefit from the high spatial resolution and the short wavelength of
TerraSAR-X. These features, together with the high observation frequency, provide a very sensitive
observation and mapping tool. Accordingly, the higher resolution StripMap and Spotlight modes are
requested. SAR interferometry is by far the dominant measurement technique of this research field
and is mentioned in 84 percent of the proposals. SAR polarimetry is rarely applied; only 4 percent
request polarimetric data.

3.1.5. Hydrosphere

The hydrosphere is the second largest group, accounting for 18 percent of all proposals. Here,
research questions referring to oceans, coastal areas, limnology, soil moisture and overarching the
hydrological cycle in general are addressed (see Figure 8).

Wind field and sea state retrieval is the major application, with 53 percent of the
hydrosphere-related proposals. The latter mainly benefits from the higher spatial resolution which
enables the derivation of shorter ocean waves with the shorter wavelength X-band system [140,141].
High radiometric performance is essential for wind field retrieval [142,143]. The high precision is
utilized for offshore wind farming support [144]. The relatively low orbit of TerraSAR-X supports
an improved observation of features on the sea surface compared to other L- and C-band sensors.
Extreme weather conditions like storm observations and rogue waves generation [145] are investigated
as well as the wind and wave interactions with ice [146].
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Figure 8. Thematic fields of hydrosphere-related TerraSAR-X proposals, sorted by frequency addressing
oceanographic applications, coastal zones, inland waters, soil moisture and the identifications and
observation of ships and ship traffic.

The mapping of inland waters is focus of 45 percent of the proposals. Seasonal changes [147,148]
are monitored and the available amount of water is estimated [149]. Special attention is paid to water
management [150].

A third of the proposals deal with coastal applications. Tidal flats [151,152], salt marshes [153] and
submarine ground water discharge [154] are monitored. Intertidal bedform shifts are investigated and
the impact on sediments and benthic macrofauna [155] is assessed. For coastal protection purposes,
oil spill detection and monitoring is performed [156-158].

Mapping and monitoring of soil moisture in arid and semi-arid environment is another key
application (15 percent of the proposals) [159,160]. Here, soil moisture is important for water resources
and irrigation management, but also for runoff estimations and land surface degradation processes.

Another 14 percent are engaged in the identification and observation of vessels. This includes not
only ships, but oil platforms and other sea based infrastructure as well. Ship surveillance is performed
to increase security [161] and safety [162]. Apart from the ship identification and classification,
ship heading and velocity estimation [163] is dealt with. Also, near real time services have been
developed [164].

Furthermore, ocean currents are of interest for 10 percent of the proposals. Here, the capability of
Along Track Interferometry (ATI) is evaluated [165]. Variations in the backscatter intensity are likewise
utilized, e.g., for the investigation of bottom topography-induced current front in a tidal channel [166].

The bathymetry, especially of coastal areas, is of interest for 5 percent of the proposals. The bottom
topography is derived by observing the wave behavior in shallow waters [167] and by evaluating the
temporal correlation between the backscatter intensity and the water level [168].

Only 20 percent of the proposals mention interferometric measurement techniques. 6 percent of
these intend to apply along-track interferometry, while 19 percent request polarimetric data.

3.1.6. Methods and Techniques

A small share of the proposals—13 percent—addresses methodological and technical developments
rather than specific application fields. Figure 9 shows the major techniques where further developments
were proposed.
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Figure 9. Thematic fields of methodological and technical research related TerraSAR-X proposals,
sorted by frequency addressing differential SAR interferometry including its further developments
such as PSINSAR, polarimetry, automated detection of changes, SAR tomography, and radargrammetry
for 3d mapping.

Close to a third (32 percent) of the proposals target improvements of techniques for measuring
surface movements like persistent scatterer interferometry [169], distributed scatterer interferometry [170]
and subpixel offset techniques [171]. The common goal is to overcome the limitations of the
differential interferometry like geometric and temporal decorrelation, atmospheric artifacts and the
one-dimensional line of sight sensitivity. Along track interferometry combines data sets acquired
during a single overflight and enable the observation of internal waves [172] and tidal energy resource
assessment [173].

The goal of 27 percent of the proposals is to assess the polarimetric information in TerraSAR-X
data. Some examples are the derivation of polarimetric information for mapping purposes [174],
the improvement of the image segmentation of high-resolution polarimetric data [175,176],
novel classification approaches [177] or texture tracking in polarimetric SAR data [178].

The development of techniques for the identification of changes is focus of 13 percent of the
methods related TerraSAR-X proposals. The high spatial resolution and the SAR image speckle cause
significant backscatter intensity variations even within a single object on ground. In order to simplify
and optimize change detection, techniques such as image segmentation [179,180] and similarity cross
tests based on polarimetric features [181] are applied.

SAR tomography is another development of the persistent scatterer interferometry that
utilizes multi-incidence angle observations of the same targets on ground. It thereby enables the
3d-localization and motion of scattering objects [182,183]. The 3D coordinates can also be derived by
radargrammetry [184,185]. Here, an image set acquired from at least two different positions in space is
processed similar to the elevation model generation from optical data with a stereo-like view. The so
called SAR imaging geodesy enables solid Earth tide measurements [186] by utilizing the very high
spatial resolution and range measurement accuracy.

In summary, SAR interferometry is the main application for TerraSAR-X data. Fifty-two percent
of all proposals investigate various kinds of surface movements. Different differential interferometric
measurement and feature tracking techniques are employed. Twenty-seven percent request single
polarized TerraSAR-X data for mapping purposes. Nineteenpercent ask for dual- and quad-polarized
data. The remaining 2 percent are interested in SAR experiments and the development of new modes.
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3.2. Analysis of the Scientific TerraSAR-X Acquisitions

The predominant share of the acquisitions (59 percent) throughout the entire operational phase
of the TerraSAR-X mission was ordered in the three to five meter resolution StripMap mode.
Only 14 percent were acquired in ScanSAR mode, benefitting from the coverage of larger areas.
The highest spatial resolution is offered by the different Spotlight modes and 28 percent are allotted to
these modes. This report does not distinguish between the different polarizations. Single, dual and
quad-polarized data are jointly considered. The trends and the share of the different modes over time
are presented in Figure 10.
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Figure 10. Proportion (in percent) of TerraSAR-X modes on an annual basis from 1 January 2008 to
30 June 2017: High-resolution Spotlight mode displayed on top, the medium resolution StripMap
mode in the middle and the coarser resolution ScanSAR mode at the bottom.

The interest in the different modes was quite uniform at the beginning of the mission. In the
following years the demand varied but has been stable since 2012. Approximately two-thirds of all
acquisitions are performed in StripMap mode, 30 percent require the high spatial resolution of the
Spotlight modes and the remaining 5 percent are interested in a larger coverage and order ScanSAR
products. Figure 11 provides more detail about the utilization of the Spotlight modes.
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Figure 11. Proportion (in percent) of TerraSAR-X Spotlight modes on an annual basis from 1st
January 2008 to 30th June 2017: The highest resolution Staring Spotlight mode displayed on top,
the high-resolution HR-Spotlight mode in the middle and the standard resolution Spotlight mode at
the bottom.
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The interest in the highest resolution modes was the highest at the beginning of the mission.
Almost 40 percent of all acquisitions were performed in the Spotlight modes. This demand dropped
until 2011, but then increased again to a relatively constant level of 30 percent. In 2013, the Staring
Spotlight mode was introduced. Remarkably, the very high-resolution potential is well accepted but
did not lead to a systematic increase of the percentage of Spotlight orders in relation to the other modes.

The proportion of single and dual polarized acquisitions has been relatively constant throughout
the mission’s operating phase. However, an increase in the request of dual polarized data since
2016 is noticeable. On average, 79 percent of all scientific data takes were acquired in either HH
or VV polarization. 21 percent requested dual polarization (HH/VV, HH/HYV, VV/VH) and a few
experimental data sets acquired in full polarization (0.4 percent). In 2017, the proportion changed to
60 percent of the acquisitions in single and 40 percent in dual polarization.

Figure 12 shows the geographic and quantitative distribution of the 100,711 scientific acquisitions
of the TerraSAR-X mission. Note that the number of acquired scenes and not the number of individual
PIs was taken into account for this map. Hence, areas where more scenes were acquired for scientific
studies are represented to a higher extent. The number of scenes available in the archive per 1° x 1°
tile decreases from red (representing intensively observed areas) via orange, yellow and green to blue.
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TerraSAR-X acquisitions

Figure 12. Geographic and quantitative distribution of scientific areas of interest observed by
TerraSAR-X between 2007 and 2017, the color indicates the number of acquisitions per 1° x 1° tile.

The research sites are globally distributed, with a large concentration on central Europe. However,
other sites are regularly monitored whenever the system is not fully utilized. TerraSAR-X data
are provided in the frame of several internationally coordinated activities as well, including the
GEOHazard initiative [187], which monitors volcanos and earthquake-threatened areas, the Global
Forest Observations Initiative (GFOI) [188] and the Polar Space Task Group [189]. In these cases,
TerraSAR-X provides high-resolution SAR data of hot spots for local analyses.

3.3. Analysis of the Scientific Publications based on TerraSAR-X Data

Analogous to the analysis of the 1636 TerraSAR-X proposals, a keyword scan was performed
in Scopus to all titles, author and index keywords of the 2850 publications referring to TerraSAR-X.
In total, 116 keywords were selected and grouped in a way so that they represent the same six fields of
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research as for the proposals. The publications were then assigned to the research area (sphere) which
best represents the keyword search (see also Section 2.1). Figure 13 shows the corresponding results.
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Figure 13. Histogram of TerraSAR-X related fields of research, expressed in percent based on the
analysis of 2850 publications.

A noticeably high percentage of papers deal with methodological and technical issues (36 percent),
followed by a large number of papers in the hydrosphere group (22 percent). The geosphere (13 percent)
represents the second largest geoscientific group. Whereas the fractions of anthroposphere (11 percent)
and biosphere (10 percent) are very similar, the cryosphere (8 percent) shows a relative small number
of publications. It should be noted that there are overlaps between the different research fields,
particularly between hydrosphere and cryosphere as well as anthroposphere and geosphere. Snow and
glaciers are at the center of attention in cryosphere research but at the same time they also play an
important role in the hydrological cycle, e.g., as water source and reservoir. The observations of
volcanos and earthquakes improve the understanding of the tectonically active areas of the Earth in
terms of location and areal extent, dynamics and intensity. Many of those areas are densely populated
and, thus, relevant for anthropogenic research as well.

Figure 14 presents the number of TerraSAR-X related publications from 2003 to 2016. Prior to the
launch of the TerraSAR-X satellite in 2007, only a small number of papers about preparatory work were
published. Three years after the launch, a significant increase of publication activities can be noticed,
with an increase from 153 publications in 2010 to 510 in 2016. The number of articles continuously
increased in all research fields until 2015. This trend continues for the anthroposphere, hydrosphere
and geosphere. The number of publications related to cryosphere issues remains fairly constant, while
those related to biosphere and methods decreased between 2015 and 2016.
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Figure 14. Accumulation of TerraSAR-X related research papers for thematic areas between 2003
and 2016.
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Analysis of the scientific literature suggests that the dominant use of high-resolution SAR data
is the derivation of surface movements. 1044 publications address this topic, 834 (29 percent of
all TerraSAR-X related publications) of them deal with deformation and displacement of the solid
land surface including glacier flow and 210 with movements of the ocean surface like currents,
wave and wind fields. 720 articles (25 percent) used SAR interferometry including its different
processing variants like PSINSAR or SAR-tomography. Feature tracking techniques were applied in
214 publications (8 percent), in 72 cases in combination with SAR interferometry. SAR polarimetry
is the focus of 256 papers (9 percent). Change detection is carried out in 8 percent of the published
articles and proposals.

The analysis further reveals monitoring as one of the main applications, referred to in 425 articles
from the keyword search. Mostly monitoring comes along with the detection and understanding of
changes of the land cover composition and extent. A regular observation of the area of interest
is required, and longer time series are employed to analyze seasonal and multi-year dynamics.
A significant number of publications (237 papers) deal with changes and change detection. Not only
longer-term but also short-term events like natural disasters are part of scientific investigations.
122 papers used TerraSAR-X data for hazard mapping and vulnerability analyses.

4. Discussion

This paper assesses the utilization of the TerraSAR-X mission by the international scientific
user community with respect to research themes. Furthermore it identifies key applications and
preferred imaging modes and settings. The study is mainly based upon 1636 scientific TerraSAR-X
data proposals. This number corresponds to the experience from other missions [15]. Here, more than
1000 projects were initiated based on European remote sensing satellite (ERS) data. In response to
the Envisat prelaunch AO, 577 scientific proposals requested access to ASAR data. While researchers
from 40 countries participated in the Envisat-AO in 2001, the TerraSAR-X user community increased
to 57 countries in 2017. This indicates the growing interest in SAR data in general and is a sign of
the positive development of the EO market that all SAR missions jointly serve. During its 17 years
of operation, RADARSAT-1 provided images to governmental, commercial, and scientific users in
60 countries worldwide [5].

The analysis of the proposals and publications reveals that high-resolution X-band data are
requested from all fields of geo-research. It even shows a largely homogenous distribution over the
different spheres. Science projects supported by ALOS-2 are grouped into biosphere, geosphere,
cryosphere, marine and disaster [9]. Similar categories were defined for RADARSAT-1 and
RADARSAT-2 [18]. The potential of Sentinel-1 for scientific ocean, cryosphere, and land applications is
summarized in [7]. All three publications describe the required capabilities, established by intensive
studies and expert consultations before the launch. The approach of this TerraSAR-X study is to
analyze the entirety of individual proposals and related publications and thus directly the utilization
by the scientific user community when the mission is in the operational phase. The thematic fields of
this study (see Figures 4-8) correspond very well to those of other SAR missions, although the fields of
research (Figure 3) slightly differ from the ones in [7,9,18]. This confirms the general applicability and
appreciation of SAR data for these applications.

Every SAR mission has its assets and advantages. They depend on the technical layout like wave
length and spatial resolution, but also on the mission operation design. The features of TerraSAR-X are
the high spatial resolution, the short wave-length, a high orbit repetition rate of 11 days with a short
revisit time of less than three days and the multimode capability. The high spatial resolution is the
main asset of TerraSAR-X as it enables investigations in all fields of research at a high level of detail.
The evaluation of surface displacements is the prime application of a high-resolution SAR system
like TerraSAR-X and is the principal topic of 63 percent of all proposals. The preferred method is
SAR interferometry and its different variants, with feature tracking techniques being employed as
well. SAR interferometry benefits from the higher number and density of long-term stable scatterers,
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but also from the high repeat cycle of 11 days. Feature tracking can be applied to data sets with a longer
temporal baseline, but strongly depends on the identification of terrain features and structures to
be tracked.

The majority of proposals request single polarized data. The investigation and utilization of
multipolarized SAR data is of interest for nine percent of the proposals. TerraSAR-X can only be
ordered in dual-polarization mode which is sufficient for applications like snow and ice mapping.
However, the development and application of polarimetric decomposition techniques is limited.
Nevertheless, the demand for dual-polarized TerraSAR-X data has increased since 2014.

TerraSAR-X is designed to provide users with the highest level of flexibility for selecting suitable
resolution, coverage, and polarization for their research. As a consequence, the data are mostly
acquired for a specific need and not necessarily suitable for multi-use purposes. Other missions like
Sentinel-1 and ALOS-2 strictly follow a systematic and predefined observation plan [4,10], aiming at
global mapping and optimized multi-use at the expense of flexibility. The most requested mode
in the TerraSAR-X mission for scientific applications is StripMap (59 percent) in single polarization,
followed by the high-resolution Spotlight (28 percent) and ScanSAR modes (13 percent). StripMap
data are easy to process and provide the best ratio of resolution versus coverage. The Spotlight
modes are appreciated by the user community for very detailed spatial analyses. The introduction
of the even higher resolution Staring Spotlight mode in 2013 initially led to a slight increase of the
percentage of Spotlight orders, but then stabilized at 30 percent. ScanSAR offers larger area observation
capability. A rough estimate based on the coverages per mode of RADARSAT-2 [6] indicate a share
of 20 percent for the highest spatial resolution modes, 30 percent for medium and 50 percent for the
coarsest ScanSAR modes. However, these numbers are dominated by commercial use and the needs
of operational services like the Canadian Ice Service. Often, the X-band is synergistically evaluated
with other sensors either by adding high frequency information or by shortening the revisit time for
a specific point on ground by for example placing a TerraSAR-X acquisition between two consecutive
RADARSAT-2 observations.

5. Conclusions

The main aim of this paper was the identification of key applications and technical modes
and settings for a high-resolution X-band system like TerraSAR-X. A further goal was to determine
how the mission is utilized by the scientific user community. Generally, data are requested from
all fields of geo-research with a largely homogeneous distribution of the corresponding number of
proposals over the different spheres. The general applicability and appreciation of SAR data was
confirmed. However, the evaluation of surface displacements is clearly revealed as the key application
of a high-resolution SAR system. Mostly, SAR interferometry is applied, but also feature tracking
techniques are of increasing importance. Future high-resolution SAR systems should support and
strengthen this application, e.g., by maintaining and improving the orbit precision and interferometric
baseline stability.

The three-meter spatial resolution of the StripMap mode is well-suited for systematic monitoring
on a regional scale while meter and submeter resolution of the Spotlight mode enables detailed but
spatially limited analyses. A future mission would benefit from an extended across track coverage of
the three meter StripMap mode. Spatially higher resolution of less than one meter would improve
local studies and the evaluation of surface displacements.

Scientific users make use of polarimetric SAR capabilities, although these are not a main feature
of TerraSAR-X. The demand has been growing over the recent years and a future system would benefit
from the availability of fully polarized SAR data.

All geoscientific fields request systematic monitoring and the creation of time series for the
investigation of seasonal, interannual, and even decadal variations. The use of single scenes for
analyzing local and singular events is a minor issue.
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Abstract: The satellite of the TerraSAR-X mission, called TSX, was launched on 15 June 2007 and its
identically constructed twin satellite TDX, which is required by the mission TanDEM-X, launched
on 21 June 2010. Together they supply high-quality radar data in order to serve two mission goals:
Scientific observation of Earth and the provisioning of remote sensing data for the commercial market
(TerraSAR-X mission) and the generation of a global digital elevation model (DEM) of Earth’s surface
(TanDEM-X mission). On the occasion of the 10th anniversary of the mission, the focus will be on the
development of the TerraSAR-X system during this period, including the extension of the ground
segment, the evolution of the product portfolio, dedicated mission campaigns, radar experiments,
refinement of the satellite operations and orbit control, and the results of the performance monitoring.
Despite numerous interventions in the overall system, we managed to incorporate new scientific
and commercial requirements and to improve and enhance the overall system in order to fulfill the
increasing demand for Earth observation data without noticeable interruptions to ongoing operations.

Keywords: radar; satellite; remote sensing; SAR; TerraSAR-X; operations; ground segment;
orbit; mission

1. Introduction

On 15 June 2007, the first national German radar satellite TSX was launched from the Russian
Baikonur Cosmodrome in Kazakhstan, which marked the starting point for the highly successful
TerraSAR-X remote sensing mission [1]. This mission has now lasted for more than 10 years and
achieved remarkable results. Despite a satellite age well beyond its nominal life time of 5.5 years,
no significant technical flaws were encountered. The objective of providing high-quality SAR products
in Spotlight, Stripmap, and ScanSAR mode variants with various polarizations [2] has since been met
without any restrictions and the image quality is just as good as it was at the beginning of the mission.
The reasons for the outstanding long-term performance are both the excellent manufacturing of the
satellite systems [3] and the design of the ground segment [4] tuned to it, i.e., which is able to exploit
all of the capabilities of the satellite bus and the radar instrument. This could already be seen during
the launch and early orbit phase. Only four days after launch, the first SAR images were successfully
acquired, downlinked, and processed on ground using nominal ground segment workflows. At the
end of 2007, the complete SAR system was characterized and calibrated, the SAR products were
verified and the ground segment was operationally qualified [5].
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Over ten years of operations, the TerraSAR-X system underwent to a certain extent an evolutionary
process. Although the TerraSAR-X ground segment, as described in [4], has maintained its basic
structure throughout the mission, it has been steadily improved and expanded upon to meet new
requirements. The biggest impact had its upgrade to serve a second mission on top, the TerraSAR-X
Add-On for Digital Elevation Measurements TanDEM-X, starting in 2010. The primary TanDEM-X
mission goal was the generation of a global digital elevation model (DEM) of Earth’s total land mass
within two years. A second satellite TDX, which is almost identical to TSX, was launched on 21 June
2010. Both satellites since then fly in a close configuration with a minimum distance of about 250 m and
perform together bistatic radar acquisitions of the Earth’s surface, as required for the DEM generation.
Both satellites are also used, either TSX or TDX, to acquire the monostatic acquisitions for the on-going
TerraSAR-X mission. The necessary modifications, extensions and tests to implement the TanDEM-X
functionalities into the ground segment meant a massive intervention comparable with open-heart
surgery, since the ongoing operation of the TerraSAR-X mission was not allowed to be interrupted
or disturbed. Commissioning of the TDX system was accomplished in October 2010 and the joint
TerraSAR-X/TanDEM-X ground segment was successfully released for TerraSAR-X operations that are
based on two satellites flying in a close formation.

Driven by science and commercial business cases, new products, services and capabilities were
required, leading to a number of operational extensions and improvements.

e  The SAR imaging mode and thus product portfolio has been extended in 2013 by Staring Spotlight
and Wide ScanSAR. The first of these improves the obtainable azimuth resolution to about 24 cm,
while the second provides an extended swath width of about 200 km.

e The experimental dual-receive antenna configuration provides full polarimetric imagery and
along-track interferometry acquisitions.

e  The overall receiving station capacity and flexibility has been increased.

e Near-real time support has been improved by shortening the turn-around times and by introducing
new data sets for maritime applications.

Radar science is one of the driving forces that aim to extend existing or to test new radar modes
and to put theoretical considerations into practice. The flexible design of the radar instrument provides
the conditions for numerous experiments. An important proof of technology was the acquisition
and processing of data in TOPSAR mode, which—like the ScanSAR mode—acquires data of several
sub-swathes in parallel, but also performs an along-track azimuth steering, and thus overcomes
severe ScanSAR limitations, like the scalloping effect. The new bi-directional SAR mode BiDiSAR was
developed. It shapes an antenna pattern with a forward and a backward oriented lobe, and thus records
two time-shifted images of the same scene on ground into only one receiving channel. In summary,
we describe in this paper the TerraSAR-X ground segment extensions and service improvements,
as well as the evolution of the SAR product portfolio since the TerraSAR-X mission operations started
in 2008. We report on dedicated mission campaigns necessitating specific ground segments adaptations
on the one hand, on the other hand opening new research opportunities by providing additional
products. Details of selected radar experiments performed within the last decade are given. Specific
challenges to be met by the satellite operations are discussed. The orbit control philosophy and the
operational experience is described. System performance and mission utilization aspects are addressed.

2. Extension of the TerraSAR-X Ground Segment

2.1. Common TerraSAR-X/TanDEM-X Ground Segment

The TerraSAR-X ground segment underwent major extensions when compared to its starting point,
as described in [4]. One essential upgrade driver has been the TanDEM-X mission, the TerraSAR-X
Add-On for Digital Elevation Measurements, which added a second, mostly identical satellite TDX in
2010. Flying TDX in a close helix formation around the TSX satellite (the one being kept in a reference
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orbital tube) enables a bistatic acquisition of SAR data, as needed for global DEM generation. Both
TSX and TDX are used together for such acquisitions where only one satellite is actively transmitting
SAR pulses and both satellites are receiving the echoes. To counterbalance this interferometric usage of
the TSX satellite for TanDEM-X, the TerraSAR-X monostatic data acquisitions have to be performed by
either TSX or TDX since then. Consequently, essential ground segment subsystems had to be upgraded
from their “one mission one satellite” behavior into a combined “two missions two satellites” one even
to fulfill their TerraSAR-X mission purpose only, foremost the flight dynamics and the mission planning
subsystems. Their operational integration and commissioning had been achieved without disturbance
of the on-going operational TerraSAR-X mission. In October 2010, the joint TerraSAR-X/TanDEM-X
ground segment had been released for the TerraSAR-X operations based on two satellites that are
flying in a close formation [6,7].

Maintaining not only a reference orbit for TSX, but also the challenging helix formation of TDX
relative to TSX in an extremely short distance posed new needs for spacecraft navigation and control,
e.g., a common maneuver planning and execution. The reference orbit control, as described in Section 7,
details on the formation flight are given in [8,9]. Verification of the upgraded flight dynamic system
components and specifically validation of their interaction with the operational TSX system was
performed for about one year before launch using the in-orbit TSX satellite and on-ground simulated
TDX GPS navigation data [10].

Conflict-free timelines for both satellites are obtained only if the acquisitions for both missions
are jointly planned inside the mission planning system. TerraSAR-X data takes are assigned by
mission planning to either one of the satellites, for TanDEM-X data takes the transmitting satellite
has to be chosen. The resulting load distribution has to balance the usage between the two missions.
Irreparable damages that are caused by a mutual illumination of the instruments have to be prevented.
The operational qualification of the new “two missions, two satellites” version of the mission planning
system under realistic conditions within the TDX commissioning phase had to be performed, while the
former “one mission one satellite” version was still supporting the on-going TerraSAR-X operations.
Operational roll-out, i.e., final replacement of the former version, was mastered within a short
maintenance period of a few days only, services were continued with the same robustness and
reliability as before [11].

On the payload data handling side, a new production chain for the reception and processing of
TanDEM-X data has been established. DLR’s existing German Antarctica Receiving Station (GARS)
O’Higgins was complemented in 2010 by a new satellite receiving station, the Inuvik Satellite Station
Facility (ISSF) in Canada. Both of the stations form the backbone of the TanDEM-X Ground Station
Network, which was further supported in the years 2010-2015 by the partner ground station SSC
Esrange in Kiruna, Sweden, to handle the TanDEM-X global DEM data amount. Like the main
TerraSAR-X ground station at DLR Neustrelitz (NSG), also these stations not only support X-band data
reception, but also S-band up- and downlink for telemetry, tracking, and commanding (TT&C) for both
the TSX and TDX satellites and thus can be used for both missions, TerraSAR-X and TanDEM-X. Their
association to a given mission is configurable and is mostly a question of downlink capacity needs
and requested data transfer times between a given station and the TerraSAR-X processing hosted at
DLR. GARS and ISSF are supporting TanDEM-X, GARS had been actually used for the downlink of
TerraSAR-X background mission data before TDX launch.

Since the beginning of TSX mission operations the density of the S-Band motoring network was
significantly increased. At the beginning, a 12-h rhythm was applied. In later stages the monitoring of
the satellites was intensified. The S-Band network benefits from the expansion of the X-Band network
by GARS and ISSE. The KSAT ground station SvalSat, Svalbard, supports two passes for TSX and TDX
monitoring at midday.

The current ground segment layout is depicted in Figure 1.
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Figure 1. Sketch of main subsystems and components of the common TerraSAR-X/TanDEM-X ground
segment. TanDEM-X mission specific parts are in grey.

2.2. Receiving Capacities and Flexibilities

Already in 2009, a TerraSAR-X data reception system was integrated at SvalSat, primarily to
shorten near-real time (NRT) product latencies by using selected contact opportunities outside of
the NSG visibility range. The data that were received at SvalSat are transferred in an encrypted raw
data format to NSG, where they are processed in the same way as those that were received at the
station itself. In answer to the increasing demand in TerraSAR-X products, the contacts that are used
for the S-band support at SvalSat are also used for X-band data reception, thus enlarging the overall
downlink capacity.

In 2015, the receiving station pool concept was introduced. Before then, acquisitions had to be
explicitly ordered for downlink at a given station. This allowed for using the GARS for background
acquisitions, to place test orders for ISSF during station validation and to explicitly order NRT data
takes either at SvalSat or NSG, depending on the nearest downlink opportunity. Grouping stations
into one receiving pool and leaving the decision regarding which station to use for the downlink of
a given data take up to mission planning, results in a better exploitation of limited resources like
on-board memory and downlink capacity [12]. Mission planning uses the next free slot for a downlink.
If necessary, pool reconfigurations can be done up to three days before the first downlink to a new
station in the pool, in urgent cases, only six hours are needed for the event.

Both the pool concept and the flexibility to use a given station either for TerraSAR-X or TanDEM-X
or for both play an important role in exploiting downlink resources and to handle specific constraints
that are given by specific mission campaigns.

2.3. Near-Real Time Capabilities

In the beginning, Near-Real Time (NRT) support had not been a strong TerraSAR-X stake holder
requirement. Nevertheless, all of the basic products have been offered in a NRT flavor since the
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beginning of the mission. Sampling and resolution in the NRT products are identical to those of
the standard product. The product latency after downlink is typically about 10 min. Processing has
to rely upon auxiliary information, which is available at the same time as the raw data. The usage
of a predicted orbit results in a reduced geolocation accuracy, the non-availability of instrument
house-keeping parameters in a reduced radiometric accuracy. Data takes foreseen for NRT processing
are marked as such both in space and on ground, and thus allow for a completely data-driven privileged
handling from reception into processing and dissemination.

Within the seven years, the NRT capabilities have been further improved. Receiving stations with
online data connection to NSG are grouped into the NRT station pool (currently consisting of NSG and
SvalSat). Mission planning uses the next possible contact from the station pool for the downlink of a
NRT data take and schedules it as soon as possible within this contact, i.e., at the beginning for already
completed acquisitions and—if the remaining contact time allows—within for acquisitions that were
taken during the contact.

NRT support for maritime applications has been introduced in 2012 starting with a ship detection
service. Wind and wave products that are based on Stripmap multi-look ground range detected
products followed in 2016 [13]. In case of ship detection, Automatic Identification System (AIS) data
are processed in real time and the obtained information is merged into the SAR based detection
results. Ship detection information is provided in a number of different formats, e.g., as ESRI shape
file layer, GML, or Google KMZ files assembled with a geocoded quicklook image. Dissemination
options include secure FTP variants and electronic mail. Whereas, the ship detection service is already
available for external users, wind and wave products are currently provided for selected science
projects only. The wind product provides derived wind field information for the estimated wind speed
and direction calculated relative to a standard reference height of 10 m (U10) on a raster of two by
two kilometers. The wave product contains sea state information about the significant wave height
on a raster of three by three kilometers. The core processor to derive those value added products is
the SAR AIS Integrated NRT Toolbox [14]. The SAINT processor calls the processes for the various
maritime products in parallel. Thus, obtained information is made available instantaneously for the
other information extraction processes.

For selected NRT applications, e.g., vessel navigation support in polar-regions, quicklook images
of the high-resolution TerraSAR-X products, or further derived information of limited data amount
are sufficient. Consequently, TerraSAR-X processing systems were installed both at GARS and ISSF
in 2015 enabling the identical NRT product generation, as done at the central processing system.
Following a nominal NRT production run, a dedicated station NRT quicklook process generates
geocoded quicklook products of a size smaller than 5 Mbyte, which are e.g., suitable for e-mail transfer
to NRT users on-board vessels or at research stations with Internet access. Handling of station NRT
orders is fully integrated into the payload ground segment. Orders may be placed by authorized users,
the derived production requests are routed accordingly into the appropriate station [12].

3. Evolution of SAR Product Portfolio

In its ten years of operation, the TerraSAR-X ground segment extended and improved the SAR
product portfolio continuously. The flexibility in commanding the versatile TerraSAR-X and TanDEM-X
SAR instruments allowed for numerous radar experiments to test and demonstrate new SAR acquisition
modes or mode variants, which are detailed in the following section. The most prominent extension
was the operational release of Staring Spotlight (ST) and a six-beam wide ScanSAR mode in April 2013.
But, not all evolutionary steps in the product development are related to innovative SAR mode design
and instrument commanding, and not all of such experiments lead to new product releases. Since the
TerraSAR-X mission is user driven and is not restricted with regards to the future product ordering to
specific acquisition conditions, only those modes and product variants that fulfill the high product
quality requirements on a global scale were selected, calibrated, and verified as operational products.
Some mode variants like the experimental 300 MHz range bandwidth option for the high resolution
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spotlight were already added to the product portfolio right after the end of the commissioning phase
because of their solid performance. Modes, like the experimental aperture switching ATI (ATIS)
mode and TOPSAR, however, are limited due to the complexity in their commanding sequences to
restricted acquisition scenarios, and hence are not included in the SAR product portfolio. All basic
products as well as the operationally provided experimental products are generated by the TerraSAR-X
Multi-mode SAR Processor (TMSP). Details are given in [2,14]. As of 2018, the portfolio of basic [2]
and experimental products [15] is characterized in Table 1.

Table 1. TerraSAR-X basic and experimental (grey) products.

Pol Resolution Extent
Mode Config. Mo. d.e Pol. Channel (Az. x Ground-Rg.) (Az. X Ground-Rg.)  Product Variants
(m?) (km?)
. . complex &
Stripmap Single HH, VV 33x17...35 50 x 30 detected in SE/RE
HH/VV HH/HV complex &
Dual VV/VH 6.6x1.7...35 50 x 15 detected in SE/RE
Twin ! HH/VV oo 1%5;( oo 50 % 30 detected in RE only
2 complex &
DRA Quad HH/HV/VH/VV 6.6x1.7...35 50 x 15 detected in SE/RE
AD"IISI% Single HH, VvV <33x1.7...35 50 x 15 or 30 complex only 3
] . complex &
ScanSAR 4-Beam Single HH, VV 185x%x1.7...35 150 x 100 detected in RE only
. 40x30... 42 complex &
6-Beam Single HH, VV, HV, VH (detected) 200 X 194 ... 266 detected in RE only
. Sliding . complex &
Spotlight (L) Single HH, VV 1.7x15...35 10x 10 detected in SE/RE
complex &
Dual HH/VV 34x15...35 10x 10 detected in SE/RE
. 11x15...35
High Res. . X 5x10(5%6...10; complex &
(HS) Single HH, vV (1 3300;;1'2) 18 300 MHz) detected in SE/RE
complex &
Dual HH/VV 22x15...35 5x10 detected in SE/RE
Staring . 024x085... 1.7 25...28x46... complex &
T) Single HH, Vv (300 MHz only) 75 detected in SE/RE

1: The Twin mode is a one-beam burst mode with alternating polarizations not suited for interferometry. 2: Dual
Receive Antenna (DRA) modes are only available in dedicated campaigns. 3: No azimuth spectral weighting applied
on ATI DRA channels. The level 1 product variants are SSC = Single-look Slant-range Complex and the detected
variants MGD = Multi-looked Ground-range Detected, GEC = Geocoded Ellipsoid Corrected, EEC = Enhanced
Ellipsoid Corrected. The detected products are available as spatially enhanced (SE) or radiometrically enhanced
(RE) multi-look flavors. RE variants are noise corrected.

3.1. Extension of Basic Products

The ST mode specifically pushes the limits of instrument azimuth beam steering and spectral
signal processing, as pointed out in Section 5, but it is also most demanding in terms of reconstructing
the “true” geometric range history for focusing each target. With synthetic aperture lengths that
correspond to more than 60 km orbit path, the inclusion of higher order terms in the focusing algorithm
is required, as well as the intrinsic bistatic tropospheric path delay corrections implemented in the
TMSP to keep the reconstructed range history within mm of the geometrical one [16]. The ST azimuth
resolution is specified as 24 cm which includes some cm margin since the actual height on ground
of each focused scatterer has to be considered for focusing parameter calculation. The TMSP uses a
coarse built-in DEM for this, but deviations from the local focal plane of merely several tens of meters
may cause resolution loss in the range of centimeters. In turn, we could demonstrate that measuring
this very small defocusing effect with methods that are similar to auto-focusing can be used to actually
determine the absolute elevation of all sufficiently bright individual scatterers in a single ST image [17].
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The six-beam wide-ScanSAR mode seems like a straight forward extension of the established
four-beam ScanSAR product. It did however introduce completely new approaches in TerraSAR-X
mode and product design. Not only the use of newly created wide-swath sub-beams that differ in
pattern tapering from the nominal Stripmap beams allowed for achieving a total swath width of up
to 266 km, also variable range bandwidths and processing look factors are used to keep an optimal
performance over the whole swath. Its chirp bandwidth is selected for each individual sub-swath, such
that the projected ground range resolution of the detected product is kept mostly below 35 m—in the
same order as the azimuth resolution—with a nearly constant number of radiometric looks. This allows
for a consistent performance in applications like ship or oil spill detection over the full multi-beam
swath. Since this mode is mainly designed for maritime applications, a special cross-polar (HV or VH)
order option is also provided that increases the contrast between man-made targets and ocean surface
at the price of lower sensitivity.

Continuous research activities and TMSP upgrades with respect to processing performance,
timing, and phase accuracy, as well as geometric precision also improved the SAR product performance
and allowed for turning experimental products into operational ones. Additionally, the product
characteristics and the level 1 format have been extended to facilitate higher level processing and
geo-information retrieval. Some major achievements were:

e  The introduction of operational image noise correction for all radiometrically enhanced (RE)
products in December 2008. It is based on a sophisticated statistical evaluation of the thermal
noise distribution in SAR images when considering the processing filter noise gains [18].

e  Optimized ScanSAR SSC oversampling approaches resulting from InNSAR experiments activated in
April 2009, which enabled the re-classification of the ScanSAR SSC product from an experimental
one into a basic product.

e  Also, in April 2009, additional quicklook and image files were added to the level 1 product to
support quick evaluation and image interpretation based on the statistical properties of the image
(see Figure 2 for an example).

e  In preparation of the TanDEM-X mission with a second satellite to provide TerraSAR-X mission
products, an antenna phase pattern correction scheme was introduced in March 2010. Similar to
the radiometric beam pattern, the individual phase patterns of the numerous beams of the two
instruments differ. The individual patterns are projected onto a digital elevation model of the
scene and corrected for in order to generate interferometrically exchangeable SAR products from
both. The patterns are also annotated in all of the SSC products.

e With the extreme Doppler spectral behavior encountered specifically in the raw data of the newly
introduced ST modes and its complex mapping into the focused data, additional annotation files
describing the Doppler centroid in the focused image have been added to all complex products
in September 2013. These files also facilitate the interferometric processing of burst modes
(i.e., ScanSAR).

e ST mode images are basically illuminated by the beam footprint that is fixed to one location on
the ground. Hence, they show a strong radiometric variation and strong increase of the image
noise towards their azimuth borders. To ease this effect, the operational noise correction is also
applied by default to the highest resolution spatially enhanced (SE) products of the ST mode since
May 2014.

e The upgrade of May 2014 also added a new azimuth time tag correction method to the processor,
which analyses the absolute Radar frequency and drifts of the internal clock w.r.t. GPS time tags
and corrects them in the processed data [19].
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Figure 2. Example for the additional quicklook files with a color representation of the Synthetic

Aperture Radar (SAR) image pixel statistics that supplement each TerraSAR-X level 1 product since
April 2009: Single polarization Stripmap GEC product of Auckland, New Zeeland acquired in June
2008. These quicklooks are adaptively “tuned” by the TerraSAR-X Multi-mode SAR Processor (TMSP)
to support visual interpretation of the image content and not meant for tasks like scientific land
cover classification.

Specifically processing enhancements, like the last point, helped to improve the geometric location
accuracy and to turn TerraSAR-X into a geodetic measurement instrument [20]. These developments
were supported by the tremendous effort put into phase and signal delay calibration for the TanDEM-X
mission, the intrinsic bistatic focusing approach of the TMSP (even applied for mono-static TerraSAR-X
data), and the elimination of algorithmic approximations in its focusing kernel. Once atmospheric and
ionospheric signal propagation effects are properly considered, pixel location accuracies in the 1-2 cm
range are achievable with the precisely determined orbit products [20].
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3.2. Experimental Products

The SAR instrument on both satellites TSX and TDX allows for the simultaneous reception of
the transmitted SAR signals with the fore and aft segments of the antenna when using the redundant
receiver chain in parallel with the primary one. The signals received by either antenna part are
recorded in a dedicated channel and are then exploited accordingly on ground. Thus, data acquisition
either in full polarization mode to obtain quad pol images or with separated phase centers to allow
for along-track interferometry (ATI) is enabled in this dual-receive antenna (DRA) configuration
mode. The way in which DRA data are recorded on-board necessitates complex signal demultiplexing
operations on ground before any raw data processing can take place. The needed compensation of the
relative instrument electronics phase drifts results in a challenging calibration approach. Due to this
complexity, the DRA configuration is offered for Stripmap mode acquisitions only.

In full polarization mode, the transmit polarization is toggled between V and H from pulse to
pulse. The fore and aft antenna segments use different polarizations for the parallel receiving of the
returned signals. The pulse repetition frequency (PRF) is doubled as for the dual polarization mode in
the single-receive antenna configuration (SRA), leading to the same half range swath extent. Full (quad)
polarization products are available in the same flavors as the SM basic products, i.e., as SSC and MGD,
GEC, EEC SE/RE variants [14].

In case of ATI acquisitions, the same polarization is used for transmitting and receiving.
The separated phase centers of the fore and aft antenna segments generate a baseline in flight
direction, which can be exploited e.g., for ground moving target indication (GMTI). Acquisitions may
either use a high PRF setting, and thus a reduced swath width as for fully polarized acquisitions or a
low PRF setting resulting in a range extent similar to the single polarization acquisitions. The high-PRF
variant is more suitable for GMTI applications, such as traffic monitoring due to its wider unambiguous
velocity measurement range. Thereby, the signal-to-clutter ratio is increased allowing for an improved
tracking of moving objects in stationary clutter. The ATI products are available as SSC only. Besides
the two separate images for the fore and aft antenna segments, the data are also processed to a nominal
SRA SSC, and the delivered products thus contain three SSC channels, a SRA image, and the two
DRA images.

The effective along-track baseline between the two DRA phase centers of this mode is in the order
of 1.2 m only. Thus, its unambiguous ATI phase cycle corresponds to up to 200 m/s Doppler velocity,
and it is hence most suited for velocity measurements of fast moving objects. Besides being designed
for traffic and vessel detection, it is still sensitive enough to also derive large scale ocean surface
current velocity fields (see e.g., [21]). Experimental products from the DRA configuration are offered
in DLR’s Earth Observation Data Service EOWEB under the heading TSX-1 Experimental Products in
the collections TSX-1.SAR.L1b-Stripmap-Quadpol (830 acquisitions) and TSX-1.SAR.L1b-Stripmap-ATI
(128 acquisitions), respectively.

3.3. TerraSAR-X-Like Products

In the pursuit monostatic campaign of the TanDEM-X mission in 2014/2015 (see Section 4.2),
scientific and operational TanDEM-X mission acquisitions were commanded on both satellites to acquire
the same swath on ground with a time lag of about 10 s corresponding to their along-track separation in
space. Unlike the bistatic acquisitions that were performed in the nominal TanDEM-X close formation
that require specific commanding with synchronization pulse exchange and additional calibration
sequences, this raw data is very similar to the one of nominal TerraSAR-X mission acquisitions.
The TSX/TDX pairs were thus screened and processed by an upgraded TMSP to generate the so-called
TerraSAR-X-like products and make them accessible to the TerraSAR-X user community.

The TerraSAR-X-like products are not subject to the basic product specification, since they do
slightly differ in terms of product performance. TerraSAR-X-like products are available in all nominal
TerraSAR-X mode variants, and in most cases, the deviations in performance parameters are negligible.
For Stripmap data, the TanDEM-X elevation beams have been used in some conditions that are
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optimized for coverage and not for radiometric performance. In TanDEM-X commanding, also the
near range beams use a 100 MHz range bandwidth instead of the nominal 150 MHz. In combination
with different approaches for radar timing (PRF selection), these products may thus miss the specified
radiometric looks and ground range resolution of 3 m for small incidence angles. Despite these
small discrepancies, the available data opens new fields of application exploiting the time lag with
nominal TerraSAR-X product analysis tools e.g., for ship motion measurements and other change
detection methods.

4. Dedicated Mission Campaigns

4.1. DRA Campaigns

The parallel activation of the primary and redundant receiver chain to obtain experimental quad
polarization products and complex ATI products is performed within dedicated campaigns. Since the
DRA operation imposes specific further constraints w.r.t. the on-board data acquisition, recording,
and downlink when compared to the SRA operation, ordering and planning of DRA acquisitions is
done centrally inside the ground segment for pre-selected test sites. The resulting data are then made
available for user product ordering from the catalog.

The first DRA campaign lasted for three cycles (33 days) from 11 April until 13 May 2010. Since no
SRA data can be acquired while downlinking data in DRA mode, the by then newly built-up station
ISSF with the DLR antenna and equipment was used for data reception. Thus, the impact on data
acquisition (both SRA and DRA) over Europe and the downlink of SRA data to NSG was kept at a
minimum. In total, 356 SM quad pol and 163 SM single pol (ATI) acquisitions are available for user
catalog ordering from this time period.

The second DRA campaign was conducted as part of the TanDEM-X Science Phase, starting at
18 November 2015 and ending at 11 February 2016.

