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Zusammenfassung

Die zunehmende Verfligbarkeit von satellitengestiitzten Erdbeobachtungs-
daten hat unser Verstandnis physikalischer, chemischer und biologischer
Prozesse auf der Erde erheblich verbessert. Dennoch gibt es weiterhin er-
hebliche Liicken in der kontinuierlichen Datenerfassung, insbesondere im
Hinblick auf den fortschreitenden Klimawandel und die zunehmenden an-
thropogenen Einfliisse.

Zur Bewiltigung zahlreicher aktueller Herausforderungen im Bereich der
Geowissenschaften werden Erdbeobachtungsdaten mit hoher rdumlicher
und zeitlicher Auflosung benétigt, damit auch sich schnell entwickelnde
Prozesse auf der Erdoberfliche addquat erfasst werden konnen. Die ak-
tive Mikrowellenfernerkundung spielt hierbei eine zentrale Rolle, steht
jedoch vor der Herausforderung, einen Kompromiss zwischen zeitlicher
Wiederholung, raumlicher Auflosung und Abdeckung zu finden. So er-
moglichen Scatterometer eine tédgliche globale Beobachtung mit grober
rdaumlicher Auflosung (in der Grofsenordnung von mehreren zehn Kilome-
tern), wahrend weltraumgestiitzte Radarsysteme mit synthetischer Aper-
tur (engl. SAR - Synthetic Aperture Radar) hochauflosende Bilder (im Meter-
bereich) liefern, allerdings mit langeren Wiederholraten, die in der Regel
mehr als zehn Tage betragen. SAR-Konstellationen kénnen die Wieder-
holperioden auf wenige Tage verringern, erfordern jedoch im Low Earth
Orbit (LEO) eine hohe Anzahl von Satelliten fiir eine grof3flachige Abdeck-
ung.

Satelliten in Medium Earth Orbits (MEOs) und geosynchronen Earth Or-
bits (GEOs) bieten eine vielversprechende Alternative, um die bestehen-
den rdumlichen und zeitlichen Abtastliicken entweder global oder zu-
mindest fiir grofiere geographische Regionen zu schlieffen. In diesen Or-
bithohen kann ein einziger Satellit die gesamte Erde in einem Rhythmus
von wenigen Tagen erfassen oder regionale Gebiete—etwa Lander, Konti-
nente oder Ozeane-mehrmals tdglich abbilden. Diese Fahigkeiten machen
hoher fliegende SAR-Plattformen zu guten Kandidaten fiir zukiinftige wis-
senschaftliche Missionen, einschliefslich solcher mit interferometrischen
Anforderungen.



Zusammenfassung

Diese Dissertation bietet eine umfassende quantitative Analyse von SAR-
Missionen in hoheren Orbits und beleuchtet zentrale Kompromisse zwis-
chen den verschiedenen Missionsaspekten. Die detaillierten Analysen
zeigen neue operative Moglichkeiten und Anwendungsbereiche auf, die
durch MEO- und GEO-Konfigurationen ermoglicht werden. Beispiele sind
die globale dreidimensionale Deformationsmessung mit einem einzigen
MEO-Satelliten in rund 6.000 km Ho6he und die mehrfach tdgliche Ab-
bildung Europas aus etwa 20.000 km Hohe. Entgegen gédngiger Annah-
men zeigt die Analyse, dass solche hochfliegenden Satellitenmissionen
mit aktuellen Technologien realisiert werden kénnen und kritische Erd-
beobachtungsdaten mit (i) kontinentaler bis globaler Abdeckung, (ii) ho-
her zeitlicher Wiederholrate und (iii) moderater rdumlicher Aufldsung im
Bereich von Dutzenden von Metern liefern konnen.

In dieser Dissertation werden zwei MEO-SAR-Missionskonzepte
vorgeschlagen, die fiir ein globales und regionales Aufnahmeszenario mit
moglichst kurzen Wiederholraten optimiert sind, sowie ein neuartiges
Konzept fiir geosynchrone Orbits, das taglich mehrere interferometrische
SAR-Akquisitionen ermdglicht. Dariiber hinaus wird ein neues Mod-
ell zum Design von Akquisitionsszenarien fiir GEO-SAR-Missionen
vorgestellt. Ein speziell entwickeltes Vergleichsmodell ermdoglicht es,
die relative Komplexitdt von SAR-Missionen in hohen Orbits gegeniiber
dquivalenten monostatischen LEO-SAR-Konstellationen zu bewerten.
Dieser Vergleich wird durch beispielhafte Missionskonzepte und Strate-
gien fiir die optimale Verteilung der LEO-Satelliten unterstiitzt.
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Abstract

The increasing availability of Earth observation (EO) data from space
has significantly advanced our understanding of Earth’s physical, chem-
ical, and biological systems. However, significant gaps remain as climate
change and anthropogenic pressures intensify.

Addressing many of today’s pressing Earth science challenges requires EO
data with high temporal and spatial sampling to effectively capture rapidly
evolving processes. Microwave remote sensing instruments are central to
this effort but face trade-offs among temporal revisit, spatial coverage, and
spatial resolution. For instance, scatterometers offer daily global observa-
tions with coarse spatial resolution (on the order of tens of kilometers),
while synthetic aperture radar (SAR) systems provide high-resolution im-
agery (meter-scale) but with longer revisit times typically exceeding ten
days. SAR constellations help improve revisit times to a few days, but
require large constellations in low Earth orbits (LEOs) for large-scale cov-
erage.