4.2. Modifications Induced by TanDEM-X Science Phase

After completion of the TanDEM-X global DEM data acquisition phase, the time period from
9 October 2014 until 2 February 2016 was dedicated to the achievement of the secondary TanDEM-X
mission goal, the generation of radar products for a number of new science and technology related
applications. Specific flight formation configurations, which realized various along-track and
across-track baseline conditions, were chosen in response to the needs of given applications. A second
DRA campaign was conducted. This had a number of direct impacts onto the TerraSAR-X mission
operation and led to further modifications inside the ground segment [12,22].

4.2.1. Pursuit Monostatic Phase

From 19 September 2014 until 17 March 2015, TSX and TDX were flying in pursuit formation with
an along-track separation of about 76 km (10 s). In such a configuration, the two SAR instruments
can transmit radar signals in parallel without mutual interferences. For images that were taken by
TDX, appropriate time delays and roll angles are applied during commanding to correct for the Earth
rotation effects within the 10 s time lag. The parallel operation of both the instruments opens a number
of new opportunities, e.g., imaging the same scene within 10 s or enlarging the imaged area based on
neighboring or overlapping (either in along-track or across-track direction) data takes.

Also, the downlink of both satellites may be operated in parallel. By using two receiving antennas,
the downlinked data amount could be nearly doubled at NSG. However, for stations that were
equipped with one antenna only, data downlink has to be restricted to one satellite, since TSX and
TDX are too far apart to be tracked together, but too close to be tracked one after the other. Either the
satellites were used in an alternating manner or a given station was fixed to a given satellite.
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4.2.2. Large Horizontal Baseline Formation

Following the pursuit monostatic phase, TSX and TDX returned to a close formation for bistatic
data taking under large cross-track baseline conditions. A maximum horizontal separation of about
3.6 km was reached in the extreme at the equator. Thus, TerraSAR-X acquisitions that were performed
by TDX were possibly taken outside the reference orbit tube leading to slightly different product
characteristics. Therefore, the so-called preferred satellite concept was introduced. In case that the
nominal perpendicular baseline between TSX and TDX exceeds a given (configurable) threshold and
if the available resources like memory and downlink capacity allow for it, a scene is taken by TSX
(presuming that the user order allows for both, TSX or TDX for the acquisition). In summary, four
different satellite selection options are offered for ordering. Orders can specify the TSX satellite for
data taking when the observation of the reference orbit tube is needed. TDX is chosen if one wants to
explicitly exploit large baseline situations. No satellite is pre-selected, but preference should be given
to TSX. Both TSX and TDX are accepted, if no TSX preference is needed. Hence, the user needs were
observed as best as possible, while still allowing for mission planning a good load balancing between
TSX and TDX.

5. Radar Experiments with TerraSAR-X

The high flexibility provided by TerraSAR-X allowed for research in and demonstration of new
SAR modes. The Staring Spotlight mode and the wide-ScanSAR mode were demonstrated and were
further developed to fully operational TerraSAR-X modes. Other examples are TOPSAR, BiDiSAR,
and Wrapped Staring Spotlight, which were demonstrated by TerraSAR-X.

5.1. Prerequisite: Flexible Instrument Commanding

The flexible instrument commanding in combination with a homogenous order chain for standard
SAR data takes, as well as for experimental data takes, also called system data takes, enables the mixed
operation for both types of data take within the same timeline, see Figure 3. The configuration of the
SAR instrument does not have to be changed, since both, nominal and experimental data takes contain
similar building blocks. This approach enables the development, test, and optimization of a new SAR
mode with the final operational settings.

Nominal data take generation chain

Request To Command Converter:
Algorithm to generate structure for
nominal data take mode out of
building blocks and fill them with

required values o / \
Data Take Validation:

Check data take structure
for non supported

operation
Manual Work: \ /

Adopt structure of nominal data

take or generate new structure —

from the scratch and fill building
blocks with required values

v

Experimental data take generation chain

Ordering of
nominal SAR data
take

A4

\ A 4

Ideas for
experimental SAR
data take

A 4

Figure 3. Data take generation chain for nominal and experimental data takes.

The flexible data take commanding is provided by the combination of four main building blocks.
One building block describes the pulse to be transmitted (see Figure 4 for a set of parameters describing
the pulse). Up to eight different pulses can be used within one data take. Another building block
controls the echo window w.r.t. position, length, receive gain. Transmit and receive parameters
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can be changed from pulse to pulse. The third building block controls the antenna beam direction,
pattern, and polarization. In general, the shortest change interval between two antenna settings is
some milliseconds, but one selected set of antenna parameters can be changed from pulse to pulse.
Up to 127 different antenna settings can be applied during one data take. A switching between H
and V antenna polarization from pulse to pulse (toggling) is controlled by a parameter within the
antenna properties. The controlling flag for polarization toggling can be set for transmit and receive
independently. The fourth building block contains the control parameters for the structure of the
data take, e.g., the number of pulses for which the radar is operating with the same radar settings.
Sequences of radar settings can be repeated several times. Therefore, this repetition feature enables a
convenient commanding of sub-swathes in ScanSAR data takes. The following chapters illustrate the
wide range of useful applications utilizing the flexible instrument commanding.

Transmit Pulse Properties
e Duration

e Chirp slope
Bandwidth

Stored samples of uploaded

Antenna Properties
Azimuth direction
Azimuth receive pattern
Elevation direction
Elevation receive pattern

Receive Echo Properties
e Position in interval
Recording length

Transmit polarization
Receive polarization

- Azimuth fore / aft half
Polarization toggle

.
and stored waveform *  Receive gain
.

Receive bandwidth

e Example for
E g N-Pulses = Transmit pulse Receive echo repetitions in
22 this structure
; £ M-Pulses | Transmit pulse Receive echo

o
[ Transmit I
5 § O-Pulses Receive echo
£ pulse
532
& £ P-Pulses | Transmit pulse ‘ Receive echo ‘ —_—

® & & 5 % O 0 0
Up to 255 different PRIs (different in at least one building block parameter) are possible in one data take

“ Different PRI length, i.e. different PRF- »

17
Figure 4. Building blocks and structure of a data take.

To build an along track interferometer with just one receiving chain, the ability of pulse to pulse
switching between two antenna settings with different receive azimuth apertures is used. One pulse is
received with a dedicated part of the antenna in flight direction (fore part); the next pulse is received
with the part that is opposite to the flight direction (aft part). The echoes that were received by both
parts are SAR processed separately and result in two SAR images with a baseline in flight direction.
This mode is called Along Track Interferometer Switching (ATIS).

The six-beam wide-ScanSAR mode (see Section 3.1) uses the ability to transmit dedicated pulses for
each sub-swath, where the transmit bandwidth is optimized for constant radiometric performance over
the full incidence range. With this, only the receiving noise of the transmitted bandwidth contributes
to the image noise and the signal to noise ratio is increased.

TOPSAR (see Section 5.3) data takes demonstrate the flexibility in commanding both, azimuth
and elevation antenna steering, and the repetition of this structure. This mode reaches the limit of the
current TerraSAR-X instrument design in using the maximum number of antenna settings, since each
azimuth and elevation combination counts as one setting for the data take.

43



Remote Sens. 2018, 10, 873

5.2. Staring Spotlight

The azimuth steering angles of TerraSAR-X were initially kept below +0.75°, especially in the
sliding spotlight modes. Up to this limit, the impact of the grating lobes is tolerable as their antenna
gain keeps 20 dB below the gain into the desired steering direction. The azimuth resolution for
TerraSAR-X has been enhanced by commanding staring spotlight with steering angles up to +2.2°.
In this post-launch introduced operational TerraSAR-X mode, the azimuth resolution is about 20 cm
and it improved by a factor of 5 when compared to the sliding mode HS of TerraSAR-X. The problem
that was connected to the enlargement of the steering angles is the grating lobes increase. As Figure 5
shows, for a steering angle of 2.2°, the largest grating lobe in red shows equal gain as the steered lobe
in green. In order to maintain the SAR performance in the presence of strong grating lobes, two main
incidence angle dependent adaptions were introduced, i.e., a PRF optimization in commanding, and a
scene size optimization in the SAR processing [23-25].

PRF= 3816[Hz] steer= 2.23 inc 35.6[DEG] tg_az 1 tg_rg 1

2way gain [dB]

—-60 —40 -20 0 20 40 60
azimuth frequency [kHz]

Figure 5. Azimuth pattern steered to 2.2°. Azimuth frequency corresponding to the direction towards
the scene center (green) and ambiguous frequencies (red).

Figure 6 shows an example staring spotlight image that was acquired at the test site at DLR
in Oberpfaffenhofen, Germany. The corner reflectors in the scene were used to verify the expected
geometric resolution, which was found to be within 2% of the expected values. From the comparison
of a zoom into the staring spotlight image with the corresponding zoom into a 300 MHz HS sliding
spotlight image, the improvement that was achieved by multilooking five azimuth looks is obvious,
and the higher level of detail is apparent.

5.3. TOPSAR

TOPSAR is a burst mode like ScanSAR that allows for the quasi-parallel acquisition of several
sub-swathes and by this the acquisition of a much wider total ground swath at the expense of a reduced
azimuth resolution. The TOPSAR mode overcomes limitations that are imposed by the ScanSAR—the
most prominent is the scalloping effect—by steering the antenna along-track during the acquisition of
a burst. In this way, all for the targets are illuminated with the complete azimuth antenna pattern,
and thus, scalloping is circumvented and an azimuth dependency of signal to noise ratio (SNR) and
distributed target ambiguity ratio (DTAR) is avoided, or at least considerably reduced. TOPSAR was
demonstrated with TerraSAR-X in the year 2007 [26].

Different TerraSAR-X images have been acquired over Toulouse, France, in order to perform a
scalloping analysis in the TOPSAR and ScanSAR modes. Figure 7 presents one sub-swath from the
TOPSAR and ScanSAR acquisitions that were processed without the nominally applied scalloping
correction in the processing. The azimuth resolution in the images is 16 m. About five range looks
were processed, resulting in 16 m ground range resolution. The sub-swath size is approximately 90 km
in azimuth and 25 km in slant range. No weighting has been applied in the burst image overlap area.
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Figure 6. (Top) TerraSAR-X staring spotlight (ST) experimental acquisition example over Oberpfaffenhofen,
Germany with five azimuth looks, incidence angle 35.6°, PRF 3786 Hz, scene extent 8.8 km x 3.6 km
in ground range and azimuth, respectively. The single look resolution is 1.00 m in ground range and
0.21 m in azimuth. (Bottom) Zoom into staring image (left) and HS image (right). The geometric
resolution in both zooms is about 1 m in azimuth and ground range, i.e., the staring image is composed
of five looks, while the HS sliding image comprises only one.

The TOPSAR image sub-swath that is shown in Figure 7a was acquired with nine bursts.
The commanded steering angle is in-between +0.52°. Due to the low variation of the steering angle,
the scalloping effect is hardly visible and it was quantified to be approximately 0.3 dB. It is not fully zero
as electronic azimuth steering is implemented in TerraSAR-X i.e., the element pattern is not steered
and it causes a residual scalloping. The ScanSAR image was acquired with 33 bursts. The measured
scalloping in the ScanSAR intensity profile is around 1.2 dB.
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®)

Figure 7. Terrain Observation with Progressive Scans SAR (TOPSAR) (a) and ScanSAR (b) comparison,
both without scalloping correction. One sub-swath is shown. The measured scalloping in the ScanSAR
image is around 1.2 dB, as compared to 0.3 dB in the TOPSAR image. Thirty-three ScanSAR bursts
were necessary in contrast to only nine required in the TOPSAR mode.

5.4. BiDiSAR

The newly developed bidirectional synthetic aperture radar (BiDi) imaging mode [27] was
demonstrated with TerraSAR-X. Bi-directional means the simultaneous imaging of two directions
by one antenna into one receiving channel. The BiDi imaging is based on an azimuth pattern with
two steered lobes that are pointing into different directions, an increased PRF, and a separation
of the simultaneously received images in the Doppler spectral domain. Figure 8 shows the BiDi
acquisition geometry for simultaneous forward and backward acquisitions in the directions W¢ore
and ¢, respectively. The slant range vector in the forward direction is oriented by 90° — ore W.r.t.
azimuth. In the backward direction, the slant range vector is oriented at 90° + . The same target
area is acquired twice as the sensor flies by with an along-track separation in the range of sections
in-between the two illuminations.

Figure 9 shows an excerpt of a larger BiDi acquisition in the form of a color composite. The fore
image is in red and the aft image in green color. At positions where the backscatter is high and is equal
in both images, the colors combine to yellow. There are a number of nonmoving manmade targets
that already show a considerable difference in the backscatter due to the acquisition azimuth angle
difference of 4.4°. The motion of some ships is clearly visible as they appear partially in red and green,
as the ship moved between the two illuminations.
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Figure 8. Bidirectional synthetic aperture radar (BiDi) acquisition geometry example with simultaneous
fore and aft acquisitions.

calemcanen

Figure 9. Color composite of fore (red) and aft (green) zoom images of a TerraSAR-X BiDi acquisition
of Singapore. The azimuth direction is on the left, from bottom to top. Time lag between fore and aft
image is 7.2 s. Further zooms of a small fast and a large ship in the white frames.

5.5. Wrapped Staring Spotlight

Wrapped Staring Spotlight [28] is a new method to extend the azimuth steering capability of
phased array SAR antennas in order to achieve improved azimuth geometric and/or radiometric
resolution. It extends the steering to directions with very low signal contribution. Point and extended
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targets in experimental TerraSAR-X acquisitions were evaluated up to +4.4° steering, i.e., gains up to
45 dB below the grating lobes. It was found that, for TerraSAR-X, an extension of up to about +3.9°
improves the image quality although the cost-benefit ratio decreases with increasing steering angles.

One innovation developed is the Wrapped Commanding of steering angles. Figure 10 shows in
green the lobes into desired steering direction and in red the undesired grating lobes. Up to +2.2°,
the on-board available angles can directly be used. Beyond, larger steering angles are obtained—without
the need of additional on-board stored azimuth patterns—by re-accessing available angles, and later
extraction of the desired steering directions in the SAR processing.

Wrapped Acquisition Angles _

TSX On-board Angles

@Spotlight Scene

Figure 10. Desired steering lobes (green) and undesired grating lobes (red). TerraSAR-X on-board
available angles up to +2.2°. Steering angles beyond are obtained by re-accessing available steering angles.

Figure 11 shows wrapped corner reflector measurements. The azimuth resolution is steadily
improving with increasing processed bandwidth up to 0.14 m, i.e., 68 kHz or +3.9° in the case of sidelobe
suppression weighting. For comparison, the staring spotlight mode of TerraSAR-X exploits only 38 kHz
(+2.2°). Two statistical approaches were developed [28] that improve the radiometric performance
when integrating signal directions with low SNR, i.e., the space invariant Look-Normalized Pattern
Compensation (LNPC) and the space variant (2-weighting. It was demonstrated that in wrapped
TerraSAR-X imaging up to +4.4°, the contrast for manmade targets was improved by 20%, and
for extended targets, an improvement in the equivalent number of looks from two to four looks
was measured.

3.8 kHz 7.6 kHz 15.2kHz 22.8 kHz 30.4 kHz

45.5 kHz 53.1 kHz 60.7 kHz 68.3 kHz 75.9 kHz —50 dB

Figure 11. Corner reflector measurements in a TerraSAR-X wrapped staring spotlight image.
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6. Satellite Operations

For a period of three years, TSX was operated as a single satellite mission in 514 km altitude.
In 2010, a transition to a dual satellite mission needed to be accomplished and even more in October
2010 the two spacecraft entered into a close formation with inter satellite distances in the order of few
hundred meters. The close formation flight posed a major challenge for satellite operations. Concepts
needed to be developed in order to cope with safety aspects.

One major point of interest was the original safe mode concept of TSX. A satellite safe mode is
typically entered by on-board automatic reactions in the case that a malfunction is detected. The original
TSX safe mode used thrusters for attitude control in order to profit from the high reactivity of these
actuators. Unfortunately, due to the thrusters’ orientation attitude controls came along with the side
effect of an unintended orbit change. Investigation showed that a safe mode drop might result in
a potential collision risk of the spacecraft in orbit, which was not acceptable. As a consequence a
multiple stage safe mode concept has been newly developed. The primary safe mode is now based on
magnetorquers, which do not alter the relative orbit of TSX and TDX. In the case of an insufficient
reactivity, further stages within the safe mode concept are applied, using thrusters in a more controlled
way from the perspective of formation flight. The on-board safe mode has been implemented by
the satellite manufacturer; however, this major concept change affected satellite operations in a
profound way. Many flight procedures needed to be reworked, major on-board software updates
became necessary, and in-orbit tests of the safe mode concepts before entering close formation have
been performed.

Another major challenge to be mastered is to ensure that the two satellites do not illuminate each
other when transmitting a radar beam, as this could result in an irreparable damage of the partner
satellite. A well-thought-out concept was established to comply with this requirement during nominal
operation, but in particular, during on-ground or on-board caused contingency situations. For the
latter one, the so-called Sync-Warnings were implemented. These are isochronal instrument activities
on both satellites with a bidirectional exchange of sync pulses via one of six sync horns. In case one of
the satellites gets no feedback from the other (i.e., the state/position of the other satellite is different to
the predicated one), its instrument is switched to receive-only mode. In order to reduce the mutual
illumination risk to a maximum extent during nominal operations, the so-called transmit exclusion
window information is delivered to both mission planning and the mission control and monitoring
system. This double layer check on ground prevents firstly planning, and secondly, the commanding
of possible hazardous activities in forbidden areas. In addition to these ground based measures,
the on-board exclusion zone mechanism was implemented, in order to prevent the execution of possible
hazardous activities in such areas. See [29] for a detailed description of all TanDEM-X formation flight
operation related aspects.

Figure 12 illustrates acquisition activities, the on-board memory fill level, together with the
downlink activities for the TerraSAR-X mission and the TanDEM-X mission for about one day.
The combined mission planning system enables the concurrent support of the two missions by the two
spacecrafts. In order to minimize the impact of the two missions on each other a balanced downlink
planning strategy was implemented. The fact that the size of the on-board memory of the two spacecraft
differs by the factor of two and the necessity to support the TerraSAR-X near real time feature with its
prioritized downlink make the downlink planning even more challenging.
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Figure 12. Typical acquisition and downlink activities for TanDEM-X Satellite (TSX) and TanDEM-X
Satellite (TDX) for about one day. DT rows: Data acquisition activities (number of tele-commands is
given on the left hand side) SSMM rows: The on-board memory utilization (TDX’s memory has twice
the size of TSX's one, as indicated on the left hand side). Replay rows: The X-Band downlink contacts
used (number of replays is given on the left hand side). S-Band rows: TT&C contacts (indicated by
light color).

The design of the TSX and TDX spacecraft targeted in both cases for an in-orbit lifetime of 5.5 years.
These days, TSX has completed ten years and TDX seven years in orbit. Both spacecraft are still
fully functional; SAR operations do not suffer any restrictions due to on-board hardware failures.
Furthermore, the state of depletion of consumables gives reason to expect many more years of satellite
operations. For example, the measured capacity degradation of the batteries is much less than predicted
for the age that the spacecraft have now reached.

Figure 13 details the hydrazine consumption of TSX and TDX. In both cases, approximately half
of hydrazine budget is still available for future use. So far, the phases directly after launch (2007 for
TSX and 2010 for TDX) were expensive in terms of hydrazine usage for attitude control after separation
and for orbit control to adjust the target orbit. In 2008, a safe mode drop on TSX caused an unusually
high yearly budget. In those days, the safe mode still used thrusters primarily for attitude control,
as described above. Generally, TDX uses more hydrazine because of its helix formation flight relative to
TSX. The consumption was remarkably high in the years 2014 and 2015 due to the specific formations
that were required in the TanDEM-X science phase.

Beside the primary payload, the SAR instrument, TSX carries secondary payloads, namely a
laser communication terminal (LCT) by Tesat-Spacecom GmbH & Co. KG (Backnang, Germany)
and a two frequency GPS receiver IGOR, as supplied by the Deutsches GeoForschungsZentrum
(GFZ). The latter is also mounted on TDX, and is classified in this case, as primary payload due to the
strengthened requirements of the TanDEM-X mission on absolute and relative orbit determination. Both
additional payloads showed a very good performance in orbit. On 21 February 2008, the LCT on TSX
communicated with a counterpart of the NFIRE satellite, the very first inter-satellite communication
with laser technology in Low Earth Orbit.
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Figure 13. Pie charts of TSX and TDX in orbit hydrazine consumptions. Each slice in the “consumed”
region represents an operations year for which the consumed fuel is reported. Approximately half of
the hydrazine is still available for both satellites, see region “available”.

7. Orbit Control

The TerraSAR-X mission design is relying on the reference orbit, which forms the basis for
both orbit control and mission planning, including the scheduling of SAR acquisitions. In contrast
to traditional design considerations for Sun-synchronous, frozen eccentricity repeat orbits, the TSX
reference orbit must be a closed orbit with matching states at the beginning and end of each 11-day
repeat cycle. Therefore, the reference orbit design was formulated as an optimization problem [30].
The implemented TSX reference orbit is expressed in an Earth-fixed frame, and it can be repeated in
11-day intervals throughout the entire mission.

The high requirements on guidance, navigation, and control are mainly driven by SAR
interferometry. In order to permit repeat-pass interferometry applications, like subsidence mapping
or glacier monitoring, the cross-track distance between radar acquisitions in repeated orbits should
be as small as possible. Depending on the availability of digital elevation models, which are used
to compensate topographic effects, cross-track distances below 350 m are desirable. Hence, the TSX
osculating orbit is controlled within a “tube” that is defined about the Earth-fixed reference orbit.
In order to fulfill the requirements, the radius of the “tube” is set to 250 m, which corresponds to the
maximum allowed deviation of TSX from the reference orbit in the plane perpendicular to the flight
direction. The implemented TSX orbit control concept is described in [31].

Within ten years of TerraSAR-X operations, more than 1400 orbit control maneuvers have been
performed. With increasing solar activity strong variations in solar flux and geomagnetic activity
occurred, which significantly affected the air density, and hence the orbit decay.

Figure 14 (top) depicts the F10.7 cm solar flux evolution, which serves as an indicator for the solar
activity, over the years 2008 to 2017. The diagrams below summarize all of the in-plane maneuvers
that were performed in the same period (middle) and the achieved cross-track deviation from the
reference orbit (bottom). Obviously, during low solar activity in 2008 and 2009, the maneuvers were
relatively small (<1 cm/s) and the typical period between two successive maneuvers were 10 to 14 days.
In contrast, maneuvers with sizes of up to 5 cm/s and maneuver cycles of two to three days became
necessary to precisely control the TSX orbit during periods of high solar activity, e.g., at the end of 2011
and in 2014.
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Figure 14. F10.7 cm solar flux (top), TSX in-plane maneuver activity (middle), and achieved cross-track
deviation from the reference orbit (bottom) in period 2008-2017.

At the end of 2015 a novel orbit control strategy called “distributed formation flying” was tested
and it has been operationally implemented since February 2016. Since then, TSX has contributed to the
formation maintenance by means of a small but daily orbit raising maneuver in the order of 3 to 6 mm/s,
depending on the formation geometry. In this way, the formation flight for TanDEM-X can be fully
supported although the cold-gas, which was previously used by TanDEM-X for formation maintenance,
has been almost depleted. Furthermore, the TerraSAR-X orbit control accuracy is not negatively
influenced, as can be seen in the bottom of Figure 14. The daily orbit raising partially balances the
natural orbit decay. However, additional orbit lowering and eccentricity correction maneuvers are
necessary in order to stay within the 250 m control tube. These maneuvers are in anti-flight direction
and they can be seen in the middle of Figure 14 as negative spikes in 2016 and 2017.

Note the negative in-plane maneuvers before 2011 have a different cause. The original satellite safe
mode implementation made use of the thrusters for coarse attitude and rate control. Safe mode drops,
e.g., because of an on-board computer boot, changed the orbit and the maneuvers for the re-acquisition
of the reference orbit became necessary. Fortunately, the on-board software was upgraded at the end of
2010 to feature a force-free safe mode based on magnetorquers, as described in Section 6.

Besides the drag make-up maneuvers, three to five inclination control maneuvers are performed
per year, with maneuver sizes between 10 and 30 cm/s. Furthermore, every year, one to two critical close
approaches with man-made objects require active collision avoidance. In summary, the implemented
reference orbit and the orbit control concept have proved to work remarkably well, and more than 99%
of the time TSX has been staying inside the 250 m control tube.

8. Performance Monitoring

The quality of the delivered data is the most important benchmark of a SAR mission. Strong effort
has to be undertaken, in order to ensure a stable quality of the system and resulting data. For this
purpose, a verification and monitoring system was implemented in TerraSAR-X and TanDEM-X. With
the short term analysis of instrument telemetry data and all data takes executed during the mission,
malfunctions in the satellite systems, and especially in the SAR instruments are detected. Short-term
analysis is performed in two different ways: instrument monitoring and data take verification.
A long-term monitoring aims on detecting trends and evolutions that may lead to a malfunction in
future. These analyses are explained in detail and with examples below.
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8.1. Instrument Monitoring

Instrument Monitoring collects and visualizes information about the actual state of the radar
instruments and performs automatic checks of measurements against a parameter limit matrix.
For that purpose, housekeeping data, which is down-linked via S-band, is checked and analyzed
both, automatically and manually, in order to examine instrument health. In critical cases, dedicated
procedures are immediately initiated according to the instrument handbook. The instrument-specific
housekeeping data is replicated and is stored in a central database, where it is one of the main sources
of information for long-term monitoring. The instrument onboard timeline is continuously reviewed
w.r.t. data take and command execution state, SAR data downlink history, etc.

8.2. Data Take Verification

The Data Take Verification functionality provides an immediate feedback on data take quality
and overall performance of the SAR system after commanding, execution, and SAR screening of the
raw data of a TerraSAR-X or TanDEM-X acquisition. It combines information from data take ordering,
commanding, as well as the data reception and processing chain, and it therefore provides additional
value on top of the regular SAR data screening.

Three main tasks are in the scope of Data Take Verification. The first one is the evaluation of
the SAR screening results of an acquisition, where the raw data statistics of in-phase and quadrature
channels are checked against predefined quality limits. These checks can identify instrument calibration
issues like channel bias or imbalances, but also issues in the commanding like non-optimal receiver
gain settings, which would result in insufficient raw data saturation or even overflows in the A/D
converters. Another prominent quality parameter is the Doppler centroid that is estimated from the
raw data, which is a sensitive parameter for the whole SAR system.

Another check is the completeness of scene coverage w.r.t. the user-requested scene, which
depends not only on precise instrument switch-on and switch-off, but also on the correct commanding
of the radar echo window. As an example, Figure 15 shows a control plot for an acquisition in Stripmap
mode taken over Morocco. The red polygon indicates the scene, as requested by a user, whereas the
green polygon shows the boundaries of the recorded and processed scene.

Figure 15. Example for scene coverage verification after data take acquisition, visualized in Google
Earth. The red polygon indicates the requested scene, whereas the green polygon shows the acquired
scene. In this case, a considerable part of the data take is not available, as the downlink was affected by
severe weather conditions.
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In the third step of the verification of a data take, or data take pair in the case of a TanDEM-X
acquisition, the correct on-board execution of each commanded data take is verified, down to the
level of single pulses, via the correlation of the data take command parameters, as generated by the
Request-to-Command Converter (R2CC), with the range lines actually being recorded and downlinked
by the radar instruments. This check has the potential to identify issues in the complex interleaved
commanding of imaging pulses with other instrument-specific pulse types, like warm-up sequences,
calibration pulses, and interleaved inter-satellite synchronization in the case of TanDEM-X. It does also
provide valuable information in the analysis of issues regarding missing or corrupted range lines in
the SAR data.

Throughout the mission, data take verification provided valuable routine monitoring. Due to the
reliability of the whole SAR system, major issues were detected in rare cases only. Yet, the system was
used extensively during the commissioning phases of the satellites, where it allowed for verifying the
SAR system performance and to derive and fine-tune initial calibration parameters.

8.3. Long Term System Monitoring

Long-term system monitoring (LTSM) is an important task to ensure the quality of the SAR
products and the appropriate operation of the satellite and the instrument. The LTSM visualizes the
most significant parameters of the satellite system.

There are a number of parameters that are checked for each data take in order to monitor the
quality of a single acquisition as described in the previous section. In contrast, the LTSM shows the
long-term evolution of the system parameters in order to identify trends in the data and to be able to
take countermeasures before the occurrence of critical situations.

The most important parameters monitored by LTSM are:

e  Instrument parameters:

Utilization of the satellites

o O

Quality of the Replica amplitude and the Bias of the In-phase and Quadrature Channel

O

Calibration parameters like geometrical accuracy or the absolute calibration factor, including
antenna pattern accuracy

Status of the Transmit/Receive Modules

Drift of the radar frequency

Drift of the Doppler of the SAR signal

Coverage fulfillment of data takes compared to the user requests

o O O O

e  Satellite parameters:

o Amount of switches of the traveling wave tube amplifier for X-band downlink
o Battery performance and utilization
o Bit error rates of the Solid State Mass Memory

e  Mission parameters:

@) Mission phases (for information)
O SAR outages (for information)
@) Parameters concerning the TanDEM-X Mission like DEM performance

Figure 16 shows, as an example, the evolution of the In-Phase Channel Bias, as visualized by the
Long-Term System Monitoring. The In-Phase Channel Bias is a measure for the correct utilization of
the dynamic range of the receivers. A drift of 20% over six years was observed with the long-term
evaluation. In June 2014, the origin for the In-Phase Channel Bias was readjusted in the system, and
the bias is since then again well centered within the dynamic range.
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In general, the TerraSAR-X satellite still performs very well. The quality of the data is as good
as at the beginning of the mission, both in terms of overall performance and in terms of radiometric
accuracy [32].

0.6
4 4 aSum signal
4 4 4Diff signal
0.4 T

In-Phase Channel Bias

06 2007 2009 2011 2013 2015 2017

Year

Figure 16. Bias of the In-phase Channel and its readjustment in 2014.

9. TerraSAR-X Mission Utilization

Since the beginning of the operational phase, the number of yearly acquired data takes for
basic product generations has been continuously increasing, with only one exception in 2011. When
compared to the operations that started in 2008, the acquisitions have almost tripled. Figure 17
visualizes the yearly numbers per imaging mode. Adding the experimental TerraSAR-X-like products
we have close to 226,000 acquisitions which are available for user catalog ordering in EOWEB under the
headings TSX-1 Products, TSX-1 Experimental Products, TanDEM-X Pursuit TSX-1 Like, and TanDEM-X
Pursuit TSX-1 like Experimental.

Total Number of Basic Product Acquisitions Per Year
40000

35000
30000

u
25000 ST

mHS
20000 mSL
W SC wide
15000 mSC std
mSM
10000
5000
0

2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

Figure 17. Total number of basic product acquisitions per year.

The TerraSAR-X mission philosophy to let a user decide which acquisitions are performed under
what conditions even comprises data takes taken in left-looking mode. Ordering of these acquisitions
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is consistently integrated into the nominal ordering and the production workflow. In total, over 3000
left-looking data takes covering all imaging modes were acquired. Of particular benefit are those that
were taken at latitude south of ~80° over Antarctica [33]. Figure 18 shows the left-looking Stripmap
acquisitions over Antarctica, as executed upon user request.

Figure 18. Map visualization of Stripmap left-looking data takes over Antarctica.

10. Conclusions

A decade of successful TerraSAR-X operation has proven that the basic design of the overall
system, consisting of space and ground segment, is both robust and flexible enough to meet changing
requirements and to fulfill the desires of the scientific and commercial community during such a
long period of time. Also, thanks to the great commitment of the ground segment team, all of
the modifications could be made without any particular disruption or interruption of operations.
The interaction of these factors has enabled ensuring the successful use of the mission by scientists and
commercial users for more than ten years. This will continue to be the case since radar performance
and calibration of the individual satellites is still well within specification, and no indication of any
degradation is noticeable, a fact that is remarkably reflected in the consistently excellent quality of
the SAR products. From today’s point of view, the satellites and the ground segment are operating
without restrictions and the irretrievable resources, specifically the propellant and the battery capacity,
allow for operating both satellites for another five years.
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Abbreviations

AIS Automatic Identification System

ATI Along Track Interferometry

ATIS Along Track Interferometer Switching
Az. Azimuth

BiDiSAR Bidirectional Synthetic Aperture Radar
DEM Digital Elevation Map

DLR Deutsches Zentrum fiir Luft- und Raumfahrt e.V.
DRA Dual-Receive Antenna

DT Data Take

DTAR Distributed Target Ambiguity Ratio

EEC Enhanced Ellipsoid Corrected

EOWEB Earth Observation Data Service

Esrange European Space and Sounding Rocket Range
ESRI Environmental Systems Research Institute
FTP File Transfer Protocol

GARS German Antarctica Receiving Station O’Higgins
GEC Geocoded Ellipsoid Corrected

GFZ Deutsches GeoForschungsZentrum
GML Geography Markup Language

GPS Global Positioning System

HS High Resolution Spotlight

IGOR Integrated GPS and Occultation Receiver
ISSF Inuvik Satellite Station Facility

KIR Kiruna Ground Station

KML Keyhole Markup Language

KMZ Keyhole Markup Language Zipped
KSAT Kongsberg Satellite Services

LNPC Look-Normalized Pattern Compensation
LCT Laser Communication Terminal

LTSM Long-term System Monitoring

MGD Multi-looked Ground-range Detected
NFIRE Near Field Infrared Experiment

NRT Near Real Time

NSG Neustrelitz Ground Station

pol. Polarization

PRF Pulse Repetition Frequency

R2CC Request-to-Command Converter

RE Radiometrically Enhanced

Rg. Range

SAINT SAR AIS Integrated NRT Toolbox

SAR Synthetic Aperture Radar

SE Spatially Enhanced
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SL Sliding Spotlight

SM Stripmap

SNR Signal-to-Noise Ratio

SRA Single-Receive Antenna

SSC Single-look Slant-range Complex
SSMM Solid State Mass Memory

ST Staring Spotlight

SvalSat Svalbard Satellite Station

sync Synchronization

TDX TanDEM-X Satellite

TMSP TerraSAR-X Multi-mode SAR Processor
TOPSAR Terrain Observation with Progressive Scans SAR
TSX TerraSAR-X Satellite

TT&C Telemetry, Tracking and Command
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Abstract: The TerraSAR-X mission, based on two satellites, has produced SAR data products of high
quality for a number of scientific and commercial applications for more than ten years. To guarantee
the stability and the reliability of these highly accurate SAR data products, both systems were first
accurately calibrated during their respective commissioning phases and have been permanently
monitored since then. Based on a short description of the methods applied, this paper focuses on the
radiometric performance including the gain and phase properties of the transmit/receiver modules,
the antenna pattern checked by evaluating scenes acquired over uniformly distributed targets and the
radiometric stability derived from permanently deployed point targets. The outcome demonstrates
the remarkable performance of both systems since their respective launch.

Keywords: TerraSAR-X; internal calibration; geometric and radiometric calibration; antenna model
verification; antenna pointing determination; radiometric accuracy; calibration targets; long term
performance monitoring

1. Introduction

More than ten years ago, on 15 June 2007, the first German synthetic aperture radar (SAR) mission
TerraSAR-X for commercial and scientific application was started by launching the first satellite,
called TSX. Three years later, in June 2010, the mission was expanded by an additional satellite, TDX.
Since then, both satellites have been flying in a close formation in a sun-synchronous dusk-dawn orbit
at 514 km altitude to fulfill the tasks of two different missions in parallel:

e  the TerraSAR-X mission for providing single multi-mode X- Band SAR data in different operation
modes [1] and

e in bistatic operation, the TanDEM-X mission to generate a new global digital elevation model on a
12-m grid and a vertical accuracy better than two meters [2].

The satellites feature an advanced high-resolution X-Band SAR instrument operated at 9.65 GHz
and enabling the operation in Spotlight, Stripmap and ScanSAR mode, in different polarizations
and over a wide range of incidence angles. For these various acquisition modes, their active phased
array antenna electronically steers and shapes the patterns in the azimuth and elevation direction.
The antenna consists of 12 panels in azimuth direction with each panel comprising 32 sub-array
radiators in elevation direction, whereby each sub-array is fed by its own active transmit/receiver
module (TRM). The instrument combines the ability to acquire high resolution images for detailed
analysis as well as wide swath images for overview applications. The geometric resolution varies from
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0.24 m for Staring Spotlight [3], 1 m for Spotlight, 3 m for nominal Stripmap, 16 m for ScanSAR and
40 m for Wide ScanSAR products. The image width ranges from 4.6 km (Staring Spotlight) to 266 km
(Wide ScanSAR). There are over 1000 possible product variations, which result from the combination
of different imaging modes, polarizations and elevation angles [4].

This paper focuses on the radiometric performance of the two satellites. A pre-requisite to ensure
accurate and reliable SAR data products over the whole mission time is first, an accurate calibration
of the system and, then, a permanent monitoring of relevant system parameters. During their
commissioning phases, TSX (in 2007) and TDX (in 2010) could be accurately calibrated with outstanding
results [5,6]. Since then, both SAR systems have been permanently monitored to detect changes in
their performance, like degradation of the satellite hardware and to guarantee reliable and correct
operation of the instruments. However, during a second TSX calibration campaign executed for the so
called Dual Receive Antenna mode in 2009, a high radiometric stability could be verified two years
after launch [7].

The evaluation of long-term system monitoring (LTSM) parameters, like instrument characteristics
or the antenna patterns, verify an excellent stability of TSX and TDX. This LTSM has been ensuring
a consistent product quality for more than ten years. The success of this performance is based on
the innovative design and precise manufacturing of the satellite systems [8,9] on the one hand and
on the other on innovative methods, accurate reference targets and the strategy for calibrating and
monitoring TSX and TDX over lifetime [5,10-15]. The radiometric performance over lifetime of both
systems is analyzed in three steps:

e characterizing the gain and phase stability of TRMs (Section 2) by means of coded
calibration pulses,

e  monitoring the antenna characteristics by evaluating scenes acquired over distributed targets like
the Amazon rain forest (Section 3) and

e analyzing the radiometric stability by means of impulse response functions derived from
permanently installed corner reflectors (Section 4).

Beyond that, the quality of SAR data products have also been monitored since launch (Section 5).

2. Stability of Individual Transmit/Receiver Modules

For analyzing the stability of the TRMs within the instrument front end, the pseudo noise (PN)
gating method is applied [16]. This method was developed and established in the frame of TerraSAR-X
for characterizing the amplitude and phase settings of individual TRMs of an active phased array
antenna, while all modules are in operation. Thus, all modules are characterized simultaneously
under most realistic conditions—in contrast to switch on/off individual modules resulting in different
power loads and consequently to nonrealistic operating conditions. Under the control of the Data
and Control Electronics, the phase of each TRM is individually shifted between successive calibration
pulses according to a certain code sequence. Based on these specific PN-gating data takes (LO products),
the settings of all TRMs are regularly monitored on transmission and on reception in flight.

Possible drift effects can be found by depicting amplitude and phase trends over time.
For example, amplitude and phase deviations with respect to a reference value are plotted in Figure 1
for TSX versus data take execution time for each of the 384 TRMs on transmission. The reference
value for each TRM was derived in flight at the beginning of the commissioning phase. The figure
shows that all TRMs have been working within the established limits (red lines) so far, and only one
outlier was detected in October 2012. To further monitor the TRMs status in detail at that time,
several extra PN-gating data takes were ordered, but no further anomalies could be observed, as shown
in Figure 1. Hence, no trend can be observed, indicating the stability of the TSX instrument and the
TRM settings, respectively.

This characterization of individual TRMs has been performed for TSX and TDX over mission
time since launch in 2007 and 2010, respectively. The results, averaged for each TRM over mission
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elapsed time, are shown in Figure 2 for the measured amplitude settings and in Figure 3 for the
phase settings; red lines and black error bars indicate the mean value and standard deviation for each
module, respectively.
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Figure 1. Amplitude and phase deviation versus time of all 384 transmit/receiver modules of TSX
measured in flight since launch. Each colored dot along the y-axis indicates the measured deviation of
one of the 384 TRMs at that time. Red horizontal lines indicate the established limits.

The figures show that the TRM amplitude and phase settings are very stable for transmission
and reception: no instrument degradation is detectable for both satellites. Averaging the standard
deviations over all modules yields an overview of the instrument quality for each parameter.
The results are summarized in Table 1. The amplitude deviation stays below 0.2 dB, the phase deviation
below 2.0 °. This is in the order of the accuracy of the PN gating method. It can be summarized that
the TRMs have been working in a very stable manner over mission elapsed time, i.e., for more than
10 years for TSX and seven years for TDX.
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Figure 2. Amplitude deviation versus TRM number on transmission (TX) and reception (RX) for each of
the 384 TRMs measured in flight since launch of TSX in 2007 (top) and TDX in 2010 (bottom). Red curve:
the mean value averaged for each TRM over mission elapsed time, black error bars: corresponding
standard deviation.
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Figure 3. Phase deviation versus TRM number on transmission (TX) and reception (RX) for each of the
384 TRMs measured in flight since launch of TSX in 2007 (top) and TDX in 2010 (bottom). Red curve:
the mean value averaged for each TRM over mission elapsed time, black error bars: corresponding
standard deviation.
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Table 1. Statistics of amplitude and phase TRM deviations on transmission and reception for TSX and
TDX since launch.

X RX
Amplitude (dB) Phase (°) Amplitude (dB) Phase (°)

Mean of the o-values of all TRMs

TSX 0.08 1.97 0.16 1.16
TDX 0.03 1.67 0.14 1.05

3. Antenna-Pattern Monitoring

Besides internal calibration, the antenna patterns also have to be monitored to detect any
degradation of the front-end panels; this concerns especially potential degradations of the antenna
wave guides as these are not covered by internal calibration. For estimating the front-end quality,
gamma profiles derived from SAR images acquired over the Amazon rainforest (Figure 4) are compared
with antenna reference patterns calculated by means of a precise antenna model [17].

Columbia

Figure 4. Four acquisition areas (pink) for long term system monitoring of the antenna over the
Amazon rainforest serving as quite homogeneous scatterer as seen in the SAR image preview.

According to the strategy described in [5], the instrument is operated in ScanSAR mode for this
monitoring task. For ScanSAR acquisitions, the beam is switched sequentially from burst to burst
between four neighbouring subswaths to get a broader swath width compared to normal Stripmap
acquisitions. By generating an un-normalized gamma profile for each of the four subswaths, the relative
gain deviation from subswath to subswath can be determined (in Level1B products, the four subswaths
are still separated but combined in a higher level product). Thus, not only the pattern shape of each
single beam itself, but also the gain offset between different beams can be verified in flight. For this
in-flight verification of the shape and the gain offsets, a strong requirement of +0.2 dB was defined
for the antenna model. The reason for that number was not only driven by the radiometric accuracy
budget, but also by the visibility of gain offsets between adjoining beams in ScanSAR images.

An essential assumption for the analysis is a nearly constant gamma profile from rainforest
backscattering. This was analyzed for different areas and acquisition periods by TSX and TDX in [18].
In this analysis, higher gamma values were measured for morning acquisitions (descending orbit)
compared to afternoon acquisitions (ascending orbit). Hence, an absolute gain comparison over time
is infeasible. Nevertheless, the rainforest can still be used to estimate the relative radiometric accuracy
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and the radiometric stability of the antenna pattern as each ScanSAR acquisition is evaluated separately.
A typical measured uncorrected profile together with the antenna reference pattern is depicted on the
top panel of Figure 5 for a single ScanSAR acquisition. Note that absolute radiometric calibration was
performed by measuring both systems against accurate reference targets [5-7,11].
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Figure 5. (a) antenna reference pattern (dashed red) and gain profiles (blue to green) derived from a
ScanSAR image without pattern correction. (b) difference between reference and measured pattern
to verify the antenna model w.r.t. pattern shape and beam-to-beam gain offset (blue lines are fits of
the difference).

In the next step, the minimum and the maximum value as well as the standard deviation are
derived from the difference between the reference and the measured antenna patterns, as shown on
the bottom panel of Figure 5. Based on these statistic values derived from each set of ScanSAR beams
acquired over the Amazon rainforest, the antenna patterns and consequently the front-end panels,
especially the antenna wave guides have been monitored since launch of the satellites. This is shown
in Figure 6: blue for TSX and green for TDX. Here, the minimum and maximum deviation between the
measured and the calculated set of Scan-SAR patterns (four beams) per acquisition are represented by
an error bar and the standard deviation by a triangle. Furthermore, the mean values are subtracted to
focus on relative radiometric accuracy.

The standard deviation observed from mid-2014 until mid-2017 is slightly higher than during
other mission times. This can be traced back to including a larger number of data takes (but acquired
over the same test sites shown in Figure 4) in the LTSM analysis during that period, which were
affected by weather-related effects such as heavy thunderstorms across the Amazon rainforest.
From summer 2017 onwards, a stricter screening policy was adopted again, reducing the observed
standard deviation to pre-2014 levels. Nevertheless, the timeline shows a very stable behavior of
the antenna pattern. While the standard deviations are almost always inside a limit of +/—0.2 dB
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(with very few execeptions), the extreme values do not exceed +/—0.3 dB (excluding data takes
disturbed by poor weather conditions). Finally, there is no remarkable difference between TSX
and TDX.
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3 i
~ |\|
ii|||||“|”u|”h| s

!!‘!!f|”;'|y'[|u'| t |\i:"||Ml"§1‘l“;!!" Ull"l' 1|! 1!!1“}1 T”l‘!! HH!""'\H |

Deviation profile vs. ref. pat. [dB,,..]
o
o

e % *TSX
* & +TDX

~ L L L |
28047—01 -01 2009-10-24 2012-08-16 2015-06-09 2018-04-01
Acquisition time [YYYY-MM-DD]

- - - -5

Figure 6. Timeline of antenna pattern statistics derived from SAR scenes acquired over the Amazon
rainforest by using ScanSAR mode for TSX (blue) and TDX (green).

4. Radiometric Stability

The radiometric stability is monitored by deriving the radar cross section (RCS) of permanently
installed corner reflectors. For this long-term system monitoring, three corner reflectors with a
leg length of 1.5 m are permanently installed with fixed alignment near Neustrelitz, Germany
(see Figure 7).

The RCS of each corner reflector has been monitored for more than 10 years for TSX and
seven years for TDX. The results are shown in Figure 8. First of all, we can see that the theoretical
RCS value of 43.42 dBm? in X-Band could be metrologically proven for all three corner reflectors
by means of TSX and TDX. This confirms both how accurately the two systems were absolutely
calibrated and matched to each other during their commissioning phases in 2007 [5] and 2010 [6]
(by means of a mix of corner reflectors and transponders), and how accurately the corner reflectors were
manufactured—because the mechanical tolerance of a corner reflector defines its absolute radiometric
accuracy (1 mm form tolerance corresponds to about 0.2 dB accuracy).

Based upon a dedicated calibration campaign performed for TSX two years after the launch,
a precise evaluation of the radiometric stability with a high confidence level could be achieved for
TSX [7]. For this purpose, the absolute calibration factor derived from point target measurements
executed in 2009 had been compared to that derived during the commissioning phase in 2007.
The difference between both factors and consequently the radiometric stability over two years was
only 0.15 dB. This stability was more than one magnitude better than the requirement of 0.5 dB
over six months. However, a radiometric stability of 0.15 dB over two years would mean that the
calibration factor might differ up to 0.75 dB from the initial value after ten years. However, this is not
the case. As shown in Figure 8, the RCS values measured for each corner reflector are very stable,
confirming as well a very stable radiometric performance of TSX and TDX for the entire duration
of their mission time. The standard deviation over this period is below 0.2 dB and indicates that the
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calibration factor has not been drifting since launch. Hence, the high radiometric stability already

explicitly derived in 2009 [7] remains valid over a much longer time period of 10 years.

<

CR-1 (TSX)

(b)

Figure 7. DLR calibration site for long-term system monitoring of TSX and TDX near Neustrelitz
(Germany) with three permanently installed corner reflectors; (a) seen from the above; (b) closer view
of one 1.5 m target showing the fixed alignment.

Moreover, as no trends and no degradation of the two systems can be observed, TSX and TDX
still have the same absolute radiometric accuracy as the one derived by a comprehensive calibration
campaign executed for both systems during the TDX commissioning phase in 2010 [6]. The radiometric
performance of TSX and TDX are summarized in Table 2 and confirms that the satellites are still
calibrated to unprecedented quality, 10 and seven years after launch of TSX and TDX, respectively.

Table 2. Radiometric performance parameters for TSX and TDX.

Cal Procedure Goal TSX TDX
Internal Calibration
Amplitude 0.25dB <0.1dB <0.1dB
Phase 1.0 deg <1.0 deg <1.0 deg
TRM Setting Characterization
Amplitude - <0.2dB <2deg
Phase - <0.2dB <2deg
Antenna Model Verification
Pattern Shape +0.2dB +0.2dB +0.2dB
Beam-to-BeamGain Offset ~ £0.2 dB +0.2dB +0.2dB

Radiometric Calibration
Radiometric Stability 05dB* <015dB** <0.15dB**
Relative Accuracy 0.68dB¥ <0.18dB¥ <0.17dB%
Absolute Accuracy 1.1dB# <034dBt <033dB%

* requirement defined over a period of six months, ** measured by TSX after two years and confirmed by long term
system monotoring over 10 years, ¥ StripMap mode.
Y 8 ¥ piap
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Figure 8. Radar cross section (RCS) of permanently installed corner reflectors derived from SAR images
acquired by TSX (top) and TDX (bottom) over elapsed lifetime.

It should be mentioned that the absolute radiometric accuracy of <0.34 dB in Table 2 is composed
of different independent error contributions: the error due to external calibration executed during the
commissioning phase (0.16 dB for TSX and 0.14 dB for TDX), the stability of the instrument (<0.15 dB
for TSX and TDX), a dynamic range error (0.1 dB for TSX and TDX) as well as an atmospheric loss
error (0.24 dB to consider up to moderate rain fall in X-band [19]).

5. Image Quality

In addition to the radiometric performance of the instrument, the quality of SAR images also have
been monitored for TSX and TDX since launch. Based on the impulse response function (IRF) derived
from the three corner reflectors deployed within DLR’s calibration site at Neustrelitz, the following
parameters have been derived:

e integrated side lobe ratio (ISLR),
e  peak-to-side lobe ratio (PSLR) and
e  geometric resolution derived by the main lobe width at -3 dB.

The ISLR and PSLR are separated for azimuth and range direction and depicted in Figure 9 over
the mission elapsed time. The statistics show a stable behavior for both satellites, the distributions are
all inside the limit and essentially better than the required —18 dB for all parameters.
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Figure 9. Statistics of image quality parameters derived from the IRF of permanently installed corner
reflectors for TSX (red) and TDX (green); (a) intergated side lobe ratio (ISLR); (b) peak to side lobe ratio
(PSLR). The center of the cross indicates the mean and the size of the cross the standard deviation in
azimuth and range direction, respectively. All distributions are inside the limits (red lines).

The geometric resolution derived likewise from the corresponding IRF is shown in Figure 10 for
TSX and TDX. The resolution of both systems is always inside the limit and essentially better than the
required 1.8 m in range and 3.3 m in azimuth. The standard deviation for both systems is better than
1 cm in both direction and confirms likewise the constant product quality over mission time.
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Figure 10. Geometric resolution in StripMap operation derived from the IRF of permanently installed
corner reflectors for TSX (red) and TDX (green), the center of the cross indicates the mean and the size
of the cross the standard deviation in azimuth and in range direction respectively. All distributions are
inside the limits (red lines).

6. Conclusions

The radiometric performance of TSX and TDX has been monitored for the entire mission duration,
i.e., more than 10 years for TSX and seven years for TDX. The measurements and extended analyses
performed for this long-term system monitoring task show an outstanding stability of the instrument
performance. No trends and no degradation have been observed and all parameters show a constant
behavior since launch of the respective satellite. Moreover, the measurements against corner reflectors
executed for TSX and TDX confirm first a high radiometric stability on the order of one tenth of a dB
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over a period of 10 years, which is considerably better than that one verified in flight by a dedicated
calibration campaign executed in 2009, and second that the absolute radiometric accuracy derived by a
comprehensive calibration campaign executed in 2010 is still valid for TSX and TDX.

Never before have two independent spaceborne SAR systems been as accurately calibrated and
consequently matched to each other as TSX and TDX. All requirements and goals were not only
achieved or succeeded during their individual commissioning phase. They are still valid, 10 and
seven years after launch of TSX and TDX, respectively (see Table 2). This confirms not only that the
performance of the satellites is still of unprecedented quality, but this also reflects the reliability and
the accuracy of sophisticated procedures, modules and reference targets established for calibrating
and monitoring both systems over lifetime. Thus, SAR data products of constant high quality have
been provided for more than 10 years, and it is not distinguishable whether a TerraSAR-X scene was
acquired by TSX or TDX. They are still perfect twins operated as SAR systems in space.
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Abbreviations

The following abbreviations are used in this manuscript:

DLR  German Aerospace Center

IRF Impulse Response Function

ISLR  Integrated Side Lobe Ratio

LTSM  Long Term System Moniotring

PN Pseudo Noise

PSLR  Peak to Side Lobe Ratio

RCS Radar Cross Section

RX Reception

SAR  Synthetic Aperture Radar

TDX Second Satellite of the TerraSAR-X Mission
TRM  Transmit/Receiver Module

TSX First Satellite of the TerraSAR-X Mission
X Transmission
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Abstract: Precise orbit determination solutions for the two spacecrafts TerraSAR-X (TSX) and
TanDEM-X (TDX) are operationally computed at the German Space Operations Center (GSOC/DLR).
This publication makes use of 6 years of TSX and TDX orbit solutions for a detailed orbit validation.
The validation compares the standard orbit products with newly determined enhanced orbit
solutions, which additionally consider GPS ambiguity fixing and utilize a macro model for modeling
non-gravitational forces. The technique of satellite laser ranging (SLR) serves as a key measure for
validating the derived orbit solutions. In addition, the synthetic aperture radar (SAR) instruments
on-board both spacecrafts are for the first time employed for orbit validation. Both the microwave
instrument and the optical laser approach are compared and assessed. The average SLR residuals,
obtained from the TSX and TDX enhanced orbit solutions within the analysis period, are at
1.6 £11.4mm (1¢) and 1.2 & 12.5 mm, respectively. Compared to the standard orbit products, this is
an improvement of 33 % in standard deviation. The corresponding radar range biases are in the same
order and amount to —3.5 + 12.5mm and 4.5 & 14.9 mm. Along with the millimeter level position
offsets in radial, along-track and cross-track inferred from the SLR data on a monthly basis, the results
confirm the advantage of the enhanced orbit solutions over the standard orbit products.

Keywords: TerraSAR-X; TanDEM-X; LEO; POD; SLR; SAR; Satellite Laser Ranging; radar ranging;
satellite orbit; validation

1. Introduction

The TerraSAR-X satellite mission [1,2] consists of the two spacecrafts: TSX and TDX, which are
equipped with Synthetic Aperture Radar (SAR) instruments for active remote sensing. The ongoing
mission is successfully observing the Earth for more than 10 years. Precise information on the satellite
positions is of vital importance for many of its SAR applications, e.g., for SAR imaging geodesy [3-6] or
the generation of the global digital elevation model from bistatic interferometry [7]. The satellite orbits
are determined by the German Space Operations Center (GSOC) in a reduced-dynamic approach,
which incorporates measurements from the onboard Global Positioning System (GPS) receivers as well
as the modeling of gravitational and non-gravitational forces [8]. For orbit validation, the technique of
Satellite Laser Ranging (SLR) is widely used and embedded as state-of-the-art [9,10]. Data obtained
from various laser ranging stations for TSX and TDX, and the notably high ranking of the mission
in the tracking priority list provide highly reliable SLR data. In addition to the laser reflector,
the spacecrafts are equipped with accurate SAR instruments as primary payloads. The SAR enables
ranging measurements from the spacecrafts to on-ground trihedral Corner Reflectors (CRs), which
provide a sharp reflection of the transmitted chirp signals, and thus can also provide high accuracy
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in ranging if the data is processed according to geodetic standards [5,6,11]. Therefore, the orbit
analysis published in this paper makes use of both SLR and SAR measurements. The derived SAR
and SLR measurements are compared in terms of residuals, and estimated spacecraft position offsets.
SLR allows estimation of the offsets in radial, along-, and cross-track direction, which is comparable to
the range and azimuth residuals, obtained from the SAR analysis.

The remainder of the publication is structured as follows. Sections 2 and 3 describe the TerraSAR-X
orbit, the payloads and methods used for precise orbit determination, as well as the orbit solutions
investigated in our study. Section 4 provides the details on the SLR and the SAR ranging techniques,
including descriptions of the data sets and the contributing geodetic stations. In Section 5, we present
and discuss the results for each of the two techniques, and provide a comparative analysis based on
monthly estimates for the remaining offsets. The paper concludes with Section 6 with a discussion of
the key findings and the final conclusions.

2. Spacecrafts and Orbits

For the present study, two different satellite orbit solutions of the spacecrafts TSX and TDX
are analyzed. The spacecrafts were launched on 15 June 2007, and 21 June 2010, respectively [2,12],
which enables us to study the long-term behavior of the orbit solutions. The aim of the TerraSAR-X
mission is Earth observation, based on individual, or combined SAR observations of the Earth surface.
The GSOC at the German Aerospace Center (DLR) in Oberpfaffenhofen, Germany;, is in charge of
mission control and the operational orbit determination. Both spacecrafts are orbiting the Earth on
a Sun-synchronous, 97.44 ° inclined dusk-dawn orbit at an average altitude of 514 km. The orbital
period is roughly 90 minutes, and one complete orbital repeat cycle takes 11 days, which provides high
repeatability [13,14]. Due to the chosen orbit configuration along with the terminator, the spacecraft
is almost constantly illuminated by the Sun. Due to the objective of the interferometric campaigns,
the strict orbit requirements for TerraSAR-X are formulated in the form of a 250 m toroidal tube around
a pre-flight determined reference trajectory. Star trackers for attitude determination, reaction wheels
and magnetorquers for momentum unloading are utilized for determining the spacecrafts attitude
with a pointing accuracy smaller than 40 arcsec [12].

The spacecrafts are equipped with identical payloads, of which the SAR payload primarily serving
the Earth observation is employed for additional orbit validation within this study. An illustration of
the spacecraft TerraSAR-X is shown in Figure 1, indicating the SAR and SLR payloads.

Satellite Laser Ranging Retroreflector

Synthetic Aperture Radar Antenna

Figure 1. Illustration of TerraSAR-X with selected optical and radar payload for orbit validation.

For the purpose of attitude and orbit determination, each spacecraft is equipped with star trackers
for attitude determination, as well as three GPS receivers. The Integrated Geodetic and Occultation
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Receiver (IGOR) serves as the primary receiver for Precise Orbit Determination (POD) and baseline
reconstruction, and provides geodetic-grade dual-frequency measurements [15]. The second and third
are MosaicGNSS receivers, which mainly serve for on-board timing and basic orbit information for
aligning the spacecraft with the ground track and the nadir direction [16]. In addition, both spacecrafts
carry a Laser Retro Reflector (LRR), which allows accurate orbit validation with SLR. The IGOR
receiver and the LRR unit are contributed by the University of Texas Center for Space Research and
the Deutsches GeoForschungsZentrum Potsdam (GFZ).

3. Precise Orbit Determination Concept and Models

Precise orbit determination solutions of TSX and TDX are computed at GSOC, applying the
method of reduced-dynamic orbit determination. DLR’s GNSS High Precision Orbit Determination
Software Tools (GHOST) are utilized for POD and SLR validation [17]. The orbit determination
employs a dynamical orbit model considering gravitational and non-gravitational forces, as well as
complementary empirical accelerations, which are modeled in addition to the initial daily state vector
of the satellite and the scaling factors for individual force model constituents. Estimation parameters
with respect to the on-board GPS measurements include the epoch-wise receiver clock offsets and
an integer-valued ambiguity of the ionosphere-free carrier phase combination for each continuous
tracking pass.

Non-gravitational accelerations for Earth and solar radiation pressure, as well as the aerodynamic
accelerations, are considered by a macro model formulation, which approximates the spacecraft as an
extruded, equilateral hexagon [18].

GPS observations from the geodetic-grade IGOR receiver are considered by L; and L, code
and phase measurements, which are combined in a ionosphere-free linear combination. In addition,
a single-receiver ambiguity resolution concept is employed that builds on dedicated GPS orbit, clock,
and wide-lane bias products provided by the CNES/CLS (Centre National d'Etudes Spatiales/Collecte
Localisation Satellites) analysis center of the International GNSS Service (IGS) [19].

Table 1 shows an overview of the employed key models and parameters that have been used
to generate the enhanced orbit solutions, which are the main scope of the present study. These orbit
solutions are abbreviated and referred to in the following as ENHanced (ENH). Note that the orbit
solution described above is not identical to the operationally computed Precise Science Orbits (PSOs),
which consider non-gravitational forces combined with a simplified satellite shape (cannon-ball model),
and employ float GPS ambiguities [18]. The PSOs are utilized for ease of comparison only. Regarding
the temporal coverage, this analysis covers both orbit solutions for TSX and TDX during the period of
1 January 2012 to 31 December 2017.

Table 1. GHOST models and data sets for TerraSAR-X precise orbit determination.

GPS Measurement

GPS observations Undifferenced Ly /L, pseudorange and carrier phase range, 30-s sampling, daily arcs
GPS orbits and clocks  CNES-CLS grg products [20], 30-s sampling

GPS satellite antenna  IGS igs08.atx/igs14.atx phase center offsets and variation [21]

GPS satellite biases CNES-CLS wide-lane satellite biases [20], ftp:/ /ftpsedr.cls.fr/pub/igsac/

GPS antenna PCO + PV corrections from in-flight calibration; center-of-mass variation
Attitude Quaternions (measured)

Reference frame IGb08 [21], IGS14 [22], from DOY 30/2017 onwards

Phase windup Modeled [23]
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Table 1. Cont.

Orbit

Earth gravity field
Luni-solar gravity

Solid Earth and pole tides

Ocean tides

Relativity

Spacecraft parameters
Solar radiation pressure
Earth radiation pressure
Aerodynamics

Maneuvers

Empirical acceleration
Reference frame
Earth orientation
Numerical integration

GOCOO03S [24] up to order and degree 100; rate terms Cag, Ca1, Sa0
Point-mass model; analytical series of luni-solar coordinates
IERS2003

CSR/Topex3.0 [25]

Post-Newtonian correction

Time-varying mass (<1319 kg); 8 panel box-wing macro-model
Macro-model; conical Earth shadow model

Macro-model; CERES Earth radiation data [26]

Macro-model; NRLMSISE-00 density model [27], NOAA /SWPC solar flux and
geomagnetic activity data (ftp:/ /tp.swpc.noaa.gov/pub/indices/)
Constant thrust in RTN direction

Piecewise constant accelerations in RTN direction; 10-min intervals
ICRF

IERS1996; IGS final EOPs; center-of-mass/ center-of-figure offset
Self-starting variable-order variable step size multistep method [28]

Estimation

Filter
Estimation parameters

Stochastic models

Batch least squares estimation

Epoch state vector, scale factors for SRP and drag/lift, empirical accelerations
and maneuvers, clock offsets, phase ambiguities

White observation noise, elevation-independent

4. Orbit Validation Techniques

In the field of precise orbit determination, SLR is well-established as a state-of-the-art
validation technique, since it provides independent measurements of high quality and reliability [10].
Additionally, we present a long-term analysis of SAR range and azimuth residuals derived from the
measurements of the TerraSAR-X radar payloads, which for the first time provide a second independent
method to validate the impact of the enhanced orbit solution. Both methods rely on global geodetic
ground infrastructure, which is visualized in Figure 2. On the SLR side, the measurements are
obtained by 11 International Laser Ranging Service (ILRS) [29] stations, while the SAR measurements
are supported by five CRs located at three stations. The following sections discuss both methods,
and provide further details on the data reduction and the processing strategies.
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Figure 2. Selected stations of ground network, utilized for orbit validation. Radar corner reflectors,
utilized by the SAR analysis, are indicated by triangles; the selected ILRS stations for SLR by dots.
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4.1. Satellite Laser Ranging

4.1.1. Technique

Satellite laser ranging observations are optical two-way runtime measurements from ground
stations to the LRR on-board the satellite. The LRR of TSX and TDX comprises four individual prisms
in a rotationally symmetric arrangement [30], see Figure 3, to ensure reliable reflection properties over
a wide range of incidence angles. The individual prisms are arranged in a regular 45 ° pyramid.

Basically, the ground station actively emits a laser pulse, which is reflected by the prisms on
the spacecraft. The runtime measurements translate into the range rsp g, which is compared to the
geometric range derived from the orbit solutions rpop:

Ar = rsLR — 'POD- 1)

The obtained SLR range residuals Ar are a measure of the orbit accuracy. Of vital importance
are the well-known positions of the LRR onboard the spacecraft and of the laser tracking stations on
ground. The coordinates of the LRR were precisely determined along with the phase patterns of the
optical systems during the pre-flight calibration on ground, see Table 2. The SLR station coordinates,
on the other hand, are related to the terrestrial frame and its models are discussed in the next section.

Figure 3. Laser retro reflector array of TSX (TerraSAR-X) and TDX(TanDEM-X) (courtesy GFZ Potsdam).

Satellite laser ranging residuals, which are obtained from the approach as described above, do
not contain any information on the 3-D spatial variation of the residuals across individual tracking
passes. Therefore, an extended validation approach has been published in Hackel et al. [18], where the
obtained SLR residuals are further utilized for estimating SLR-based position offsets of the spacecraft.
The extended data interval of 30 days serves as the basis for monthly position estimates in the
spacecraft’s radial, along-track, and cross-track direction.

Table 2. Selected models for Satellite Laser Ranging orbit validation.

Station coordinates SLRF2014 [31]

Solid Earth and pole tides  IERS2003

Ocean tide loading GOTO00.2 [32]

Tropospheric refraction TERS2010 [33]

Relativity Space-time curvature correction
LRR phase correction Neubert et al. [30]

4.1.2. Models

The modeling of SLR makes use of station coordinates, which refer to the Satellite Laser Ranging
Frame 2014 (SLRF2014) [31]. This ensures best consistency with the IGb08, and IGS14 frames of
the GPS orbit products, which are employed in the orbit determination of the TSX and TDX orbit
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solutions [22,34]. The phase center range correction of the LRR of each spacecraft is considered as a
function of azimuth with respect to local spacecraft heading and the nadir angle, and is provided by
the GFZ [30]. The selected models for solid Earth tides, ocean tidal loading, and tropospheric refraction
are introduced in Table 2.

4.1.3. Tracking Data Analysis

The SLR tracking data are provided by the ILRS, which observes a multitude of satellites according
to a mission priority list. The spacecrafts TSX and TDX are highly ranked at positions 3 and 2 [35],
which results in a large number of tracking points. The SLR measurements are averaged in time
intervals of 5s, which finally result in one Normal Point (NP) [36]. The number of normal points
within one tracking pass, i.e., the passage where the instrument on ground follows and tracks the
spacecraft may vary from pass to pass. For TSX, on average 15 NPs are collected during one tracking
pass, which corresponds to an average tracking length of 75s.

Within the six year period, the spacecraft TSX was tracked by 34 different ILRS stations, yielding
a wide range from only 5 to up to 75,000 normal points per station. For the present study, a subset of
11 reliable and high-performance ILRS stations has been selected, which are shown in Figure 2.

Considering the 11 stations, a total of 206,401 normal points is available for TSX within the 6 years
(cf. Figure 4). Applying an elevation cutoff-angle of 10°, and a threshold of 6 cm for the residuals, this
leads to a total of 204, 667 NPs, which are employed within this study. This corresponds to a screening
rate of 0.84 %. For the spacecraft TDX, the number of accepted normal points used throughout this
analysis amounts to 195,506. Despite the higher ranking of TDX, the number of available normal
points during the analysis period is slightly larger for TSX.

Wettzell (WRLS) TSX

lmmm Haleakala I TDX
jmm Matera
s Herstmonceux
SIS —]
arteb ok
BEEREESEES
el —

1 1 1 1 1 1 1
0 10000 20000 30000 40000 50000 60000 70000 78000

Normal Points

Figure 4. Number of accepted normal points for selected ILRS stations between 2012 and 2017.

4.2. Radar Ranging

4.2.1. Technique

Similar to SLR, a spaceborne SAR payload allows for the measurement of the 2-way signal
round trip time between the sensor and the ground. Contrary to the transmission and reception of
laser pulses dedicated to the pass of an individual satellite, the radar instrument illuminates a large
footprint in side-looking geometry and discriminates the echoes according to the time of flight and the
time of reception [37]. Provided that the SAR image processor employs strict geometrical standards,
the processing of this raw data matrix for the actual SAR image is able to accurately preserve this
underlying timing information. In particular, the often used approximations that reduce computational
efforts need to be avoided, for instance the simplification of the platform movement during signal
transmission and signal reception, which is also known as “stop-go” approximation [37].
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For the TerraSAR-X mission, all these SAR-related aspects have been carefully resolved in
the TerraSAR-X Multimode SAR Processor (TMSP). The processor generates well-defined level 1b
radar images with each pixel referring to the time of closest approach (zero-Doppler time) and
the corresponding two-way round trip time [38,39]. In order to accurately relate this 2-D timing
information to a dedicated location within the image, one may create a bright point response by
placing a trihedral CR, see Figure 5. From the SAR sensor perspective, the CR needs to be large
enough to offer a strong signal return in the radar image, and it must fulfill tight limits in terms
of plate orthogonality, planar surface geometries, and mechanical stability [40]. If such a reflector
is permanently installed and the reference coordinates are known in the International Terrestrial
Reference Frame (ITRF, for the latest release 2014 see [22]), then the SAR measurements may be
verified on a pass by pass basis by analyzing the radar timings. As already discussed for the SLR,
the terrestrial CR coordinates have to be consistent with IGb08 and IGS14 frame realizations used in
the orbit determination.

Figure 5. Corner reflectors (CRs) at geodetic observatories. CR with 0.7 m inner leg dimension at GARS
O’Higgins (left), and CRs with 1.5 m inner leg dimension at Wettzell (middle) and at Metsahovi (right).

In accordance with the TerraSAR-X imaging model, we use the range-Doppler equations [37]
in zero-Doppler geometry, which relate the satellite trajectory, given by the time-dependent position
vector X and velocity vector X,, and the reflector position vector X; with the observed radar times ¢
and 7, also referred to as slow time and fast time or azimuth and range, respectively.

T=2/c-|Xs(t) = X;| )

_ X)) (X)) =)
OT RO X)) — X 3)

The conversion of geometrical distance for the T uses the speed of light in vacuum c. The slow
time f is linked to the satellite trajectory and can be resolved by interpolating a given orbit solution and
performing an iterative search for the instant of Doppler-zero using the Equation (3). Subsequently,
the corresponding round trip time 7 is derived from Equation (2). From a geometrical point of view,
the combination of the Equations (2) and (3) models a circle located at the satellite’s zero-Doppler
position and oriented according to the zero-Doppler plane, and which intersects with the reflector
position on ground, see Figure 6.

In order to compute the reference radar times from the geometric model, the tidal-related solid
Earth effects have to be taken into account when defining the X; for each pass. This is identical to
the modeling of SLR station coordinates or other reference markers in the ITRE, see Section 4.1.2 and
Table 2. The details of the ITRF models that have to be applied are given in the conventions issued
by the International Earth Rotation and Reference Systems Service (IERS) [41]. We include all the
models listed in chapter 7 of the conventions in our SAR analysis, and the reflector position X; is
corrected for the epoch of the image acquisition before computing the reference timings with the
Equations (2) and (3).
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The measured radar timings are extracted from the images by performing the so-called point
target analysis [11], which detects the center of the reflector’s point signature in the image with better
than 1/1000 of a pixel. The precision of the extraction in range and azimuth is equivalent to the
signal-to-noise ratio, or Signal to Clutter Ratio (SCR) in radar terminology, and may be expressed
by [42,43]:

ORA = V3 pra 4)
AT 72 VAR

ZITRF

Figure 6. Zero-Doppler geometry of a SAR acquisition in the ITRF for a corner reflector at X, and a
satellite pass given by the dashed line.

The pr, 4 denotes the image resolution in range and azimuth, respectively. For the CRs with 0.7 m and
1.5m inner leg dimension that we use in our study, see Section 4.2.2, we determined a typical SCR of 31 dB
and 46 dB for the TerraSAR-X high resolution spotlight images (0.6 m by 1.1 m resolution, [39]) employed
in the analysis. According to Equation (4), these SCR values translate into range and azimuth precisions
at the millimeter to centimeter level, see Table 3.

Table 3. Expected range and azimuth localization precision computed from Equation (4) for the
TerraSAR-X high resolution spotlight mode and the reflectors used in our study.

CR InnerLeg SCR[dB] og[mm] ¢4 [mm]

0.7m 31 6.6 12.1
1.5m 46 1.2 21

Regarding the TerraSAR-X azimuth measurements, a limitation was found in the link between
the GPS time provided by the secondary MosaicGNSS receiver (cf. Section 2) and the SAR payload,
but this could be improved to about 1-2cm by exploiting the accurately known pulse repetition
interval of the SAR instrument [44]. For the range measurements, additional corrections are required
for the atmospheric path delays, for which we rely on the permanently operated GNSS receivers
at the geodetic stations hosting the CRs. The slant range tropospheric delay is computed from the
zenith delay product provided on a daily basis by the IGS [45], and the slant range ionospheric delay
is inferred from the dual-frequency GNSS observations at the stations. The details of our methods
are given in [5]. The tropospheric products are estimated with an accuracy of better than 5 mm [45],
whereas the cross-comparison of the ionospheric delays from the two or more GNSS receivers available
at each of our test sites indicate a similar 5mm quality level for the ionospheric correction. Finally,
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there are the range and azimuth geometrical calibration constants of the SAR instrument, which need
to be determined in dedicated experiments, as described in Section 4.2.3.

In summary, the combination of CRs with reference coordinates and the orbit solution allows
for the computation of residuals in range and azimuth using the radar payload. The correction of the
atmospheric path delay in the measurements and the modeling of the reference coordinates according
to the geodetic conventions ensure accurate SAR-based residuals, which are also useful when testing
different orbit solutions. Like in the case of SLR, the SAR residuals may be interpreted as orbital errors
and can in principle be decomposed into radial, along-track and cross-track residuals [18]. However,
it has to be emphasized that the SAR provides only one range per pass, i.e., the range at the instant
of zero-Doppler, and the corresponding azimuth is basically the along-track error, whereas the SLR
enables the tracking of the entire pass.

4.2.2. Ground Infrastructure

In the course of our long-term monitoring of the geometrical quality of TerraSAR-X, the three
geodetic stations marked in Figure 2 have become equipped with permanent CR installations,
see Figure 5. The Wettzell geodetic station in Germany hosts two CRs with 1.5m inner leg
dimension, with one CR aligned for the ascending passes (WTZ,) and the other CR aligned for
the descending passes (WTZp). The reflectors became available in July 2011 and October 2013,
respectively. The Metsdhovi geodetic station in Finland was equipped with a 1.5m CR in October
2013 that is aligned for descending passes (METp). Moreover, two CRs with 0.7 m inner leg dimension
were permanently installed at the German Antarctic Receiving Station (GARS) O’Higgins in March
2012. They are oriented for ascending passes (OHI 1) and descending passes (OHIp). All of the five
CRs are linked by local ties to the reference coordinates of their respective station. The local ties have
been determined in terrestrial geodetic surveys of the CR phase centers, i.e., the intersection of the
three orthogonal plates. The accuracy of the local ties as reported from the surveys is better than 5 mm
for each of the reflectors, and the transformation to the global ITRF, release 2008 [46], was carried out
with the dedicated transformation parameters of each station. This ensures that the ITRF reference
coordinates of the CRs retain the accuracy of the local survey. For a general description of the methods
to determine the local ties at geodetic stations, see for instance the example of Wettzell [47,48].

Repeated measurements of the local ties of the WTZ 4 reflector in 2011, 2012 and 2014 revealed
small changes in the CR position during the first years, which were caused by soil compaction below
the concrete pad supporting the reflector mount, see Table 4. The changes occurred mostly in the
vertical direction and were considered as a piece-wise linear displacement in addition to the ITRF
velocity of the Wettzell station when modeling the CR reference coordinates. Beyond 2014, the reflector
was determined to be stable. Because of these early experiences, a more stable ground was chosen to
place the concrete pad of the second Wettzell reflector, while for the reflectors at the other stations we
do not expect such secondary deformation, because there the reflector mounts are directly attached to
stable bedrock.

Table 4. Changes in the position [cm year '] of WTZ4 derived from the repeated local tie surveys of
October 2011, 2012 and 2014.

Period North  East Height
Before 10/2012 0.5 —-001  —09
10/2012-10/2014 0.1 -0.2 —0.5
After 10/2014 0.0 0.0 0.0

On 29 January 2017, the IGS adopted the latest ITRF solution, namely the ITRF2014 [22].
This frame updates results in refined coordinate solutions for all the IGS GNSS sites, which in turn affect
the orbit and clock products of the GNSS constellations provided by the IGS after the aforementioned
date. Consequently, the orbits of TSX and TDX also refer to the renewed ITRF2014 solution, because
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the IGS products are used in the reduced dynamic orbit determination, see Table 1 and the details
in [18]. To ensure a consistent SAR data analysis beyond January 2017, the reference coordinates
of all the reflectors were transformed from ITRF2008 to ITRF2014 using the official transformation
parameters [22]. The station velocities of Wettzell, GARS O’Higgins and Metsdhovi required for
linearly transforming the reference coordinates of the reflectors to the epoch of the SAR acquisition
were also taken from the corresponding ITRF2008 and ITRF2014 solution files, which are available at
the IERS [49].

4.2.3. TerraSAR-X Image Acquisitions

From 2012 to 2017, the satellites TSX and TDX acquired in total 1,033 scenes for the five reflectors
located at the geodetic stations. The imaging mode was the TerraSAR-X high resolution spotlight
mode, which features an average resolution of 0.6 m by 1.1 m in slant range and azimuth, as well
as a scene extent of approximately 5km by 10km [39]. Out of these acquisitions, 68 scenes had to
be eliminated from the processing because they were rendered unusable by snow or water in the
reflectors, which significantly reduce the signal backscatter. The degraded measurements are easily
detected by computing the SCR from the CR point response in the radar image, and comparing it
to the average SCR of the data series. In addition, 10 scenes were eliminated because of non-final
alignments of the CRs or because of gross outliers at the decimeter level in the processed SAR residuals.
The remaining scenes are distributed across several pass geometries that may be identified by the
incidence angle at the CR at Doppler zero, see Table 5. Both satellites TSX and TDX captured data for
all of the available reflectors, but in the case of TDX the majority of the data was acquired at GARS
O’Higgins, while for TSX the data distribution across the sites is more homogeneous.

Table 5. TerraSAR-X repeat pass geometries for the CRs at the geodetic observatories used in the study.
The different geometries are identified by the incidence angles of the side-looking radar beams at

zero Doppler.
CR  Pass Geometries [°]
WTZ, 34, 46
WTZp 33,45, 54
OHI4 30, 38, 45
OHIp 35,43
METp 27,37,45

In order to center the SAR measurements and account for any unresolved biases caused by
internal electronic delays of the SAR instrument, radar payloads are empirically calibrated against
stable CRs with known reference coordinates. For the TerraSAR-X mission, the calibration was
performed during the commissioning phase according to the initial requirements of 1m [39,50],
but because of our improvement in the TerraSAR-X range and azimuth measurements, we adopted the
procedure to determine our own refined calibration constants for TSX and TDX [5,6]. The CR located
at the Metsdhovi station is used for this task. For the analysis presented in this study, the calibration
constants were derived separately for both the standard PSOs and the enhanced orbit products, see
Table 6. The changes in the calibration constants caused by the enhanced orbit product become as
large as 1 cm. We may conclude that other uncompensated biases, e.g. from the orbit, are included in
these constants in addition to the actual electronic instrument delays. This is also the reason why we
decided to redetermine these constants after we introduced the refined modeling of the TerraSAR-X
radar observations, see Section 4.2.1. Naturally, the remaining offset in the Metsahovi SAR residuals
will become very small, but the offsets at the remaining four CRs can be used to judge the quality and
the consistency of the SAR data and the two orbit products.
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Table 6. Geometrical SAR calibration constants [m] of the TerraSAR-X mission derived from the
Metihovi corner reflector for the different orbit solutions.

TSX TDX
Solution - -
Range Azimuth Range Azimuth
PSO —0.3017  —0.0747 —0.2805 —0.0539
ENH —02933  —0.0710 —0.2714 —0.0608

5. Validation Results and Discussion

5.1. Laser Ranging

For the 6 year period, and for both spacecrafts, TSX and TDX, the corresponding SLR residuals
are shown in Table 7. Figure 7 shows a time series of TSX and TDX satellite laser ranging residuals
obtained from the two types of orbit solutions. In 2012, the series exhibits a data gap in January, which
is caused by a planned outage of SLR tracking due to a spacecraft campaign. In general, the SLR
residuals result in a mean offset of 2 mm over the 6 years of data. The standard deviation reaches up
to 17 mm, which is reduced by 6 mm in the case of the enhanced solutions. The TDX series shows an
increased amount of residual scatter in spring 2012, whereas both spacecrafts show similar patterns of
larger residuals in mid 2014. Overall, the series do not show notable systematic variations with time.

Station-wise residual series help to identify systematic effects related to individual stations. As an
example, Figure 8 shows station-wise SLR residuals series of two ILRS stations with totally different
characteristics. The ILRS station Graz, Austria, exhibits no bias and a standard deviation of only
0.8 mm, whereas Mount Stromlo, Australia, shows a bias of 10 mm, along with a standard deviation
of 12 mmfor both the PSO and the ENH solutions. Outliers, which are most probably related to the
station itself, are indicated by the vertically aligned dots stemming from specific passes. They can
easily be identified in the series of Mount Stromlo, Australia. Contrary, the station in Graz, Austria,
is almost free from such systematics. Offsets in station-wise SLR residuals hint to potential deficiencies
in the knowledge of the SLR station coordinates and biases, as demonstrated in [10].

Table 7. Satellite laser ranging residuals (¥ £ ox [mm]) and amount of normal points (Nnp) for selected
ILRS stations of the TSX and TDX orbit validation.

TSX TDX

Station

Nnp PSO ENH Nnp PSO ENH
Graz 9966 —27+136 —-07+ 73 9299 —-39+140 —-09+ 79
Greenbelt 27,060 —-11.8+172 -754+11.0 26413 —-104+166 —6.8+123
Haleakala 2994 0.1+135 23+104 3507 0.6+144 3.1+11.0
Hartebeesthoek 11,425 3.5+20.0 6.8+17.5 11,460 1.9+21.0 54+186
Herstmonceux 9865 —914+120 57+ 6.8 8127 —974+135 —62+ 79
Matera 3658 —37+142 37+ 92 4743 —85+141 514111
Mount Stromlo 26,925 8.0+16.8 9.6 +£12.0 30,216 7.7 +16.6 8.6 +127
Potsdam 14,780 —6.14+143 -32+ 95 12,106 —76+144 —48+10.0
Wettzell 636 4.0+129 74+10.1 516 —0.6 +13.0 31+123
Yarragadee 74,533 0.8+16.3 49+ 83 64,889 1.2+174 44+ 97
Zimmerwald 22,825 —4.04+129 —-24+ 82 24,230 —51+142 —-29+4+10.7
Total 204,667 —1.5+169 1.6+11.4 195506 —1.6+175 1.2+125
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Figure 7. Satellite laser ranging residuals obtained for the TSX and TDX enhanced orbit solutions
(ENH, red) and the precise science orbits (PSO, blue).
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Figure 8. Satellite laser ranging residuals of TSX orbit solutions from the ILRS stations Graz, Austria,
and Mount Stromlo, Australia.

The SLR results listed in Table 7 demonstrate a 17.5mm to 11.4mm consistency across the
selected stations. Basically, the SLR residuals constitute a measure of the one-dimensional orbit error.
However, a simplified correlation to the associated 3-D position error is given by 005 = V3051 R [10],
and amounts to 7.2 mm to 5.8 mm for the mentioned orbit products. Overall, the satellite laser ranging
residuals in Table 7 result in a mean value of 1.6 mm and a standard deviation of 11.4 mm for TSX,
which is similar to the TDX solutions of 1.2 £+ 12.5mm. Compared to the results obtained with the
precise science orbit products, the enhanced solutions show a 33 % reduction of the standard deviation,
which is clear evidence for the improvements achieved with this solution. Depending on the elevation
cut-off angle, the satellite laser ranging residuals are confined to a cone of 50°-80° with respect to the
satellite’s nadir direction. Therefore, the SLR measurements are most sensitive to radial contributions
of the orbit error.

5.2. Radar Ranging

For the SAR-based orbit validation, two independent sets of residuals can be analyzed, namely a
set of residuals for the range and a set of residuals for the azimuth. Table 8 lists the results for both
types of observations as well as for TSX and TDX. The findings show a very good agreement regarding
the standard deviations across the stations and the two orbit solutions tested. With the PSOs, the
standard deviation of the SAR ranging is in the order of 15 mm, while for the ENH solution we see
an improvement to 10 mm. Note that the standard deviations of the GARS O’Higgins range results
are larger when compared to standard deviations of the other two stations hosting CRs. Part of the
explanation may be found in the different CR sizes, i.e., 0.7 m versus 1.5m. The estimates presented
earlier in Table 3 indicate a drop in the range localization precision by approximately 5mm for the
smaller reflectors. Moreover, there is a slight tendency towards the positive range for the TDX range
data of GARS O’Higgins between mid 2016 to mid 2017, see Figure 9, which is present in both orbit
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solutions. The effect also has an impact on the mean and standard deviations computed for this site.
The much sparser data of TSX for GARS O’Higgins indicate a similar behavior; thus we think it is
related to CR installations at GARS O’Higgins, and it is also the reason why there is less improvement
in the overall TDX results and the ENH orbit solution, because the data is dominated by the acquisitions
at GARS O’'Higgins.

10 ENH PSO ENH PSO

_|Range 0.9+1.0  -1.31.3 |Azimuth Y. 00822 11224

| TSX, Wettzell
Iy o | Iy o |

|Range 0.8+1.5  0.9+1.6 |Azimuth * ,00+25 -0.8+238

Residuals [cm]
=
o

TDX, GARS O'Higgi
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Figure 9. TerraSAR-X range and azimuth residuals derived from the Wettzell corner reflectors (top)
and the GARS O’Higgins corner reflectors (bottom).

Table 8. SAR residuals (¥ £ ¢, [mm]) and underlying number of data takes (Ng;) for the stations with
corner reflectors of the TSX and TDX orbit validation.

TSX TDX
Station
Nat PSO ENH Ny, PSO ENH
Wettzell Range 235 —13.7+131 -944+10.3 66 —115+129 —-74+ 8.1

O’Higgins Range 135 1.3+16.3 19+146 305 93+157 7.6+15.2
Metsdhovi Range 178 —01+11.2 0.3 +£10.0 36 —044+128 -03+10.1

Wettzell Azimuth 235 10.7 +23.9 92+219 66 524292 8.6 +£24.6
O’Higgins Azimuth 135 18.04+259 10.0+£237 305 —7.6+28.2 0.1+£251
Metsdhovi Azimuth 178 0.0+£17.6 0.0+£152 36 0.0+18.2 0.0+14.8
Total Range 548 —-5.6+151 -35£125 407 51+169 45+149
Total Azimuth 548 9.0+£23.6 6.4+£209 407 —4.84+28.0 144244

Regarding the results in azimuth, one immediately notices the increase in the standard deviations
by approximately a factor of 1.5 when compared to range. Once more there is an impact of the smaller
CRs of GARS O’Higgins, resulting in azimuth standard deviations of 25 mm. However, for Wettzell
we would expect the azimuth results to be closer to the 16 mm azimuth standard deviation observed
at Metsdhovi. Instead, the Wettzell azimuth results are almost identical to the findings of GARS
O’Higgins. The main driver for the TerraSAR-X quality in azimuth is the temporal link between
the absolute time provided by the MosaicGNSS receiver and the SAR payload. The limit of the
link is considered to be approximately 1 microsecond once the significant digits truncated by the
on-board data quantization have been restored [44]. An uncertainty of 1 microsecond translates into
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approximately 7 mm in azimuth when taking into account the average TerraSAR-X orbit velocity of
7683 m/s. However, the azimuth results we obtain from the experiments show a larger noise than we
would expect from this consideration, and therefore further investigations on the SAR payload and the
processing are required to identify their possible cause.

The detailed station results for Wettzell and GARS O’Higgins are shown in Figure 9. The plots
confirm that the larger azimuth standard deviations are indeed due to an increase in the azimuth noise,
and that the range is the more sensitive measurement of the SAR. There are slight temporal variations
visible in the SAR range results of both orbit solutions, which are similar to the variations found in the
temporal series of the SLR residuals, see Figure 8. Most prominent is the aforementioned systematic
effect in the range for the TDX data at GARS O’Higgins. However, because of the smaller amount of
stations in the SAR analysis, there is no definite conclusion whether they are due to SAR payloads or
because of local signals related to the CR sites. As a summary, Figure 10 provides a comprehensive
view of all the SAR ranging residuals for the ENH and the PSO orbit solutions. The reason for the
small number of TSX data and the lack of data for TDX in the first year lies in the setup of the CR sites.
During the first year, only one reflector was available at Wettzell, Germany, which was covered solely
by the TDX spacecraft. In spite of the details discussed for the solutions of the individual CR sites,
these combined plots confirm the very good overall consistency of both TSX and TDX across the sites,
as well as the high quality of the ENH orbit solution.
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Figure 10. Radar ranging residuals obtained for TSX and TDX enhanced (ENH, red) and precise science
orbit (PSO, blue) orbit solutions.

5.3. Position Offset Estimates

The derived SLR range residuals give a measure of the radial accuracy. Whenever the scope is on
physical effects or on the accelerations in a certain direction, the SLR-based position offset estimates
can improve the interpretation. Therefore, the laser measurements are further utilized for an estimation
of spacecraft position offsets in radial, along-, and cross-track directions. The applied setup of SLR
preprocessing and data screening is identical to the approach described above, and the analysis period
also covers 6 years and both orbit solutions for each of the spacecrafts. The values listed in the results
are based on monthly averages.