Medium Earth orbits (MEOs) and geosynchronous orbits (GEOs) offer a
compelling alternative to address the spatio-temporal sampling gap for fre-
quent revisit over large geographic regions. SAR missions at these altitudes
enable a single spacecraft to deliver global coverage on a multi-daily basis
and regional coverage—such as countries, continents, or oceans—on a sub-
daily basis. These capabilities make high-altitude SAR platforms good can-
didates for future scientific missions, including those with interferometric
requirements.

This dissertation provides an in-depth quantitative analysis of SAR mis-
sions in higher orbits, emphasizing critical trade-offs among mission as-
pects. These trade-offs reveal new operational opportunities and applica-
tion domains uniquely enabled by monostatic MEO and GEO configura-
tions. Examples include global 3-D deformation monitoring using a single
MEQO spacecraft at approximately 6000 km altitude and sub-daily coverage
of Europe from around 20000 km. Contrary to prior assumptions, the anal-
ysis demonstrates that current technologies can support such high-altitude
missions, delivering critical EO data with (i) continental to global cover-
age, (ii) frequent temporal revisit, and (iii) moderate spatial resolution on
the order of tens of meters.
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Abstract

This dissertation proposes two MEO-SAR mission concepts optimized for
multi-daily and sub-daily revisit, along with a novel geosynchronous or-
bit concept for sub-daily interferometric acquisitions. It also introduces
a framework for designing observation scenarios for GEO-SAR missions.
Furthermore, it develops a comparative framework for evaluating the rela-
tive complexity of high-orbit SAR missions and their equivalent monostatic
LEO-SAR constellations, supported by distribution strategies and illustra-
tive mission concepts.
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1 Introduction

1.1 Earth Observation

Earth observation (EO) refers to acquiring, processing, and analyzing data
that provide relevant insights into Earth’s physical, chemical, and biolog-
ical systems. It is essential for scientific research and practical applica-
tions, supporting fields such as climate and environmental monitoring, ge-
ology, cryospheric science, hydrology, forestry and agriculture, oceanogra-
phy, land use and land cover mapping, disaster response, food security, as
well as national defense and security.

EO data are acquired using a variety of sensors, which are broadly classi-
fied into passive and active types, each with distinct capabilities and lim-
itations. Passive sensors—such as radiometers and spectrometers—rely
on naturally available energy sources, including sunlight or thermal ra-
diation, to make measurements. These sensors are characterized by their
low power requirements and are well-suited for monitoring climate, cloud
cover, water quality, temperature trends, and vegetation cover. However,
they are constrained by environmental factors, such as operating without
sunlight or penetrating cloud cover, haze, smoke, or dense vegetation. In
contrast, active sensors—such as radar, LiDAR, and sonar—generate their
illumination by emitting electromagnetic waves, laser pulses, or acoustic
waves and measuring the reflected signals from targets. These sensors op-
erate independently of external illumination sources, ensuring continuous
functionality regardless of daylight conditions. Notably, active microwave
sensors can penetrate various media, including vegetation, soil, snow, ice,
smoke, and clouds, making them especially valuable for all-weather obser-
vations.! Consequently, active sensors are extensively used in applications
such as topographic mapping, disaster assessment, soil moisture monitor-
ing, vegetation and forestry analysis, snow and ice monitoring, and ocean
surface studies.

! The penetration depth of microwave sensors varies depending on the carrier frequency.
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EO sensors are deployed on ground-based, airborne, and spaceborne plat-
forms. The choice of a platform is primarily determined by its tempo-
ral sampling and spatial coverage capabilities, alongside operational con-
straints, including cost and deployment feasibility. Ground-based and air-
borne platforms offer high temporal sampling and flexibility but are sig-
nificantly limited in spatial coverage. In contrast, spaceborne platforms
provide extensive global coverage, making them indispensable for large-
scale monitoring despite their lower temporal sampling. As a result, EO
increasingly relies on hybrid approaches, combining spaceborne, airborne,
and ground-based measurements [1]. This approach allows for enhanced
data fidelity, reduces observation gaps, and supports the validation of tech-
niques for future spaceborne implementation. Large-scale initiatives such
as the Copernicus program of the European Union [2] and NASA’s Earth
Observing System [3] exemplify this hybrid approach, delivering continu-
ous, high-quality global data through a network of satellite, airborne, and
ground-based observations.

Most EO applications benefit from high temporal and spatial sampling at
a global scale. However, the capabilities of existing sensor-platform con-
figurations involve trade-offs among three key factors: temporal sampling,
spatial coverage, and spatial resolution. Spaceborne systems occupy a sig-
nificant portion of this trade-space, offering diverse capabilities. Their tem-
poral sampling ranges from minutes to years, their coverage extends from
local to global scales, and their spatial resolution varies from tens of kilo-
meters to sub-meter levels. Within this landscape, synthetic aperture radar
systems have played an increasingly vital role over the past decades, pro-
viding valuable data as active microwave sensors capable of wide-area cov-
erage and high spatial resolution.

1.2 Evolution of Spaceborne SAR: A Historical
Perspective

Synthetic aperture radar (SAR) is an advanced radar imaging technique
first developed by Wiley in 1951 under the term Doppler beam sharp-
ening [4]. Significant advancements refined this technology during the
1950s and 1960s, building upon traditional side-looking radar systems [5-
7]. By coherently combining Doppler frequency information from radar
echoes, SAR substantially improves along-track spatial resolution com-
pared to conventional real-aperture radars. Its deployment on spaceborne
platforms has effectively addressed a critical gap in Earth observation by
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enabling high-resolution imaging across extensive geographic regions, al-
beit with the compromise of reduced temporal revisit frequency.