In principle, the SAR residuals in range and azimuth allow for the same position offset analysis.
However, the permanently right-looking nature of the SAR instruments yields radar ranges that
basically cover only one cross-direction of the orbit, for which the ranges have an angular separation of
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approximately 15 to 20 degrees, see the pass geometries given in Table 5. The advantage of measuring
all the pass geometries and the considerably larger amount of tracking data enables the SLR to reliably
determine the monthly position offsets for all three directions with an estimated accuracy at the
sub-millimeter level. In contrast, our tests with the SAR residuals showed estimated accuracies for
the cross-track and radial position offsets at the centimeter level, and an accuracy at the millimeter
level for the along-track position offsets. Because of these results, we decided to keep the SAR data in
the geometry of range and azimuth, but to apply a monthly averaging to preserve the comparison
with the SLR-based position offsets. Prior to the monthly averaging, the full rate SAR residuals of
range and azimuth were reduced by global 2¢ tests. The tests eliminate approximately 4 % of the SAR
residuals in the TSX and TDX data series, which exceed the thresholds of two times the estimated
standard deviations. They also remove the few remaining outliers in the range and azimuth residuals
(see for instance the ranging residuals shown in Figure 10) that would otherwise distort the monthly
mean estimates.

Table 9 comprises the estimated offset values that are associated with the time series visualized
in Figures 11 and 12. The SLR analysis shows average monthly offsets well below 12mm in the
spacecraft’s radial, along-, and cross-track direction. The cross-track component underlines the clear
advantage of the ENH solutions, for which the remaining mean values are reduced from one centimeter
to less than one millimeter. The induced shift between the PSO and the ENH solutions is similar for
both spacecrafts and can bee seen in Figure 11. The along-track component is also slightly improved.
The monthly SAR azimuth results are comparable to the SLR along-track estimates and thus we
decided to place them side by side in Table 9. The comparison of both results indicate that the SLR
along-track offsets are approximately 2-3 times more reliable than the 5-7 mm offsets found for SAR
azimuth, but one should also take into account the large differences in the underlying data, namely
about 2000 NPs per month for the SLR versus the 5-10 SAR acquisitions per month at the CR sites.
Nevertheless, the improvement of the ENH solutions is also clearly visible in the SAR azimuth offsets,
especially in the mean value of TDX that is reduced from —7.2 mm to 1.4 mm. The monthly SAR range
offsets given in Table 9 confirm the findings for the ENH solutions. Again we observe a reduction of
both the mean values and the standard deviations well below 10 mm. Note that the slightly larger
numbers for TDX are due to the systematics in the GARS O’Higgins data during the years 2016 and
2017, which was already discussed in the previous section and can be seen once more in Figure 12.
In summary, we can conclude that both techniques agree in their monthly assessment of the TerraSAR-X
orbit solutions.

Table 9. Monthly position offsets in radial, along-track and cross-track derived from satellite laser
ranging, and monthly range and azimuth offsets derived from the SAR measurements. Obtained from
the precise science (PSO) and the enhanced orbit solutions (ENH) for TSX and TDX (% & 0 [mm)]).

TSX TDX

Type  Orbit N .
Radial Along-Track Cross-Track Radial Along-Track Cross-Track
SLR PSO -1.6+28 21441 —119+81 -23+34 274+34 —-100+8.0
SLR ENH 24427 04432 05+1.9 15+31 1.8+27 —01+1.9
azimuth range azimuth range
SAR  PSO 6.7+8.9 —6.8+82 —724126 51410.6
SAR  ENH 54479 —34469 14+ 92 31+ 83
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Figure 11. Series of monthly-derived position offsets obtained from satellite laser ranging for the
enhanced (ENH) and the precise science orbits (PSOs) of the TerraSAR-X mission.
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Figure 12. Series of monthly-derived SAR range and azimuth residuals for the enhanced (ENH) and
the precise science orbits (PSOs) of the TerraSAR-X mission.

6. Conclusions and Outlook

Independent distance measurements to/from satellites are perfectly suited to orbit validation.
SAR and SLR are two active techniques, which allow measuring the distance to a point target,
known as a LRRs onboard the satellite in case of laser, or CR on ground in case of radar observations.
Both techniques require availability of precise coordinates, which is an important pre-condition.
Taking into account 11 stations from the ILRS network for SLR, and 3 stations with trihedral CRs
for the SAR ranging, orbit solutions of the spacecrafts TSX and TDX are thoroughly analyzed within
the 20122017 period. Two types of orbit solutions are computed at GSOC/DLR and employed for
comparison: the operational PSO products, and enhanced orbit solutions, which incorporate refined
dynamical models, and the GPS integer ambiguity fixing. The validation using the SLR residuals is
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based on differences between observed and modeled station-to-satellite ranges, and demonstrates
a consistency of the TSX orbit products with the optical measurements at a level of 12-17 mm.
Corresponding radar ranging residuals are obtained from differences between observed and modeled
satellite-to-station ranges, are consistent at a level of 18-26 mm. The results obtained from TDX
solutions are similar. Regarding the number of available tracking data, 400, 173 SLR normal points
are available for the spacecrafts TSX and TDX within the 6 years, whereas 1910 SAR measurements in
range and azimuth are available in the same period. The outstanding number of SLR tracking points is
because of the high tracking priority of the spacecrafts.

The number of available data limits the capabilities of radar ranging to estimate spacecraft offsets.
In case of SLR, a 10-mm shift in cross-track direction can be observed when switching from the PSO to
the enhanced orbit solutions. For instance, such offsets can be utilized for identifying center-of-gravity
position corrections, or SLR station corrections [10,19]. Similar to the SLR, the SAR range residuum
also shows a shift of several millimeters.

Regarding the abilities of both validiation techniques, the following conclusions can be stated.
The SLR depends on weather and cloud conditions, whereas SAR is principally free of these limitations.
On the other hand, SAR is limited by the corrections for the atmospheric path delays, in particular for
the ionosphere, because the range measurements behave like single-frequency microwave observations.
The SLR may observe all passes from horizon to horizon, whereas conventional spaceborne SAR
payloads observe only in a fixed right-looking (or left-looking) direction and provide only the
observations at the instant of zero Doppler. SLR needs dedicated stations while the SAR satellites have
global access, provided that passive CRs are available.

Especially for radar satellite missions, the proposed SAR validation paves the way for another,
independent orbit validation tool, which is of particular interest for the Sentinel-1 mission, because
these spacecrafts are not equipped with LRRs [51]. Since the SAR-based validation technique requires
less infrastructure when compared to an SLR station, an extension of the ground corner reflector
network is envisaged.
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Abbreviations

The following abbreviations are used in this manuscript:

CR Corner Reflector

CNES/CLS  Centre National d’Etudes Spatiales/Collecte Localisation Satellites
DLR German Aerospace Center

ENH ENHanced

GNSS Global Navigation Satellite System

GHOST High Precision Orbit Determination Software Tools

GPS Global Positioning System

GFz Deutsches GeoForschungsZentrum

GARS German Antarctic Receiving Station
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GSOC  German Space Operations Center

IERS
ILRS
1GS

International Earth Rotation and Reference Systems Service
International Laser Ranging Service
International GNSS Service

IGOR  Integrated Geodetic and Occultation Receiver

ITRF
LRR
NP
PTA
POD
PSO
SAR
SCR
SLR

International Terrestrial Reference Frame
Laser Retro Reflector

Normal Point

Point Target Analysis

Precise Orbit Determination

Precise Science Orbits

Synthetic Aperture Radar

Signal to Clutter Ratio

Satellite Laser Ranging

SLRF  Satellite Laser Ranging Frame
TMSP  TerraSAR-X Multimode SAR Processor
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Abstract: The German TerraSAR-X radar satellites TSX-1 and TDX-1 are well-regarded for their
unprecedented geolocation accuracy. However, to access their full potential, Synthetic Aperture Radar
(SAR)-based location measurements have to be carefully corrected for effects that are well-known in
the area of geodesy but were previously often neglected in the area of SAR, such as wave propagation
and Earth dynamics. Our measurements indicate that in this way, when SAR is handled as a geodetic
measurement instrument, absolute localization accuracy at better than centimeter level with respect
to a given geodetic reference frame is obtained in 2-D and, when using stereo SAR techniques,
also in 3-D. The TerraSAR-X measurement results presented in this study are based on a network
of three globally distributed geodetic observatories. Each is equipped with one or two trihedral
corner reflectors with accurately (<5 mm) known reference coordinates, used as a reference for the
verification of the SAR measured coordinates. Because these observatories are located in distant parts
of the world, they give us evidence on the worldwide reproducibility of the obtained results. In this
paper we report the achieved results of measurements performed over 6 1/2 years (from July 2011 to
January 2018) and refer to some first new application areas for geodetic SAR.

Keywords: synthetic aperture radar; TerraSAR-X; geolocation; absolute localization accuracy;
stereo sar; imaging geodesy

1. Introduction

Space-borne SAR is mainly known for its ability to provide image observations of the Earth’s
surface and the measurement of relative shifts making use of the carrier phase (i.e., SAR interferometry)—
independent from weather and time of day. However, SAR offers several additional capabilities.
The objective of this paper is to highlight the ability to provide also absolute localization accuracy of bright,
well-detectable radar targets at centimeter level [1-4] with respect to a given geodetic reference frame
like International Terrestrial Reference Frame, release 2014 (ITRF2014) [5]. Such a high accuracy—where
TerraSAR-X/TanDEM-X lead worldwide among space borne SAR sensors [6]—can be achieved only if
the SAR data are processed and calibrated with meticulous care and if they are corrected for well-known
effects such as wave propagation and solid Earth dynamics, as it is done in geodesy [7].

Aiming at centimeter level accuracy, some basic aspects of SAR geolocation have to be reassessed.
Therefore, the paper will start with a discussion of refinements compared to traditional techniques
in the concept of SAR based location measurements. Furthermore, the verification of the localization
accuracy requires a standard of comparison at least as good as SAR. Thus, we had to exercise utmost
care with the installation and survey of our corner reflector (CR) test sites. If at least two SAR images
with different acquisition geometries are involved, Stereo SAR techniques even allow to derive accurate
3-D on-ground coordinates when combining the ensemble of 2-D image coordinates. Equipped with
this set of tools, we analyzed the geolocation accuracy of TerraSAR-X in detail, considering many
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potential influences like incidence angle, acquisition mode or polarization as well as the long-term
stability of the SAR instrument or potential dependencies on the geographic location of the target.
Our measurement results in 2-D and 3-D and their interpretation are the key aspects of this work.
A brief outlook on an upcoming further improvement in geolocation accuracy and on some first
applications for precise geolocation in the area of imaging geodesy, an area brought about by the
geolocation capabilities of TerraSAR-X, completes the paper.

2. Background

2.1. Location Measurements by SAR

Radar systems indirectly measure geometric distances by means of the two-way travel time
of radar pulses. The conversion from travel time to geometric distance, i.e., range, depends on the
velocity of light (divided by two in order to convert from two-way travel time to one-way distance).
Usually, the vacuum velocity of light is used in this context which however is larger than the true signal
travel velocity if the signal passes through the Earth’s atmosphere. Here, electrons in the ionosphere
as well as dry air and water vapor, mainly contained in the troposphere, introduce additional signal
delays which have to be taken into account. The impact of the tropospheric delay on TerraSAR-X
range measurements typically varies between 2.5 and 4 m depending on terrain height and incidence
angle. The dispersive ionospheric delay at X-band for TerraSAR-X (9.65 GHz) amounts from several
centimeters up to a few decimeters. The indirect annotation of the signal delays as part of the
geometrical SAR range bias in units of length is common practice when generating SAR products,
because it is convenient when correcting range measurements, but this leads to a mixing of different
effects and complicates the usage of alternative atmospheric correction methods.

As atmospheric delays are likewise relevant for the Global Navigation Satellite System (GNSS) [8],
which also applies centimeter wavelength radio signals (i.e., L-band, about 1-2 GHz), the International
GNSS Service (IGS) [9] provides path delay products inferred from the permanently operated GNSS
receivers of the global IGS network. While the correction values for the non-dispersive (mainly
tropospheric) delay can be directly applied to the SAR ranges, the correction values for the dispersive
(mainly ionospheric) delay need to be adapted to the differences in the radio frequency (9.65 GHz instead
of L-band) and the change in orbit height. Because the orbits of TerraSAR-X are significantly lower than
the GNSS orbits and lie still within the upper ionosphere, only a portion of the entire Total Electron
Content (TEC) in the ionosphere that is seen by GNSS has to be considered in TerraSAR-X datatakes.
We found that the usage of a constant TEC scaling factor of 75% provides reasonable results [10].

Similar to the range, the azimuth coordinate of a ground target is indirectly given by a time
measurement. As focused TerraSAR-X images correspond to zero-Doppler geometry, the azimuth
position of the target in the image represents the time of closest approach between sensor and target.
The conversion from azimuth time to a spatial coordinate is given by the zero-Doppler condition [11]
and requires precise knowledge of the satellite’s orbit and the temporal synchronization between the
orbit timeline and the operation of the radar instrument.

When assigning SAR measurements to a geodetic reference frame, the geodynamic effects shifting
the true position of a ground target have to be considered in accordance with geodetic conventions [7].
The most prominent of these effects are solid Earth tides and plate tectonics which cause a periodic
variation of up to a few decimeters over the course of a day or linearly accumulating shifts on the
order of centimeters per year, respectively. The non-tidal atmospheric pressure loading (not part of the
conventions) and the ocean tidal loading weigh on the tectonic plates and their variations shift the
target position by up to several centimeters each. Pole tides occur due to the dynamics of the Earth’s
rotational axis and are modeled as deviations with respect to a mean rotational pole. Their amount
also varies at the millimeter level. Even weaker effects are caused by ocean pole tides and atmospheric
tidal loading. Our correction values for the geodynamic effects applied to TerraSAR-X are based on
the International Earth Rotation and Reference Systems Service (IERS) conventions, release 2010 [7].
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However, plate tectonics are not covered by the IERS conventions as the geodetic techniques usually
estimate them as part of the linear station coordinates, and therefore we have to consider them when
modelling the target coordinates or reduce them in the SAR measurements.

In summary, the SAR measurements in range 7, and azimuth t,, corresponding to the
zero-Doppler geometry of a CR, may be written as:

T — ATeq) :” XS(tOD).f (Xt + AXS"D) ” 2/c+ Ao + ATign
Xs(top)- (Xs(top) = (Xe+8Xgeo)) @

by — Aty & — =
el T (o) 11X (fop) — (Xt AXgeo) |

where X and XS are the satellite position and velocity vectors at the instant of closest approach typ, i.e.,
the zero-Doppler time which may be expressed in seconds of day UTC; the X; denotes the ITRF target
coordinates that are corrected for the geodynamic effects AXeo; the c is the speed of light in vacuum,
the Aty and ATy, are the path delays of troposphere and ionosphere, and A1, and At refer to time
biases, i.e., the geometrical calibration constants of the SAR sensor. Note that these equations are but
an extension of the well-known range-Doppler equation describing the SAR observation geometry [11].
Both equations are coupled through the time dependency of the satellite state vector, and the azimuth
is only implicitly defined by the geometric zero-Doppler condition; thus the < has to be read as
“corresponds to” and the f,, — At should equal to the geometric top. Note that strictly speaking,
the azimuth also experiences secondary contributions from the atmospheric delays if there is a steep
horizontal or temporal gradient in the atmospheric portion traversed by the two-way signal, which is
transmitted and received by the radar at separate times at separate locations. The typical integration
time of a single target, however, is in order of some seconds; hence we do not consider this in our
azimuth measurements.

2.2. SAR Positioning with Stereo SAR

Measuring the position of a target in a radar image determines only its 2-D location in the slant
range and azimuth geometry defined by the 3-D to 2-D projection of the SAR imaging process. In order to
determine the target’s underlying 3-D location, at least two images with sufficient angular separation have
to be used, which enable a stereo setup and ultimately the retrieval of the CR coordinates. Expanding this
concept to a more general method by employing least-squares parameter estimation, any number of radar
images larger than one may be combined in a consistent estimation of the target position. This general
approach is the core of our Stereo SAR method which is extensively discussed in [12]. In the following, we
provide only a short summary and the reader interested in more details is referred to the paper. By using
the range-Doppler equations (Equation (1)) as two condition equations that couple the measurements
T, ty With the target position X}, one can solve for the coordinates by performing a rigorous linearization
and employing an iterative computation scheme. The theory behind this method may be found in [13].
In accordance with Equation (1) the condition equations read:

() (Xe(th) ~ %) _
I Xe(t3) 1 1 Xe(t) =X |

I Xs(t5) =X | =75, =0 2

The 7, and 7, are the refined measurements already corrected for the atmospheric path delay
and with the geometrical calibration applied. The least-squares method resolves the remaining
inconsistencies of the equations by estimating observation residuals, which are minimized according
to the L2-norm, and it estimates the optimal target coordinates at the same time. Be aware that
the satellite orbit X; and X; is provided with the SAR image annotation and it is kept fixed in the
processing. The orbit is modelled through short arc polynomials [12], but the along-track relationship
of the azimuth observation with the orbital state vector is fully maintained through the linearization.

We do not introduce any a priori variance information for the individual measurements, but variance
component estimation [14] is part of the solution process to infer a common variance for all the range
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measurements and a common variance for all the azimuth measurements. This ensures optimal
weighting between the two types of SAR measurements.

The outcomes are not only the position coordinates but also the estimation of the positioning
accuracy, i.e., the variance-covariance (VC) matrix of the coordinates stemming from the solution of the
mathematically overdetermined problem. The VC matrix characterizes the geometry of the underlying
stereo setup and the quality of the SAR measurements inferred from the minimized residuals; hence it
also enables a reliable characterization of the coordinate solution. It is a fully populated 3 by 3 matrix
with the main diagonal holding the variances o2, afy and 02 referring to the global frame, but the VC
matrix may be transformed to express the estimated accuracy for any frame orientation, for instance
the local north, east and height frame. A useful way of visualizing the VC matrix is the error ellipsoid,
which is the decomposition of the matrix for its eigenvalues [13,15]. However, the confidence level of the
VC matrix of 3-D coordinates as computed by the least-squares method is only about 20% [13]; hence for
our positioning results we scale all the variance-covariance estimates to a more reliable confidence level
of 95% by applying the corresponding scaling factor of the F-distribution [15], which is typically in the
order of 2.85 because of the large number of TerraSAR-X images available for our analysis.

3. Materials and Methods

3.1. Verification of the Geolocation Accuracy of SAR

A widely used approach to verify the geolocation accuracy of SAR is based on artificial point-like
targets deployed on ground [16]. Their positions in focused SAR images are measured and compared
to the expected values that are derived from the knowledge of the target’s on-ground coordinates and
the determination of the satellite position at closest approach. The conversion from spatial coordinates
to expected radar time coordinates is based on the zero-Doppler equations (Equation (1)) and the
interpolation of the satellite’s orbit, i.e., the reverse approach to the location measurements of SAR,
discussed in Section 2.1.

Due to the well-defined shape of their impulse-response and to their high radar cross section
(RCS), the exact positions such artificial targets in SAR images are precisely detectable so that the
location accuracy mainly depends on the geometric features of the object of research: the end to end
SAR system consisting of SAR sensor and SAR processing system. In contrast for weaker “natural”
targets, their detectability in the surrounding clutter is the limiting factor for the location accuracy
so that such targets give little incidence on the geometric accuracy of the end to end SAR system.
Following [17], which includes a modified form of earlier work by Stein [18] and Swerling [19],
the effect of the clutter on the obtainable localization accuracy is given by:

oo V3 P 039 P ®)
7v2 V/SCR V/SCR

where ¢ denotes the expected clutter contribution to the standard deviation of the target location, and p
is the resolution of the target in terms of the 3 dB width of its impulse response. Different from [17],
an additional factor v/1/2 is introduced here, considering that we examine the localization accuracy of
a single SAR measurement, whereas [17] refers to the mutual distance of two SAR measurements.

The most common types of point-like targets are passive corner reflectors (CRs) and active radar
transponders. Appreciated features of purely passive elements like CRs are that they neither need any
power-supply nor do they introduce any (possibly unknown) additional delays to the signal round trip
time. Moreover, the electric phase center position is equal to the inner corner position which can be
determined readily. The intersection of the three orthogonal plates is a well-defined point, for which
the ITRF2014 coordinates may be accurately determined by terrestrial geodetic survey.

While the verification approach sketched in Figure 1 looks simple on the first glance, its realization
requires meticulous care during all processing steps when centimeter or even millimeter accuracy is
aspired (In [20], Small et al. give a detailed guideline on the installation of a CR test site). The CRs
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have to be firmly installed (preferably on stable bedrock or second-best on a firm concrete foundation)
and correctly aligned. Their reference coordinates have to be very accurately determined. If possible,
the deployment at well-known geodetic reference sites is advised when verifying the SAR geolocation
capability. As any motion or re-orientation operation is prone to introduce spurious errors, we advise
against any actions that could invalidate the geodetic reference coordinates of the phase center. Instead
the reflectors should be kept fixed and their coordinates verified every 1-2 years.

e
we®
tocr qad®
'm,CR

2. Image formation

Corner reflector

> 4.0rbit determination
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Figure 1. Schematic view of measurement arrangement and procedures.

Once the CRs are installed and SAR datatakes are acquired, the target positions in the focused
images have to be measured with sub-pixel resolution using oversampling and interpolation
techniques, and the extracted radar times have to be corrected for the estimated propagation delays
and geodynamic effects (as detailed in [21]). We recommend to use Single-look Slant-range Complex
(SSC) image products for geolocation measurements instead of ground-projected image products
(i.e., TerraSAR-X product types MGD, GEC and EEC), as any ground-projection introduces an avoidable
additional error source.

By performing many verification measurements at several test sites far apart from each other,
and employing SAR images acquired in different SAR modes, at different times, as well as varying
the site position within an image and the overall imaging conditions (e.g., features like polarization,
incidence angle or orbit direction: ascending or descending), the SAR imaging system can be very
accurately geometrically calibrated and verified. Moreover, error estimates can be given and residual
systematic biases can be characterized. Regular observations over long time spans (years) enable
investigations of seasonal effects and the long-term stability of the measurement results.

3.2. Geometric Recalibration of the Sensor

The operational TerraSAR-X products are already prepared for the consideration of atmospheric
effects [22] and their product annotation contains estimates for tropospheric and ionospheric signal
propagation delays. These delay values are composed of scene-dependent tropospheric and ionospheric
delays derived from a simplified static height-dependent model [23], and a set of associated system
calibration constants determined during the mission’s initial calibration campaigns. With these annotated
parameters systematic biases in the measured target positions are avoided and geolocation accuracy at
decimeter level can be achieved [22], which is already beyond the product specification of 1 m [24].

However, these calibration constants need to be refined when we change the measurement
concept and correct the SAR geolocation measurements for signal propagation with the more precisely
measured atmospheric delay values provided by the IGS, and also take the geodynamic effects into
account. Because of different biases of the atmospheric and geodynamic models involved, an adapted
set of constants was necessary and we had to determine recalibration constants for both TerraSAR-X
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satellites, TSX-1 and TDX-1, to match this refined measurement concept. Note that, using our refined
geodetic concept, TerraSAR-X is now fully compatible with the well-established standards of the GNSS
community. Because the image user has no influence on the operational SAR focusing process, the only
manageable way to apply our recalibration constants is that the user explicitly modifies his measured
azimuth and range times by them.

The recalibration constants result from the median location offsets in azimuth and range obtained
at reference test site(s). We use the median instead of the mean value because it is less sensitive to
outliers, as the presence of a few of them is hardly avoidable in long measurement series.

Because most of our datatakes are in the HH polarization, we started to recalibrate this polarization
channel first. After that, the calibration of the VV channel is efficiently performed on the base of
dual-pol (HH/VV) datatakes. Here, both polarization channels are imaged at the same time, so that
almost all influencing factors (like the exact amount of atmospheric delays and solid Earth dynamics,
the exact satellite orbit and the exact CR position) are equal in both channels and consequently cancel
out in a relative measurement of the target position offset performed in both channels. In consequence,
also error contributions from the limited knowledge of these influences cancel out and we needed
significantly less dual-pol datatakes to determine only the difference between the calibration constants
of both channels. In comparison, the amount of single-pol datatakes required in an independent
calibration of the VV channel with comparable accuracy was much larger.

3.3. Our TerraSAR-X Test Sites

The network of our test sites [3] grew step by step over the course of our investigations. In the
final state, three test sites with in total five trihedral CRs are involved in our measurement series.
The geographic distribution of these test sites spans from Germany and Finland to the Antarctic Peninsula
(see Figure 2a-c). All of our CRs are mounted close to a local IGS reference station. Benefitting from this
vicinity, the ground positions of the reflectors are known very precisely (< 5 mm) relative to the station
reference coordinates from terrestrial geodetic survey. The particulars of the individual TerraSAR-X
measurement series and the incidence angles of the datatakes involved are summarized in Table 1.

@ (b)
Figure 2. Corner reflectors at our test sites: (a) Wettzell, Germany; (b) GARS O’Higgins, Antarctic Peninsula;
(c) Metsdhovi, Finland.

Table 1. Key figures of our SAR measurement series at geodetic observatories. Each CR is seen from two
or three adjacent orbits though the CR is optimally oriented for only one of them (see column “optimum
incidence angle”).

Corner Reflector/Measurement Series Acquisitions Started at Optimum Incidence Angle ! Additional Incidence Angle(s)
Wettzell Ascending 12 Jul. 2011 34° 46° (since 2 Mar. 2013)
Wettzell Descending 11 Dec. 2013 45° 33°,54°
GARS O’Higgins Ascending 27 Mar. 2013 38° 30°, 45°
GARS O'Higgins Descending 24 Mar. 2013 35° 42°
Metsidhovi Descending 4 Nov. 2013 37° 27°,46°

T w.r.t. the orientation of the CR.
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In July 2011, we installed our first 1.5 m CR at the Geodetic Observatory Wettzell, Germany
(Figure 2a). It is firmly mounted on a concrete foundation and horizontally oriented for acquisitions
from ascending orbits and vertically aligned for an incidence angle of 34 degrees. In order to investigate
possible angular dependencies in the position offsets measured with TerraSAR-X, we set up a second,
parallel acquisition series of this CR using datatakes from an adjacent ascending orbit with a 46 degrees
incidence angle. In order to preserve the precisely measured geodetic reference coordinates of the CR,
we left its orientation unchanged and accepted the slight reduction in the RCS by about 2 dB. This fixed
installation method was also adopted for the other subsequently installed reflectors, which are aligned
for either ascending or descending passes, and their vertical orientation was adjusted for the center of
the radar beam used at the site, see column “optimum incidence angle” in Table 1.

In December 2013, we installed a second 1.5 m CR at Wettzell. Oriented for descending orbits
and regularly imaged with different incidence angles (45 degrees, which is optimum w.r.t. the CR
orientation, and additionally 33 and 54 degrees) from three adjacent orbits, it enlarges the number of
acquisition geometries at this test site.

Since March 2013, there are two 0.7 m CRs at our second test site, close to the German receiving
and research station GARS O'Higgins located at the Antarctic Peninsula (Figure 2b). One of the CRs is
oriented for ascending, the other for descending orbit passes. Because of the demanding local weather
conditions, each CR is mounted above the usually experienced winter snow level using an additional
1 m base frame (see Figure 2b), and both are covered by a high-frequency transparent Gore-Tex™
(Gore-Tex is a trademark of W.L. Gore & Associates, Newark, DE, USA) canvas. The latter significantly
eases the local maintenance due to snow. The CRs are still not maintenance-free, but the canvas avoids
snow and ice within the reflector where they are more difficult and more cumbersome to remove than
at the covering canvas.

Finally, there is our third test site at the geodetic observatory in Metsdhovi, Finland, where one
1.5 m CR oriented for descending orbits was installed in October 2013 (Figure 2c¢). Similar to GARS
O’Higgins, the CR is mounted above the expected snow level on a 1 m frame base. Benefiting from
local ground conditions, the frame base is anchored by rods and rock epoxy glue residing in deep
holes drilled into stable bedrock.

3.4. TerraSAR-X Datatakes

As of 1 February 2018, both TerraSAR-X sensors—TSX-1 and TDX-1—acquired in total 1060
datatakes for our test sites. The datatake acquisition is still ongoing in order to evaluate possible
long-term trends. High resolution imaging modes are preferable when aiming for centimeter or
millimeter measurement accuracy level with SAR, because the mode directly affects the image
resolution and the signal to clutter ratio (SCR) and thus the extraction accuracy of the range
and azimuth coordinates from the SAR image [17-19]. Consequently, we opted for HS300 mode,
i.e., the high resolution sliding spotlight mode with an average slant range and azimuth resolution of
0.6 m by 1.1 m [24], for the majority of our TerraSAR-X acquisitions, because the even better Staring
Spotlight mode ST300 was not available at the time when our measurement series started. Thus, only a
few ST300 datatakes are included in our acquisition series. Almost all of our datatakes are in HH
polarization. The only exception is a recently started HS dual-pol (HH/VV) measurement campaign at
Wettzell where we investigate polarization channel dependent offsets. In order to avoid saturation
of our 1.5 m CRs in the focused SAR images, the L1B products of the datatakes were ordered to be
processed with gain attenuation (10 dB for HS300 and even 20 dB for ST300). The nominal backscatter
values for our CRs are 30.2 dBm? for the 0.7 m and 43.4 dBm? for the 1.5 m reflectors.

TerraSAR-X datatakes are subject to DLR’s copyright and to security regulations of German
law, which prohibit any unauthorized redistribution. Thus, we have to refer scientists interested in
reproducing our measurement results to the EOWEB catalogue [25], where TerraSAR-X L1B products
can be ordered by registered users (scientific proposal submission under [26]). The image center
coordinates, required to select datatakes of our test sites from catalogue, are listed in Table 2.
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Table 2. Image center coordinates of the datatakes underlying our measurements.

Test Site Latitude [°N] Longitude [°E]
Wettzell +49.145 +12.876
GARS O’Higgins —63.321 —57.902
Metsdhovi +60.217 +24.395

4. Results and Analysis

4.1. Monitoring the Operational Readiness of a CR

A lesson learned from our long-term measurement series, is to be aware of weather influences
affecting the performance of a CR [21]. Snow within the CR changes the backscatter geometry
and in consequence firstly lowers the CR’s RCS and secondly—much more problematic for our
measurements—it changes the actual position of the CR phase center. Because the CR models we
installed have drainage holes at their converging corners, rain is in general not a problem, except when
leaves fallen or blown into the CR may clog the drainage hole.

As the significantly lowered RCS is a good indicator for such disturbances, we routinely monitor
the RCS and compare its value against the expected value derived from theory or experience. Based on
an empirically derived threshold of 3 dB RCS loss relative to the expected value, we are able to identify
the TerraSAR-X measurements affected by such irregular conditions and exclude them from further
analyses, where they would otherwise occur as coarse (i.e., decimeter-level) outliers. During our
analysis we did not observe any significant correlation of moderate RCS losses of less than 3 dB with
the shifts in the SAR measured CR locations.

Over the course of our investigations and based on this assumption, we identified in total 79 disturbed
location measurements, reducing the number of datatakes in the analysis from 1060 to 981. In contrast,
there still remain 18 measurements (approximately 1.8%) with a conspicuously high location error of
7-11 cm where no obvious external cause could be identified. With the exception of one, these values are
found in azimuth. Because we have no indication for an external cause, these measurements must not be
excluded from analysis.

4.2. Geometric Recalibration Constants

We have chosen the CR at the Metséhovi test site as the reference for our TerraSAR-X recalibration.
Here, the mounting of the CR on stable bedrock provides confidence that the geodetic coordinates of
its phase center are even more long-term stable than the ones from our other test sites. Because the
measurement series are in HH polarization mode, we originally focused our recalibration activities on
this mode and just recently complemented them by deriving recalibration constants for VV polarization
too. Table 3 shows our new calibration constants to be applied by the user. To remain consistent
with the sign convention of the operational calibration constants, our recalibration constants have to
be subtracted from the measured radar times at all test sites (i.e., the absolute value of the negative
constants has to be added!). For convenience, Table 3 also shows the values converted to distances.
Note that we use an average ground track velocity as conversion factor for azimuth here, whereas the
precise value in a given SAR image depends on geometric factors like the incidence angle and the
topographic height.

In addition to the operational range calibration constant that is already implicitly applied during
TerraSAR-X image focusing, we had to introduce a range recalibration constant that the user has to
apply explicitly. The amount of our range recalibration constant corresponds to about 30 cm spatial
distance, see Table 3. The cause for its necessity can be found mainly in the different handling of the wet
part of the tropospheric delay in both measurement concepts. Being the most volatile contribution to
the tropospheric delay, its consideration is beyond the capabilities of the simplified model underlying
the annotated delay value and in consequence, it contributes in average to the operational calibration
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constant. When we make use of the measured tropospheric delay of the IGS, the wet delay is already
included and must not be considered twice. Thus, our recalibration constant figures as a readjustment
of the wet delay’s contribution in the operationally applied calibration constant.

The likely explanation for the small difference of 0.27 nanoseconds (equivalent to 4 cm) discovered
in the range calibration constants of both polarization channels (cf. Table 3) might be found in the
staggered mounting of H and V antenna elements on the satellite’s surface and in the slightly different
signal routing inside the sensor electronics.

Table 3. Applied geometric calibration constants in seconds and converted to spatial distances.

Satellite ~ Polarization ~Azimuth[s]?  Range [s] Azimuth [m]2  Range [m] 3

TSX-1 HH —9.7.107° —2.01-107° —0.068 —0.301
TSX-1 Vv —9.7.107° —2.28-107° —0.068 —0.342
TDX-1 HH —7.7-107® —1.82:107° —0.054 —0.273
TDX-1 \'AY —7.7-107° —2.09-107° —0.054 —0.313

! For comparison purposes: The operational calibration constant w.r.t. azimuth amounts to -11.2-10 s for TSX-1
and -6.8-10° s for TDX-1. 2 Converted with average TerraSAR-X ground track velocity of 7050 m/s. 3 Converted
with speed of light in vacuum and divided by 2 for one-way.

In contrast to the range, the operational calibration constant in azimuth is not applied in the
processor; hence a user is able to replace it with our new constants. The differences between the results
of the operational calibration and our recalibration are rather small (corresponding to about 11 mm
spatial distance for TSX-1 and 6 mm for TDX-1). However, we benefit from the long duration of our
measurement series, the more precisely determinable CR reference coordinates in the vicinity to the
IGS reference stations, and from the firm orientation of the CRs that avoids any undesirable change
of their phase centers. Due to these factors, we were able to slightly refine the azimuth calibration
constants of both sensors.

Finally, we want to give some remarks on the cross-polar channels. Because trihedral CRs do
not change the plane of polarization, our CRs are invisible in cross-polar image channels, as they are
employed in polarimetry. Consequently, a geometric recalibration of the cross-polar channels HV
and VH is out of the capabilities of our on-ground measurement equipment, but we can provide
assumptions about adequate recalibration constants for the cross-pol channels based on theoretical
considerations. Assuming that most of the differences between the examined co-polar channels HH
and VV results from construction particulars of the antenna and the sensor electronics, we might
conclude that the recalibration constants for HV and VH are approximately in the mean of the HH and
VV constants, because HV shares the transmit path with the HH channel and the receive path with the
VV channel, while the opposite is true for VH.

4.3. Temporal Stability of SAR Geolocation Results

Figures 3-5 show the temporal progression of the azimuth and range offsets between measured
and expected radar coordinates at our three test sites. A slight trend is perceivable from all plots. In all
measurement series, there is a tendency of the measured values toward early azimuth and toward far
range. In order to estimate the magnitude of this trend, we approximated the temporal progressions of
the offsets by a linear function and investigated the obtained gradients. Table 4 and Figure 6 show that
the gradients are in the order of millimeters per year and exceed the standard deviation (10) expected
from error propagation. However, the 10 just represents a 68% confidence interval whereas for a 95%
confidence interval 20 is required [15]. The gradients in range even exceed 30 so that a confidence level
of more than 99.7% results. Therefore we consider the range effect to be significant. For the azimuth,
the results from the different test sites are much less distinct and some of the estimated gradients
(Wettzell Ascending and Metsdhovi Descending) obviously remain below the 20, thus the continuation
of the ongoing measurement series is required to reduce the remaining uncertainty.
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Figure 4. Temporal progression of the azimuth (blue) and range (red) offset obtained at the Wettzell

test site: (a) Wettzell Ascending measurement series; (b) Wettzell Descending.
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Figure 6. Gradients of the interpolated linear trends at the different test sites: (a) range; (b) azimuth.
The plotted error bars represent a 95% confidence interval (20).

Table 4. Interpolated linear trend of the observed offsets: Mean value and standard deviation (10) of

the gradient.
Measurement Series Azimuth Gradient [mm/y] Range Gradient [mm/y]
Wettzell Ascending -14+11 +2.1+0.7
Wettzell Descending —29+14 +254+038
GARS O’Higgins Ascending —35+11 +6.5+ 0.8
GARS O’Higgins Descending —38+14 +35+09
Metsdhovi Descending —-07+£11 +4.7 £ 0.7

Assuming that the trend in the range measurements is real, finding a possible cause for it is
subject of ongoing investigations. We may already excluded some potential causes: The stability of
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the sensor internal clock rate governing all timings in the SAR payload is routinely monitored in
the TerraSAR-X mission and in this way known with nine digit accuracy (the technique is described
in [27]). In consequence, this error contribution cannot exceed 3 mm and is therefore below the amount
of the observed trends. Also the satellite orbit determination is not considered to be a cause because
we have independent measurements of the TerraSAR-X orbits based on Satellite Laser Ranging (SLR)
confirming the long-term stability—see [28] for more. Thus, the focus of our further investigations
has to be on the SAR sensor itself. We might investigate e.g., whether slight aging effects in electronic
components are supposable. The challenge is that to our knowledge no prior space-borne SAR sensor
was examined after insert to orbit at a comparable level of detail.

4.4. Analysis for Angular Dependencies

Figure 7a—e show the scatter plots of the azimuth and range offset obtained between measured
and expected radar coordinates for the different measurement series. In each plot, different colors
represent acquisitions from different incidence angles.
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Figure 7. Scatter plots of the obtained azimuth and range offsets: (a) Wettzell Ascending; (b) Wettzell
Descending; (c) GARS O'Higgins Ascending; (d) GARS O'Higgins Descending; (e) Metsdhovi Descending.
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By visual inspection, the single distributions coincide for the different incidence angles and
no significant dependency between incidence angle and location offset is perceivable. In order
to quantitatively verify this hypothesis, we performed a statistical analysis of the location offsets.
The resulting mean values and standard deviations are listed in Table 5, sorted by incidence angle.
The variations across the mean values of one site are usually lower than the standard deviation of the
single measurement series, and no particular systematic dependency on the incidence angle can be

found. We conclude from these results that the individual beams are consistent.

Table 5. Incidence angle wise mean values and standard deviations (10) of the obtained range and

azimuth error.

Measurement Series Incid. Angle Azimuth Offset [mm] Range Offset [mm]

. 34 —29+18.6 —25.14+12.0
Wettzell Ascending 46 —41+155 —274+105
33 +29.5+15.7 —104 +£11.2

Wettzell Descending 45 +11.5+253 —83+132
54 +8.0 £23.7 —-1724+13.1

30 —0.7 £235 +3.9 +£17.0

GARS O'Higgins Asc. 38 —11.6 +£229 +5.0 £ 14.8
45 —53+£257 —52+188

PR 35 +17.6 £19.8 +09 £ 149

GARS O'Higgins Desc. 2 +24.9 + 232 +4.9 + 140
27 +3.5+£10.7 —25+93

Metsihovi Descending 37 —4.0 £ 156 +1.2+9.7
46 +1.6 £22.3 —44+15.0

4.5. Comparison of Different Imaging Modes

Figure 8 shows the temporal progression of the azimuth and the range offset at the Wettzell test

site during the Staring Spotlight (ST300) campaign from February 2015 until March 2016.
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Figure 8. Close-up of the temporal progression of the obtained azimuth (a) and range (b) offset at the
Wettzell test site during the ST300 campaign (yellow) interleaving regular HS300 acquisitions (green).
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The Staring Spotlight datatakes interleave the series of regular Sliding Spotlight (HS300)
acquisitions. The plots indicate the consistency of the location results from both imaging modes
as the short term patterns in the azimuth and range offsets progress across the varying imaging modes.

4.6. Location Independency of Results

Table 6 shows the overall mean values and standard deviations of the localization error determined
at our different test sites. As Metsidhovi is used as our recalibration reference, the mean location offset
is consequently close to zero and does not contain any useful information. However, the standard
deviation determined at this test site is not influenced by the recalibration and therefore it is still an
independent measurement result.

Table 6. CR wise mean values and deviations (10) of the obtained range and azimuth error.

Measurement Series # of Measurements Azimuth Offset [mm] Range Offset [mm]
Wettzell Ascending 88 —32+177 —257 £ 11.6
Wettzell Descending 229 +13.1 £24.3 —13.0£13.4
GARS O’Higgins Ascending 302 —54 4244 +1.1+£17.6
GARS O’Higgins Descending 147 +21.8 £22.1 +3.2 4+ 145
Metséhovi Descending ! 215 +0.2+£17.5 —-19£12.0

! The reason, why the average position offset in this measurement series is almost zero, is that we used the Metsahovi
CR as calibration reference for all of our test sites, see Section 4.2.

The obtained mean values at the other test sites indicate the consistency between SAR location
measurements and the calibration derived for Metsdhovi. They amount from few millimeters up
to 2.6 cm. The maximum range bias results for the Wettzell Ascending CR. However, a terrestrial
resurvey of this reflector disclosed the cause for the deviating behavior of this single measurement
series: The concrete foundation of the CR subsided by about 2 cm during the first 2 years after the CR
was installed and surveyed. While we chose the location for our first CR with regard to a minimum
disturbance in the radar image from the installations of the IGS reference station, we did not take
enough care of the ground conditions and put the foundation on a small mound rising above the
local surroundings, see Figure 2a. As lesson learned, we more carefully considered this aspect when
installing the other CRs.

The standard deviations of the single measurement series in range vary from 12 to 18 mm.
The standard deviation in azimuth is somewhat higher and ranges from 18 to 25 mm, which is still
nearly two orders of magnitude below the upper limit defined in the TerraSAR-X product specification [24].
The lower performance of the azimuth localization accuracy is limited by the annotation precision (18.6
microseconds step width) of the raw data acquisition time. Even if it is derived from very accurate pulse
per seconds (PPS) information of the on-board GPS receivers [27], the information is stored in the SAR
payload with an insufficient number of digits. We strongly recommend future SAR missions to provide a
finer time annotation. For TerraSAR-X we found a way to overcome the truncated timing by applying a
post processing of the azimuth timing [27]. Since May 2014, this post processing is part of the operational
TerraSAR-X SAR processor and lowers the quantization error of the azimuth timing by about one order
of magnitude. The remaining error amounts to about 1 microsecond, equivalent to about 7 mm azimuth
location error.

Comparing the standard deviations obtained at the different test sites, the 0.7 m CRs at GARS
O’Higgins are inferior to the 1.5 m CRs at Wettzell and Metsédhovi as it is predicted from theoretical
considerations because of the lower RCS resulting in a lower SCR. Using Equation (3) and inserting
the parameters of our (HS5300) measurement series at GARS O’Higgins or Wettzell and Metsdhovi,
respectively, the expected clutter contribution to the overall location error in case of a 0.7 m reflector
amounts to 6 mm in range and 12 mm in azimuth. In case of a 1.5 m CR the values read 1.0 and 1.8
mm, respectively. Thus, a good deal of the difference in the standard deviations is explainable by the
different CR sizes.

105



Remote Sens. 2018, 10, 656

4.7. 3-D Coordinates

The solution of the independent SAR positioning with TerraSAR-X at the test sites can be directly
compared to the coordinates from the surveys. To ease interpretation, the differences in global X, Y
and Z have been rotated to the local north, east, and height frame of the respective station. Since we
removed the average ITRF station velocity in the processing (see Section 2.1), the SAR coordinates are
reduced to the epoch of the first SAR datatake in the series. Therefore, we transformed the reference
ITRF2014 coordinates of the CRs to this epoch to ensure a consistent comparison.

The coordinate differences listed in Table 7 confirm the very high accuracy of the TerraSAR-X
positioning ability, if all the known contributions have been compensated for in the measurements and
if the sensors are accurately calibrated. Naturally, the differences for the Metsdhovi CR are very small
because this reflector was used to derive the calibration constants (see Section 4.2). At the other test
sites, the remaining differences are usually in the order of 1-2 cm, while the largest difference of 4 cm is
found for the east component of the GARS O’Higgins Descending CR. However, when examining the
estimated standard deviations, the reason for this becomes clear. Like the Wettzell Ascending reflector,
this reflector is only captured by two passes (see Table 5), and the smaller baseline between the two
adjacent passes results in a larger uncertainty for the east component. In addition, one would also
expect an impact of the reflector size (0.7 m versus 1.5 m), but this is mostly compensated by the larger
number of acquisitions at GARS O'Higgins.