Over the past five decades, the adoption of spaceborne SAR missions has
expanded significantly. Table 1.1 summarizes civilian SAR satellite mis-
sions launched up to 2024, based on publicly available data. The first civil-
ian spaceborne SAR mission was NASA'’s Seasat satellite, launched in 1978.
It deployed the first L-band SAR sensor in orbit, laying the foundation for
future SAR-based EO missions [8]. Seasat’s success prompted NASA to
launch a series of shuttle-based SAR missions, collectively known as the
Shuttle Imaging Radar (SIR) missions [9-11], concluding with the Shuttle
Radar Topography Mission (SRTM) in 2000. SRTM produced the first near-
global digital elevation model, covering latitudes between 56°S and 60°N
[12].

In Europe, the European Space Agency (ESA) launched its first EO satel-
lite, ERS-1, in 1991, followed by ERS-2 in 1995, initiating two decades of
C-band SAR observations [13, 14]. In 2002, ESA launched the Envisat satel-
lite to support the continuity of the ERS missions [15]. Envisat remained
operational for ten years.

Meanwhile, Japan’s Aerospace Exploration Agency (JAXA) entered the
spaceborne SAR domain with the launch of JERS-1 in 1992 [16], followed
by the ALOS satellite series beginning in 2007, all equipped with L-band
SAR instruments [17-19].

The Canadian Space Agency (CSA) launched RADARSAT-1 in 1995, fol-
lowed by RADARSAT-2 in 2007 [20, 21]. Their successor, the RADARSAT
Constellation Mission (RCM), was launched in 2019 with three C-band
satellites in a single orbital plane to enhance revisit frequency [22].

The Italian Space Agency (ASI), which had previously collaborated with
NASA and on the SIR-C mission, launched the COSMO-SkyMed (CSK) X-
band SAR constellation between 2007 and 2010 [23]. The four-satellite con-
stellation enabled sub-daily revisit capabilities over certain latitudes. Its
successor, the COSMO-SkyMed Second Generation (CSG), began deploy-
ment with launches in 2019 and 2022 [24, 25], offering enhanced revisit and
data continuity.

In 2007, Germany launched TerraSAR-X [26, 27], followed by TanDEM-X
in 2010 [28, 29], together forming a spaceborne bistatic SAR satellite for-
mation. This unique configuration enabled single-pass, large-baseline in-
terferometry, which allowed to reach the mission’s primary objective in
2016—the generation of the first global digital elevation model (DEM) with
sub-2m vertical accuracy [30, 31]. The mission is a collaboration between
DLR and Airbus Defence and Space (ADS).
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Table 1.1: Overview of launched civilian spaceborne SAR missions (1978-2024). An aster-
isk (*) denotes SAR constellations, while (pres) indicates ongoing missions. The
information is compiled from publicly available sources and may be subject to

revision.

Mission Year Altitude [km] Rf-band  Institution
Seasat 1978 — 1978 775 L NASA
SIR-A, B 1981, 1984 225-352 L NASA
ERS-1,2 1991 - 2011 785 C ESA
JERS-1 1992 — 1998 568 L JAXA
SIR-C/X-SAR 1994 — 1994 225 L,C, X NASA, DLR, ASI
RADARSAT-1,2 1995 — pres 798 C CSA
SRTM 2000 - 2000 233 G X NASA
Envisat (ASAR) 2002 -2012 800 C ESA
ALOS-1, 2,4 2006 — pres 692, 628 L JAXA
CSK*/CSG* 2007 — pres 620 X ASI
TerraSAR-X 2007 — pres 514 X DLR, ADS
TanDEM-X 2010 — pres
RISAT-1 2012 - 2017 536 C ISRO
HJ-1C 2012 - pres 650 S CAST, CRESDA
Kompsat-5 2013 - pres 550 X KARI
Sentinel-1A, B,C 2014 — pres 693 C ESA
Gaofen-3 2016 — pres 755 C CNSA
PAZ 2018 — pres 514 X Hisdesat
NovaSAR-S 2018 — pres 580 S SSTL, UKSA
SAOCOM-1A,1B 2018 - pres 620 L CONAE
ICEYE-X* 2018 — pres 570 X ICEYE
Capella* 2018 — pres 500 X Capella Space
RCM* 2019 - pres 600 C CSA
QPS-SAR* 2019 - pres 500-605 X iQPS Inc.
StriX* 2020 - pres 500 X Synspective
HiSea-1/Chaohu-1 2020/2 - pres ~ 500-512 C Spacety
UmbraSAR* 2021 — pres 560 X Umbra
LuTan-1 2022 — pres 607 L CAS
NeuSAR 2022 — pres 570 X DSO
SuperView Neo-2* 2022 — pres 500 X China Siwei
Ludi Tance-4 01A 2023 - pres 35800 L CASC
TeLEOS-2 2023 — pres 574 X ST Engineering
HongTu (PIESAT)* 2023 — pres 520 X PIESAT

!



1.2 Evolution of Spaceborne SAR: A Historical Perspective

The Indian Space Research Organisation (ISRO) launched its first X-band
SAR satellite, RISAT-1, in 2012 [32]. That same year, the China Academy
of Space Technology (CAST), in collaboration with the China Center for
Resources Satellite Data and Application (CRESDA), launched HJ-1C—the
first civilian satellite to carry an S-band SAR instrument—within the frame-
work of an environmental monitoring constellation [33]. In 2013, the Ko-
rea Aerospace Research Institute (KARI) deployed KOMPSAT-5, equipped
with an X-band SAR instrument [34].

ESA’s Sentinel-1 mission, part of the Copernicus program, began deliver-
ing operational C-band SAR data with the launch of Sentinel-1A in 2014
[35], followed by Sentinel-1B in 2016 to improve revisit frequency. Sentinel-
1B ceased functioning in late 2021 due to a power failure and was replaced
by Sentinel-1C in 2024. The launch of Sentinel-1D is planned for 2025 to
succeed Sentinel-1A, ensuring the continuity of the two-satellite constella-
tion and maintaining consistent temporal coverage.

China has continued to expand its SAR capabilities with the launch of
the Gaofen-3 in 2016, a C-band mission developed by the China National
Space Administration (CNSA) [36]. This was followed by the deployment
of HiSea-1 in 2020 [37, 38] and Chaohu-1 in 2022 [39], two compact C-
band satellites developed by the private company Spacety. In the same
year, the Chinese Academy of Sciences (CAS) launched LuTan-1 [40], an L-
band bistatic SAR mission inspired by the TerraSAR-X/TanDEM-X forma-
tion. Most recently, in 2023, the China Aerospace Science and Technology
Corporation (CASC) launched Ludi Tance-4 01A, the world’s first geosyn-
chronous SAR satellite. Equipped with an L-band instrument, it enables
near-instantaneous imaging of China and surrounding regions [41].

In 2018, the Spanish company Hisdesat launched PAZ, a high-resolution X-
band SAR satellite nearly identical to TerraSAR-X [42]. That same year, the
United Kingdom deployed NOVASAR-S, their first S-band SAR satellite,
a collaborative effort between Surrey Satellite Technology Limited (SSTL)
and the UK Space Agency (UKSA) [43].

In Latin America, CONAE? launched SAOCOM-1A and 1B in 2018 and
2020, respectively [44]. The two L-band SAR satellites are part of the
SIASGE? system, sharing an orbital plane with the CSK and CSG constel-
lations. This collaboration enhances EO capabilities by enabling dual-band
(L- and X-band) observations for emergency response and environmental
monitoring [45].

2 CONAE, an acronym for Comision Nacional de Actividades Espaciales, is the National
Space Activities Commission of Argentina.

3 SIASGE, an acronym for Sistema Italo-Argentino de Satélites para la Gestién de Emergencias,
is the Italian-Argentine Satellite System for Emergency Management.
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Singapore entered the SAR domain in 2022 with the launch of NeuSAR, its
tirst high-performance X-band micro satellite [46]. NeuSAR was developed
by DSO National Laboratories in collaboration with national and interna-
tional partners, and is notable for being the first fully polarimetric SAR on
a small satellite platform. In 2023, ST Engineering, in partnership with the
Defence Science and Technology Agency in Singapore, launched TeLEOS-2
[47]. The satellite is also equipped with an X-band full polarimetric SAR
payload.

The commercial SAR landscape transformed in 2018 with the emergence
of small-satellite constellations. Finnish startup ICEYE launched its first
two small X-band satellites, each weighing less than 100 kg [48]. As of
December 2024, ICEYE has deployed 40 SAR satellites and continues to ex-
pand its constellation. Capella Space, a U.S.-based company, followed with
the launch of its prototype satellite Denali in 2018, and has since grown
its constellation with the deployment of its second- and third-generation
SAR satellites [49]. The Institute for Q-shu Pioneers of Space (iQPS), a spin
off company of Kyushu University in Japan, entered the SAR market in
2019 with the launch of QPS-SAR-1, and plans to deploy a 36-satellite X-
band constellation in four orbits to achieve a ten minute repeat cycle glob-
ally [50]. Japanese startup Synspective joined the market in 2020 with the
launch of StriX-«, aiming to establish a 30-satellite X-band constellation by
the late 2020s [51]. Umbra [52], another U.S.-based company, launched
its first X-band SAR satellite in 2021 and plans to build a 32-satellite con-
stellation, most of which will operate in bistatic pairs [53]. China Siwei,
a subsidiary of CASC, launched the Superview Neo-2 01 and 02 X-band
SAR satellites in 2022, operating in a tandem formation, with two addi-
tional satellites deployed in 2024 to expand the constellation [54]. PIESAT
Information Technology Co. Ltd, based in China, launched the HongTu-1
(also referred to as PIESAT-1) four-satellite constellation in 2023, consisting
of one active X-band SAR satellite and three passive bistatic receivers op-
erating in a cartwheel formation to form a single-pass, multibaseline SAR
interferometer [55]. The company expanded the system with four addi-
tional PIESAT-2 satellites in 2024 and plans further deployments to grow
the constellation.

In April 2025, ESA launched Biomass, the first civilian spaceborne SAR
mission operating in P-band [56, 57]. Several missions are scheduled for
launch in the near future. Among them is NISAR, a joint NASA-ISRO
mission featuring a dual L- and S-band SAR system [58]. Upcoming con-
tinuity missions include CSG-3, SAOCOM-2A /2B, KOMPSAT-6. ESA is
also preparing ROSE-L, an L-band Copernicus SAR mission scheduled for
launch in 2028 [59], and Harmony, a mission comprising two receive-only
SAR satellites flying as companions to Sentinel-1D, scheduled for launch
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in 2029 [60]. Meanwhile, the commercial sector continues to grow, with
numerous small SAR satellites expected to launch annually. Even planned
missions that were ultimately discontinued, such as Tandem-L [61], have
advanced SAR technology through their contributions to novel imaging
concepts and mission architectures.