Table 7. Differences of the TerraSAR-X coordinates and the reference coordinates in the global ITRF2014
expressed in local north, east and height. The variances of the TerraSAR solution mark the 95%
confidence interval of the estimated coordinates.

Measurement Series AN [mm] AE[mm] AH[mm] oN [mm] oE [mm] oH [mm]
Wettzell Ascending -5.2 —12.7 +17.2 +8.0 +36.6 +27.5
Wettzell Descending —16.0 +18.3 -75 +4.8 +11.5 +11.7
GARS O’Higgins Ascending —15.1 —10.1 —23.1 +9.1 +17.8 +14.6
GARS O’Higgins Descending —4.8 -39.9 +16.7 +19.1 +38.3 +34.4
Metsdhovi Descending 1 —-1.1 +2.4 —4.0 +4.0 +13.2 +9.8

1 The reason, why the differences are almost zero, is that we used the Metsihovi CR as calibration reference for all
of our test sites, see Section 4.2.

The comparison of the coordinate differences with the 95% confidence interval also listed in
Table 7 shows that only a few of the differences are actually significant. The overall error behavior of
a higher quality in the north component and a reduced quality for the east and height components
is widely consistent with these differences. The explanation for this error behavior lies in the almost
polar orbit and the SAR zero-Doppler geometry, for which the local north component is mainly driven
by the azimuth measurements, whereas the range has to resolve both east and height. As for the
remaining biases, we consider them to be the results of the slightly different behavior of the individual
beams (see Table 5), as well as the small biases of the orbit not captured by the single site calibration at
Metsdhovi. Regarding the orbit, new solutions for TSX-1 and TDX-1 are presented in [28] and a first
look on the impact on our TerraSAR-X results is provided in the discussion, see Section 5.2.

Another interesting aspect is the overall error distribution of the coordinate solution, namely the
error ellipsoid, which is visualized in Figure 9. Because of the same scaling for a confidence level
of 95%, the horizontal and vertical cross sections shown in the graphics directly correspond to the
confidence values listed in Table 7. The N, 0E, cH are simply the bounding boxes of the ellipses,
while the smallest errors are found to be in the range direction, see Figure 9a. All the ellipses are
inclined to about 40 degrees, which is the average incidence angles of the passes for the individual
CRs, see the angles listed in Table 5. As expected, the underlying intersection geometries are most
sensitive in the SAR range direction, and least sensitive in the perpendicular cross-range direction.
The horizontal view, see Figure 9b, has a similar behavior, but here it is the azimuth that dominates the
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orientation. The smaller axes coincide with the local sensor heading, which is nearly north-south due
to the sun-synchronous orbit used by TerraSAR-X [29]. Only towards the polar regions, the tracks start
to converge, leading to the slightly more tilted horizontal error ellipses of the CRs at GARS O’Higgins.
Therefore, the azimuth is almost only sensitive for the north-south component. These error patterns
also explain the different confidence levels derived for local north, east and height (Table 5), and they
make it immediately clear, why the ideal setup for the application of SAR positioning is a reflector
with a common phase center for ascending and descending passes. This concept was already studied
with TerraSAR-X in a small experiment at Wettzell [30].
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Figure 9. Differences of the TerraSAR-X stereo coordinates to the reference coordinates, and the
error ellipsoid of the SAR solution scaled to 95% confidence level: Horizontal cross section in local
east/height (a); vertical cross section in local north/east (b). WTZ = Wettzell, OHI = GARS O’Higgins
and MET = Metsdhovi.

In summary, the 3-D localization experiments underline the very high absolute accuracy that can
be achieved with absolute SAR positioning under ideal circumstances. Moreover, they confirm the
performance of our positioning method, the high quality TerraSAR-X radar payloads, the fidelity of
the SAR processing, as well as the accuracy of the annotated orbit product.

5. Discussion

In the previous section, we analyzed the geolocation performance of TerraSAR-X with respect to
a multitude of contributing parameters: polarization, incidence angle, the pass direction (ascending,
descending), the occurrence of long-term trends, and geographic target location. Due to the large
amount of topics, the straightforward way of presentation was to discuss each of these aspects
in the immediate context of the corresponding measurement results. In order to synthesize these
discussions, two comprehensive aspects shall be addressed here. Firstly, we compare the determined
a posteriori location error with the a priori error computed from the expected amount of the major
error contributions. Secondly, we want to give an outlook on an upcoming further improvement in the
attainable geolocation accuracy which is enabled by a new approach in precise orbit determination.

5.1. Analysis of Error Contributions

Table 8 shows a priori estimates for the major contributions to the location error. The estimate for
the clutter contribution results from Equation (3), while the estimates for the measurement accuracy
of tropospheric and ionospheric delay are taken from the respective data products. Considering the
methods discussed in [27], the assumed uncertainty in the azimuth timing, taken from L1B annotation
of operational TerraSAR-X products, amounts to about 1 microsecond, corresponding to about 7 mm
azimuth error. The Analog to Digital Converter (ADC) sample rate of both TerraSAR-X sensors (about
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330 MHz) is operationally monitored to ascertain that the difference between its actual and annotated
value does not exceed a margin of 1 Hz. In this way, the residual uncertainty in the ADC sample rate
contributes at most 3 mm to the overall ranging error. A conservative estimate for the actual orbit error
of TerraSAR-X Science orbits is given in [31].

Comparing the error contributions listed in Table 8, the residual uncertainty in the knowledge
of the precise orbit is the dominant contribution in our CRs measurement series (whereas for weaker
targets the clutter contribution would be higher and might dominate there). However, as long as we
only know an upper limit for the actual orbit error, there remains room for interpretation what could
be its true contribution. Regarding the localization accuracies we obtained in our measurement series,
we conclude that the actual orbit error must be significantly below the estimated upper limit of 5 cm
and that it may amount to about 1 cm.

Table 8. Estimations for the major error contributions in the geolocation result.

Parameter Azimuth Contribution [mm] Range Contribution [mm]
Clutter 0.3-121 0.7-61
Tropospheric delay - 0.5-1.32
Ionospheric delay - 15532
Timing and ADC sample rate 7 <3
(Science) Orbit <503 <503

! Mainly depending on CR size (1.5 or 0.7 m) and imaging mode (ST300 or HS300). 2 Depending on test site and
incidence angle. > Conservative assumption.

5.2. Geolocation Improvements from More Precise Orbit Determination

Beyond the currently used TerraSAR-X Science orbits, [28] discusses methods to further improve
the accuracy of the orbit determination. Once operationally applied, the geolocation accuracy of SAR
immediately should benefit from these improvements. We tested the new experimental orbit solutions
by repeating our location accuracy measurements in a modified way where we computed the expected
radar time coordinates on base of these orbits instead of using the operational TerraSAR-X Science orbit
products. Table 9 and Figure 10 show the detailed CR-wise mean values and standard deviations (10) of
the obtained measurement results and oppose them to the results previously obtained with the operational
Science orbits. As a finding of this experiment, we observed that for the 1.5 m CRs the usage of the new
orbit solutions TerraSAR-X significantly lowers the standard deviations. They amount to about 1.5 cm
in azimuth while in range sub-centimeter level is reached. This represents an accuracy gain of 15% in
azimuth and 28% in range compared to the usage of the operational Science orbits. In case of the 0.7 m
CRs, where also the clutter significantly contributes to the total location error, the accuracy gain from the
improved orbit quality is naturally less distinct (1.5% in azimuth and 10% in range).
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Figure 10. Comparison of the mean values (a) and standard deviations (b) in azimuth and range
for operational Science orbits (values of Table 6) and new experimental orbits (values of Table 9).
The different colors represent the different measurement series.

Table 9. Comparison of the mean values and standard deviations in azimuth and range for operational
Science orbits (as they are already shown in Table 6) and for the new experimental TerraSAR-X orbit
solutions discussed in [28] (operationally not accessible as yet).

X Azimuth Offset [mm] Range Offset [mm]
Measurement Series
Science Orbits Experimental Orbits Science Orbits Experimental Orbits
Wettzell Asc. 324177 —6.1+13.4 —257+11.6 -102+£7.6
Wettzell Desc. +13.14+24.3 +129 +£22.7 —13.0+134 —92498
GARS O’Higgins Asc. —54+244 —22+285 +1.1+176 +2.4+ 145
GARS O’Higgins Desc. +21.8 +22.1 +18.5 +17.6 +32+ 145 +1.4 £14.0
Metsahovi Desc. +02 £17.5 —0.4+15.0 —19+12.0 00+9.1

Consequently, also the stereo SAR solutions for the CR coordinates profit from the increased
orbit quality. Table 10 shows the differences of the SAR measured 3-D coordinates using the new
orbits and the GNSS reference coordinates. Figure 11 visualizes a comparison between the results
obtained with operational science orbits (which were shown in Table 7) and the results for the new
orbits. A closer look on the diagram reveals that the new orbits lead to improvements in almost all the
estimated accuracies and the coordinate differences become smaller, in particular the height is now
more accurately determined; only at Wettzell there remain significant millimeter level differences for
the horizontal positions.

Table 10. Differences of the TerraSAR-X coordinates using the updated orbits and the reference
coordinates in the global ITRF2014 expressed in local north, east and height. The variances of the
TerraSAR-X solution mark the 95% confidence interval of the estimated coordinates.

Measurement Series AN [mm] AE [mm] AH[mm]  oN [mm] oE [mm] oH [mm]
Wettzell Ascending —9.0 —18.8 +0.1 +6.0 +23.5 +17.9
Wettzell Descending —14.3 +11.9 -11 +4.2 +9.1 +9.2
GARS O’Higgins Ascending —6.3 —4.6 —14.1 +9.0 +17.3 +14.1
GARS O’Higgins Descending —84 —24.4 +10.9 +17.0 +34.4 +30.9
Metsahovi Descending ! +1.8 —7.8 +5.6 +3.5 +11.4 +8.5

1 The reason, why the differences are almost zero, is that we used the Metsidhovi CR as calibration reference for all
of our test sites, see Section 4.2.
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Figure 11. Comparison of the biases (a) and 95% confidence intervals (b) in north, east and height
for operational Science orbits (values of Table 7) and new experimental orbits (values of Table 10).
The different colors represent the different measurement series.

6. Conclusions

With the setup of three CR test sites as far apart from each other as Germany, Finland and the
Antarctic Peninsula, we established a far-distributed test network to verify the absolute localization
accuracy of space borne SAR sensors and the worldwide reproducibility of the obtained results.
The vicinity of all of our test sites to local IGS reference stations allows very precise determination of
the CRs’ reference coordinates relative to the respective station ties by terrestrial survey. These precise
reference coordinates render a new class of SAR calibration and validation accuracy possible.

Based on our test network, absolute geolocation accuracy at better than centimeter level is proven
for both TerraSAR-X sensors (TSX-1 and TDX-1). Prerequisite for such high localization accuracy is
meticulous care in processing and calibration of the SAR data and the thorough correction of location
measurements from a SAR image for wave propagation effects and for Earth dynamics, consistent
with the methods applied in geodesy. In contrast to the “out of the box” usage of TerraSAR-X data,
additional external data sources, which are well established in the area of GNSS, have to be accessed
in order to obtain precise correction values for atmospheric signal propagation delays. In the process,
the geometric instrument calibration constants had to be adapted to the altered measurement approach.

Handling SAR as a geodetic measurement instrument opens completely new application areas
for SAR. First examples were already discussed in the literature, e.g., the efficient survey of landmarks
along road networks [32] or the stereo measurement of building heights [33]. The synergetic usage of
geodetic SAR and SAR tomography is discussed in [34].
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Abstract: In the course of the TerraSAR-X mission, various new applications based on X-Band
Synthetic Aperture Radar (SAR) data have been developed and made available as operational
products or services. In this article, we elaborate on proven characteristics of TerraSAR-X that
are responsible for development of operational applications. This article is written from the
perspective of a commercial data and service provider and the focus is on the following applications
with high commercial relevance, and varying operational maturity levels: Surface Movement
Monitoring (SMM), Ground Control Point (GCP) extraction and Automatic Target Recognition (ATR).
Based on these applications, the article highlights the successful transition of innovative research into
sustainable and operational use within various market segments. TerraSAR-X's high orbit accuracy,
its precise radar beam tracing, the high-resolution modes, and high-quality radiometric performance
have proven to be the instrument’s advanced characteristics, through, which reliable ground control
points and surface movement measurements are obtained. Moreover, TerraSAR-X high-resolution
data has been widely exploited for the clarity of its target signatures in the fields of target intelligence
and identification. TerraSAR-X’s multi temporal interferometry applications are non-invasive
and are now fully standardised autonomous tools to measure surface deformation. In particular,
multi-baseline interferometric techniques, such as Persistent Scatter Interferometry (PSI) and Small
Baseline Subsets (SBAS) benefit from TerraSAR-X's highly precise orbit information and phase stability.
Similarly, the instrument’s precise orbit information is responsible for sub-metre accuracy of Ground
Control Points (GCPs), which are essential inputs for orthorectification of remote sensing imagery, to
locate targets, and to precisely georeference a variety of datasets. While geolocation accuracy is an
essential ingredient in the intelligence field, high-resolution TerraSAR-X data, particularly in Staring
SpotLight mode has been widely used in surveillance, security and reconnaissance applications in
real-time and also by automatic or assisted target recognition software.

Keywords: interferometry; surface movement monitoring; ground control points; radargrammetry;
automated target recognition; convolutional neural networks (CNN), deep CNN; support vector
machine; SVM

1. Introduction

Designed for a five years operation, the German Synthetic Aperture Radar (SAR) satellite
TerraSAR-X has already achieved ten years of flawless operation in orbit providing high-resolution
radar images in all weather conditions 24 h per day. Developed and constructed by Airbus Defence
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and Space in Friedrichshafen, Germany for the German Aerospace Center (DLR), the satellite orbits
at a height of 514 km above Earth and provides radar imagery to a wide variety of scientific and
commercial users. To date, TerraSAR-X has not only doubled its service lifetime, but also boasts 99.9%
availability, at an outstanding performance. TerraSAR-X is in full health so that a current assessment
indicates that it can be operated for a few more years in space until a follow-on system is in place.

With a user driven end-to-end system design, TerraSAR-X has successfully carried out its scientific
and commercial data exploitation commitments through DLR’s large science phase outreach and
Airbus’s industrial partnership. TerraSAR-X has paved the way for its national focus on a sustainable
SAR technology strategy, in addition to disseminating know-how and exploring new paths for the
next generation of high performance SAR Systems based on advanced features (High Resolution Wide
Swath (HRWS), digital beamforming).

As a parallel mission, TerraSAR-X has been a source of data sharing continuity of earth observation
projects through the European Space Agency’s Copernicus programme, and other international space
organisations. In this respect, TerraSAR-X data has been extensively applied to five main thematic
areas of land, marine, atmosphere, emergency, and security.

Since the launch of its almost identical twin TanDEM-X (TerraSAR-X add-on for Digital Elevation
Measurement) in 2010, both satellites have been flying in a formation at a distance only a few hundred
metres apart. Together, they have acquired a large amount of data, which provides the basis for
the new global elevation model, WorldDEM. TerraSAR-X and TanDEM-X offer a high repeat rate,
irrespective of the area of interest (AOI) or weather conditions. This is crucial in the case of natural
or manmade disasters, where reactive mapping is needed to support situation awareness and rescue
planning. Following the launch of the PAZ (peace in Spanish), satellite in February 2018, into the
same orbit, the three satellites are now operating as a constellation to deliver even higher revisit times,
increased spatial coverage and thus improved services. Airbus Defence and Space is now working on
next generation Synthetic Aperture Radar satellites as the follow-on to the TerraSAR-X family triplets
from 2022.

TerraSAR-X features a unique geometric accuracy and offers flexible area coverage and spatial
resolution ranging from 0.25 m to 40.0 m. This answers the needs of a wide range of application
domains, such as engineering companies who ensure safe operation of large construction projects,
oil and gas enterprises that monitor remote production sites, or intelligence and security agencies that
carry out targeted surveillance and detailed change detection of site activities.

The article aims to highlight the successful transition of innovative research into a sustainable
and operational use within a commercial framework. The qualities of the TerraSAR-X mission and
its setup as dual-use (scientific and commercial) mission perfectly demonstrates that basic research
and methodological evolution can lead to relevant information for various industry segments and
administrative bodies. In the following sections the methods employed for implementation of three
operational applications are outlined. The applications are selected, since they all share a high
commercial relevance, but they vary with respect to their operational maturity level. Thus, they reflect
the typical transition steps from a scientific into a commercial context.

These operational services include Surface Movement Monitoring, an operational and mature
application that is relevant, for example, for civil engineering projects and transport maintenance.
Secondly, we discuss precise Ground Control Points, which are useful within the automotive and
aeronautics sector. The application is well established, but shall be lifted to the next evolution level
by leveraging cutting-edge research findings. Finally, we present an Automatic Target Recognition
approach, which is at a medium operational maturity level. Research in machine learning is used to
optimise the application’s performance. The achievable performance of each application in accordance
with the satellite’s systematic and processing characteristics is described.
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2. Applications and Methods
2.1. Surface Movement Monitoring (SMM)

2.1.1. Overview

SAR-interferometric (InSAR) surface deformation monitoring has gained an increasing interest
and acceptance in the commercial market. Several operational aspects are addressed by this
technique complementing and even replacing successively terrestrial surveillance approaches.
Surface movements induced by manmade activities, such as infrastructure constructions, excavations
and underground engineering, or natural disasters (e.g., landslides) can be unexpected and
far-reaching, and may endanger infrastructure and even human lives. Satellites monitor wide-area
surface movements, as well as single structure displacements [1,2] at regular intervals. They can help
to understand the nature of ground instabilities and formulate an adequate response. They may also
provide input data into simulation models to better evaluate risks of future surface movements.

The start of the TerraSAR-X mission in 2007 was a significant milestone, which helped to establish
products and geo-information services based on Earth remote sensing sources on a global scale.
In particular, Multi Baseline Interferometric Techniques (such as Persistent Scatter Interferometry
(PSI) [3], and Small Baseline Subsets (SBAS) [4]) profit from a precisely defined satellite orbit tube
and precise absolute orbit information. The sensor’s high-resolution of up to 0.25 m x 1.0 m allows
for monitoring of infrastructure elements (e.g., single buildings) on a large scale. In urban regions, a
density of 100,000 valid measurement points per square kilometre is typically exceeded. This high
level of detail in combination with complementary geospatial information, e.g., municipal building
footprints, provides added value to a broad range of applications. The aggregation of a significant
number of individual measurements at respective points and the link to relevant object dimensions
(e.g., buildings) does not only reduce the number of single measurement points, but also improves data
handling and validity levels for specific problems, in particular for non-expert users. The value-added
geospatial information can be disseminated in a user friendly way, e.g., on a web platform. The way in
which information is provided is crucial for a widespread acceptance of the technique and consequently
the use by decision makers in industry and public authorities. High-resolution surface movement
products based on TerraSAR-X synergistically complement small scale information layers, such as the
German Surface Movement Service (Bodenbewegungsdienst Deutschland BBD [5]).

The following case study demonstrates the capacity of TerraSAR-X showing a relevant operational
use case in an active mining area. The use of TerraSAR-X helps determine relatively dynamic
movements, but also identifies phenomena of a slower movement rate; quick and frequent situation
updates are achieved in an 11-day repeat cycle, cloudless long-term observation allow for the
assessment of slowly ongoing or historic situations. The end-user profits from a high density
of information.

2.1.2. TerraSAR-X Surface Movement Monitoring Case Study

Surface movement detection based on INSAR measurements is demonstrated in an opencast
mining region in western Germany near the city of Cologne with known tectonic faults, which is also
affected by groundwater abstraction. The method is based on interferometric SBAS processing of
34 TerraSAR-X repeat-pass scenes, acquired between February 2015 and March 2016 in StripMap (SM)
mode at a spatial resolution of 3 m and a repeat cycle of 11 days. The acquisitions were recorded from
a descending orbit (rel. orbit 63, strip009R) with HH (Horizontal transmit and Horizontal receive)
polarisation and an incidence angle of approximately 34°. We used a semi-automated processing chain
for interferometric SAR analysis and post-processing with the objective of providing user relevant
deformation information (Figure 1).
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Figure 1. Semi-automated interferometric time series processing and post-processing steps.

The interferometric SBAS processing of the TerraSAR-X data stack was carried out using the
SARscape software (Version 5.2) from sarmap S.A. [6]. For the creation of the interferometric-pairs
network, geometric baselines have been limited by a threshold of about 183 m to avoid geometric
decorrelation. The maximum temporal baseline has been limited to 176 days. The Time-Position Plot
in Figure 2 shows the final interferometric network that was used and the differential interferograms
for estimation of the deformation time series with measured displacements in line-of-sight (LOS).
SBAS processing also includes atmospheric phase screen (APS) for estimation of the atmospheric
effects (second inversion). A reliable estimation of these atmospheric components could be achieved
by using default APS SARscape setting parameters. This means we used an atmospheric low pass size
of 1200 m and atmospheric high pass size of 365 days for atmospheric correction.

Time-Position Plot
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Figure 2. Time-position plot of SBAS connection graph for the used scenes in the case study (left figure).
TerraSAR-X scenes were acquired on the listed dates in the table on the right.
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After an extensive quality control of SBAS results and under the assumption of no horizontal
displacements, the LOS results could be transformed into vertical displacements (see step ‘Movement
Projection” in Figure 1).

Figure 3a provides the area extent and a detailed view of vertical movement velocity in the area.
The dimension of the large-scale subsidence areas is closely connected to the known location of tectonic
faults (black hatching lines in Figure 3). Locally, further subsidence areas are detectable, e.g., on waste
disposal sites. Figure 4 shows the time series of estimated vertical displacements for three selected
measurement positions in Figure 3b. On the west side of the tectonic fault, we can observe a high
subsidence velocity of about —17 mm/year (P1), while further east the velocities are clearly smaller
(P2—approx. —3 mm/year). Furthermore, the time series of P1 and P2 show a significant linear
behaviour in time depending on groundwater withdrawal activities of opencast mining. By contrast
on the waste disposal site, the time series of P3 shows a higher velocity, but also a deceleration. This is
due to the varying causes of movement.

For a more detailed analysis of objects of interest in a movement area, high-resolution TerraSAR-X
data is particularly recommended, in order to fully exploit the high sampling of the surface showing
local and small scale specific differences in the movement behaviour. Therefore, high-resolution
TerraSAR-X acquisitions are used for enhanced and precise localisation of active tectonic faults
(see Figure 3b).

In general, urban structures provide a sufficiently high number of valid measurement pixels.
In rural areas with dense vegetation on agricultural land, grasslands, forests and plantations, however,
no surface valid movement results can be derived, due to vegetation growth and movement and the
resultant radar backscatter changes over time. Infrastructure objects are stable radar backscatter targets,
thereby allowing the allocation of a large number of measurement pixels to create feature layers, as
shown by railways in Figure 3c, roads (Figure 3d) and buildings (Figure 3e). In the region of interest,
approximately 75% of railway networks, and about 40% of road networks have been covered by
surface movement results retrieved from TerraSAR-X StripMap data. Therefore, a railway operator has
the possibility for high-resolution, large-scale deformation monitoring of his rail network to identify
critical sections. Municipalities and district authorities can be supported in their management and
fulfilment of duties to detect and maintain traffic lines affected by deformation. Experience shows that
insurance companies, for example, are highly interested in building-level movement information in the
context of loss adjustment in areas affected by mining-induced surface deformation. For each building,
a time series of surface movement measurement pixels is available including, for example, movement
velocity and acceleration/deceleration. An extensive analysis allows the extraction of damage-relevant
information, such as the maximum tilt of a house, the date when the tilt threshold is surpassed and the
potential risk of instability and break. In Figure 3f, houses and railway segments with maximum tilts
greater than 0.3 mm/meter are identified. These houses are potentially at risk of damage.

117



Remote Sens. 2018, 10, 1535

[—_—
e

o

Figure 3. Selection of operational TerraSAR-X surface movement products for an opencast mining
region with known tectonic faults (black hatching lines of ISGK100 © Geologischer Dienst North
Rhine-Westphalia 2018): (a) Vertical movement velocities in the AOI of 13 x 13 km?; (b) Subset area
(white rectangle in (a) with Surface Movement Monitoring (SMM) measurement pixels in Horrem
(Kerpen, Germany); (c) SMM railway allocation product; (d) SMM road allocation product; (e) SMM
building allocation product; (f) SMM enhanced product with marking of buildings and railway sections
with maximum tilts > 0.3 mm/m in a detailed area. Background: World Imagery (Source: Esri, Digital
Globe, GeoEye, Earthstar Geographics) and OSM data (© OpenStreetMap).
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Figure 4. Time series of vertical displacements (plotted points) and linear regression line (solid line) on
selected measurements positions in Figure 3b. (a) refers to the points P1 and P2, shown in Figure 3b.
Though spatially adjacent the temporal displacement of both points significantly differs. (b) refers to
point P3 and represents the subsiding tendency of a waste disposal site.

2.2. Ground Control Points (GCP)

2.2.1. TerraSAR-X GCP Background

Reliable Ground Control Points (GCPs), i.e., points of known geographical coordinates, are an
essential input for the precise orthorectification of remote sensing imagery, the exact location of targets
or the accurate georeferencing of a variety of geo-datasets. Although GCPs collected by terrestrial
means typically offer a high accuracy, the TerraSAR-X based space-borne approach is of significant
interest in such areas where access can be hazardous or may not be authorised. Thanks to TerraSAR-X's
precise orbit determination accuracy (within the range of centimetres), the precise radar beam tracing,
its high spatial resolution and the resulting high positional accuracy of the imagery, the satellite proves
to be highly suitable for obtaining 3D ground information. Based on stereo imagery or multiple
image datasets acquired at defined geometrical conditions, GCPs can be obtained at a high accuracy
in East (E), North (N) coordinates and in Height (H). The subsequent use of the retrieved points is to
establish a control point database for commercial use, particularly in poorly mapped areas, where such
information is not available or insufficiently accurate.

TerraSAR-X and TanDEM-X are capable of high-resolution and multi-beam image acquisition.
Along with the image data, detailed and very precise orbit data allow for highly accurate 3D
information extraction based on stereo or multi-angle image data sets. The image geolocation
positioning error is proved to be less than 10 cm in azimuth and range [7,8].

For automated radargrammetric ground control point extraction, a minimum of two images
acquired with the same orbit direction or, ideally, from ascending and descending orbits are acquired
over the area of interest. The disparity angle o (compare Figure 5) between the acquisition geometry of
the 2 images is of great importance for the establishment of a stable geometric model. Measurements
of corresponding points in two or more images are used to determine the ground coordinates
(Easting, Northing, and Height). The general mathematical background of this intersection procedure
is given in [9]. Detailed analysis of image stereo constellations for high performance can be found
in [10,11].
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Figure 5. Stereo image configuration for Ground Control Points (GCP) calculation.

2.2.2. TerraSAR-X GCP Case Study

The test site in the South-West of Denver, USA, mainly covers urban/suburban and rural areas.
According to the image data acquisition scenario, shown in Figure 6, TerraSAR-X Staring SpotLight
(ST) images are acquired as stereo image pairs in HH polarisation. For each acquisition period, three
images taken from ascending and descending orbits were used. The image parameters are summarised
in Table 1.

Table 1. TerraSAR-X data over south west Denver, USA acquired with Staring SpotLight (ST) mode
(rg—range, az—azimuth).

ID  Acquisition Mode Date Orbit Direction Incidence Angle (°)  Resolution rg/az (m)
1 ST 09.05.2014 Descending 42.5 0.88/0.38
2 ST 15.05.2014 Descending 53.5 0.74/0.32
3 ST 08.06.2014 Ascending 35.8 1.03/0.44

In Figure 6, an overview of the Denver test site and the measured points is shown. Points are
selected in urban and suburban areas to achieve a mix of diverse surface features, different elements,
such as point scatterers (lamp posts and utility poles), road crossings and roundabouts.
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Figure 6. Overview of the area of interest (Denver, USA) and selected points for ground coordinate
measurements. The white box indicates the subset in Figure 7.

Figure 7 depicts the backscatter response of a point target localised in the TerraSAR-X ST image.

Due to the high spatial resolution and radiometric performance of TerraSAR-X ST, the point target is
clearly pronounced.

ST, 08.06.2‘0" ;

Figure 7. Signal response of a point target (centre peak) in the TerraSAR-X ST image as marked with
white box in Figure 6.

For the validation of the TerraSAR-X retrieved Ground Control Points, highly accurate reference
coordinates of similar features obtained from Differential Global Positioning System (DGPS)
observations, i.e., ITRF 2008 with the Epoch of 2012.0, are employed [12]. The advantage of the DGPS
measurements is the very high positional accuracy of the measurements and the global availability
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with a consistent quality. This reference data was measured with survey grade GPS equipment and
processed to an absolute and global accuracy better than 10 cm with CE95 and LE95 confidence
levels [12].

The RMSE values of the point residuals in Easting (AE), Northing (AN) and height (AH), as well
as for horizontal and spatial displacements are shown in Table 2.The original TerraSAR-X ST pixel
spacing is approximately 20 cm [13].

Table 2. Absolute and relative 3D geolocation accuracies for retrieved GCPs from TerraSAR-X ST data

(n=12) [13].
AE (m) AN (m) AH (m) A Horizontal (m) A Spatial (m)
Mean —0.28 —0.39 —0.07 0.68 0.83
RMSE 0.48 0.54 0.44 0.73 0.85

Difference in planimetric East (AE) and North (AN), as well as Height of measured GCP compared to DGPS
measurements (AH).

2.3. Automatic Target Recognition (ATR)

2.3.1. Method

For surveillance, security and reconnaissance applications, high-resolution TerraSAR-X data has
been exploited with respect to the detection of relevant ground targets in real-time by automatic
and assisted target recognition software. Target detection and recognition is one of Airbus’s main
technology development products, which are utilised in a variety of applications on both green and
blue borders, e.g., for target tracking and recognition, change detection and recognition, anti-piracy or
immigration-control, and ship detection of search and rescue operations.

The TerraSAR-X satellite acquires high-quality, high-resolution commercial radar data well suited
for purposes of earth observation, target detection and recognition. TerraSAR-X operates in three
main acquisition modes: ScanSAR (16 m resolution), StripMap (3 m resolution) and SpotLight modes
(0.25 t0 0.5 m). In this section, machine learning methods applied to specific target signatures for
detection and recognition applications with high-resolution TerraSAR-X images are investigated.

With the increase in processing capabilities through fast multiple parallel graphical units
(GPUs) [14], the availability of large-scale annotated datasets, the accessibility of high-resolution
SAR imagery and the intense demand from civil applications, the push to develop automated target
recognition with transfer learning has grown. Machine learning techniques are often engaged in
autonomous detection of the targets based on appropriate training data sets. Convolutional Neural
Networks (CNN) include a specific architecture of deep learning and are particularly effective in object
and feature classification [15,16]. The CNNs algorithm convolves the input data with a successive
number of pre-learned kernels to derive and encode target features prepared for classification.
Deep Convolution Neural Network is the stepping block within ATR that iteratively and adaptively
customises a variety of relevant features to classify and identify targets. Deep learning does not require
any manual pre-built feature extractor, but rather excerpts features automatically. Therefore, an increase
in the number of high-quality training datasets enhances feature recognition. In order to minimise
experimental risks, the training data set parameters must be adjusted for their quality, quantity
and target feature diversity. A hybrid system comprising Deep CNN (DCNN) and Support Vector
Machines (SVM) algorithms has been designed at Airbus specifically for TerraSAR-X. This hybrid
design has shown to decrease generalisation error producing complex non-linear constraints that give
the highest possible differentiation between trained target classes and the surrounding environment,
as well as reducing total throughput for ATR applications [17]. The hybrid system efficiently combines
convolutional networks effective learning of invariant features, with support vector machines fast
and powerful decision making to reduce the number of parameters and thus increases the runtime
performance of the network Figure 8 shows the steps employed in the ATR processor.
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Figure 8. Automatic Target Recognition (ATR) real-time processing steps emulated on a stand-alone
computer using Synthetic Aperture Radar (SAR)-specific feature extractor and frequency domain
high-speed Support Vector Machine classifier.

Input data are stacks of high-resolution TerraSAR-X level1B images in SpotLight mode. Images are
acquired at different incidence angles to account for flexibility in recognition. TerraSAR-X images are
processed to Enhanced Ellipsoid Corrected geometric projection format.

Each target of interest’s position is manually identified and labelled as a training image
patch. Following image preparation, the prepared image patches are fed into the DCNN processor.
Therein distinctive features, such as target brightness, texture, edges, shadows and corners are
automatically obtained. Each patch covers the labelled target and its surrounding pixels where
target backscattering characteristic are described by the scatter cluster rather than the scatter point
extraction. These features are combined layer by layer to achieve complex non-linear class features
that fully encode target characteristics and are superior to any manual operation. The pre-trained
layers are obtained by training the stacked convolutional auto-encoder on labelled SAR scene images.

As depicted in Figure 9, the classification architecture consists of several (here, five) convolutional
layers, followed by max pooling with rectified linear units (ReLU) activation functions and fully
connected layers. In this example, convolutional layers have adopted a pyramid structure, which
means as the convolution layers increase, the outputs of each layer are down sampled by maxpooling.
The fully-connected layer preserves the 512-neurons. The output of the last fully connected
layer is fed to the Softmax probability activation function, before going into the SVM classifier.
The Frequency-Domain Support Vector Machine is an Airbus proprietary disruptive technology,
which enables high-speed machine learning applications [18].
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Figure 9. Adaptation and processing steps of Deep Convolutional Neural Network for SAR ATR.

The application of automatic target recognition is performed in two steps: Detection and
identification. Detection is the pure localisation of the target. Identification is achieved in two
ways; a target can be identified as a member of a class (e.g., class of airplanes) or a specific type within
that class (e.g., military aircraft or civilian passenger aircraft).

The performance capabilities of an ATR application depend on appropriate feature detection,
characterised by its spatial and radiometric resolutions, and the noise level. The training phase
enables “learning by examples” and data-driven generalisation, but performance correlates to
availability and quality of training imagery. A variety of pre-training tasks can be utilised to enhance
image-signal-to-clutter ratio, for example noise reduction with spatially variant apodization [19],
polarisation whitening filters [20], or radiometrically /spatially enhanced image products [21]. The SAR
image acquisition geometry and environmental conditions are other important factors for the ATR
process. Here, ATR performance depends not only on sensor acquisition geometry, but also on
the target geometry, its shadow, layover, foreshortening or occlusion by neighbouring objects.
These limitations may be partially overcome by exploitation of target libraries created from simulated
SAR data for a specific target size, shape, orientation, and revetment. The accuracy of labelled
training targets and classes and the validity of ground-truth data in all-weather conditions are less
compromised with simulated SAR libraries. In addition to the above, considerations are made for
user requirements, where ATR applications are required to perform within minimum processing time
(near-real-time), under limited or reduced data dimensions dealing with computational complexity,
achieving a reasonably high (>90%) average precision.
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2.3.2. Automatic Target Recognition Case Study

The presented ATR experiment is executed on TerraSAR-X High Resolution SpotLight images
(with a resolution of 0.5 m) processed respectively with Spatially Enhanced (SE) and Radiometrically
Enhanced (RE) variants and TerraSAR-X Staring SpotLight images (with a ground resolution of
approximately 0.25 m x 1.0 m) with the Spatially Enhanced (SE) processing variant. In total, 93 images,
for three sites, and 26 images per area of interest in different modes containing positively labelled
targets of interest and negatively excluding targets are used for training and testing. The areas
of interest are selected to contain a large number of targets suitable for detection and recognition.
Targets of interest are four models of aircrafts with lengths ranging from 12 m to 46 m. Targets include a
variety of ground parking orientations, due to interim use of the aircraft. Table 3 provides the aircrafts’
primary dimensions.

Table 3. Aircraft dimensions for four targets considered in the ATR experiment.

Aircraft Model Length (m)  Height (m) Wing Span (m)
Bear (Tupolev Tu-95) 46.2 121 50.1
Backfire (Tupolev Tu-22) 424 11.0 34.3 0r23.3
Midas/Candid (Ilyushin IL-76M) 46.6 14.7 50.6
Colt (Antonov An-2) 124 4.1 14.2 lower, 18.2 upper wing

The areas of interest selected are Ryazan, Ukrainka and Engels airbases in Russia. Training data
sets are acquired at different incidence angles and at different orbit orientations to accommodate for
different acquisition geometries. The time series of the images accounts for the possibility of seasonal
variation throughout the year (i.e., snow and rain). Figures 10 and 11 provide distribution of variety of
images per site per acquisition for each site.
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Figure 10. Number of TerraSAR-X images per season for each location.
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Figure 11. Ground range resolution of TerraSAR-X images for each location.
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The image pre-processing step of the experiment started with conversion of TerraSAR-X images
from 16 to 8 bit by histogram truncation and rescaling. The experiment was performed on image
patches of 2048 x 2048 pixels. All training and test data patches were resampled to 0.4 m pixel spacing.
The positively labelled target chip size in the training depended on the object class size. Data chips
were utilised to train the DCNN processor. The frequency domain SVM [22] was trained on the output
of the DCNN. In this experiment, the quantitative evaluation of the ATR processor gave very promising
results. It showed especially very low false alarm rates on the additional TerraSAR-X test images.
Figure 12 provides the performance of the processor for each target on tested data. The quantitative
average precision of ATR processor on TerraSAR-X images is given in Table 4. It can be deduced that,
since the pose or ground parking geometry of the targets in this experiment did not vary significantly,
the tested target signature remained similar, and was mainly affected by signal to noise variation, due
to the sensor system and the local weather conditions. Examples of SAR image signature, and the
corresponding computer graphics models of each labelled aircraft, are shown in Figure 13.
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Figure 12. Performance of the processor for each target on tested data.

Table 4. Average precision (AP) results of Automatic Target Recognition based on DCNN and frequency
domain SVM classifier.

Aircraft Model AP

Bear (Tupolev Tu-95) 97%
Backfire (Tupolev Tu-22) 96%
Midas/Candid (Ilyushin IL-76M) 88%
Colt (Antonov An-2) 100%
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Red: Candid/Midas
Magenta: Bear
Blue: Backfire

Dark red: Colt

(a) Bear (b) Backfire (c) Candid/Midas (d) Colt

Figure 13. Target detection and classification of TerraSAR-X Staring SpotLight images for Ryazan airbase.

In preparation for the ATR experiment, every aspect of SAR imagery was considered. Products
derived from ATR applications ultimately will be utilised to support SAR image analysts where
timeliness and precision are of highest importance.

The fusion of pre-processing steps, employment of deep convolution neural network and
feature enhancement methodologies in the frequency domain to extract complex and non-linear
target attributes minimised efforts to generate optimised target features and reduced the required
processing time.

The analysis showed that the classifier’s performance is limited significantly by the sensor’s
acquisition geometry, target shape, size, orientation, revetment, and environmental variations.
The target’s geometric signature sensitivity indicates the need for feature annotation libraries at
a range of incidence angles with small intervals and limited squint variation. Target ground aspects
and orientation angles greater than 10 degrees reduce the probability of correct recognition. Therefore,
provision for additional training data with different parking positions must be made. In addition,
significant differences between signatures of the same target were observed from different imaging
modes of TerraSAR-X. The ATR classifier cannot be reused and applied to High Resolution SpotLight
and Staring SpotLight images without re-training the system. This confirmed the importance of SAR
image resolution and noise level in ATR processing applications.

During this experiment, it was found that the hybrid DCNN design had a much superior
generalisation performance, due to abstract feature learning and reacted better at target scale variation.
It also performed in an acceptable run-time.
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Future experiments are planned to analyse simulated SAR signatures of targets within the same
target class category. Simulated SAR data will be utilised to determine specific target attributes that
differentiate them from each other. In addition, all scenarios will be tested with different ground
parking poses and at different signal-to-clutter levels.

3. Conclusions

Since the launch of TerraSAR-X in 2007 a steady flow of high-resolution SAR data in X-band
frequency has been processed and disseminated. The raw SAR data is processed by the TerraSAR-X
multi-mode SAR processor at DLR to achieve an optimised geometric and radiometric resolution.
In addition to the TerraSAR-X basic products, Airbus Defence and Space provides TerraSAR-X value
added geo-information products to a variety of applications. In this paper, three key operational
applications were presented. Characterised by high radiometric focusing quality and phase stability,
TerraSAR-X surface movement products based on StripMap or High Resolution SpotLight mode
imagery have demonstrated an average INSAR phase velocity measurement at a resolution along the
line of sight of the sensor, which is equivalent to 1 mm/year.

Similarly, with the advantage of multiple radiometric looks in azimuth and an orbital stability
better than 10 cm, the application of ground control points from Staring SpotLight images, provides
absolute geolocation accuracy RMSE of < 0.85 m.

In the field of automated target detection and recognition, armed with a large number of training
images and objects and advances in deep machine learning techniques, new challenges are tackled, and
a fresh wave of products are currently being developed. Thanks to both radiometric stability, absolute
geometric focusing and driven by high-resolution training signatures, the operational machine learning
application has achieved an average precision of 88% to 97% for selected targets.

The advances in development of operational applications fuel the design requirements for the
next generation of synthetic aperture radar satellites as follow-on missions to the current constellation.
Based on current achievements, the new era of high-resolution wide swath sensors has started.
The importance of high-resolution imagery with greater orbital accuracy and highly focused and stable
radiometric quality are vital needs of the follow-on missions.
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Abstract: We discuss enhanced processing methods for high resolution Synthetic Aperture Radar
(SAR) interferometry (InNSAR) to monitor small landslides with difficult spatial characteristics,
such as very steep and rugged terrain, strong spatially heterogeneous surface motion,
and coherence-compromising factors, including vegetation and seasonal snow cover. The enhanced
methods mitigate phase bias induced by atmospheric effects, as well as topographic phase errors
in coherent regions of layover, and due to inaccurate blending of high resolution discontinuous
with lower resolution background Digital Surface Models (DSM). We demonstrate the proposed
methods using TerraSAR-X (TSX) Staring Spotlight INSAR data for three test sites reflecting diverse
challenging landslide-prone mountain terrains in British Columbia, Canada. Comparisons with
corresponding standard processing methods show significant improvements with resulting
displacement residuals that reveal additional movement hotspots and unprecedented spatial detail
for active landslides/rockfalls at the investigated sites.

Keywords: TSX Staring spotlight; high resolution INSAR; small-scale movements; atmospheric phase;
layover; DSM blending

1. Introduction

Recent years have witnessed a widespread increase in landslide activity due to climate warning
(deglaciation, thaw of alpine permafrost). This affects urban areas and anthropogenic activities in
the proximity of landslide-prone areas by posing a serious threat to human life, infrastructure and
transportation networks (roads, pipelines, etc.) [1]. In order to reduce the human and economic impact
of landslide disasters and define accurate risk scenarios, the use of instruments and techniques capable
of providing timely and effective information on mass movements is crucial [2].

Synthetic aperture radar interferometry (InNSAR) techniques are attractive for identification and
reconnaissance monitoring of landslide hazards, given their capability to detect surface displacements
on the scale of the radar wavelength in almost all weather conditions [3,4]. TerraSAR-X (TSX) is ideal
for regional-scale landslide investigations, as it can provide high spatial resolution repeat-pass INSAR
measurements with wide-area coverage and short repeat intervals [5]. In particular, the TSX Staring
Spotlight (TSX-ST) mode is currently the best data source on the market for monitoring small-scale
landslides; compared to classic (sliding) spotlight imaging, which has a rotation center located below
the scene, TSX-ST improves resolution in azimuth from 1 m to 0.25 m by means of an azimuth
steering the antenna to a rotation center within the imaged scene, which also allows for a significantly
lower InSAR phase noise compared to other TSX modes [6,7]. TSX-ST allows detection of small
precursor landslides, and resolves the details of fault line discontinuities at the meter scale. The short
repeat interval of 11 days allows capturing of temporal details in the mass movement time series,
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while also, the magnitude of spatial displacement gradients for faster slides, preventing aliasing in the
corresponding interferograms. Given that most landslides occur in heterogeneous areas (e.g., close to
forests or urban settlements) and are affected by pronounced seasonal weather changes, TSX-ST data
further provide the added benefit of increased spatial and temporal coherences.

The goal of our study is to investigate the suitability of TSX-ST data for the identification
and monitoring of small-scale landslides using enhanced InSAR processing methods. A number
of representative case studies of landslide-prone areas in British Columbia (BC), characterized
by a diversity of geological phenomena, were observed with TSX-ST InSAR. The sites are used
to demonstrate the enhanced InSAR methods used for processing. These methods include
a novel Digital Surface Model (DSM) blending scheme to improve topographic phase compensation,
a technique for phase recovery in layover-affected areas, and an atmospheric treatment optimization
algorithm. The study provides the groundwork for future investigations aimed at developing accurate,
robust, and automated time series analysis methods for a comprehensive landslide InNSAR solution.

The paper is organized as follows. In Section 2, for three of the case studies (i.e., Hope Slide,
Mt. Currie, and Boundary Range Slide; addressed as “test sites” in the remainder of the text) selected
to illustrate the enhanced high-resolution processing methods, we summarize the relevant background
on the ground movement in more detail, including choice of the TSX-ST InSAR datasets. In Section 3,
we describe the enhanced methods for INSAR processing of high-resolution surface displacement
maps. In Section 4, we present results from applying these methods to the three selected test sites.

2. Data and Test Sites

Three test sites (see Figure 1) that provide representative diversity for demonstrating the method
enhancements are presented in the next section. Site characteristics for these case studies are shown
in Table 1. The TSX-ST datasets for these three sites are summarized in Table 2. Figure 2 shows the
network of generated interferograms using the datasets of Table 2. The surface deformation maps of
Section 4 are obtained, for each case study, using the interferogram in the network of Figure 2 with the
least atmospheric contamination and the largest temporal baseline. If more than one interferogram
in the network exhibits, comparable levels of atmospheric contamination, and temporal baselines,
we selected the one with the smallest perpendicular baseline.

In the following, we describe the location and morphology of the sites, placing emphasis on the
geological characteristics that make them suitable examples for the individual method enhancements.

Boundary Range

Hope Slide

200 km

Figure 1. Case studies processed with TerraSAR-X Staring Spotlight Interferometric Synthetic Aperture
Radar (InSAR) and their locations. (1) Hope Slide, (2) Mount Currie, (3) Boundary Range.
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Figure 2. Network of the generated interferograms based on temporal (Btemp) and perpendicular
(Bperp) baselines for (a) Hope Slide; (b) Mount Currie; (c¢) Boundary Range Slide (ascending);
(d) Boundary Range Slide (descending). For each test site, the deformation maps of Section 4 are
generated using the interferograms highlighted in blue.

Table 1. Case studies and their characteristics.

Test Site Location Description Type of Risk InSAR Observed Phenomena
Strong deformation gradient near the
Slide scar Unstable steep scar, maior headscarp. Evidence of rockfalls near
1. Hope Slide 121.26°W 49.30°N . . p scat, maj sheer zone. Subtle movement in the
(1965 landslide) highway nearby o .
accumulation zone. Deforming patch
near the highway.
2. Mount Currie 122.78°W 50.25°N Steep Rockfall events, precursors Deformation near main

mountain ridge to catastrophic landslide

tension cracks.

3. Boundary
Range Slide

132°W 57.5°N

Slope instability, large scale

C d rockslid
ompound rocksiide movements recorded

Large scale movement at the bottom
of the landslide (toppling zone).
Sliding and transition zones are

also detectable.
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Table 2. Test sites and TerraSAR-X Staring Spotlight dataset (ascending (Asc.)/descending (Desc.)).
(Incidence angles are expressed in degrees (deg), HH polarization refers to Horizontal transmit and
Horizontal receive, and DSM is Digital Surface Model.).

Test Site Time No. Scenes Orbit Incidence (deg)  Polarization Methods Demo

Enhanced
Hope Slide August 2015-September 2017 8 Desc. 36 HH atmospheric
correction

Coherent layover

Mount Currie June 2017-September 2017 6/6 Asc./Desc. 22/34 HH topographic
correction
Boundary Range Slide June 2017-September 2017 8/8 Asc./Desc. 41/38 HH Enlﬁz:;?nst

2.1. Hope Slide

One of the largest landslides recorded in Canada occurred at this test side. The historic Hope Slide
occurred in January 1965, in the Nicolum Valley in the Cascade Mountains near the municipality of
Hope, British Columbia [8]. The landslide buried Highway 3 under 47 million cubic meters of rock [9].
Seven faults and three dominantly brittle shear zones, along with tension cracks and trench-like
features, have been recognized as the main deformation features in the Hope Slide area [10,11].
The aforementioned geological features, along with the historical landslide in the Hope Slide, draws
attention to using the TSX-ST images to perform a comprehensive analysis of slope stability on and
around Hope Slide, to better understand the triggers and dynamics of mass movements in the area.
Due to the topography of the area, the Hope Slide is exposed to strong turbulent mixing processes,
atmospheric stratification, and changes in atmospheric pressure in time, which introduce significant
atmospheric errors to these high resolution TSX-ST images [12]. Addressing and modelling the
atmospheric effect (e.g., by means of the methodology described in Sections 3.1 and 3.2) plays a key
role in retrieving the deformation phase from the TSX-ST acquisitions for the Hope Slide.

2.2. Mount Currie

This test site comprises the northeast trending ridge above the village of Pemberton and Hamlet
of Mount Currie, BC, Canada [13]. This site experienced a series of rockfall events near the ridge
crest in 2015 and 2016. The rockfall activities, which may be precursors to a more catastrophic event
associated with tectonic structures close to the Mount Currie ridgeline, raised concerns about the safety
of human lives and infrastructure in the nearby communities. As Mount Currie’s deformation features
(including rock slides, rockfalls, lineaments, and deep-seated gravitational slope deformation [14])
are also bringing about small-scale movements, the unprecedented spatial details of the TSX-ST can
shed light on these movements and their mechanisms in Mount Currie. The challenge we need to face
for using InSAR in such a rugged topography is shadow /layover effect, which decreases the quality
of derived deformation maps from TSX-ST images. Even though the TSX-ST images have a high
resolution, in a mountainous area with rugged topography, as with Mount Currie, the intractable
geometrical distortions (shadow /layover) restrict the potential of repeat-pass INSAR. As a result,
the methodology detailed in Section 3.3 is crucial to extracting additional information from the
affected areas.

2.3. Boundary Range Slide

The Boundary Range Slide, located in the Coast Mountains of northwestern BC, Canada,
has developed since 1956, when the bedrock started moved extensively and rapidly [15]. The retreat
and downwasting of the Boundary Range Glacier appeared to have played a key role in the evolution
of such a landslide. The investigations in 2008 showed that this landslide is approximately 1 km wide,
500 m long, and is actively deforming [16]. Clayton et al. [17], identified three geomorphic zones within
the main landslide, including a lower zone that is toppling, an upper zone of sliding, and a transition
zone of extension in between. As the area is changing very rapidly (0.8, 0.33, and 0.19 m/year for the
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toppling, transition, and sliding zones, respectively), an up-to-date high-resolution DSM is required to
subtract the topographic and atmospheric contributions of the phase from the interferograms. To do
so, we use a 2017 high resolution photogrammetric DSM (1 m) covering a small patch within the
TSX-ST footprint. This DSM is merged with a low resolution Shuttle Radar Topography Mission
(SRTM) extending over the whole area (30 m, generated in 2000) using the enhanced blending method
described in Section 3.3.

3. Methods

In this section, we describe the developed individual enhanced methods for high-resolution
InSAR processing, and how they integrate with the standard InSAR processing steps. Due to the
current shortness of our INSAR time series, advanced stack-based INSAR methods cannot be used
reliably, and “standard processing” here refers to basic pairwise INSAR (D-InSAR).

The D-InSAR phase, as the phase difference between two complex valued SAR images, can be
decomposed as

Gint = Pger + d)topo + datm + Pref + En- (€]

The deformation term ¢ger accounts for temporal changes in phase occurring between the
two acquisitions, e.g., due to surface movement or dielectric changes. The term Propo 18 the topographic
phase component due to difference in satellite orbit (spatial baseline) for the two acquisitions. ¢,y is
the phase component from propagation delays due to atmospheric water vapor variations in time
and space. This quantity can be modelled as the sum of a “static” atmospheric term, which is
a function of elevation, and a “dynamic” atmospheric term (based on the dynamic nature of the
troposphere governed by minute-scale temporal variations of atmospheric water vapor largely at
spatial scales > 3 km). The “flat earth” phase ¢ is proportional to the spatial baseline and the bald
Earth ellipsoid, as seen by the side-looking SAR geometry. Finally, ¢,, accounts for any residual phase
noise in the sensor electronics and due to temporal decorrelation of the imaged surface.

To obtain accurate surface displacement maps, ¢4 is estimated from the observed interferogram
by appropriately modeling/estimating and compensating the other phase components in Equation (1).
Standard methods to carry out the phase corrections to ¢4ef are implemented in an automated
python-based InSAR stack processing chain built on top of the Gamma software (e.g., [18]). Except for
reference phase ¢, whose removal is uncontentious, we have developed enhancements for high
spatial resolution data to the corresponding standard methods. These methods enhancements are
detailed in the following subsections.

3.1. Atmospheric Phase Correction

Any changes of the troposphere (e.g., water vapor distribution and air pressure) between the
two acquisitions of an interferogram lead to a phase error component ¢,y,,. If the atmosphere is at rest
at the time of a SAR acquisition, the equations of motion become [8]

—10P
O—?fo,
02%1%, 2)
_iep
T op oz’

with P atmospheric pressure, p air density, g gravity, and X, y, z being easting, northing, and elevation,
respectively. Equation (2) shows that for a static atmosphere, P depends on z only. As a consequence,
the static atmospheric contribution of ¢, which is proportional to the pressure difference between the
SAR acquisitions forming the interferogram, will also be a function solely of z [9]. For most atmospheric
conditions, this function is an exponential that is well approximated by a linear or quadratic polynomial,
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pol(a,z), with coefficient vector a. In contrast to the static contribution, which depends on elevation,
the dynamic contribution to ¢, is proportional to the difference in the random turbulent patterns of
moving water vapor at the SAR acquisition times. While these patterns are hard to predict or model,
they have little spatial energy at scales below 5 km [19], which separates them from most of the landslide
displacement patterns we want to measure, which occur at scales of 1 km or less.

According to [20,21], a linear or a power-law relationship between the phase and topography
can be assumed to correct for the atmospheric correction from the high-resolution interferometric
phase. Therefore, we implemented a method to estimate both the static and dynamic part of ¢,
using correlation analysis between the phase of atmospheric-contaminated interferograms and ground
elevation from an accurate high-resolution DSM via the iterative algorithm detailed in Figure 3.
Areas of suspected movement are masked from the interferogram, which is segmented into overlapping
tiles of ~0.5 km x 0.5 km. The algorithm in Figure 3 is carried out for each tile. In a first iteration,
the coefficients are found by least squares fitting over an area of the interferogram tile. The support area
for the fit must have a small enough elevation diversity to contain the atmospheric phase component
safely within one 27t interval, to prevent incorrect fitting of wrapped phase values. In a second iteration,
the coefficient vector, a, can be refined by adding a correction (Aa) via fitting the phase residual after
removing pol(a,z) found in the first step. As the dynamic range of the phase residual is diminished
compared to the original phase, the support area and elevation diversity can be increased in the
second step, which increases the accuracy of the polynomial fit. Iterations are continued until Aa falls
below a predefined threshold. For each tile, the constant coefficient of the polynomial (phase offset) is
interpreted as the average dynamic phase of the tile, while the higher order coefficients are interpreted
as describing the static phase contribution. The phase offsets of these overlapping tiles are then
interpolated to generate a smooth phase screen over the scene.

le
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‘ Deformation Mask ‘

No Window a
region i< 27

Yes

Fit new polynomial
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Figure 3. Static atmospheric phase removal: flowchart of the adopted iterative method for each tile.
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3.2. Layover Topographic Correction Method

Due to the SAR side-looking geometry, whenever the terrain slope exceeds the incidence angle,
more than one area on the ground contributes to the backscatter of a single resolution cell in the
SAR image; this is the well-known layover effect [22] (Figure 4a). In layover areas, INSAR produces
a superimposed phase whose decorrelation properties are governed by volume coherence criteria
even if the scattering mechanisms are all purely from surface scattering. In particular, there is
a much faster decorrelation with spatial baseline than for non-layover regions. However, for most
current space-borne sensors, the orbital tubes, and thus maximum spatial baselines, are typically kept
small, and layover areas, particularly in high resolution images, are often sufficiently coherent to
produce an InSAR phase that is at least theoretically usable. Steep and rugged mountainous terrain in
high-resolution SAR generally exhibits a significant number of disjointed layover areas as incidence
angle cannot be chosen too large, to avoid shadowing. In order to exploit coherent layover phase for
detecting ground movement, one needs to model the superposition of the phase from its different
ground contributions, and to carry out the topographic phase corrections correspondingly [23-27].
Ground motion can be detected and attributed to a unique area on the ground only when there is
a dominant (as revealed by the superposition modeling) phase contribution in the layover. For this
study, we have introduced a simple new technique to topographically correct the phase in layover
areas for this case based on an accurate SAR geometry and a high-resolution DSM (such as from
photogrammetric DSM). The ray-tracing concept of the technique is shown in Figure 4b.

SAR Antenna Layover  Shadow
+“— +—

d

Slant Range

SAR Antenna A@3) B(1) C(5)

Slant Range

Height]

$ Ground Range

Figure 4. Concept of (a) layover and shadow; (b) layover topographic correction method.

The technique consists of two steps. First, we construct a series of line-of-sight (LOS) vectors from
the sensor to the DSM for every (zero-Doppler) range line of the SAR image as a function of look angle,
which is measured at the sensor with respect to its state vector. This delivers both elevation and slant
range, which are calculated as the length of the look vector, and series as a finally-sampled function of
the look angles. Sections of the range line that are not illuminated by the SAR, due to shadow, are first
found and marked via ray tracing as a binary illumination mask matching the series. The slant range
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series is then converted to a non-integer slant range pixel, and together with the illumination mask,
is used to find all elevations, their corresponding ground locations, and the local incidence angles that
share the same integer slant range pixel. The result is stored in a suitable numerical structure. Then,
the second step analyzes this result in terms of a simple relative contribution, making up the backscatter
of the non-unique layover pixels. This uses the local incidence angles of the contributions assuming
a cosine scattering law [28] and constant surface roughness. If one of the ground areas dominate the
backscatter (intensity > 75 percent of total), we assign the corresponding elevation and ground location
to the slant range DSM and geocoding look-up table, respectively. A further sophistication currently
being implemented is to use actual geocoded backscatter interpolated from only the uniquely locatable
slant range pixels to estimate the individual backscatter contributions making up the non-unique
pixels. By reducing the initial topographic phase error, our method also will improve performance of
future INSAR time series analysis in coherent layover areas. The extra height error correction in layover
found through time series decomposition [29,30] will be usable also as an a posteriori measure of
validity for the backscatter superposition model of the just-presented topographic correction method,
and consequently, also of the geolocation of the residual deformation phase.

3.3. Digital Surface Model Blending Method

The quality of the topographic correction of the D-InSAR phase ¢op, depends highly on the
accuracy of the DSM used. Baseline-dependent errors in the deformation phase stemming from DSM
inaccuracies can be removed via time series analysis [31], but for shorter series, particularly the simple
D-InSAR case, it is crucial to use as good a DSM surface as can be constructed. A standard problem
is the merging of continuous existing DSMs with lower resolution and accuracy (such as SRTM)
with newer higher resolution DSMs (often from photogrammetry and Light Detection and Ranging
(LiDAR)) to generate the DSM surface used by the InSAR processing chain [32]. To avoid artifacts in
the topographically-corrected phase across where DSMs were joined together, smooth/differentiable
transitions are desirable. For the standard InSAR case of merging two or more DSMs, there is usually
a clear hierarchy of trustworthiness, which suggests that the older coarse resolution DSM should be
altered and matched to the newer high-resolution DSM at their boundary, while the latter should
remain unaltered. By contrast, the state-of-the-art algorithms we are aware of (e.g., [33]) only allow
merging of DSMs through symmetric blending. We, therefore, developed a simple new method
based on thin-plate spline fitting, that “molds” the coarse DSM to the unaltered high-resolution DSM,
while also minimizing any distortions and stitching errors along the boundaries during the blending
procedure. The concept of the new method is shown in Figure 5.

The method consists of two steps that are described below:

e  Step one is to co-register the high- and low-resolution DSM in the overlapping area to find and
fix any potential datum issues, elevation offsets, horizontal shifts, or rotations, etc. To do so,
for each DSM, we derived feature points along the ridgelines by calculating and thresholding
the ratio between the large and the small eigenvalue of the Hessian matrix. Mutual information
method [34,35] is used to calculate the initial translation and rotation components of the affine
transformation between the two DSMs. To refine, first correspondence between the two sets of
feature points is established using the scale-invariant feature transform (SIFT [36]). Based on
this feature pair list, the Gauss-Newton method [37] is used to refine the affine transformation
parameters iteratively.

e  Step two defines a belt-shaped region of width between 100 to 150 postings of the coarse DSM
(Figure 6) surrounding the high-resolution DSM(s). A thin plate spline is then fitted across this belt,
with clamped boundary conditions of Ah = hyighres — hiowres at the inner edge (=boundary of the
high-resolution DSM) and 0 at the outer edge of the belt. The result of this fit is a correction surface
that is subtracted from the coarse DSM. The so-corrected coarse DSM can then be seamlessly
merged with the high-resolution DSM by simply inserting the latter into the former.
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4. Results and Discussion

The methods detailed in Section 3 are now applied to the three test sites presented in Section 2 to
generate accurate surface deformation maps. The results of this study are illustrated and discussed in
the following.

4.1. Hope Slide

4.1.1. Atmospheric Phase Correction

As highlighted in Section 2.1, we expect the Hope Slide interferograms to be influenced
considerably by atmospheric changes due to the topography of the area (see Table 3). For instance,
the phase pattern of the Hope Slide interferogram shown in Figure 7a (June to August 2015) is
indicative of pronounced atmospheric effects that, if not corrected, would significantly affect the
accuracy of the estimated surface deformation. The procedure detailed in Sections 3.1 and 3.2 is
applied to mitigate the phase induced from both static atmosphere (Figure 7b) and dynamic atmosphere
Figure 7c). A remarkable reduction of the atmospheric-induced effects can be observed by comparing
the interferograms before (Figure 7a) and after (Figure 7d) atmospheric correction.
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Figure 7. Hope Slide: TSX interferogram (21 June 2015-4 August 2015). (a) Original; (b) static
atmospheric corrected; (¢) dynamic atmospheric screen; (d) static and dynamic atmospheric removed.

Table 3. Hope Slide presented interferograms.

Section Demo Pair Orbit Incidence Polarization P?rp. Weather
(deg) Baseline (m)
Atmospheric 21 June 2015 Cloudy, 10 °C
phase correction 4 August 2015 Desc. 36 HH 4 Foggy, 14°C
Surf: °
urface 15 August 2015 Desc. 36 HH 160 Clear, 13 °C

deformation map 23 September 2017 Partly Cloudy, 16 °C

4.1.2. Surface Deformation Map

Figure 8 shows an atmospherically corrected interferogram, August 2015 to September 2017,
spanning close to the maximum observed time period (see Table 3). The spatial baseline of
this interferogram is approximately 160 m. Despite having a relatively large spatial baseline,
this interferogram has the least dynamic atmospheric contamination and the largest temporal
baseline. In the same figure, four areas with small-scale deformation are highlighted in red, with the
corresponding zoom insets displayed on either side.

The first inset shows a newly identified area with rockfall potential near the headscarp of the
Hope Slide. The most evident deformation feature is a small region containing a full interferometric
color fringe indicative of a strong deformation gradient. The second inset shows another similar active
part of the landslide. The concentration of the regional tectonic features, such as faults and shear zones
(Figure 9), which reduce the quality of rock mass [11], can cause onset of rockfalls or slides compatible
with the deformation pattern observed in the interferogram. The third inset shows subtle movement
in the accumulation zone of the Hope Slide, where the debris of the historic landslide has accumulated
and created a bulge. The interferogram suggests subtle movement away from the SAR sensor and
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along the LOS direction for this region. This movement may indicate secondary slides in the deposits
of the historic landslide, or alternatively, subsidence/settling of the bulge.
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Figure 8. Hope Slide: Geocoded TSX interferogram (15 August 2015-23 September 2017). The four areas
where deformation is observed are highlighted in red, and the zoom insets and the scales are also presented.

492N

Google Earth

121.2°W

Figure 9. Hope Slide: geology map (Source: Google Earth). Trench (brown), fault (blue), and shear
(red) are presented.

The fourth inset shows a small deforming patch located near the highway. This area corresponds
to the distal edge of the coarse portion of the 1965 Hope Slide deposit. As the movement is observed in
the LOS direction, there are two possible deformation scenarios: either the landslide deposit might be
subject to subsidence on its eastern side, or the eastern side of the hill is experiencing a slow landslide.
Although the deformation is subtle in this zone, at its current rate, it may lead to minor damage to
road prism and the need for maintenance.
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4.2. Mount Currie

4.2.1. Layover Topographic Correction

As discussed in Section 2.2, all Mount Currie interferograms are expected to be affected by
small-scale dissected layover, owing to rugged topography and steep incidence angle. The method of
Section 3.2 is therefore applied to all interferograms in order to topographically correct the phase in
layover areas. The algorithm allows for pinpointing of areas whose non-zero residual phase in the
original interferogram is caused by erroneous topographic correction inside layover/shadow areas,
rather than actual deformation.

In Figure 10, we demonstrate the performance of the proposed layover topographic correction
method for a layover-affected subregion of an 11-day interferogram with a spatial baseline of
21 m (see Table 4). A comparison of the interferograms before and after correction (Figure 10a,b),
respectively) shows a number of layover artifacts in the original interferogram (highlighted with red
arrows in Figure 10a) as well as shadow-affected areas that are now corrected and masked out.
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Figure 10. Layover topographic correction: Mount Currie, TSX staring spotlight interferogram
(24 July—4 August 2017). (a) Conventional method; (b) layover corrected with shadow mask; (c) number
of topographic solutions. Red arrows show the false motion areas, which have been removed after
layover correction.
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Table 4. Mount Currie presented interferograms.

Incidence Perp.

Section Demo Pair Orbit Polarization X Weather
(deg) Baseline (m)
, . . 24 July 2017 Clear, 28 °C
Layover topographic correction 4 August 2017 Desc. 34 HH 21 Clear, 26 °C
. 2 July 2017 Clear, 27 °C
Surface deformation map 6 September 2017 Desc. 34 HH 5 Windy, 18 °C

4.2.2. Surface Deformation Map

Figure 11 shows a 66-day interferogram spanning the period 2 July to 6 September 2017.
Besides a negligible residual atmospheric phase for both acquisitions of the pair, this interferogram
also has the smallest spatial baseline (5 m) and longest possible temporal baseline achievable with our
data to date. Details about this pair are available in Table 4.

Surface movements are observed in two areas on the northern face of Mount Currie. The first region,
which is situated along the ridge east of Currie, is a source for potential rock avalanches according to BGC
Engineering report [14]. The interferogram indicates ongoing deformation in this area, which encompasses
the main tension cracks. The deformation observed in the interferogram is consistent with the deformation
pattern previously documented in this area [13]. The high quality information of this interferogram
suggests a rock avalanche precursor motion, which, if it happens, might dam Green and Lillooet rivers
and damage the airport [14]. The second area shows another noticeable block movement occurring
near a zone characterized by a deep-seated gravitational slope deformation delimited by tension cracks.
The observed movement suggests the potential of rockfalls in this zone.
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Figure 11. Mount Currie: Geocoded TSX interferogram (2 July 2017-6 September 2017). The two areas
where deformation is observed are highlighted in red, and the zoom insets and the scales are also presented.

4.3. Boundary Range Slide

4.3.1. Digital Surface Model Blending

With respect to high deformation rate and ongoing glacial retreat in the Boundary Range Slide,
it is essential to use an updated high-resolution DSM for the INSAR processing. To update the existing
DSM of the area (SRTM, 30 m resolution), we merged the latter with a more recent high-resolution
photogrammetric DSM (1 m) covering a small patch within the radar footprint using the thin-plate
blending method detailed in Section 3.3.

The shaded relief of the generated DSM is displayed in Figure 12a. For comparison, we also
computed a second DSM by blending photogrammetric and SRTM DSMs via a conventional
amalgamation approach implemented in ArcGIS software. This approach takes the average of the
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two DSMs in the overlapping areas and along the boundaries to generate a smoother blended DSM.
A small patch of each DSM has been selected over the highlighted area in Figure 12a, and is presented
in Figure 12b,c to visually compare them.

The elevation profile for a transect of both blended DSMs (i.e., between A and B, see Figure 12a),
plotted in Figure 12d, indicates good agreement between photogrammetric and thin-plate blended
DSM, confirming that the proposed method is only altering the lower resolution DSM, leaving the
high-resolution DSM intact. When using the conventional approach, on the other hand, one can
observe pronounced differences between photogrammetric and blended DSM (error up to 62 m,
see Figure 12e) owing to the symmetric smoothing of the high- and low-resolution DSMs, regardless of
their substantial differences in acquisition dates and resolutions. In addition to that, the conventional
approach generates noticeable discontinuities/wrong elevations at the boundaries between low- and
high-resolution DSMs (Figure 12c).
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Figure 12. Cont.
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Figure 12. DSM blending, Boundary Range Slide. (a) Thin-plate blended DSM; (b,c) zoom of the red
box in (a) for thin-plate blended and ArcGIS blended DSMs, respectively; (d) height profile along the
A-B transect shown in (a); (e) difference between photogrammetric and ArcGIS blended DSM over the
red box in (a).

4.3.2. Surface Deformation Map

The ascending and descending interferograms in Figure 13 are characterized by a very small spatial
baseline (i.e., 27 m and 33 m respectively), and a temporal baseline that is close to the maximum that the
study allows (i.e., 66 days, from June to September 2017). These interferograms have also a negligible
identified residual atmospheric phase for both acquisitions of the two pairs (details in Table 5).

Surface movement is observed in one major area (highlighted in red in Figure 13). Owing to the
high resolution of ST-TSX data, the approximate boundaries of the sliding, transition, and toppling
zones of the Boundary Range Slide are recognizable based on their rates of deformation (see the zoom
insets in Figure 13). The location of the Boundary Range Slide main scarp, which forms the upper
boundary of the sliding zone, is clearly detectable in the interferograms. The interferometric phase
further shows large scale movement at the bottom of the landslide area corresponding to the toppling
zone as the fastest moving part of the slide identified by previous studies [16]. The transition zone is
also detectable in the interferograms, separating the two abovementioned areas.
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Figure 13. Cont.
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Figure 13. Boundary Range Slide: Geocoded TSX. (a) Descending orbit interferogram (30 June 20174
September 2017); (b) ascending orbit interferogram (29 June 2017-3 September 2017). The two areas where
deformation is observed are highlighted in red, and the zoom insets and the scales are also presented.

Table 5. Boundary Range Slide presented interferograms.

Section Demo Pair Orbit Incidence Polarization P?rp. Weather
(deg) Baseline (m)
. 30 June 2017 Cloudy, 15 °C
Surface deformation map 4 September 2017 Desc. 38 HH 33 Mainly Clear, 21 °C
. 29 June 2017 Cloudy, 17 °C
Surface deformation map 3 September 2017 Asc. 41 HH 27 Clear, 18 °C

5. Conclusions

This study presents three enhanced processing methods developed for high resolution InNSAR data
to improve the estimation of surface deformation. The first method aims to compensate for the INSAR
phase induced by static and dynamic atmosphere by fitting a linear model to phase and relative height
from a DSM for each pixel of the interferogram. The second method aims to correct the INSAR phase
over layover-affected areas based on SAR geometry and high-resolution DSMs. The third method
blends low- and high-resolution DSMs by molding the former to match the latter at the boundaries
using thin plate spline fitting.

The proposed algorithms demonstrate using TerraSAR-X Staring Spotlight datasets over
three sites in BC having geological characteristics that make them representative end-members for
this study. Performance comparisons between original and corrected interferograms show that the
proposed methods significantly improve the final interferometric deformation maps by removing the
non-deformation phase components. High coherence and unprecedented spatial detail of the results
indicate excellent suitability of TerraSAR-X Staring Spotlight data for identification and monitoring
small-scale landslides in challenging mountainous areas.

The observed movements in line-of-sight direction of the satellite reveal that all the test sites are
susceptible to future rockfalls at small and large scales. Therefore, continued assessment of the sites
with high resolution InNSAR over longer time periods is expected to quantify the likelihood of larger
events, such as rock avalanches or landslides, to help avoid future losses.
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Abstract: Landslides can have complex, spatially strongly inhomogeneous surface displacement
fields with discontinuities from multiple active lobes that are deforming while failing on nested slip
surfaces at different depths. For synthetic aperture radar interferometry (InNSAR), particularly at lower
resolutions, these characteristics can cause significant aliasing of the wrapped phase. In combination
with steep terrain and seasonal snow cover, causing layover and temporal decorrelation, respectively,
traditional phase unwrapping can become unfeasible, even after topographic phase contributions
have been removed with an external high-resolution digital surface model (DSM). We present a novel
method: warp demodulation that reduces the complexity of the phase unwrapping problem for noisy
and/or aliased, low-resolution interferograms of discontinuous landslide displacement. The key
input to our warp demodulation method is a single (or several) reference interferogram(s) from a
high-resolution sensor mode such as TerraSAR-X Staring Spotlight with short temporal baseline and
good coherence to allow localization of phase discontinuities and accurate unwrapping. The task of
constructing suitable phase surfaces to approximate individual to-be-demodulated interferograms
from the reference interferogram is made difficult by strong and spatially inhomogeneous temporal,
seasonal, and interannual variations of the landslide with individual lobes accelerating or decelerating
at different rates. This prevents using simple global scaling of the reference. Instead, our method uses
an irregular grid of small patches straddling strong spatial gradients and phase discontinuities in
the reference to find optimum local scaling factors that minimize the residual phase gradients across
the discontinuities after demodulation. Next, for each to-be-demodulated interferogram, from these
measurements we interpolate a spatially smooth global scaling function, which is then used to scale
the (discontinuous) reference. Demodulation with the scaled reference leads to a residual phase
that is also spatially smooth, allowing it to be unwrapped robustly after low-pass filtering. A key
assumption of warp demodulation is that the locations of the phase discontinuities can be mapped in
the reference and that they are stationary in time at the scale of the image resolution. We carry out
extensive tests with simulated data to establish the accuracy, robustness, and limitations of the new
method with respect to relevant parameters, such as decorrelation noise and aliasing along phase
discontinuities. A realistic parameterization of the method is demonstrated for the example of the Fels
Glacier Slide in Alaska using a recent late-summer high-resolution staring spotlight interferometric
image pair from TerraSAR-X to demodulate. We show warp demodulation results for also recent but
early-summer, partially incoherent interferograms of the same sensor, as well as for older and coarser
aliased interferograms from RADARSAT-2, ALOS-1, and ERS.

Keywords: InNSAR; landslide; phase unwrapping; phase demodulation; TerraSAR-X; RADARSAT-2;
ALOS-1; ERS
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1. Introduction

Interferometric synthetic aperture radar [1,2] (InNSAR) processing techniques for measuring
the Earth’s surface deformation have evolved dramatically over the last decades. First generation
techniques to extract the deformation phase, based on the simple removal of the topographic phase
components in pairwise interferograms [3-5] have been complemented by second generation time
series analysis techniques, which exploit temporal networks of interferograms for the simultaneous
statistical modeling of the topographic, atmospheric, and deformation phase components, with [6-9]
or without prior phase unwrapping [10-12]. Lastly, corresponding third generation techniques have
been developed for the wrapped [13] and unwrapped case [14,15], respectively, which use additionally
spatially adaptive filtering to improve coherence, while preserving spatial resolution. Also, for
the phase unwrapping of interferometric networks, more powerful spatio-temporal analogues [16]
have been developed beyond the more basic pairwise algorithms [17]. The problem of unwrapping
the InSAR phase has also been simplified already via partial demodulation of the wrapped phase,
both through the availability of higher resolution global digital elevation models (DEMs) (e.g., [18,19])
and the successful introduction of deformation models for specific types of phenomena causing
surface displacement. Examples where additional deformation modeling and demodulation can lead
to small phase residuals that ease phase unwrapping considerably include volcanoes, earthquakes,
and glaciers [20,21].

In contrast, despite the technical sophistication in processing techniques and the availability
of high-resolution DEMs, recovering from InSAR data the highly temporally variable and spatially
discontinuous deformation fields of large complex landslides have remained challenging to both time
series methods and phase unwrapping algorithms [22]. The inability to achieve a small phase residual
via modeling of the landslide deformation is mainly due to the lack of accurate geophysical models
in combination with other compromising factors, such as poor or patchwise-variable phase quality
from decorrelation (e.g., due to precipitation, seasonal snow melt, and vegetation) or from surface
disintegration caused by the deformation itself, as well as a multitude of small layover and shadow
areas caused by rugged, steep terrain.

We have developed a simple and robust phase demodulation method—warp demodulation—that
uses high-resolution interferometric data to unwrap the phase of interferograms that are partially
incoherent and/or aliased due to coarser spatial resolution. The method relies crucially on the
availability of at least one high-resolution coherent template where active faults can be delineated.
The parameterization of warp demodulation has been specifically tailored to the example of the Fels
Glacier Slide, Alaska, and consequently, the applicability of the method is restricted currently to the
diversity provided by this example. The deformation field of the Fels Glacier Slide has pronounced
discontinuities caused by multiple active lobes failing on nested slip surfaces at various depths.
There also is strong and spatially inhomogeneous temporal variation of the deformation field, as well
as significant spatio-temporal coherence variations caused by precipitation and melting of seasonal
snow cover. However, the vegetation cover of the Fels Glacier Slide is low (alpine tundra), and the
terrain ruggedness is only moderate. To provide a wider context for the current version of the warp
demodulation method, we summarize in Table 1 the general complicating factors to the successful
phase unwrapping of interferograms of landslide motion and how far these are realized by our case
study on the Fels Glacier Slide. We believe our method to be transferable with some adaptation to
other landslide scenarios.

The scope of this paper is also limited to only the spatial demodulation of the discontinuous
landslide displacement field of the Fels Glacier Slide. Extending our warp demodulation method to
include a direct coupling with the strong temporal non-linearity originating from the pronounced
temporal variations in the seasonal and inter-annual landslide drivers observed for our example and
most other landslides is the subject of follow-up work. The presented demodulation solution can be
regarded as a first step towards a robust and automated InSAR time series analysis solution optimized
for complex landslide deformation.
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The paper is organized as follows. Section 2 outlines the novel phase demodulation method.
In Section 3, we first present results from a sensitivity analysis of the new method using simulated
data. We then demonstrate the method for the Fels Glacier Slide using recent high-resolution Staring
Spotlight [23,24] TerraSAR-X (TSX-ST) data to demodulate also recent but seasonally less coherent
data from TerraSAR-X, as well as earlier, coarser resolution aliased data from RADARSAT-1, ALOS-1,
and ERS. The results are discussed in terms of capabilities and limitations, as well as in the context of
planned extensions of the new method in Section 4.

Table 1. Complicating factors to the successful phase unwrapping/demodulation of landslide
interferograms and the relevance of the Fels Glacier Slide example.

Factor Fels Glacier Slide

Strong spatial deformation gradients YES
Presence of deformation discontinuities (active faults) producing phase aliasing YES
Temporal variability of deformation (spatially inhomogeneous—multiple nested YES
active lobes with contrasting deformation driver sensitivity)

Decorrelation due to heavy vegetation cover NO
Extremely rugged topography with extensive layover/shadow-affected areas NO
Decorrelation due to rain and seasonal snow cover YES

2. Method

Our initial idea to construct appropriate demodulation surfaces that reduce the complexity of the
phase unwrapping problems for single interferograms of spatially discontinuous landslide motion was
to use a wireframe model similar to [25]. The wireframe model consists of an adjustable parametric
surface constructed over a triangular mesh. The mesh boundary includes cuts at the active fault line
locations of the slide, which enable the model to fit the displacement field first-order differentiable
except at its discontinuities. In this study, we use a related but much simpler warp demodulation model
that directly matches an unwrapped reference interferogram to the to-be-demodulated interferograms
at discrete locations along the active faults. The locally optimized match factors are then interpolated
to fit the reference to the wrapped interferograms with a global multiplicative warp function.
Compared to the full wireframe model, our warp demodulation model has the key advantage of
being straightforward to parametrize robustly. The disadvantage of the warp demodulation model of
leaving a larger demodulation residual that can still be wrapped is largely neutralized by this residual
being continuous and slowly varying spatially. As a result, the residual—in contrast to the original
discontinuous interferogram—can be unwrapped easily and accurately after applying a simple boxcar
low pass (multi-looking). The steps of our method are schematically depicted at the top of Figure 1
and are explained in more detail as follows:

Step 1 Detect Active Fault Locations. Active fault locations can be mapped robustly and accurately
by using a curvature criterion (second-order derivative; minimum threshold on the largest
eigenvalue and contrast of eigenvalues of the two-dimensional (2D) Hessian matrix of factor
>10) applied to a smoothed version of the reference interferogram. This, or a similar discontinuity
detection approach, must be used by the wireframe model, which requires continuous
parameterization of each active fault line in its entirety. For the warp demodulation model, it is
sufficient for each fault line to be represented by a (generally coarser and irregularly spaced)
representative set of points. Such a set can be found by subsampling the output from the
described curvature criterion discontinuity detector. This approach was used for the Fels Glacier
Slide example (see Section 3.2). Alternatively, it is possible to digitize the point set representing
the faults manually on the reference interferogram (as was done for the sensitivity analysis in
Section 3.1); this approach may be generally more robust, particularly if a less coherent and
high-resolution reference is used.
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Step 2 Find Local Match Factors. The reference is matched to the to-be-demodulated interferograms
within circular patches straddling the active faults at the pointset locations found in the first
step. The radius of the patches is an important parameter of the model whose influence on the
accuracy and robustness of the demodulation is discussed later. Optimum multiplicative factors
to scale the reference before demodulation are obtained now for each patch by maximizing the
(signal-biased) coherence estimate of the residual inside the patch. While this type of match
(coherence optimization) essentially minimizes the dynamic range of the coherent phase residual
of the patch (incoherent phase noise inside the patch does not change during the optimization
and thus does not affect it) it is insensitive to the phase offset between the interferogram and the
scaled reference. This is a key feature of our warp demodulation method, which favors spatial
smoothness over smallness of the demodulation residual.

Step 3 Thin Plate Spline Fit. The vector of optimum match factors at the point set locations is now
interpolated to form a continuous function of the interferogram coordinates using a thin plate
spline fit. This function is then multiplied with the reference to warp the latter into an optimum
demodulation phase surface for the interferogram. This demodulation phase is then wrapped,
and its complex conjugate is multiplied with the to-be-demodulated interferogram to form the
residual phase.

Step 4 Unwrap Residual. The residual phase, optimally smooth and slowly varying spatially, is
multi-looked and unwrapped using standard Minimum Cost Flow (MCF) techniques [17].
The unwrapped residual is added to the constructed (unwrapped) demodulation phase of step
3 to form the final unwrapped interferogram.

1. Detect Faults || 2 Matchfactors || 3 Thin-plate fit | |4 Demodulate +
- unwrap residual
F4 ‘ "® . ‘e

-, YiIrG s . RES = IFG x
vt 3 exp( -j REFxFAC)

=

m

Rl

-~
T
-

03 Aug 2015 - 14 Aug 2015 (11 days)

Figure 1. Top: the four steps of the warp demodulation method; IFG: to-be-demodulated wrapped
interferogram; REF: high-resolution unwrapped reference interferogram; FAC: interpolated factor map;
and RES: wrapped residual. Bottom: real data example of reference interferogram (TerraSAR-X Staring
Spotlight, 0.6 m ground resolution), Fels Glacier Slide, Alaska.

The warp demodulation method has several unique characteristics: (i) as already mentioned,
the method is designed to produce a smooth demodulation residual; the mean phase offset for each
patch between the reference and the to-be-demodulated interferogram deliberately is not considered
in finding the optimum local matching factors; (ii) phase structures inside the patch instead are used
for the optimization; primarily, the phase discontinuity along the fault line dissecting the patch is used,
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but secondarily, the gradients and curvature features of the displacement phase of the landslide lobes
are also used. The ability to use this secondary information allows the method to succeed in finding the
correct demodulation surface, even if phase aliasing occurs across the fault due to the acceleration of a
lobe along its downslope axis. The chosen patch radius plays an important role in how robustly the
method delivers on this ability, and this is discussed in Section 3.1, where we present a full parametric
sensitivity analysis of the method; (iii) our method relies on approximate stationarity of the phase
discontinuities between the reference and the interferogram: significant shifting of active faults leads
to artifacts also discussed in Section 3.1. The method biases the local scale factor to zero for a “flat”
coherence optimum, which handles the case correctly that when an active fault in the reference is
inactive in the interferogram, the resulting residual is smooth. However, for the opposite case where a
fault in the interferogram is not present in the reference, the coherence optimization will be insensitive
and cannot diminish the signal (residual will remain discontinuous). The wireframe model has the
same problem; if new active faults are generated, then the reference needs to be updated to include the
new faults as cuts. As there, (iv) the warp demodulation method can be generalized straightforwardly
by including several references appropriately spaced temporally and selecting the one close enough in
time for each to-be-demodulated interferogram to capture adequately the formation (and cessation) of
active faults.

3. Results

In this section, we present results from a sensitivity analysis of the new method, as well as
demonstration results using actual data. Table 2 contains a list of symbols and acronyms used in
Section 3. We want to point out explicitly that our warp demodulation method assumes the existence of
a reference interferogram of “good quality”, quantified as high coherence and unobscured by layover
with an MCF unwrapping result that is correct except for perhaps localized small errors (restricted
to the vicinity of a few pixels around minor incoherent areas). Therefore, within the scope of the
present study, the effects arising from shortcomings of the reference have not been included in the
sensitivity analysis.

Table 2. List of parameters used in Section 3.

Symbol Description
IFG To-be-demodulated wrapped interferogram
REF High-resolution unwrapped reference interferogram
FAC Thin-plate interpolated warp demodulation factor
RES Wrapped warp demodulation residual
RES-UNW Unwrapped warp demodulation residual
UNW IFG unwrapped through warp demodulation
Ah Downward shift of the IFG active lobe (with respect to REF); units: pixels
fREF Along-lobe deformation rate in the REF interferogram; units: fringes/lobe
fINF Along-lobe deformation rate in the INF interferogram. units: fringes/lobe
A¢ Difference (between REF and IFG) in the along-lobe deformation rate; units: fringes/lobe
r Demodulation patch radius; units: fraction of the main lobe’s diameter
K Steepness of logistic curve
GAU Atmospheric phase error surface
o Standard deviation of GAU

3.1. Sensitivity Analysis with Simulated Data

The warp demodulation method is applied to a dataset of simulated INSAR observations for two
different landslide scenarios:

e  Single-lobe: the deforming active lobe is modeled by a semi-ellipse (vertical semi-axis of 80 pixels,
horizontal axis of 100 pixels, Figure 2a).
e Multi-lobe: three nested semi-elliptical lobes are simulated (see Figure 2b for dimensions).
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Single-lobe Multi-lobe

80 px

i xdéw
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(a)

Figure 2. Sensitivity analysis with simulated data. Schematic depiction of the two simulated landslide
scenarios: (a) single-lobe (semi-ellipse) and (b) multi-lobe (three nested semi-ellipses). The red dots
identify the location of the demodulation patches (of radius r).

The goal of this analysis is to assess the robustness and limitations of warp demodulation with
respect to the following landslide deformation and /or demodulation parameters (see also Figure 3):

e Downward shift of the to-be-demodulated wrapped interferogram (IFG) active lobe (with respect
to high-resolution unwrapped reference interferogram (REF)).

e  Along-lobe deformation gradient types (linear or logistic ramp) and deformation rates.

e IFG “disturbances” (i.e., atmospheric and random phase noise (related to speckle)).

e Radius of the demodulation patches r (expressed in a fraction of the main lobe’s diameter).

SHIFT GRADIENT

Logistic

EEL Zree(X) = fyeeX Zrer(%) = Tepe1 + ¢!
Af=fuo-fuer |, Brolx) = firox Af=tra s | i) = firg (1 +¢™)"
GAUSSIAN SPECKLE RADIUS
Fully-developed (N-looks)
‘ ‘ & B
IFG # elAu = IFG'
PDF: Gaussian(0, ¢) + Uniform filtering (coherence 0.7)  (coherence .

Figure 3. Sensitivity analysis with simulated data. Schematic depiction of the simulation experiments.
SHIFT: robustness of the warp demodulation method against downward shifts Ah of the IFG
active lobe; GRADIENT: algorithm sensitivity to along-lobe deformation differences A¢ between
REF and IFG for ramp/logistic deformation gradients; GAUSSIAN: IFG affected by Gaussian
noise; SPECKLE: IFG affected by fully developed speckle; RADIUS: Impact of patch radius r on
demodulation performance.

Table 3 provides an overview of the experiments and a summary of the simulation results.
The most relevant findings of the simulation study are detailed in Sections 3.1.1-3.1.3
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3.1.1. Along-Lobe Deformation Gradients

In Figure 4, the Root-Mean-Square Error (RMSE) of the demodulated unwrapped phase is
displayed as a function of the difference (i.e., between REF and IFG) in the along-lobe deformation
rate A¢ = firg — frer for four different REF along-lobe deformation rates frgr. The warp demodulation
method is run using six equally spaced demodulation patches of r = 0.25 located on the main lobe
discontinuity. The statistics are obtained by assuming either a ramp or a logistic along-lobe deformation
gradient. In the latter, a curve steepness x = 4 is imposed.