The evolution of spaceborne SAR reveals two converging trends. The first
is the deployment of constellations to overcome the temporal limitations of
single-satellite systems. The second is the advancement of instrument elec-
tronics, operational concepts, imaging modes, and processing techniques
to extend spatial coverage and enhance resolution. These developments
reflect the growing global demand for EO data with increased temporal
frequency and finer spatial resolution.

1.3 Motivation of the Work

The scientific understanding of Earth systems has advanced rapidly in re-
cent years, primarily driven by the increasing availability of data from
EO satellite missions. Despite this progress, substantial observational and
knowledge gaps remain, while the impacts of climate change and anthro-
pogenic pressures continue to intensify [1, 62].

Spaceborne SAR missions play a key role in addressing these gaps by pro-
viding global coverage with wide swath imaging—typically spanning few
hundred kilometers—while maintaining metric to decametric spatial res-
olutions, enabled by advanced imaging modes. Current SAR constella-
tions in low Earth orbit (LEO) enable short revisit times on the order of a
few days. Complementary to SAR, active radar scatterometers (e.g., the
C-band ASCAT instruments on MetOp-B/C, and Ku-band sensors on HY-
2B/2C/2D) and passive microwave radiometers (e.g., L-band sensors on
SMOS and SMAP, and higher-frequency sensors on AMSR2, MetOp-B/C,
and JPSS-1), provide frequent temporal coverage, with revisit intervals
ranging from 1 to 3 days. However, their spatial resolution (typically 5
to 50 km) limits their suitability for applications requiring finer spatial de-
tail.

A critical gap persists for EO applications that require both frequent tem-
poral sampling—lower than a few days—and moderate spatial resolution
at continental to global scales. These requirements are essential for captur-
ing transient, rapidly evolving, or diurnally varying processes across key
Earth system domains, including the atmosphere, cryosphere, land sur-
face, oceans, and solid Earth. Table 1.2 presents a selection of EO applica-
tions that would benefit from such observational capabilities. The spatial
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Table 1.2: Overview of EO applications that can benefit from high-temporal and moderate-
spatial resolution data [63-68].

Revisit Resolution

Application
(goal) [h] (goal) [km]

Coverage

Snow status (wet/dry) 1 0.1 Global land

Integrated water vapor 1 0.5 Global
Vegetation water content 6 0.1 Global land
Permafrost 6 0.1 Global land
River discharge estimation 6 0.1 Regional

Ocean/sea salinity (atmosphere) 6 1 Global ocean

Flood monitoring & mapping 12 0.1 Global land

Canopy state (wet/dry) 12 0.1 Global land
Ocean surface currents 12 1 Global ocean

Landslides & Earthquake mapping 24 0.05 Global land
Volcanic activity & deformation 24 0.05 Regional land

Snow cover mapping 24 0.1 Global land

Snow water equivalent 24 0.1 Global land

Surface soil moisture (agriculture) 24 0.1 Global land
Ocean dynamic topography 24 0.1 Global ocean
Sea ice thickness 24 0.5 Global coastal

Glacier flow 24 0.5 Global land

Surface soil moisture (climate) 24 1 Global land
Sea ice cover, type, extent & drift 24 1 Global coastal
Ocean/sea salinity (climate) 24 5 Global ocean
Ocean temperature 24 10 Global ocean

Vessel & fish farming cages tracking 72 1 Global ocean

and temporal requirements for each application are compiled from multi-
ple sources [63-68], and are expected to evolve as user needs and scientific
priorities continue to advance.

While existing and upcoming LEO-SAR missions focus on system-level
design approaches—typically optimizing for wide-swath, high-resolution
imaging—this thesis takes a mission perspective. Specifically, it explores
how orbital design and mission architecture can be strategically employed
to address spatio-temporal sampling gaps. Consequently, the central objec-
tive of this thesis is to investigate the potential of high-orbit SAR systems
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Figure 1.1: Increase in surface access area with orbital altitude, illustrated for four repre-
sentative orbits after a single orbital revolution. The configurations include a
low Earth orbit (LEO) at 693 km, medium Earth orbits (MEO) at 5952 km and
20182km, and a geosynchronous Earth orbit (GEO) at 35788 km. Access re-
gions are traced assuming a fixed incident-angle range of 20° to 60° over the
ellipsoid.

to address the gap in EO data for high-temporal, large-scale dynamic Earth
processes. In contrast to LEO systems, high-orbit systems are characterized
by increased observational accessibility.* Figure 1.1 illustrates this concept,
comparing the surface access area of a representative LEO system at 693 km
to that of selected high-altitude configurations at 5952 km, 20182 km, and
35788 km, for identical observation geometries. By focusing on orbital ge-
ometry and mission design rather than solely on SAR instrument specifi-
cations, this research aims to demonstrate how high-orbit SAR platforms
can contribute to a more responsive and scalable EO infrastructure. This is
supported by the design of exemplary MEO- and GEO-SAR missions and
benchmarked against large-scale LEO-SAR constellations with comparable
EO data objectives.

Figure 1.2 visualizes the current spatio-temporal observational space of
state-of-the-art spaceborne microwave imaging systems, emphasizing the
potential of high-orbit SAR systems in MEO and GEO to address the per-
sistent gap in delivering data with high temporal sampling and moderate
spatial resolution.

% In this context, accessibility refers to the portion of the Earth’s surface that falls within the
viewing geometry of the sensor, constrained by incident angles suitable for acquiring
useful measurements.
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Figure 1.2: Spatio-temporal sampling characteristics of state-of-the-art spaceborne mi-
crowave imaging sensors, illustrating the trade-off between spatial resolution
and temporal revisit frequency. The investigated MEO- and GEO-SAR systems
are highlighted as potential solutions to bridge the existing spatio-temporal
observation gap in Earth observation data. The asterisk (*) next to "LEO-SAR
Constellations" denotes systems with global coverage capabilities.

Related Work

This thesis builds upon previous research on high-altitude SAR systems.
High-orbit SAR has been studied for several decades, primarily in the
United States, Europe, and China. However, it was first realized by China
in 2023 with the launch of the first inclined GEO-SAR mission, Ludi Tance-
4 01A [41].

The earliest discussions on GEO-SAR emerged as early as 1978, when
Tomiyasu and Pacelli proposed the use of inclined geosynchronous orbits
to provide SAR coverage over North and South America [69, 70]. In the
early 2000s, extensive studies were conducted at the Jet Propulsion Lab-
oratory (JPL) [71-75], which analyzed performance trends as a function
of orbital altitude. These investigations proposed conceptual designs for
MEO and GEO L-band interferometric SAR missions aimed at applications
such as continuous seismic monitoring, disaster response, vegetation anal-
ysis, and soil moisture observation.

Subsequent research efforts have contributed significantly to the devel-
opment of novel GEO-SAR mission concepts [76-83] by developing SAR
focusing and processing techniques tailored to the unique challenges of

10
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GEO-SAR [84, 85], and addressing key issues such as the estimation and
compensation of decorrelation sources associated with long integration
times, including atmospheric effects [86-88, 88-94], ground clutter [95],
and radio-frequency interference [96, 97]. These efforts were comple-
mented by dedicated measurement campaigns designed to characterize the
spatio-temporal behavior of surface backscatter under GEO-SAR-like con-
ditions [98, 99]. Outcomes from these investigations triggered the devel-
opment of candidate mission proposals for ESA’s Earth Explorer (EE) pro-
gram, namely Hydroterra for EE10 [100-103], and Hydroterra+ for EE12
[104].

In China, numerous studies have addressed challenges specific to high-
orbit SAR, such as adapting focusing algorithms for curved satellite tra-
jectories [105-109], analyzing atmospheric decorrelation effects [110], and
designing inclined systems tailored to optimize coverage of the Chinese
mainland [111, 112].

1.4 Thesis Structure

This thesis is structured as follows. Chapter 2 establishes the foundation
for orbit and mission design, focusing on key parameters such as revisit
time, coverage, energy constraints, radiation exposure, orbit insertion, and
maneuver strategies. Chapter 3 introduces the principles of monostatic
SAR, discussing geometric, systematic, and performance aspects with fo-
cus on interferometric techniques. Building on these fundamentals, Chap-
ter 4 presents a quantitative analysis of high-altitude SAR missions, exam-
ining challenges and opportunities. This chapter explores critical trade-offs
in mission design, considering SAR payload, orbit, and platform aspects.
The discussion then shifts to medium Earth orbits (MEOs) in Chapter 5,
where key advantages of MEO for SAR missions are explored through two
exemplary mission concepts: one enabling multi-daily global coverage and
the other designed for sub-daily observations over Europe. The focus then
moves to geosynchronous orbits (GEOs) in Chapter 6, where a novel orbit
concept for sub-daily interferometric SAR acquisitions is introduced. This
chapter also outlines a methodology for developing acquisition plans that
capitalize on the large instantaneous spatial accessibility of GEO-SAR mis-
sions. In Chapter 7, the equivalence between monostatic LEO-SAR con-
stellations and high-orbit monostatic SAR systems is analyzed, offering
a generalized framework for assessing mission complexity and informing
strategic mission planning. Finally, Chapter 8 concludes the thesis with a
discussion of key findings and an outlook on future research directions.

11
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1.5 Main Contributions

In the course of this study, significant contributions have been made to the
tield of spaceborne SAR and mission analysis, with a particular focus on
systems operating in high Earth orbits. The pivotal contributions can be
delineated as follows:

1. Quantitative evaluation of high-orbit SAR missions: an in-depth
quantitative analysis of SAR missions in higher orbits was carried
out, addressing the knowledge gap in system complexity, operating
venues, and target products. The study introduces new performance
models and emphasizes critical trade-offs involving sensitivity, cover-
age, launch constraints, and environmental limitations unique to high
orbital altitudes.

2. Identification of new applications and novel MEO-SAR mission con-
cepts: this investigation revealed novel opportunities and applica-
tions for single SAR systems operating in MEOs. Key findings include
the potential for true® 3-D global deformation monitoring, sub-daily
continental-scale imaging, and hourly interferometric revisit at lower
latitudes. These insights substantially expand the operational scope
of contemporary Earth observation systems. Two mission architec-
tures specifically optimized for MEO were proposed. The MEO-SAR
concepts enable capabilities such as global true 3-D slow deformation
monitoring and large-scale sub-daily coverage.

3. Development of a novel orbit concept and novel imaging algorithm
for GEO-SAR missions: A novel geosynchronous orbit concept is pro-
posed to enable sub-daily interferometric observations. Furthermore,
a novel imaging mode is introduced to optimize mission resource uti-
lization and facilitate the design of effective observation scenarios for
GEO-SAR operations.