Ramp Logistic

1.2

g E

@ 06 o 06]

w w

3 =

o o

1y 0
00 [ 10 K] 10 00 05 o 15 20
A [fringes/lobe] Ay [fringes/lobe]
(a) (h)

Figure 4. Sensitivity analysis with simulated data, algorithm robustness against along-lobe deformation
differences between REF and IFG. RMSE of the demodulated unwrapped phase as a function of the
difference in the along-lobe deformation rate A¢ = firg — frgr for four different REFs along-lobe
deformation rates frgp. The statistics are obtained by assuming (a) a ramp along-lobe deformation
gradient or (b) a logistic gradient (curve steepness x = 4).

Ramp gradient: The RMSE remains substantially insensitive to frgr and is approximately equal to
zero if A¢ <1 fringe/lobe. Above this threshold, the RMSE tends to increase with A¢ until the latter
reaches approximately 1.6-1.8 fringes/lobe, then the two quantities become again uncorrelated. Such
an increase is markedly abrupt for frgr = 1 fringe/lobe (from 0 to 0.96 rad as A¢ increases from 1 to
1.5 fringes/lobe).

For A values bigger than 1 fringe/lobe, the RMSE is also negatively associated with frgr. For
instance, RMSE at Ay = 1.5 fringes/lobe is seen to increase by 0.85 rad in response to a frgr reduction
by 50%.

Logistic gradient: If frgp = 1 fringes/lobe, the RMSE remains approximately equal to zero until
approximately A¢ = 1 fringe/lobe, when it abruptly increases, reaching a maximum of 1.05 rad at
A¢ =1.7 fringes/lobe. The same behavior with A¢, although with a less abrupt increase, is also found
for frpr = 1.5 fringes/lobe. If 2 < frpr < 4 fringes/lobe, the RMSE shows a positive association
with A¢ (Pearson’s correlation coefficient R = 0.93); in this case, the statistics appear substantially
insensitive to frgr and range from a minimum of 0.2 rad (at A¢ = 0.3 fringes/lobe) to a maximum of
0.5rad (at A¢ = 1.9 fringes/lobe).

3.1.2. Effect of Atmosphere-Like Disturbances

We simulated a two-dimensional atmospheric phase error surface (GAU) that shares the spatial
characteristics of the dynamic atmosphere. GAU is assumed to be zero-mean Gaussian-distributed
(with standard deviation o) and is smoothed via an 11-pixel uniform filter. The to-be-demodulated
interferogram IFG” now has the form:

IFG' = IFG-¢l GAU M

In Tables 4 and 5, we reported the mean RMSE of the demodulated unwrapped phase computed
for a population of 50 randomly generated IFG” observations at three different o values. The statistics
are obtained by assuming either a ramp or a logistic (x = 4) along-lobe deformation gradient.
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Table 4. Sensitivity analysis with simulated data, effect of atmosphere-like disturbances. RMSE (in
radians) of the demodulated unwrapped phase at three different o values (ramp gradient).

c=3 c=7 =11

Acos freEp=1 0.181 0.417 0.670
£ frep = 4 0.180 0.433 0.675
Avc1o fREF=1 0.179 0.423 0.674
£= frEF = 4 0.178 0.432 0.683
Ac1s frer=1 1.087 1.185 1.345
£= frer = 4 0.260 0.467 0.719

Table 5. Sensitivity analysis with simulated data, effect of atmosphere-like disturbances. RMSE (in
radians) of the demodulated unwrapped phase at three different o values (logistic gradient).

c=3 c=7 =11

Acos frer=1 0.180 0.431 0.667
= frer = 4 0.308 0.624 0.832
Ac1o frEF=1 0.181 0.451 0.705
£= frep = 4 0.477 0.651 0.866
Ao1s fREF=1 1.161 1.257 1414
£= frer = 4 0.528 0.692 0.905

The mean RMSE shows a trend with A¢ that is in agreement with the results of Section 3.1.1
(constant until A¢ = 1 fringe/lobe, then abruptly increasing). Compared to Section 3.1.1, all RMSE
measurements of Tables 4 and 5 are now affected by a positive offset that is positively associated with
o (e.g., compared to the case where ¢ = 3, the RMSE at ¢ = 11 is on average 0.44 rad greater).

3.1.3. Impact of the Demodulation Patch Radius

To assess the performance of the warp demodulation approach with respect to the radius of the
demodulation patches r, the RMSE of the demodulated unwrapped phase is plotted against » when
either a ramp or a logistic deformation gradient is imposed (Figure 5a,b, respectively). All simulations
are performed using six patches located on the main lobe discontinuity.

Kamp Logistic

RMSE [rad)
RMSE [rad]

o0 02 04 0.6 02 04 0.6

r r

(a) {b)

Figure 5. Sensitivity analysis with simulated data, impact of the demodulation patch radius r on the
algorithm performance. RMSE of the demodulated unwrapped phase as a function of r. (a) Ramp
gradient, A; = 2 fringes/lobe (in red: frgr = 1.5 fringes/lobe; in green: frgr = 4 fringes/lobe);
(b) Logistic gradient, A = 0.75 fringes/lobe and frgr = 4 fringes/lobe (in black: ¥ = 2; in green:
K =4).

Ramp gradient (Ay = 2): When r < 0.35, the RMSE is consistently larger at frgp = 1.5 fringes/lobe
than at frgr = 4 fringes/lobe (maximum difference of 0.72 rad at r = 0.1). Above this threshold,
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the RMSE becomes insensitive to frgr and positively associated with r (R = 0.93 at frgg = 1.5
fringes/lobe; R = 0.9 at frgr = 4 fringes/lobe). The smallest RMSE (0.25 rad) is observed when
03 <r<0.5.

Logistic gradient (Ay = 0.75, frer = 4): The RMSE is consistently smaller at x = 2 than x = 4 and
is seen to decrease with increasing r when the latter is below 0.2 (x = 2) or 0.35 (x = 4). Above these
thresholds, the RMSE remains consistently below 0.1 rad and positively associated with r (R = 0.84 at
x=2;R=096atx = 4).

The warp demodulation is also applied to a multi-lobe scenario with A¢ = 0.75 fringes/lobe
and frgr = 1.5 fringes/lobe (ramp gradient). As shown in Figure 6, a small radius r = 0.1 results
in localized phase errors within the main lobe (RMSE = 0.206 rad). When 0.3 < r < 0.5, the phase
gradient along the main lobe is accurately reconstructed. However, a number of phase artifacts within
the secondary lobes can now be observed. The number of artifacts, and hence the RMSE, appear to
increase with increasing r (r = 0.3 : RMSE = 0.181 rad, r = 0.5 : RMSE = 1.318 rad).
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Figure 6. Sensitivity analysis with simulated data, impact of the demodulation patch radius r on
the algorithm performance (multi-lobe scenario). IFG: To-be-demodulated interferogram (wrapped);
REF: reference interferogram (unwrapped); FAC: demodulation factor; RES: demodulation residual
(unwrapped); UNW: demodulated interferogram. FAC, RES, and UNW are obtained for three different
r values. The phase errors in UNW are highlighted with white dashed lines.

3.2. Real Data Example: Fels Glacier Slide

In the following, we give a demonstration of the warp demodulation method for a representative
large, complex landslide test site, the Fels Glacier Slide in Alaska. The Fels Glacier Slide [27] occupies
an instable, south-facing slope above and immediately adjacent to the lower Fels Glacier. The Fels Slide
is about 3 km from the Alaska Pipeline corridor to the west and about 2 km from the Denali Fault to the
south; earthquakes generated by the Denali Fault, such as the M7.9 one in November 2002, significantly
affect the slide dynamics. Other obvious drivers of the dynamics of the slide are meteorology (mostly
snow melt and rain) and the ongoing recession of the Fels Glacier, which additionally destabilizes the
toe of the slide. On the surface, the deforming area of the slide is about 3 km wide and has approximate
fall line and elevation extents of 2 km and 600 m, respectively. The mechanism of the deformation is a
deep-seated (depth and shape of the failure plane unknown) gravitational mass deformation forming
two large lobes separated east-west by a central dissecting gully. Overlain onto these two deep-seated
main lobes are several smaller more surficial deforming lobes that cause strong discontinuities in the
deformation field where the surface ruptures along extensive downward curving arcuate fissures.
While the deformation is classified as creep-type, movement amounts can easily exceed 30 cm per year
for the fastest areas of the slide.
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As inputs to our demodulation method, to construct the high-resolution reference “model” we
use a TSX-ST image pair 3-14 August 2015 (0.6 m spatial resolution; shown in Figure 1), and for the
to-be-demodulated lower resolution interferograms, we have selected three representative examples,
one each from ERS, ALOS-1, and RADARSAT-2 capturing different resolution (30 m, 15 m, and 3 m,
respectively), seasonal and annual separation, coherence conditions, and interferogram periods with
respect to the reference (Table 6). The TSX-ST reference is unwrapped using MCF and re-projected to
the line-of-sights of the respective other sensors. The re-projection assumes an approximate motion
direction following the average fall line as derived from a spatially smoothed version (500 m scale) of
the external DSM used for the topographic corrections and is generally robust due to the similarity of
acquisition geometries of the different sensors. Track angles in Table 6 are very similar, as expected
for space-borne data of the same orbit direction; look angles are more different but still only vary by
less than 20 degrees, which for only moderately rugged topography (as is the case for the Fels Glacier
Slide) does not lead to stark layover/shadow contrasts for the different incidence angles, guaranteeing
a smooth re-projection map. After re-projection of the template, the warp demodulation method is
then applied as introduced in Section 2 and analyzed in Section 3.1.

Table 6. Synthetic aperture radar (SAR) datasets used to test the warp demodulation method.

Sensor Resolution (m) Temp. Baseline Incidence Angle (deg) Track Angle (deg)
TSX-ST 0.6 11 days 413 —169.0
RADARSAT-2 3 48 days 44.0 —171.0
ALOS-1 15 368 days 38.8 —168.7
ERS 30 35 days 23.3 —164.3

Standard MCF unwrapping (using coherence costs and masking areas with coherence below
0.3) results of four selected test interferograms over the Fels Glacier Slide are shown in Figure 7,
subfigures (a)—(d). For easy comparison, subfigures (e)—(h) of Figure 7 show the final corresponding
warp demodulation results presented in detail in Figures 8-11 (lower right panels). Problems from
erroneous branch cuts made by the MCF algorithm are immediately apparent for both the ERS case
(within the main lobe, Figure 7a) and most strikingly for the TSX case (Figure 7d). For the ALOS-1
and RSAT-2 cases (Figure 7b,c, respectively), MCF performs better; however, more localized branchcut
problems are still easily identifiable.

-2x Tl 2n

MCF

DEMOD + MCF

Figure 7. (a-d) Standard MCF unwrapping results of four test interferograms ((a) ERS, (b) ALOS-1,
(c) RADARSAT-2, and (d) TerraSAR-X Staring Spotlight) over the Fels Glacier Slide. (e-h) Warp
demodulation results for the same test sites for direct comparison (same as subfigures (f) in
Figures 8-11). The unwrapped phase is clipped to +27.
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15 May 2016-26 May 2016
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Patch radius: 150 px

Figure 8. Warp demodulation result for a representative TerraSAR-X Staring Spotlight interferogram
(X-Band, 0.6 m ground range resolution, 11-day repeat cycle) covering 1 cycle. (a) IFG-TSX,
to-be-demodulated interferogram (wrapped); (b) REF-TSX, reference interferogram (unwrapped);
(c) FAC, demodulation factor; (d) RES: demodulation residual (wrapped); (e) RES-UNW: demodulation
residual (unwrapped); and (f) UNW-TSX, demodulated interferogram. The unwrapped phase in (b,e,f)
is clipped to £27. The demodulation patch radius is 150 pixels.

20 Jun 2010-7 Aug 2010

le (b)] |-

Patch radius: 200 px

Figure 9. Warp demodulation result for a representative RADARSAT-2 interferogram (C-Band, 3 m
ground range resolution, 24-day repeat cycle) covering 2 cycles. (a) IFG-RSAT-2, to-be-demodulated
interferogram (wrapped); (b) REE-TSX, reference interferogram (unwrapped); (¢) FAC, demodulation
factor; (d) RES: demodulation residual (wrapped); (e) RES-UNW: demodulation residual (unwrapped);
and (f) UNW-RSAT-2, demodulated interferogram. The unwrapped phase in (b,e,f) is clipped to 4-27.
The demodulation patch radius is 200 pixels.
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7 Aug 2007-9 Aug 2008

Figure 10. Warp demodulation result for a representative ALOS-1 interferogram (L-Band, 15 m
ground range resolution, 46-day repeat cycle) covering 8 cycles. (a) IFG-ALOS, to-be-demodulated
interferogram (wrapped); (b) REF-TSX, reference interferogram (unwrapped); (c) FAC, demodulation
factor; (d) RES: demodulation residual (wrapped); (e) RES-UNW: demodulation residual (unwrapped);
and (f) UNW-ALOS, demodulated interferogram. The unwrapped phase in (b,e,f) is clipped to £27t.
The demodulation patch radius is 250 pixels.

27 Jul 1995-31 Aug 1995
m BT

Patch radius: 350 px

Figure 11. Warp demodulation result for a representative ERS interferogram (C-Band, 30 m
ground range resolution, 35-day repeat cycle) covering 1 cycle. (a) IFG-ERS, to-be-demodulated
interferogram (wrapped); (b) REF-TSX, reference interferogram (unwrapped); (¢) FAC, demodulation
factor; (d) RES: demodulation residual (wrapped); (e) RES-UNW: demodulation residual (unwrapped);
and (f) UNW-ERS, demodulated interferogram. The unwrapped phase in (b,e,f) is clipped to £27.
The demodulation patch radius is 350 pixels.

Respective warp demodulation results for the same test sites are presented in Figures 8-11 (as
just stated the unwrapped interferogram (UNW) of the lower right sub-figures are also shown in
Figure 7e-h). The test case of Figure 8 (TSX-ST 2016) selects a partially incoherent interferogram with
strong seasonal deformation contrast but with the same resolution and close in absolute time to the
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reference template (TSX-ST 2015). The figure order of the remaining three test cases (RADARSAT-2
2010, ALOS-12007/2008, and ERS 1995) aligns with going further into the past of the slide deformation,
as well as towards coarser resolution. Each figure has six panels, which starting in the upper-left and
going clockwise represent the following: (a) IFG, the to-be-demodulated interferogram; (b) REF, the
line-of-sight re-projected unwrapped reference; (c) FAC, the warp demodulation factor map; (d) RES,
the wrapped demodulated interferogram; (e) RES-UNW, the unwrapped demodulated interferogram,
and (f) UNW), the final interferogram unwrapped through warp demodulation. Note that REF appears
different in each figure, as creating the reference template involves line-of-sight re-projections of
the (same) TerraSAR-X interferometric pair into the (all different) viewing geometries of the other
sensors. The choice of demodulation patch sizes reflects our reasoning on the different resolutions
and atmospheric and random noise phase error levels of the different sensors. For example, ERS
has the largest radius (350 pixels); ERS has comparable atmospheric error to RADARSAT-2, but its
random noise is higher due to factor 10 lower resolution. ALOS-1 (patch radius 250 pixels), covering
one entire year, has random noise only slightly lower than ERS over one month, but tropospheric
atmospheric noise levels in L-band are expected to be much lower than for ERS. Due to its considerably
high-resolution, the RADARSAT-2 patch radius is the smallest (200 pixels).

The findings from the real data experiments indicate that, unlike standard MCF unwrapping
(Figure 7d), the warp demodulation method performs creditably over the TSX-ST interferogram of May
2016 (Figure 8) despite the extensive (around 50 percent of area) low coherence areas of the original
interferogram. Further, the findings confirm (most obvious in the 48-day C-band interferogram of
Figure 9) that our method can handle significant aliasing in IFG that “hides” active discontinuities
through a near integer 2-pi phase ambiguity; warp demodulation still finds the correct FAC values
across these discontinuities by matching between IFG and REF the spatial texture of the phase surfaces
on both sides of the fault. RES in Figure 9d is smooth and within a single fringe, which indicates a
successful warp demodulation.

Also, for the other two cases (Figures 10 and 11) involving sensors with considerably coarser
resolution, our method still performs satisfactorily in producing phase residuals that are both
spatially smooth and sufficiently small to reconstruct the unwrapped phase of the test interferograms.
Reconstruction is not perfect, firstly due to the error sources identified in Section 3.1 (e.g., migration
and introduction of deformation discontinuities), plus a few additional ones (such as small unwrapping
errors in the reference in some small layover regions but particularly in the fast-moving area where
the eastern lobe meets the Fels Glacier). Errors in the reconstruction are by and large limited to this
fastest moving part of the slide (most visible in Figure 10e, the unwrapped residual of the ALOS-1
case), where the reference likely would also not be representative due to separation in time even in the
absence of any phase unwrapping errors.

4. Discussion

The sensitivity analysis of the warp demodulation method in Section 3.1 using synthetic
data identifies a number of error sources assuming a perfect reference. Our method, for obvious
reasons, cannot reconstruct areas where the reference does not exist. However, in areas where the
high-resolution interferogram used to generate the demodulation reference is of high quality and has
been correctly unwrapped, our method is robust with respect to almost all potential error sources; the
ones analyzed in Section 3.1 and others associated with the described processing steps, such as the
re-projection of the unwrapped reference to the line-of-sight of the to-be-demodulated interferogram.
Of particular interest is the ability of our method to recover the unwrapped phase correctly across
a lobe discontinuity, even if the phase has several wraps when followed along the discontinuity
delineating the lobe. This ability depends on the presence of a significantly strong spatial texture (local
gradient or curvature) in the phase that can be matched between reference and to-be-demodulated
interferogram to break the two-pi ambiguity of the phase jump across the discontinuity. To match
spatial textures robustly, a large enough patch size is critical. However, a very large size can also
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cause patches to overlap with multiple discontinuities, where they are closely spaced, which prevents
a smooth residual should differential deformation changes occur for the different discontinuities
with respect to the reference. The analysis in Section 3.1.3 revealed quantitatively how patch size
trades off quantitatively for realistic lobe configurations. Our warp demodulation method is generally
robust for a range of patch sizes between a half and a fifth of the main lobe diameter. An enhanced
future version of our method will use an adaptive patch size that takes the variable spacing of phase
discontinuities (slide faults) into account to combine the increase in robustness with patch size with
preserved high-resolution where several discontinuities are nested close together.

A noteworthy exception to the generally robust behavior of the warp demodulation method is
when the reference gets “out of date” (i.e., the number of discontinuities of the deformation field
identified in the reference does not match that in the to-be-demodulated interferogram (this can
be considered a more extreme case of the subtle shifting of discontinuities included in the analysis
of Section 3.1)). For the case of a qualitative mismatch of discontinuities, where either (i) an extra
discontinuity or (ii) a discontinuity identified in the reference is not active in the interferogram, there
is a pronounced asymmetry. For case (ii), the warp factor will down-scale the reference locally at
the inactive discontinuity; the warp modulation method is robust to this case (=smooth residual).
However, for case (i), the residual will be insensitive to the warp factor and the residual will be locally
discontinuous. Thus, if too many discontinuities are missing in the reference and there are additional
high-resolution datasets available closer in time, then a new reference should be constructed and
used instead.

As mentioned before, our method is easily generalized to several references and can also be
used iteratively (i.e., successfully warp-demodulated interferograms can themselves be used as
reference). A full generalization of our method to a wireframe representation in space and time
is considered as a next step. For a slide with a deep, historic INSAR dataset, this would then include
an explicit parameterization of the spatio-temporal pattern of the active faults of the landslide,
including formation, migration, and healing of faults. The patch measurements carried out with
our original warp demodulation concept presented in Section 2 could be used to make the explicit
fault parametrization converge. Once found, the explicit fault parametrization can then be used to
demodulate /unwrap the full time series of interferograms (as discontinuous aliased phase surfaces) in
a single optimization step (as per the original wireframe concept).

Besides the robustness of the method, the interpretation of the two results per interferogram
(i) warp factor map and (ii) residual phase map is also of interest for discussion. As our method targets
smoothness but not necessarily the overall smallest size of the phase residual after demodulation,
neither the residual, nor the warp factor maps can be easily interpreted quantitatively as a measure of
bulk slide activity relative to that of the reference. Qualitatively, a smooth residual shows persistence
of the fault pattern between the interferogram and the reference. Also, a factor map in the 1-range plus
a small residual indicates that the deformation field of interferogram and the reference are very similar.
However, beyond that—despite obviously containing important information about the (temporal)
changes of the slide dynamics—the interpretation of the pair residual /warp factor map is complex.
The studying of a variety of real data examples, such as the ones in Figures 8-11, has revealed that the
warp factor difference forms one measured change in the shallow (discontinues) deformation field of
the slide, while the size of the residual indicates a change in the deep deformation pattern between the
interferogram and the reference. More experiments with simulated data are planned to understand
this connection more quantitatively.

5. Conclusions

We have developed a new demodulation method (warp demodulation) capable of
producing smooth phase residuals to improve the phase unwrapping performance for older,
lower resolution, aliased interferograms of complex, multi-lobed, discontinuous landslide deformation.
Warp demodulation hinges on the identification of the discontinuity (active fault) pattern on the slide
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from a high-resolution interferogram, as well as a reference template constructed from the same
high-resolution interferogram to match locally the older, coarser interferograms—TerraSAR-X staring
spotlight mode (TSX-ST) was found to be exceptionally well suited for this purpose.

A comprehensive sensitivity analysis found the warp demodulation method to be accurate and
reasonably robust for all investigated sources. To demonstrate our method, we presented results
from three data sets of increasingly coarser resolution and distant in time from the TSX-ST reference.
Performance was convincing in all three cases, showing that current high-resolution INSAR and our
method can retrieve value from older, low-resolution data that cannot be processed on their own due
to low coherence and aliasing, which is useful for the historic analysis of landslide dynamics.
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Abstract: The use of satellite SAR interferometric methods has significantly improved the monitoring
of ground movements over the last decades, thus opening new possibilities for a more accurate
interpretation of land subsidence and its driving mechanisms. TerraSAR-X has been extensively
used to study land subsidence in the Venice Lagoon, Italy, with the aim of quantifying the natural
and anthropogenic causes. In this paper, we review and update the main results achieved by three
research projects supported by DLR AOs (German Aerospace Center Announcement of Opportunity)
and conducted to test the capability of TerraSAR-X PSI (Persistent Scatterer Interferometry) to
detect ground movements in the complex physiographic setting of the Venice transitional coastal
environment. The investigations have been focused on the historical center of Venice, the lagoon
inlets where the MoSE is under construction, salt marshes, and newly built-up areas in the littoral.
PSI on stacks of stripmap TerraSAR-X images covering short- to long-time periods (i.e., the years
2008-2009, 2008-2011 and 2008-2013) has proven particularly effective to measure land subsidence
in the Venice coastland. The very high spatial resolution (3 m) and the short repeat time interval
(11 days) of the TerraSAR-X acquisitions make it possible to investigate ground movements with
a detail unavailable in the past. The interferometric products, properly calibrated, allowed for
a millimetric vertical accuracy of the land movements at both the regional and local scales, even for
short-term analyses, i.e., spanning one year only. The new picture of the land movement resulted
from processing TerraSAR-X images has significantly contributed to update the knowledge on the
subsidence process at the Venice coast.

Keywords: land subsidence; TerraSAR-X; SAR interferometry; coastal environments; Venice lagoon

1. Introduction

The city of Venice and its surrounding lagoon is presently one of the sites most sensitive to land
subsidence worldwide. Even a few mm loss of ground elevations with respect to the mean sea level
can significantly change the natural lagoon environments and threaten the city’s survival. Over the
last century, land subsidence and climate change effects concurred to a relative sea level rise (RSLR) in
Venice equal to 26 cm [1], a situation that is expected to get dramatically worst if we consider the 53 cm
sea level rise projected by the Intergovernmental Panel on Climate Change (IPCC) in 2100 according to
the A1B scenario, which accounts for a future energy system balanced between fossil and non-fossil
sources [2]. RSLR has contributed to a seven-fold increase of flooding events in Venice over the last
decades, causing large inconvenience for the population and enormous damage to the cultural heritage,
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with significant ecological and environmental impacts in the lagoon and coastland [3]. To protect the
city and the lagoon from increased flooding, a series of mobile barriers (MoSE) are under construction
at the three inlets (Lido, Malamocco and Chioggia) connecting the Adriatic Sea to the inner water body.

The monitoring of land subsidence in the Venice area began in the 1960s using spirit leveling and
over the last decades has been significantly improved using space-borne observation techniques based
on synthetic aperture radar (SAR) interferometry. The subsidence monitoring network of the Venice
coastland increased from a few hundreds of benchmarks measured by leveling [3] to a few hundred
thousand reflectors detected by SAR-based interferometry using ERS and ENVISAT satellites [4].
This reduced the use of in-situ measurements to calibrate and validate interferometric products [5].
The increased spatial coverage of the measured points by the C-band sensors provided a new image of
the land subsidence in the Venice coastland. In particular, the high variability of land movements at
both local and regional scales was unexpectedly revealed, with areas severely affected by subsidence
formerly unknown.

The launch of the new generation X-band SAR sensors opened the challenge to further advance in
the knowledge on land subsidence, with particular advantages for coastal areas where the loss of land
elevation with respect of the mean sea level is one of the main environmental and geological hazards.
Many scientific papers have been published over the last decade concerning the use of TerraSAR-X for
measuring displacements in coastal zones, both at the regional scale and for specific infrastructures.
For example, in Tianjin and Shanghai, which are two coastal areas in China where land subsidence has
seriously threatened the infrastructure efficiency, environment conservation, and population safety,
TerraSAR-X-based interferometry was used to quantify land movements at the city scale [6,7] or along
the tract of high-speed trains [8,9]. Other coastal cities where land subsidence has been recently
mapped by TerraSAR-X images are Jakarta, Indonesia [10], Hanoi, Vietnam [11], and New Orleans,
Louisiana [12]. SAR interferometry on TerraSAR-X acquisitions has also been applied in natural
coastlands. In one of the most recent contribution, nine Single-Look Slant Range Complex (SSC) images
taken between 7 June and 14 September 2013 have been processed Differential SAR interferometry
to detect summer thaw subsidence over a yedoma (an organic-rich Pleistocene-age permafrost with
ice content of 50-90% by volume) region of the Lena River Delta, Siberia [13]. Concerning the Venice
Lagoon, three projects have been carried out over the last decade under the umbrella of the DLR
AOs: LAN0242 “Monitoring land subsidence in Venice”; COA0612 “Assessing vertical movements
of natural tidal landforms and anthropogenic structures at the Venice Lagoon inlets”; and COA1800
“Ground surface dynamics in the Venice Lagoon: five years of monitoring of natural tidal landforms
and anthropogenic structures by TerraSAR-X". These projects have allowed testing the effectiveness
of TerraSAR-X in quantifying land subsidence in the Venice coastland with the aim of improving the
knowledge on natural and anthropogenic causes. The results of these projects have been published in
various papers (e.g., [14-20]).

The goal of this paper is to provide a review of the main results and advancements in the
knowledge of land subsidence at the Venice coastland achieved by TerraSAR-X PSI over the last
decade, updating the main outcomes obtained in the past years with the analyses recently carried out
over the six-year period between 2008 and 2013.

2. TerraSAR-X Image Processing and Output Calibration

Stacks of TerraSAR-X stripmap HH polarization images characterized by a 28° incidence angle
acquired with a regular 11-day revisiting time have been processed by IPTA (Interferometric Point
Target Analysis) [21,22], one of the available PSI processing chains. A number of 30, 90 and 143 scenes
acquired over the periods 2008-2009, 2008-2011 and 2008-2013, respectively, have been used.

Particular attention was paid to the calibration of the interferometric products as they are referred
to an arbitrary reference and are affected by the so-called flattening problem, i.e., the slight phase
tilt resulting from the inaccuracy in estimating the orbital baseline due to the imperfect knowledge
of satellite positions. This latter can be important in regional-scale analyses. To reduce these biases,
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calibration and de-flattening were previously performed using correction planes modeled through
ground-based data [19] by: (i) defining a local reference frame based on a reference point located
outside the study area and the subsiding coastland; and (ii) projecting the vertical velocities of the
ground-truth data along the line of sight (LOS) of the satellites [20]. Continuous GPS stations (CGPS)
are used for calibration and de-flattening of the TerraSAR-X interferometric product: three stations are
located inside the area and one, located just outside the SAR frames, is used to refer the horizontal
movements. The three-dimensional CGPS velocity vectors were projected onto the SAR LOS using
Equation (1):

CGPS1pg = sin(0)cos(¢$p)AE + sin(0)sin($p)AN + cos(0)UP 1)

where AE and AN are the local easting and northing components of the CGPS movement, computed
by removing the E and N average velocities of the CGPS station located outside the SAR image
frame, and UP is the vertical component. 8 and ¢ are the incidence angle and the ground track angle,
respectively, at the CGPS locations. Notice that the Venice coastland is moving in the horizontal
direction almost uniformly (18-20 mm /year northward and 15-17 mm/year eastward with reference
to ITRF 2005) and therefore the errors in considering null the relative horizontal movements due to
the tectonics at regional scale can be safely ignored. However, since we only used descending orbits,
the decomposition of LOS velocity into vertical and East-West components is not possible and LOS
velocities still include East-West motions due to local causes. Finally, the differences between the
CGPS-LOS and the velocities of the PTs (Point Targets) averaged over a 20-200-m radius centered on
the three CGPS stations were used to define the proper equation of tilting plane implemented to correct
the interferometric products. Because of the relatively small area of interest and the proper distribution
of the CGPS stations within the TerraSAR-X frame, a plane is assumed the most appropriate surface to
de-flatten the SAR solution [19,23]. An example of calibration plane is shown in Figure 1a.

A comparison between the CGPS displacements along the LOS direction and the calibrated
TerraSAR-X dataset corresponding to the PT closest to the CGPS station is provided in Figure 1b—d.
Table 1 provides a quantitative summary in term of LOS velocity. Notice that SFEL CGPS is
characterized by a significantly nonlinear trend because of the MoSE-related works started in
2007. If the shorter period (2007-2011) is considered, the average CGPS LOS velocity amounts
to —7.46 & 0.28 mm/year, a value very close to the average SAR calibrated time series.
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Figure 1. Example of PSI outcome calibration: (a) plane model (green isolines, mm/year) based on the
Cavallino (CAVA), Chioggia (SFEL) and Venice (VEN1) CGPS displacements; and (b—d) comparison
between the CGPS and the calibrated PSI time series. Red squares are the locations of the CGPS stations
and the footprint of the TerraSAR-X frame (beam strip_006R) is represented by a red box.
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Table 1. Comparison between CGPS and representative calibrated PSI average velocities obtained by
TerraSAR-X (see Figure 1b—d).

CGPS Station Time Span CGPS LOS (mm/year) PSI (mm/year)

CAVA 2002-2011 —2.83 £0.09 —220+£0.20
SFEL 2000-2011 —4.77 £ 0.09 —6.58 £0.20
VEN1 2000-2015 —2.02 +£0.07 —2.10 £ 0.09

3. Ground Displacements at the Regional Scale

The ground displacements at the regional scale for the 2008-2011 period [19] has been updated
extending the time span to 2013. The 20082013 displacement map consists of more than 1,900,000 PTs
(Figure 2) and shows ground movement velocities ranging from localized gentle uplifts to large
subsidence (up to 30 mm/year). The map highlights that this portion of the Northern Adriatic
coastland is characterized by a large variability in terms of land subsidence.

5,050,000

= Malamocco

5,020,000

Adriatic Sea
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|
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Figure 2. Ground movements at the regional scale. Average land displacements (mm/year) for
the Venice coastland obtained by PSI on TerraSAR-X images acquired between March 2008 and
November 2013. Positive values indicate uplift, negative values land subsidence. Base map source: Esri,
DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping,
Aerogrid, IGN, IGP, swisstopo, and the GIS User Community.
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Investigation of Figure 2 reveals that the northwestern zone is characterized by general stability
(average subsidence less than 1 mm/year). Relatively large displacements caused by human activities
(e.g., groundwater pumping and development of new urban and industrial zones) affect only small
areas. Conversely, the northern coastland is characterized by a quite uniform land subsidence on
the order of 4-6 mm/year. The superposition of aquifer exploitation and land reclamation mainly
contribute to the observed settlements. Concerning the lagoon basin, it shows the highest variability of
the ground displacements, with rates ranging from —1 to —30 mm/year. The largely heterogeneous
nature of the shallow Holocene deposits is strongly responsible for the high heterogeneity of the land
movements: the lagoon sectors with the thicker unconsolidated deposits generally correspond to
the areas experiencing the largest subsidence rates. In the northern lagoon, high sinking rates are
often linked to the presence of stone embankments bounding the fish farms. The historical center of
Venice and the central lagoon are relatively stable with an average land subsidence of 1-2 mm/year.
Here, the compressible Holocene deposits are relatively thin and groundwater withdrawals have been
precluded since the early 1970s. Southward, the city of Chioggia and its surroundings are almost stable
(subsidence about 1 mm/year), whereas a high subsidence affects the mouths of the main rivers (the
Brenta and Adige rivers) crossing the southernmost portion of the study area.

4. Ground Displacement at the Local-Scale

Specific analyses were carried out for peculiar portions of the Venice coastland. We report in
the following the results obtained by PSI on the historical center of Venice, the lagoon salt marshes,
the network of artificial reflectors established within the lagoon in 2007, the lagoon inlets where the
MoSE-related infrastructures have been recently constructed, and new urbanizations developed in the
tourist villages on the Adriatic coast.

4.1. Induced Ground Movements in the Historical Center of Venice

Understanding if Venice is affected also today by land subsidence due to anthropogenic activities,
i.e., by components that can be removed or reduced, is of paramount importance for the city survival.
However, land subsidence measurements generally provide the total movement of the land surface,
including both the natural and man-induced components (e.g., [24,25]).

The anthropogenic land subsidence due to activities characterized by large scale and long term
effects, e.g., groundwater pumping, ended in Venice a few decades ago [26]. Today, the anthropogenic
component of the land subsidence should be related to local and short-time interventions, such as
restoration works and inherent deformations of historical structures.

Based on these considerations, it was tested to distinguish between the natural and anthropogenic
components of the present land subsidence in the historical center of Venice by properly combining
different PSI results [18]. Specifically, a long-term analysis using the ERS/ENVISAT C-band dataset
can be reasonably used to quantify the natural component and a short-term analysis of X-band dataset
to highlight the anthropogenic displacements. The very high spatial resolution of the X-band satellites
and their short revisiting time makes it possible to investigate urban settlements with sufficient
measurement accuracy and a high level of space and time detail. Indeed, in Venice, the X-band PSI
outcome showed a scatterer density one order of magnitude larger than that obtained by the C-band
sensors. To this aim, the long-time 19922010 ERS/ENVISAT and short-time 20082009 TerraSAR-X
images have been processed. Since the differences between the ERS/ENVISAT and TerraSAR-X
incidence angles amounts to 5° only, the direct comparison of the two LOS solutions can be carried
out introducing a negligible error. The statistical analysis of the displacement distributions pointed
out that the average displacement rates detected in Venice by the two satellites are similar, i.e., about
—1.0 mm/year. The frequency distribution of the measured displacements shows that 50% of the
TerraSAR-X radar reflectors are characterized by movements between 0 and —1.5 mm/year and 25%
range from —1.5 and —3.0 mm/year. Regarding the C-band, about 80-85% of the city displacements
range between 0 and —1.5 mm/year and 15% from —1.5 to —3 mm/year. As C- and X-band analyses
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showed similar rates of the average displacement, i.e., mainly the natural component of the subsidence,
it is reasonable to assume that the difference between the movements provided by ERS/ENVISAT and
TerraSAR-X is likely representative of the effects caused by anthropogenic activities.

Therefore, the two datasets were interpolated by the Kriging method on the same regular grid
covering the whole city [18]. The comparison points out the uniformity (in the range between 0
and —1 mm/year) of the long-term displacement rates and the large variability of the short-term
movements (Figure 3b) that are superposed to a background velocity similar to that given by
ERS/ENVISAT. By removing the C-band interpolated map from the X-band interpolated solution,
an estimate of the man-induced displacements was obtained (Figure 3). The map of the differences
shows that most of the city is subsiding only due to natural components. However, about 25% of the
city has experienced in 2008 some movements due to anthropogenic causes. They developed at local
scale and their distribution correspond well with the sites affected by activities linked to the restoration
of ancient buildings, consolidations, jet grouting, use of well-points (see the photos in Figure 3),
and likely to the ship and boat wave impact on the embankment walls. Generally, the man-induced
activities contribute to a subsidence larger than the natural (15%) but there are some areas (10%) where
the short-term sinking is smaller than the long-term subsidence.
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Figure 3. Map of the recent anthropogenic land movements at Venice as obtained by subtracting the
ERS-ENVISAT long-term ground movements from the TerraSAR-X short-term ground movements,
resampling the PSI solutions on a regular 50 m grid [18]. Negative and positive rates indicate
areas where human activities are responsible for land settlements or reduce the natural subsidence,
respectively. A few examples of human activities possibly influencing the subsidence values are shown
in the photograph insets (available from http://www.insula.it/andGoogleEarthImages).

Finally, notice that because of the intrinsic properties of the TerraSAR-X images and satellite
revisiting time, a one-year image stack is sufficient to provide an interferometric product characterized
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by a sufficient (i.e., millimeter) accuracy. Indeed, the error of a single measurement on a radar scatterer
can be computed as follows [27]:

2 2
rerr =\ (ré5")” + (rér™) @)
where 735 is the error related to the signal noise and 74T the atmospheric displacement error.
The r?ﬁR is related to SCR (Signal-to-Clutter Ratio) and the sensor wavelength A by [28]:

SCR _ A 1 3)
‘T4 /2.5CR

By considering a SCR value of 10 dB, which is typical for TerraSAR-X scene, r55R= 1.7 mm. As it
can be assumed in the case of TerraSAR-X a variance of the atmospheric residual on the order of
71/4 [19], this corresponds to an atmospheric displacement error r4T™ = 2.0 mm. From Equation (2),
it results 7,y ~ 2.2 mm. The error of the mean velocity estimated with n = 30 TerraSAR-X images over

a period of t = 1 year is then e/ (£y/1) = 0.4 mm/year.

4.2. Salt Marshes Ground Dynamics

The existence of salt marshes and tidal morphologies is strictly connected to their elevation with
respect to the mean sea level (e.g., [29]). In view of the expected climate changes, quantifying land
subsidence of these transitional environments is crucial to investigate their long-term possible survival.

However, monitoring with a certain accuracy their movements has always been challenging
due to the peculiar features of these morphological forms [30]. They have never been linked to
traditional leveling and GPS networks, and also standard Interferometric SAR applications returned
very poor results in terms of spatial and temporal coverage. In fact, they are environments difficult to
access, submerged by the sea water twice a day, made of largely unconsolidated deposits, without
anthropogenic structures, and relatively far from anthropogenic facilities.

IPTA was applied on a stack of 143 TerraSAR-X stripmap images acquired between 2008 and
2013 with a regular 11-day revisiting time [20]. The regularity of the acquisitions, the short satellite
revisiting time, the high image resolution (~3 m x 3 m), and the strategies used in the PSI application
have allowed us to detect thousands of measurable PTs in the Venice Lagoon salt marshes. The results
show that both natural and man-made salt marshes are characterized by a quite wide range of average
velocities [20]. Displacements range from small uplifts to subsidence rates of more than 20 mm/year.
Generally, land subsidence is much larger on man-made than natural salt marshes, with a significant
negative correlation with the marsh age (Figure 4).

A subsidence trend that increases from the littoral strips toward the western lagoon margin
characterized the natural portions of the salt marshes. This trend reflects the different geomorphological
setting of the lagoon and salt marsh deposits, which are richer in sandy soils along the ancient beach
ridges, whereas clayey silts, often rich in organic matter, fill the inter-distributary lowlands and
back-barrier zones [31,32]. Land displacements at the man-made salt marshes are characterized by
patches with even subsidence and significantly different values among the various zones (Figure 4).
This peculiar behavior is related to the type of construction methodology of the artificial salt marshes:
coarse sediments are used initially along the marsh bound and then fine materials are used to fill the
inner portions.

In addition, it has been observed that land subsidence in vegetated and bare parts of the marshes is
significantly different. The comparison between the surface displacements with the presence/absence
of halophytic vegetation species clearly reveals that the higher sinking rates occur on the unvegetated
salt marshes [20].

Figure 4d—f shows five examples of displacement time series of scatterers located on natural and
man-made parts of salt marshes. The analysis of about six years of data regularly acquired every
11 days allows us to exclude significant effect of the tidal regime on the recorded displacements. On the
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other hand, this is an expected outcome as the tidal fluctuation in Venice is in the order of 1 m only,
which is much smaller than the ocean tides to which significant land movements have been associated

(e.g., [33]).
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Figure 4. Examples of average land displacement over the years 2008-2013 (mm/year) detected by PSI
on the salt marshes: (a) Burano; (b) Tessera; and (c) Cenesa. Salt marsh locations are indicated by white
polygons in Figure 2. Positive values indicate uplift, while negative values indicate land subsidence.
In (a-c) the natural portions of the salt marshes are shadowed in green, while man-made parts are
shadowed in red. N and M refer to selected PTs on natural and man-made salt marsh, respectively,
for which the displacement time series are provided in (d—f). Base map source: Esri, DigitalGlobe,
GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AEX, Getmapping, Aerogrid, IGN,
IGP, swisstopo, and the GIS User Community.

Moreover, the scattered distribution of the ground movements for some PTs suggests that at least
3—4 years are required to derive a reliable quantification of the ground movement in salt marshes.

The formation age of the salt marshes also affects the subsidence values. The man-made salt
marshes dated 2007-2008, 2002-2003 and 1992-1993 shows median subsidence rate amounting to 4.0,
2.8 and 1.3 mm/year, respectively. Natural salt marshes that are approximately 500-1000 year old are
characterized by a median subsidence equal to 0.4 mm/year [20].
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4.3. Satellite Radar Interferometry on Artificial Reflectors

The key to the PSI approach is the identification and exploitation of time coherent radar reflectors.
These scatterers are typically man-made structures within the landscape, such as buildings, utility
poles, roadways, or natural features, such as rocks, deserts with little shifting sand, or saline soils.
A potentially severe limitation of PSI use in wetlands is the difficulty of identifying stable targets
(e.g., [34]). In situ survey revealed that these features in the Venice Lagoon usually correspond to
rich-shell silty deposits, construction remnants, woods, and wood posts together with stone-filled rolls
(Figure 4); these latter usually place along the marsh bounds to protect them from wave erosion

To improve the coverage of satellite SAR interferometry in salt marshes within the Venice Lagoon,
TerraSAR-X and ENVISAT have been tested on a network of 57 Trihedral Corner Reflectors (TCRs)
established in 2007 [17]. The TCRs, placed in areas without any other strong scatterer, are characterized
by a 60-cm long edge and installed with foundations ranging different depths and at the same height
above ground in order to study the possible differences in their relative settlement. Because high tides
flood salt marshes, the TCRs were installed at a height of 1 m above the mean sea level, i.e., constantly
outside the water.

The experiment provided new information to improve the knowledge of the processes acting
in the Venice Lagoon. We found that the northern basin of the lagoon is subsiding at a rate of about
3-4 mm/year, while the central and the southern lagoon regions are more stable [17].

The comparison between the TCR displacements retrieved by TerraSAR-X and ENVISAT revealed
that the noise in the time series is smaller with TerraSAR-X than with ENVISAT, because of the better
SCR as a consequence of the shorter wavelength and smaller resolution cell in relationship to the size
of the TCR [17].

The TerraSAR-X analysis on the TCRs for 20082011 provided by Strozzi et al., 2013 [17] has been
here extended including till to 2013; an example is shown in Figure 5. The longer period of analysis
improved the quantification of the TCRs velocity and confirmed the general previous displacement
behavior. The long monitoring interval has revealed an almost yearly fluctuation in the displacement
behavior, whose occurrence is under investigation.
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Figure 5. Example of displacement analysis of a TCR using TerraSAR-X images: (a) photograph of the
TCR installed in a salt marsh located in the northern Venice lagoon; (b) time series of displacements
obtained using TerraSAR-X data over the 2008-2013 period; (c) backscattering intensity image of the salt
marsh highlighting the larger intensity (white pixel) in correspondence of the TCR; and (d) normalized
intensity as a function of range for one for TerraSAR-X acquisition.
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Such observations indicate that SAR interferometry on TerraSAR-X images using a large network
of artificial reflectors is an effective and powerful methodology to monitor land subsidence in
transitional and natural environments where the loss of coherence is a major problem is the use
of PSI.

4.4. The MoSE Constructions at the Lagoon Inlets

The geomechanical characterization of coastal soils is of considerable interest to geotechnical
and geo-environmental researchers in relation to the stability of large coastal structures, such as
breakwaters, jetties, and wharfs [35].

Starting from the mid-1990s, the jetties at the three inlets of Lido, Malamocco, and Chioggia
were reinforced, and, since 2005, in the framework of the MoSE works (i.e., the project of mobile
barriers for the temporarily closure of the lagoon to the sea), they have been strongly reshaped and
supplemented by offshore breakwaters. The construction of the mobile barriers at the three inlets
raised concerns about possible important settlements caused by: (i) the load of the complementary
structures (e.g., jetties, breakwaters, locks, and an artificial island) on the Quaternary deposits; and (ii)
the groundwater drainage required to developed the structures.