4. Development of a novel framework for comparing high-orbit SAR
with LEO-SAR constellations: a novel framework was established to
compare the relative complexity of SAR systems in high Earth or-
bits with their equivalent monostatic constellations in low Earth or-
bits. This framework, supported by optimized distribution concepts
for constellation design, was applied to the three proposed mission
concepts. It enabled a structured evaluation of system performance,
architectural complexity, and implementation trade-offs.

> In this context, the term true refers to the ability to adequately resolve all three displace-
ment components: east-west, north-south, and up-down.

12



2 Fundamentals of Orbits and
Operational Constraints

The choice of a remote sensing satellite’s orbit is a critical aspect of mis-
sion design, as it directly affects payload performance, such as that of syn-
thetic aperture radar (SAR) systems. Orbital parameters define key mis-
sion attributes such as coverage, revisit frequency, and sensitivity, thereby
influencing overall system performance and complexity. Additionally, the
chosen orbit may impact spacecraft design factors, including component
specifications, mission lifespan, and overall cost.

This chapter analyzes Earth’s orbits relevant to remote-sensing missions.
Section 2.1 begins with an overview of orbital mechanics and the pri-
mary perturbation forces acting on satellites. Section 2.2 explores orbit
types suitable for SAR missions, particularly repeat-ground track and sun-
synchronous orbits, emphasizing their specific advantages. Section 2.3 de-
tails the methodology for calculating satellite eclipse durations, a critical
parameter in energy budget planning for solar-powered satellites. Sec-
tion 2.4 examines the space radiation environment near Earth, with a focus
on advanced models characterizing the Van Allen radiation belts and their
implications for satellites in high-altitude orbits. Finally, Section 2.5 dis-
cusses key launch considerations, linking launch vehicle capabilities such
as fairing size and performance to the target orbit of a SAR mission.

For additional insights into spacecraft astrodynamics, refer to the textbooks
by Vallado [113], Wertz and Larson [114], Montenbruck and Gill [115],
Chobotov [116], and Wiesel [117].

Altitude Classification

Earth orbits may be classified according to their altitude into the following
categories:

* low Earth orbit (LEO): altitudes between approximately 160 km to
2000 km above Earth’s surface;

* medium Earth orbit (MEO): altitudes between approximately 2000 km
to 35786 km above the Earth’s surface; and

13
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e geosynchronous Earth orbit (GEO): altitudes of approximately
35786 km and an orbital period equal to one sidereal day.!

A GEO is synchronized with Earth’s rotation but is not necessarily equa-
torial. A special case of GEO is the geostationary orbit (GSO), which is a
circular, equatorial GEO at precisely 35786 km altitude. Satellites in GSO
appear stationary relative to Earth’s surface, making them of limited inter-
est for SAR, which relies on relative motion to enhance spatial resolution.

2.1 Orbital Mechanics

A satellite orbit is the trajectory a satellite follows in space under the in-
fluence of gravitational forces. The study of orbital mechanics, or astro-
dynamics, dates back to Kepler’s empirical laws of planetary motion and
Newton’s law of universal gravitation [118]. Since the formulation of these
foundational models, numerous models have been developed to compute
the precise motion of planets and satellites, with a varying degree of accu-
racy and computational complexity.

2.1.1 Keplerian Orbits

According to Kepler’s first law, the orbit of a satellite around a planet—
such as Earth—is an ellipse, with the planetary body situated at one focus.
Figure 2.1 depicts the principal parameters of an elliptical orbit around a
primary body (e.g., Earth). The reference frame for these elements is es-
tablished by the Earth’s equatorial plane and the vernal equinox (7").2 The
six Keplerian elements required to fully characterize the satellite’s state at
a given instant, i.e., position and velocity vectors, as well as its trajectory
are:

* Semi-major axis (a): represents half the longest diameter of the ellip-
tical orbit.

* Eccentricity (e): describes the shape of the ellipse, ranging from 0 for
circular orbits to values approaching 1 for highly elliptical orbits.

* Inclination (i): the angle between the orbital plane and Earth’s equa-
torial plane.

A sidereal day (Tygereal) is the time required for Earth to complete one full rotation rela-
tive to distant stars, approximately 86164.1s. This is slightly shorter than a solar day,
which lasts 86400 s.

2 The vernal equinox refers to the direction of the Sun as seen from Earth at the beginning
of spring in the Northern Hemisphere [115].

14
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Figure 2.1: Visualization of the primary orbital elements of a satellite orbiting Earth, in-

cluding major axis (2a), inclination (i), longitude of the ascending node ((2), ar-
gument of perigee (w), and true anomaly (v). The Earth and the vernal equinox
(T) establish the reference frame for the elements.

* Longitude of the ascending node (2): also known as the right ascen-
sion of the ascending node (RAAN), it is the angle from the vernal
equinox T to the ascending node, where the satellite crosses the equa-
tor from south to north.

Argument of perigee (w): the angle from the ascending node to the
perigee, the point in the orbit closest to Earth.

True anomaly (v): the angle from the perigee to the satellite’s current
position in its orbit, in the direction of motion. Alternatively, the mean
anomaly (M) is often used for simplicity. It represents the average
angular position of the satellite from the perigee, assuming uniform
motion. The mean anomaly can be determined using the equation

M= M+ng-(t—tg), 2.1)

where M) is the mean anomaly at a reference epoch (t(), and the mean
motion of the satellite (1) is defined as

1o = ,/%, (2.2)

where pup is the Earth’s standard gravitational constant.