Presently, the works at the inlets are still ongoing and monitoring land displacements in these
sectors has a double aim: (i) the evaluation of possible effects of the works on the littoral environment;
and (ii) the quantification of the consolidation of the new coastal structures. The former issue
can support the public authorities in monitoring the environmental impacts of these giant works,
while the latter can help engineering companies building the MoSE to check the absolute and
differential displacements that can threaten the integrity and efficiency of the structures. In the
usual civil engineering practice, leveling, GPS and laser are used to measure the settlement of some
selected benchmarks established at fixed intervals along the structure. These traditional methods
give straightforward and accurate results, but their applications are restricted to discrete point
measurements and sometimes impractical in the rugged ground condition.

The effectiveness of TerraSAR-X to detect ground movements induced by the activities in the
MOoSE yards has been tested by IPTA on 30 satellite radar images acquired between March 2008 and
January 2009 [15]. Significant local settlements up to 70 mm/year have been detected at the three
inlets. Sinking rates less than 3 mm/year were measured in the parts of the jetties not affected by the
restoration works; conversely, sinking rates up to 30 mm/year are detected in the newer structures.
Similar rates have been measured also over the period August 2012-November 2013 (Figure 6a).

The study revealed for the first time that only one year of TerraSAR-X acquisitions suffices to
accurately and reliably detect the consolidation trend of large coastal structures. These results have
been confirmed by the analyses carried out over the two longer periods, i.e., between 2008 and 2011 [19],
and from 2008 to 2013 (Figure 6b,c).

An example of the updated analysis of the displacement history of four PTs detected at the
Malamocco inlet is reported in Figure 7. For two PTs, i.e., A and B in Figure 7a, at the tip of the old
jetties and in the new breakwater, respectively, the analysis also includes the displacements measured
by ENVISAT (Figure 7a). Notice the quite uniform trend of the settlement of the breakwater, which
construction started in 2003. The displacements at the place where the mobile gates of the MoSE will
be connected are shown in Figure 7b.
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Figure 6. Mean displacement rates from TerraSAR-X interferometry: between August 2012 and
November 2013 at the Lido inlet (a); and between March 2008 and November 2013 at the Malamocco
(b) and Chioggia (c) inlets. The backgrounds are Google earth images acquired in 2012. Movements are
in the satellite line-of-sight direction, negative values indicate settlement and positive indicate uplift.
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Figure 7. Examples of displacement history in the LOS direction for four PTs (A-D), at the Malamocco
inlet (see positions in Figure 6b): (a) ENVISAT PSI between April 2003 and November 2007 and
TerraSAR-X between March 2008 and November 2013 (A and B); and (b) TerraSAR-X PSI between
March 2008 and November 2013 (C and D).
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4.5. The Newly Built-Up Areas

Over the last decades, newly built-up areas have been developed on the Venice coastland with
residential, touristic and industrial purposes. The new urbanization is responsible for subsidence
bowls spread all over the Venice coastland, wherein several urban suburbs and industrial /commercial
sites have grown rapidly by changing farmland use. The new buildings exert heavy loads on relatively
recent coastal deposits and lead to consolidation of the shallow subsoil below their foundations [11,36].

This process has been clearly revealed by TerraSAR-X over the 2008-2011 time span, both at
the scale of single buildings (Figure 8) as well as at the scale of villages or portion of small urban
centers [19]. Figure 8 shows an updated analysis using the 2008-2013 dataset of the displacement
behavior recorded in the surroundings of the 73-m high Aquileia Tower, downtown Jesolo. The tower
construction was completed in 2008 and significantly settled (totaling 4 cm) during the following
years because of its load. The displacement profile of the PT termed as C in Figure 8c exhibits the log
behavior typical of an ongoing consolidation process, with a sinking rate that decreased from more
than 10 mm/year over 2009 and 2010 to about 3-4 mm/year in 2012 and 2013, i.e., the subsidence value
characterizing the whole area (Figure 8a). Other significant movements due to the built-up of new
districts in the tourist villages to the north of the Venice Lagoon are clearly visible in Figure 9a. Local
ground movements up to —8 mm/year are detected due to the load exerted by the new constructions,
which were established over the period covered by the TerraSAR-X acquisitions (Figure 9b—f) in areas
recently reclaimed and therefore characterized by compressible shallow soils.
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Figure 8. Example of displacements induced by new urbanization at local scale. (a) Mean displacement
rates between March 2008 and November 2013 from TerraSAR-X interferometry at Jesolo. Negative
values indicate settlement and positive indicate uplift. (b) Enlargement of the displacement map in the
Aquileia Tower area. (c) Displacement history in the satellite line-of-sight direction for three scatterers
(A, B, C). (d) Photograph of Aquileia Tower, Jesolo, which is the cause of the largest movements. Base
map source: Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS, AEX,
Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community.
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Figure 9. (a) Mean displacement rates from TerraSAR-X interferometry between March 2008 and
November 2013 at the Jesolo coastland. A-E labels indicate local displacements induced by new
urbanizations. (b—f) Blow ups of Areas A-E. Left and right background images are aerial photographs
taken in 2006 and 2012, respectively. Base map source: http://www.pcn.minambiente.it/mattm/en/
view-service-wms/.

5. Conclusive Remarks

Over the last century, eustasy and land subsidence have produced a RSLR on the Northern
Adriatic coastlands ranging from centimeters to meters. RSLR seriously increased the vulnerability
and the geological hazard (e.g., river flooding, riverbank stability, seawater intrusion, and coastline
regression) of low-lying environments such as deltas, lagoons, wetlands, and farmlands, a large portion
of which lies 3-4 m below the mean sea level. The city of Venice and its lagoon represent extraordinary
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environments and human heritages susceptible to loss in surface elevation relative to the mean sea
level. Natural processes and anthropogenic activities drive the ground dynamics at regional and
local scale and at in the long and short term. Being land subsidence the main component of the
RSLR, it has been monitored since the end of the 19th century. Over the new millennium, SAR-based
interferometry has been effectively used to detect land displacements in the Venice coastland, leading
to a significant improvement in both the spatial coverage and the knowledge on the land subsidence
process. The use of TerraSAR-X allowed further advancements in monitor ground movements of
single structures as well as at regional scale with millimetric precision and metric spatial resolution.
The information on ground movements, from a few hundreds of leveling benchmarks measured in the
last century increased to some millions of scatterers detected by TerraSAR-X images. The very high
spatial resolution and the short repeat-time interval of TerraSAR-X acquisitions enable investigating
land displacements with an unprecedented level of detail, opening new perspectives to geodynamic
research and environmental studies. Civil engineering sectors also benefit from TerraSAR-X for the
possibility to monitor large infrastructures.

A large experience has been acquired by the authors over the last decade in the use of PSI and
the result interpretation in the Venice area. The comparison between PSI outcomes provided by
TerraSAR-X and other X-, C-, and L-band SAR satellites over the same area has allowed us to point out
the main strength factors of this satellite:

e  The short repeat-time interval of 11 days and the impressive regularity of image acquisition allow
obtaining sub-millimeter accuracy just with 30 scenes, i.e., about one year only.

e The 3 m spatial resolution allows capturing the high variability of the ground movements rates,
revealing details on land subsidence never been obtained with other measuring techniques both
at large and local scale analysis.

e The regularity of the image acquisition allows using artificial trihedral corner reflectors to
overcome the PSI limitation to detect ground movements in wetlands.

The main knowledge advances in understanding and interpretation of land subsidence in the
Venice area are in the following:

e Theimpressive dataset consisting of more 1,900,000 PS depicts a new image of the land subsidence
pattern at the Venice coastland and reveals a very high heterogeneity of the ground dynamics
both at the local and the regional scales.

e  Short-term local man-induced displacements have been revealed affecting the historical center of
Venice. In 2008, about 25% of the city experienced some movements due to anthropogenic causes.

e  Natural and man-made salt marshes are characterized by a quite wide range of subsidence rates.
Displacements range from small uplifts to subsidence rates of more than 20 mm/year and land
subsidence is much larger on man-made than natural salt marshes, with a significant negative
correlation with the marsh age.

e The subsidence within the lagoon basin, quantified for the first time by a network of TCRs, is 34,
1-2 and 2-3 mm/year in the northern, central and southern portions, respectively.

e  Significant settlements of a few centimeters per year have been detected at the three inlets where
new structures and restoration works were carried out.

e Newly built-up areas induced local land subsidence with sinking rates up to three times higher
than those characterizing the older urban areas.

In the Venice Lagoon, where only a few millimeters of further sinking would drastically enhance
the environment deterioration and raise concern for the historical heritage, PSI on TerraSAR-X provides
accurate data to study natural and anthropogenic land subsidence, as well as to monitor the settlement
of structures and infrastructures, e.g., the mobile barrier works at the lagoon inlets. In addition,
the integration of geotechnical, geological, morphological and environmental data with TerraSAR-X
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interferometric products will allow vulnerability and risk analyses for management plans aimed at
a sustainable coastland use.
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Abstract: Landslides are one of the most common and dangerous threats in the world that generate
considerable damage and economic losses. An efficient landslide monitoring tool is the Differential
Synthetic Aperture Radar Interferometry (DInSAR) or Persistent Scatter Interferometry (PSI). However,
landslides are usually located in mountainous areas and the area of interest can be partially or even
heavily vegetated. The inherent temporal decorrelation that dramatically reduces the number of
Persistent Scatters (PSs) of the scene limits in practice the application of this technique. Thus, it is
crucial to be able to detect as much PSs as possible that can be usually embedded in decorrelated
areas. High resolution imagery combined with efficient pixel selection methods can make possible
the application of DINSAR techniques in landslide monitoring. In this paper, different strategies to
identify PS Candidates (PSCs) have been employed together with 32 super high-spatial resolution
(SHR) TerraSAR-X (TSX) images, staring-spotlight mode, to monitor the Canillo landslide (Andorra).
The results show that advanced PSI strategies (i.e., the temporal sub-look coherence (TSC) and
temporal phase coherence (TPC) methods) are able to obtain much more valid PSs than the classical
amplitude dispersion (D4) method. In addition, the TPC method presents the best performance
among all three full-resolution strategies employed. The SHR TSX data allows for obtaining much
higher densities of PSs compared with a lower-spatial resolution SAR data set (Sentinel-1A in this
study). Thanks to the huge amount of valid PSs obtained by the TPC method with SHR TSX images,
the complexity of the structure of the Canillo landslide has been highlighted and three different slide
units have been identified. The results of this study indicate that the TPC approach together with
SHR SAR images can be a powerful tool to characterize displacement rates and extension of complex
landslides in challenging areas.

Keywords: DINSAR; landslide monitoring; PSI; super high-spatial resolution TerraSAR-X images;
pixel selection; measurement pixels” density

1. Introduction

Every year, with the onset of rains and snow melting, landslides represent one of the
major natural threats to human life and infrastructures in natural and urbanized environments.
In this context, different surveying techniques, such as inclinometers, extensometers, piezometers,
jointmeters, photogrammetry, LIDAR or Global Positioning Satellite System, are typically employed
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to address landslide monitoring problems [1-8]. Nonetheless, these conventional techniques present
several limitations. They are labor intensive, expensive and usually require skillful users for data
interpretation. Moreover, they typically provide poor spatial sampling and coverage, which hinder
the characterization of complex landslides. Finally, some of these techniques require the direct
installation of devices over the landslide surface, which could be a complex task, sometimes impossible
to fulfill, in hard-to-reach locations. During the last decade, Synthetic Aperture Radar (SAR)
Differential Interferometry (DInSAR) techniques based on space-borne SAR sensors have matured
to a widely used geodetic tool for the accurate monitoring of complex displacement phenomena
with millimetric accuracy [9-13]. Concretely, the new generation of X-band SAR sensors, like the
German TerraSAR-X and TanDEM-X satellites or the Italian constellation Cosmo-Skymed, have led to
a scientific breakthrough presenting a lower revisiting time (up to few days) and an improved spatial
resolution (even below the meter), compared with their predecessors ERS-1/2, ENVISAT-ASAR and
RADARSAT-1 or the recently Sentinel-1, which worked at the C-band.

Despite all these clear advantages, DInNSAR solutions present some limitations, especially for the
X-band, over vegetated scenarios in mountainous environments, where landslides typically occur.
The DInSAR technique takes advantage of a time-series of SAR images but not all pixels of the
image are useful for interferometric processing. Only those pixels with enough phase quality along
the whole observing period, i.e., the Persistent Scatterers (PSs), can be used as measurement points
(MPs) to derive ground displacement. These PSs, which usually correspond to man-made structures
(like buildings, bridges or roads), rocky areas and bare surfaces with no vegetation, are usually scarce
in mountainous areas [14,15]. In addition, severe limitations arise from temporal decorrelation over
vegetated areas, snow episodes typical in mountainous regions, layover and shadowing effects caused
by SAR geometrical distortions, the presence of tropospheric atmospheric artifacts or when rapid
displacements are faced, making the processing in such areas difficult and challenging at the same
time. Finally, it must be taken into account that SAR sensors are only sensitive to the satellite-to-target
component of displacement, i.e., line of sight (LOS) direction, which may notably differ from the real
one. The measured displacement will be in fact a projection of the real one [9,12]. Many DInSAR, also
known as Persistent Scatters Interferometry (PSI), techniques and algorithms, which share similar
principles, have been developed. They have been tested in the last twenty years using many different
sensors, either orbital, airborne or ground-based, and over many different scenarios, making this
technique a powerful and reliable tool for monitoring any kind of ground motion episodes [14-21].

Large landslides constitute a very specific and challenging scenario for DINSAR. As they are
located in mountainous areas and the displacement is usually down-slope, the landslides have to be
mostly oriented east to west in order to be sensitive to the displacement if polar orbital sensors are
going to be used [9,10]. Not all landslides are suitable for being monitored with orbital SAR. On the
one hand, to avoid problems with phase ambiguity, the displacement rate of the landslide must be
small enough, let us say a few decimetres per year (depending on the wavelength and revisiting period
of the radar). In other words, the SAR interferometry is suitable for monitoring landslides “Very
slow” to “Extremely slow” according to the standard landslide classifications [22,23]. In addition,
foreshortening and layover can jeopardize the performance of the DINSAR processing so the selection
of the proper acquisition geometry is also crucial. In order to reduce geometric distortion and, at
the same time, maximize the projection of the landslide displacement to the LOS, it is advisable to
observe, if possible, the landslide from behind, as it has been done in this paper. However, each case
can be different from the other and so it would require a detailed analysis considering the landslide
particularities and the surrounding topography [9,10,12,24]. Atmospheric artifacts, caused by both
tropospheric stratification and turbulent component, can contaminate the interferometric phase and,
as they can be strongly correlated with the topography, they can also be difficult to remove [25-29].
Finally, a landslide can present a quite complex behaviour with different sliding units moving at
different velocity rates. A good density of PS is required in order to be able to delimit and characterize
the behaviour of the different local displacements, so it would be necessary to use a PSI strategy
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able to select as much pixels as possible at full resolution in areas where most of the pixels will be
severely decorrelated [9,10]. It is evident that the chances of detecting small and isolated PSs within
decorrelated areas will arise as the resolution of the images employed increases [11,30,31].

With super high-resolution (SHR) data, the classical Gaussian scattering model used to model
speckle is not always fulfilled since it is possible to find resolution cells with few scatterers [24,32].
This approach is known as partially developed speckle [33,34]. In the situation of having an isolated
scatterer within the resolution cell, the value is given by the deterministic impulse response of the SAR
system, i.e., by a bidimensional sinc response [24,35]. These types of scatterers typically correspond to
man-made structures, outcrops, exposed rocks, etc. These objects can be exploited as opportunistic
high-quality points for displacement monitoring applications. Of course, in high-resolution SAR
images, it is more probable to have this situation in natural environments [11,30]. Taking into account
the previous considerations, landslide monitoring will be greatly benefited by the usage of SHR data.

In this paper, 32 Staring Spotlight TerraSAR-X images (acquired from July 2014 to November 2016,
with a resolution of 0.23 m in azimuth and 0.59 m in range) and three full-resolution PSI approaches
(i.e., the classical amplitude dispersion [14], the temporal sub-look coherence (TSC) [36,37] and the
temporal phase coherence (TPC) [38] methods) are employed to monitor a complex landslide located in
El Forn de Canillo (Andorran Pyrenees). Although the advantages of the Staring Spotlight TerraSAR-X
SAR data have been demonstrated by different applications such as absolute height estimation [39]
and measuring rates of archaeological looting [40], the examples in terms of PSI landslide monitoring
are still rare. To our knowledge, the work presented in this paper is the first attempt to study the
possible benefits of SHR SAR images for landslide monitoring, especially regarding the aspects of pixel
density and capability to detect PSs within decorrelated areas. At the same time, the above-mentioned
three PS strategies have also been tested to determine the one most suited for this kind of scenario.

The paper is organized as follows. The landslide’s geological setting and employed dataset are
firstly presented in Section 2. Section 3 introduces the procedures of PSI, where the different strategies
are described. Section 4 presents the landslide monitoring results with TerraSAR-X images, which are
analyzed and compared with GPS measurements to evaluate their reliability. After that, in Section 5 the
advantages of SHR SAR images are highlighted by the comparison of the results with those achieved
with lower resolution sensors, Sentinel-1 in this case. Finally, Section 6 presents the conclusions.

2. Study Area and Dataset

2.1. Canillo Landslide

The area selected in this paper corresponds to one of the biggest and ancient landslides of the
Andorran Pyrenees. It is located at El Forn de Canillo (42.5610°N, 1.6018°E) in the Principality
of Andorra, which is a mountainous country between Spain and France in the Central Pyrenees,
as Figure 1a shows. It is a complex structure with deposits composed of overlapped colluvial layers
generated by different landslide episodes. It was firstly described by Corominas and Alonso in
1984 [41] and has been the subject of several studies where its morphology, failure mechanisms and
evolution has been deeply analyzed. The hillslope of El Forn de Canillo is composed by a sequence of
slides and earth-flows with a complex structure, which affects an estimated mass at around 3 x 108 m3.
In this context, different ancient sliding units were identified in 1994 by Santacana [42] (see Figure 1b).
The first one corresponds to a slide originated in the area of Pla del Géspit-Costa de les Gerqueres,
located in the southeast of the landslide, which reaches the foot of the hillside. A second event
was originated under El Pic de Maians, reaching the height of 1540 m, and which overlaps with
the previous sliding unit, closing in the Valira river valley. Finally, a third rockslide with a lower
extension originated on the hillside known as La Roca del Forn, in the northeast side of the hillslope,
was identified. Recent local instabilities have been identified in different locations within the landslide
mass [43]. The landslide of El Forn de Canillo was originated as the result of the hillside destabilization,
due to a decompression phenomenon after the removal of the Valira Glacier during the Pleistocene,
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after the Maximum Ice Extent. The Valira River has been progressively eroding the base of the whole
mass without reaching the bedrock, and thus originating the landslide [42].

In front of some evidence of displacement (geomorphological signs of instability and some
cracking in the road pavement and in a hydroelectric channel that crosses the Forn de Canillo),
the authorities promoted several actions in the year 2000 for the management of their geo-hazard
threats leading to the monitoring of El Forn de Canillo. Between the years 2007 and 2009, a network
of geotechnical devices, including inclinometers, rod extensometers and piezometers, were installed
over the landslide surface to characterize and understand the dynamics of the sliding mass. A total
of 10 boreholes, reaching typically a depth between 40 and 60 m, were drilled and equipped with
this instrumentation [43,44]. The readings recorded have provided evidence that, in addition to a
residual movement of some millimeters per year in the main body of the slide, the most active part of
the landslide corresponds to the secondary landslide of Cal Borr6-Cal Ponet. This area registered a
velocity up to roughly 2 cm/month between May and June 2009 when intense sudden rain events and
snow melting occurred [44].
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Figure 1. (a) location and topography of the Canillo landslide; (b) aerial view of the study area (Google
Earth, 11 October 2017). The town of Canillo is located on the north border of the landslide. The red
arrows indicate the moving directions of the ancient landslide units (modified from Santacana, 1994 [42]).

2.2. SAR Dataset

In this study, the slides” motion is monitored with 32 Staring Spotlight TerraSAR-X (TSX) Single
Look Complex (SLC) SAR images. This imaging mode is the classical spotlight mode and it is able
to enhance the azimuth resolution, compared with the stripmap mode, by steering the antenna in
azimuth to a rotation center within the imaged scene [45]. The coverage of the SAR images is around
6.5 km in length and 3 km in width, which has been plotted in Figure 2a (yellow rectangle). The SAR
image main parameters are presented in Table 1.

An amplitude image of the SAR dataset is presented in Figure 2b. As it can be seen, the SAR
images’ geometric distortion effects (i.e., foreshortening, shadow and layover) are not serious within
the study area limit. The extended brighter areas of the image are those affected by the foreshortening
and layover, due to the steepest topography. Dark areas are those affected by shadowing. This is
favoured by a certain parallelism between the topography of the slope and the LOS from the satellite,
thanks to its descending flight direction. The landslide is partially vegetated. Only a few strong
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scatterers (man-made structures, like buildings and roads, or bare rocks) are sparsely distributed
within the study area limit, as is also visible in Figure 1b, thus making it challenging to monitor this
landslide with conventional PSI techniques.

Study area
limit

#r 2
Canillo

Figure 2. (a) coverage of the TerraSAR-X dataset (i.e., the yellow rectangle) displayed on a topographic
map of the area (map from https://elevationmap.net); (b) amplitude of an SAR image in radar
coordinates (azimuth, slant-range) acquired by the TerraSAR-X sensor in Staring Spotlight mode,
and the red line illustrates the boundary of the study area limit.

Table 1. Main parameters of the employed Staring Spotlight TerraSAR-X images. Heading and LOS
angles defined clockwise with respect to the north.

Parameter Value
Acquisition Period 22 July 2014-15 November 2016
Heading Angle 189.8 (degree)
LOS Angle 279.8 (degree)
Incidence Angle 39 (degree)
Azimuth Resolution 0.23 (m)
Slant Range Resolution 0.59 (m)
Wavelength 3.1 (cm)
Revisit Cycle 11 (day)

2.3. GPS Validation Data

The Canillo landslide is monitored with the Global Positioning System (GNSS/GPS) since
December 2012. Although several continuous monitoring GPS techniques exist [8], the small rate
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of displacements justified a discontinuous approach, with yearly field campaigns [7]. A network
of 78 GPS points were established at Canillo, covering most of the landslide and the surrounding
area as Figure 3 shows. Six points (blue filled triangles in Figure 3) serve as base points to check the
stability of the local datum. Once per year, in October, a two day campaign is carried out covering all
the control points, spread along the landslide. The GPS method has been the Real Time Kinematic
(RTK), with two geodetic-level receivers (Topcon Hiper-Pro, double frequency, double constellation,
(Topcon Positioning Systems Inc., Tokyo, Japan)). The final results are the point coordinates in the
ETRSB89 reference system (Longitude, Latitude and elevation for instance). The estimated accuracy of
the resulting coordinate increments is around 1 cm in planimetry and 2 cm in elevation [7].

Three GPS campaigns fit within the study period: October 2014, October 2015 and October 2016.
The six base points (E1, E2, E3, E4, E6 and G44 in Figure 3), which are on the assumed stable substrate
outside the unstable area, and a total of 72 control points spread over the landslide deposits have
been measured. The base points were measured in order to rule out systematic or instrumental errors
and thus validate the measures carried out. The control points have been distributed throughout the
landslide with the aim of providing a comprehensive overview of its behavior.

The results of the displacement observed at the reference points (points E and G44 in Figure 3),
outside the landslide, are within the range of the error and therefore can be considered stable, as
expected. Among the 72 GPS control points within the study area limit, 37 are selected for PSI results’
validation. The correspondence between GPS points and the PSs has been made with proximity
criteria but also discarding any change of geomorphological sub-unit. The difference between GPS and
PSI in terms of precision, spatial resolution and temporal resolution is noticeable, but the measured
displacement of these selected GPS control points can be used to examine the reliability of the PSI
derived ground displacement, as it will be done in Section 4.2.

1.59°E 1.60°E 1.61°E 1.62°E 1.63°E

42.57°N

42.56°N

42.55°N

Figure 3. The locations of the GPS measurement points. The filled-in blue triangles and red circles
indicate the GPS base points and control points, respectively.
3. Methodology

In this section, the different PSI strategies that will be compared in this paper are introduced.
Most of the processing steps are identical for all of them, so the description will be focused on the
different PS identification methods used that characterize each strategy.
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3.1. Differential SAR Interferometry (DInSAR) Processing

In the conventional strip-map mode, SAR images” azimuth resolution is around half of the
azimuth antenna length, which cannot be reduced arbitrarily to improve the resolution without the risk
of causing range ambiguities. To overcome this limitation and achieve a higher resolution, the spotlight
mode extends the illuminating time of each scatterer by sweeping the azimuth beam backward during
imaging [46]. This brings a systematic Doppler centroid drift in the azimuth direction of the focused
SAR images.

Prior to the DINSAR processing of the data, the particularities of Staring Spotlight acquisition
mode have to be considered during the classical interferometric processing. When performing the
image co-registration and common band filtering (if required), all base-banding steps have to consider
the azimuth variation of the Doppler spectrum, which is different to the one of the stripmap mode
and would require a deramping of the images involved. The details of how to deal with this issue
can be found in [37,46]. The other steps of INSAR processing are identical to those of the stripmap
case. The spotlight DInSAR processing module, able to work with sliding and staring data, has been
implemented in the SUBSOFT-GUI, which is the UPC’s DInSAR processing chain based on the Coherent
Pixel Technique (CPT) [17,20].

In this study, in order to limit the influence of geometrical and temporal decorrelation on
interferograms, we set the interferograms’ temporal and spatial baseline thresholds as 365 days
and 230 m, respectively. These values have allowed a good interconnection of the images and
they act as upper-limits to avoid having interferograms with too long temporal or spatial baselines.
The interferograms have been selected using a Delauney triangulation over the SLCs” distribution
considering its acquisition time and spatial baselines with respect a master image, as shown in Figure 4.
With these restrictions and with the help of an external DEM of the area with 5 m resolution provided
by the Government of Andorra, a total of 80 differential interferograms have been generated from the
32 TSX images.
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Figure 4. The spatial and temporal baseline distributions of the TerraSAR-X data generated
interferograms over the study area. The black diamonds and red lines denote the SAR images and
interferograms, respectively.

One of the characteristics of X-band data is that it decorrelates very fast in vegetated areas, but,
at the same time, the coherent pixels are able to preserve their phase quality very well over time.
In other words, if they are coherent, they keep the coherence well. The main advantage of working
with high resolution data is the capability to detect small coherent features embedded in uncorrelated
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areas. In order to illustrate this, Figure 5 shows two coherence maps obtained from two different
interferograms using a multi-look of 5 x 3 (azimuth x range). The resolution of the multi-looked
interferogram is 1.15 x 1.77 m. One with a temporal baseline of 11 days and the other with 10 months.
The coherence maps look very similar for both cases demonstrating the previous statement.

20150606-20150617 “”'({Q 20140824-20150628 /if&
3¢ Giae

{

Figure 5. Coherence (a,b) and differential phase (c,d) of two interferograms with temporal baselines of
11 days (a,c) and 10 months (b,d) over the study area. Despite most of the pixels decorrelating very
fast, the coherent ones are able preserve their phase quality very well along time.

3.2. Persistent Scatterers Identification

Together with the classical full-resolution pixel selection method (i.e., the amplitude dispersion
(D 4) method), another two techniques (the temporal sublook coherence (TSC) and the temporal phase
coherence (TPC) methods) have been used to identify pixels with high phase quality, known as PS
Candidates (PSCs). As the D4 approach [14] is very well known by the PSI community, we will only
introduce briefly the TSC and TPC approaches, which are two pixel selection methods developed by
the authors.

3.2.1. PS Candidates Selection by Temporal Sublook Coherence (TSC)

Different from the D4 method, which selects persistent PSs by exploring pixels’ amplitude
stability, the TSC method intends to identify those pixels that behave like point scatterers in the
spectral domain along time [36]. Any target that presents a correlated spectrum in range, azimuth
and elevation along time would be identified as PS. In practice, targets usually present a nonuniform
azimuth scattering pattern, worsened in the Staring Spotlight case due to the length of the synthetic
aperture, and the assumption of correlated spectrum can only be applied in range. This method
presents some advantages. For instance, with this approach, the radiometric calibration of the images
is not necessary since amplitude plays no role in the detection and, thus, point-like scatterers that
change its amplitude along time can be perfectly selected. An example of the latter case will be highly
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directive targets whose reflectivity has a strong dependence on the incidence angle. In addition, it was
demonstrated in [36] that it is more reliable with reduced sets of images than D 4.

Before TSC estimation, two range sublooks (SL) of each SAR image have to be generated. Focused
SAR images are usually tapered with a linear window (Hamming, Hanning, Kaiser, etc.) to reduce the
impact of the sidelobes. In order to ensure that the two sublooks in which the spectrum will be divided
present a symmetrical shape, the original spectrum has to be unweighted to flatten it. Once the range
spectrum has been flattened, two sublooks are generated (each one corresponding to one half of the
original spectrum) and base banded to the same central frequency to avoid any undesired linear phase
term during the later spectral correlation. To reduce once again the sidelobes, each sublook is tapered
with a linear window. Finally, the inverse Fourier transform is applied to get both SLs in the spatial
domain. A detailed explanation of the whole process is perfectly detailed in [36]. Once the sublooks of
all SAR images are obtained, the TSC of any arbitrary pixel (7, j) can be calculated with Equation (1)
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where S; and S, are the pixel (7, j) corresponding complex values of the first and second sublook for

the acquisition image 71, and Nj,, refers to the total number of images. The sketch of the TSC estimation
for a generic pixel can be represented by Figure 6.
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Figure 6. Sketch of the TSC estimation for a generic pixel. From left to right, the Single Look Complex
(SLC) images of the dataset, the two sublooks generated from each image, coherence calculation and
final TSC [37].

The temporal sublook coherence (TSC) can be regarded as the classical coherence and, similarly,
pixels can be selected based on the application of a threshold. High values of TSC would be associated
with point-like scatterers. Similarly to the case of classical coherence, relations between the true TSC
and the expected one can be established as a function of the number of images employed, as well as
the true TSC and the pixel phase standard deviation [36,37]. These relations help to perform the pixel
selection based on a phase standard deviation threshold, allowing for using a criterion independent on
the number of images. From the phase standard deviation, the corresponding TPC threshold can be
calculated. The selected pixels can then be treated as PSs and processed by the DInSAR algorithm to
derive the displacement maps and time-series.
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3.2.2. PS Candidates Selection by Temporal Phase Coherence (TPC)

After removing the topographic term using an external DEM, the phase of a differential
interferogram can be expressed as Equation (2)

Y= lpdef + Yatm + Porp + lPéDEM + Ynoises 2

where Yo, Yarm and P, denote the phase terms introduced by displacement along the LOS direction,
atmospheric artifacts (atmospheric phase screen, APS) and SAR satellite orbit indeterminations. ¢z,
is the residual phase due to the DEM error, and ;s is the noise phase term. This latter term can be
assumed to present a random behaviour in the neighbourhood of a given pixel while the other can
be assumed to be deterministic. Thus, the noise phase term can be used as a metric of pixel’s phase
quality. The temporal phase coherence (TPC) can be used to evaluate the quality of a pixel from the
behaviour of this phase noise along the stack of interferograms. TPC can be estimated based on 1,,;s,
from all generated interferograms, as Equation (3) shows

1T ¥ e
')/TPC = M | Ze] Ynoise,i ‘, (3)
i=1

where M is the number of interferograms and ,;s,,; is the noise phase term of the ith interferogram.

To obtain for each interferogram the noise phase term of a pixel, it is necessary to estimate the
deterministic terms. In order to do that, the neighbouring pixels will be used assuming, in theory, a
spatial low-pass behaviour of all deterministic terms in the vicinity of the pixel whose TPC is being
estimated, a.k.a the central pixel. The phase of the neighbouring pixels is estimated by averaging their
complex values, but excluding the central pixel, and then calculating the argument of this complex
number. With this approach, similarly to the classical multi-looking in interferometry, the pixels’
amplitude is used to give more significance to those pixels with higher amplitude in front of those
with lower values that, in principle, can be expected to be noisier and less reliable. The first three terms
of Equation (2) can be assumed to be spatially low-pass. Indeed, APS, orbital residues and the phase
offset of the interferogram perfectly fulfill this condition while, for the deformation, it would be an
acceptable approximation. Then, subtracting the neighbouring phase from the central phase gives
Equation (4)

central neigh — dif _ . dif dif
Y - =9 f= l/’gDEM + noise” (4)
where o/ — yeentral _ pneigh o g dif - peentral _gneigh g6 the terms have been grouped in
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deterministic along the interferometric stack, 1/)dlf , and random, wdlf. . As (4) shows, the estimation
CDEM noise
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of the noise phase of the central pixel, i.e., 7', would be affected by the deterministic terms.
neigh

oise - TNUS, We can assume

The averaging would reduce the noise term of the neighbouring pixels, ¥

noise noise
the central pixel can be estimated. In the practical implementation, all phase operations are obviously

done in the complex domain.

than peeiral l/)dif . Thus, by subtracting the deterministic term lpggEM from 1/, the noise phase of

The phases due to DEM errors (E%’E'tj\r/‘ld and s"Deé%) of the central and neighboring pixels can be
rewritten as Equations (5) and (6), respectively:
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where A, B;;, Ry and ¢ are the wavelength, the perpendicular baseline, the absolute range distance in
the LOS direction between the sensor and the target and the incidence angle, respectively. Then, we
can derive wg;fm as (7)

aif _ 4w Bn
Yeoen = 4 Ro-sin(dy) L EDEM @)

where Aeppp = s%’éﬁl - s’gg\z is the difference of DEM errors between the central and the averaged

error of the neighboring pixels. We use Equation (8) to estimate each pixel’s Aepgy and then the
1/lg;fEM is calculated by Equation (7):

1 M . dif . dif )
N Y T eppi | 8
arg max {vme = 37| & 1} ®)

Until now, l[Jgg;M has been estimated and then 1/15,%’23”1 can be derived by Equation (4) under

the assumption that lpffg'};g’” ~ l,bzgs .- All pixels’ noise phase terms of all the interferograms can be
estimated by this way and then the TPC can be calculated by Equation (3).

TPC provides a temporal coherence of each pixel and fixing a threshold can perform the
identification of PSCs. As in the case of classical coherence or the TSC, a relationship between TPC
and the phase standard can be established in order to select a threshold independent on the number of

images and interferograms. The derivation of these relations has been discussed in detail in [38].

3.3. Linear and Nonlinear (Time-Series) Displacement Estimation

The linear and nonlinear displacement terms and the DEM error can be estimated by using
UPC’s ground motion detection software SUBSOFT-GUI (UPC, Barcelona, Spain). SUBSOFT-GUl is a
user-friendly software package for PSI processing. It allows for performing all required steps, starting
from the image co-registration, differential interferograms generation and filtering, pixel selection
and deformation time-series extraction. The software uses a Graphical User Interface (GUI) and most
of the steps have been automatized, which facilitates the processing of any dataset. The detailed
procedures of the linear and nonlinear blocks in SUBSOFT-GUI can be found by referring to [17,20].
Three independent processes, based on the same set of differential interferograms but with three
different PS selection strategies (D4, TSC and TPC approaches), have been carried out to compare the
performance of each pixel selection technique under similar conditions. For each strategy, the measured
parameter can be related with a phase standard deviation as shown in Figure 7.
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Figure 7. Standard deviation of the interferometric phase as a function of (a) D4, (b) TSC and (c) TPC
for the 32 images set.
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The comparison of the different strategies is always a difficult task as there are many parameters
that can be adjusted. In this case, the key point that makes the difference is the capability of the
different strategies to select PSs. The larger the number, the better performance of the PSI processing,
as it allows a better connection of the different areas and reduces the chances of having isolated clusters
of PSs. It is also true that the three processes could have been optimized with a fine-tuning of the
processing parameters, but, in practice, it is expected that the possible small variations on the final
results would not be enough to modify the conclusions.

3.4. Atmospheric Artefacts

InSAR observations are usually plagued by propagation delays, which are also known as
atmosphere phase screen (APS). As the atmosphere properties (temperature, pressure, and relative
humidity that set the refractive index) between radar platform and the ground targets vary spatially
and temporally, the phase delays vary from one day to another. For microwaves, it is well
known that propagation delays have two major sources: tropospheric terms and ionosphere effects.
At X-band, ionosphere is almost invisible and so the only significant source is the troposphere [26,47].
The atmospheric propagation delay in interferograms can be categorized into vertical stratification and
turbulence mixing [26]. While the latter can be compensated, thanks to its random behaviour in time
and correlated behaviour in space, with a set of temporal and spatial filters during data processing
[14,18,20], the former can be much more difficult. Stratification is prone to occurring in areas with
steep topography and the APS appears to be strongly correlated with the elevation. If not properly
compensated, APS can be misinterpreted as topography or displacement. Different strategies can be
used to characterize and compensate the stratified APS, for instance with models following a linear or
quadratic phase-elevation relationship [25,27-29].

The time of the pass of the satellite for the TSX data acquisitions was early in the morning, around
6:03 a.m. UTC (8:03 a.m. in local summer time and 7:03 a.m. in local winter time). At this time of the
day, the atmosphere is very stable, compared with the strong fluctuations that can be observed during
the day, and stratified APS has not been observed in the dataset.

4. Results and Discussion

4.1. Line-of-Sight (LOS) Monitoring Results

The LOS displacement rate maps derived by the three methods (i.e., the D4, TSC and TPC) are shown
in Figure 8a—c, respectively. To make a fair comparison, the pixel selection thresholds for all the three
methods were established based on a phase standard deviation of 15°. Using the plots shown in Figure 7, the
corresponding thresholds for each strategy can be selected. Similar displacement trends have been detected
by all of them, and the maximum displacement velocity reaches up to —3.5 cm/year (the minus sign means
movement away from the satellite, i.e., downslope motion due to the landslide orientation). Within the
landslide limits, there are mainly three large displacement subareas (indicated by the red rectangles in
Figure 8a—c), located at the El Pic de Maians (subarea A), costa de les Gerqueres (subarea B) and Cal
Borré-Cal Ponet (subarea C), respectively. These three subareas’ locations and displacement patterns
are coincident with the monitoring results obtained with another dataset in 2011 [37]. The dataset
consisted on Sliding-spotlight TerraSAR and GB-SAR images, and data from inclinometers deployed
in the landslide, all acquired from October 2010 until October 2011. Previous results have confirmed
that the location and evolution of the landslide body have not changed significantly during the recent
years. This fact is in good agreement with the geological expectations.

Among the three pixel selection methods, D4 and TSC select pixels that behave as point scatterers
while TPC can work on both point and distributed scatterers (DSs). Since there are many DS pixels
(e.g., the road) in the study area, TPC obtains a much higher density of measurement pixels (MP) than
D 4 and TSC approaches.
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Figure 8. LOS displacement velocity maps derived by (a) D4, (b) TSC, (¢) TPC and (d) GPS approaches,
respectively. The filled blue triangle in (d), i.e., E1, indicates the location of the GPS base point. GPS
displacements have been projected to LOS. The red rectangles highlight the areas zoomed in Figure 9.
The red numbers at the right bottom corner of (a—c) represent the amount of valid pixels obtained by
each method.
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Notice in Figure 8 how well the TPC method has identified those pixels along the downhill road,
while the other two have just selected a reduced set of them. At the same time, the TSC method
obtains more PSs than D 4. This can be explained by the fact that the D4 method is very sensitive
to the amplitude changes that highly directive scatterers produce when the local incidence angle
changes from image to image. Specifically, the number of PSs obtained by TPC method is 757,086,
the counterparts of TSC and D 4 methods are 139,065 and 294,484, respectively. The improvement of
the TPC and TSC methods on D 4 is around x5.4 and x2.1, respectively. The TPC method thus has the
best performance in terms of PSs” density.

To better analyse the details of the landslide, the three subareas’ monitoring results have been
enlarged and plotted in Figure 9. From column A (results of the subarea A), we can find that
the displacement velocities obtained by D4 (—1.3 cm/yr) are greater then those of TSC and TPC
(—0.6 cm/yr) at the locations highlighted by the red ellipses. Similar differences can be observed
between the TPC derived results and the other two methods within the subarea C (along the downhill
road). These displacement velocities” differences are mainly caused by the sparsity of selected pixels
that reduces the number of connections of D, (Figure 9a,c) or TSC (Figure 9f) during the linear
displacement estimation. Different areas interconnected by low-quality links can lead to small offsets
in the velocity results. The sparser the local connections, the more easily the estimated displacement
can be affected by nearby lower quality pixels and APS. Therefore, the high estimated displacement
velocities in Figure 9a,c,f are mostly due to the low densities of PSs within these local areas.

As Figure 9g—i shows, thanks to the super high resolution (SHR) of the images and TPC’s good
performance on pixel selection, the displacement details of the different landslide units are well
detected. For instance, more pixels have been selected along the narrow paths (around 1 m in width),
as highlighted by red ellipses in Figure 9i. Benefiting from this high density of PSs, the displacement
boundaries (illustrated by the yellow dashed lines in Figure 9i) can be clearly determined by the TPC
approach in subarea C. These boundaries can hardly be seen from the results of the other two methods,
as shown in Figure 9¢,f.

Besides the displacement results, PSI techniques can also obtain the DEM error of the selected
pixels with respect to the reference DEM used. The inclusion of the retrieved DEM error on the
geocoding of the final results largely improves the geolocation quality of the displacement maps.
Figure 10 shows some interesting examples that illustrate the capabilities of SHR TSX data to retrieve
the vertical distribution of scatterers in manmade structures. The examples shown have been obtained
from the TPC processing. Figure 10a shows a communications tower located in Canillo. The vertical
distribution of scatterers perfectly follows the tower’s structure as the picture validates. It is also
interesting, looking at the GoogleEarth image, to compare the distribution of scatterers with the
shadow of the tower projected over ground. Figure 10b and ¢ show a couple of chairlifts from the
Grandvalira ski station. Once again, the vertical distribution of scatterers perfectly follows the metallic
structure, as the pictures and projected shadows demonstrate. Finally, Figure 10d shows a couple
of high voltage towers. The good performance of the vertical location of the scatterers, thanks to
the inclusion of the calculated DEM error on the geocoding process, can also be used as proof of
the reliability of the displacement velocity maps obtained. Both velocity and DEM error have been
calculated simultaneously when adjusting the linear model to the interferometric data [17,20].
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Figure 9. The close-up of the three subareas limited by red rectangles in Figure 8a—c. (a—c) are the
results of the D 4 method, (d—f) obtained by the TSC method and (g-i) obtained by the TPC method.
Red ellipses highlight areas commented in Section 4.1. Yellow dashed lines highlight the edges of
the slide.
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Figure 10. SHR TerraSAR-X data derived DEM errors at the locations of some manmade structures
in the study area by the TPC method. (a) communications tower, (b,c) chairlifts towers and (d) high
voltage towers. PSs have been geocoded over a GoogleEarth image using the retrieved DEM error.

4.2. Comparison with GPS Measurements

The displacement velocities of the 37 GPS control points introduced in Section 2.3 have been
projected to the LOS direction [48,49] to compare them with the DInSAR results, as shown in Figure 8d.
In subarea A of Figure 8d, a small displacement with a velocity around —1 cm/yr has been detected.
In the subarea C, significant movement with velocity around —4 cm/yr has been monitored by the
GPS. In the subareas A and C, the GPS and PSI measured displacement velocities are consistent with
each other. Unfortunately, no GPS points were available in the subarea B for comparison. On the
contrary, large displacements have been recorded by the GPS within the subarea D (highlighted by the
red rectangle in Figure 8d), where there are no counterpart PSI pixels in its near vicinity. However, the
further neighboring PSI pixels present LOS velocities about —1.5 cm/yr, providing evidence of the
agreement of the GPS and PSI results also in this subarea.

To summarize the comparison, a scatter plot with the GPS and PSI derived displacements is
shown in Figure 11. In this plot, the PSI displacements are estimated by averaging those of the
neighbouring pixels of the related GPS measurement point (less than 50 m apart). In addition,
they have been determined from the displacement time-series taking the overall two year displacement
from October 2014 to October 2016, as the GPS date campaigns. As Figure 11 reveals, the GPS
and PSI displacements follow the same trends and present a correlation coefficient of R? = 0.90.
For GPS measurement points with noticeable displacement (highlighted by the red ellipse in Figure 11),
their surrounding PSI pixels show large displacements as well. Meanwhile, for those stable GPS
measurement points (limited by the blue rectangle), with displacements between —2 to 2 c¢m,
their corresponding PSI displacements are also within this range.
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Figure 11. Comparison of PSI and GPS derived displacements (October 2014 to October 2016).

4.3. Down-Slope (DSL) Direction Displacement Monitoring Result

The ground motion derived by DInSAR is along the LOS direction, but it is usually projected to
the down-slope (DSL) direction to b