For satellites orbiting Earth, the primary force shaping the satellite’s trajec-
tory is the gravitational pull of Earth’s mass. This dominant force allows for
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an approximation of satellite orbits through the restricted two-body prob-
lem model. By applying Newton’s second law in conjunction with his law
of universal gravitation, the relative motion of a satellite position vector 7
is described as

d*  ug -
TR

This is commonly known as the two-body equation of motion and is de-
rived under the following assumptions: (i) the Earth and the satellite are
the only two bodies in the system, (ii) the satellite’s mass is negligible com-
pared to Earth, (iii) the Earth’s mass distribution is spherically symmetric,

and (iv) the only force acting on the bodies is their mutual gravitational
attraction [113, 114].

= 0. (2.3)

2.1.2 Orbit Perturbations

The Keplerian model provides a robust initial prediction of satellite orbits.
However, real-world orbits are subject to various perturbative forces that
cause deviations from the idealized two-body solution. Despite these per-
turbations, the central gravitational force remains dominant, and Keplerian
motion continues to serve as a useful baseline. For Earth-orbiting satellites,
the primary sources of perturbations include:

* Non-uniformity of the central body: Earth’s mass distribution is not
spherically symmetric,® leading to a non-uniform gravitational field
that varies with longitude and latitude. The irregular field causes pe-
riodic and secular variations in all of the orbital elements, with the
most significant being the secular variations in (), w, and v due to
Earth’s oblateness.

* Third-body perturbations: the gravitational forces exerted by the Sun
and the Moon induce periodic variations in all orbital elements and
cause secular variations in () and w. These perturbations are particu-
larly relevant for high-altitude orbits and long-duration missions.

* Atmospheric drag: the resistive force exerted on a spacecraft by the
Earth’s atmosphere, causing continuous deceleration and eventual or-
bit decay—especially in LEO if not actively compensated. The mag-
nitude of this effect depends on factors such as orbital altitude, atmo-
spheric density (which changes with altitude and solar activity), and

3 The Earth is not spherically symmetric and has an uneven mass distribution within the
crust and mantle. The Earth resembles an oblate spheroid due to the equatorial bulge
and flattened poles resulting from the centrifugal force caused by its rotation.
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Figure 2.2: Approximate accelerations acting on satellites from various perturbation
sources as a function of orbital altitude.

the satellite’s physical characteristics, including mass, cross-sectional
area, and drag coefficient.

* Solar radiation pressure: the pressure exerted by photons from the
Sun generates periodic variations in all orbital elements, particularly
for satellites with high area-to-mass ratio and reflectivity.

These perturbations result in secular (long-term), short-period, and long-
period variations in orbital parameters. Secular variations, such as those in
the longitude of the ascending node and the argument of perigee, are com-
monly utilized in mission design to achieve specific precession rates—an
approach used for sun-synchronous orbit design, discussed in the subse-
quent section. By carefully optimizing initial orbital parameters, certain
secular perturbations can be exploited. Nevertheless, residual perturba-
tions generally necessitate periodic corrective maneuvers to preserve the
intended orbit. The frequency and magnitude of such maneuvers depend
on mission-specific requirements, including orbital tube constraints, reg-
ulatory compliance—such as the International Telecommunication Union
(ITU) regulations [119]—and fuel-efficiency considerations.

Figure 2.2 illustrates the variation in the magnitudes of the perturbative ac-
celerations acting on Earth-orbiting satellites at different altitudes caused
by major disturbance sources. The accelerations were estimated based on
the following assumptions: (i) geopotential perturbations due to the sec-
ond zonal coefficient (J,), quantifying the influence of Earth’s equatorial
bulge on its gravitational field, and the first sectorial coefficient (J;7), ac-
counting for longitude-dependent gravitational variations due to Earth’s
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non-uniform mass distribution, were computed using the results from Mi-
lani et al. [120]; (ii) atmospheric drag was modeled using a drag coef-
ficient of 2.3 and an area-to-mass ratio of 0.01 m?/kg, with atmospheric
density values interpolated from the U.S. Standard Atmosphere 1976 model
[121]; and (iii) solar radiation pressure (RP) was estimated using a radia-
tion pressure coefficient of 1.3, combined with the same area-to-mass ratio

of 0.01 m?/kg, consistent with values typical for small SAR satellites such
as ICEYE.

The results indicate that J, remains the dominant perturbation source up
to GEO altitudes. In low-altitude LEO, significant perturbations arise from
atmospheric drag, J», and J;. At MEO, gravitational perturbations from
the Sun and Moon become increasingly significant, eventually surpassing
the influence of ], at GEO altitudes.

A set of Keplerian elements can be computed at any given instant from a
satellite’s position and velocity vectors. These elements fully characterize
the orbital state and provide an approximate prediction of the satellite’s
trajectory. Because they change continuously due to perturbations, they
are referred to as osculating elements.

2.2 Remote Sensing Orbits

Several key considerations drive the design of orbits for Earth observation
remote-sensing missions:

* Accessibility: the orbit must provide access to regions of interest, ei-
ther locally or globally, depending on the mission’s objectives.

* Frequent revisit: some missions prioritize high revisit frequency over
broad spatial accessibility. For example, sub-daily revisit on a conti-
nental scale can be achieved by a single spacecraft operating in high-
altitude orbits (typically above 20000 km) or highly elliptical orbits.
For missions targeting low-latitude regions, equatorial orbits may
provide efficient and rapid revisit capabilities.

* Interferometric revisit: many remote-sensing applications rely on in-
terferometry, such as interferometric SAR (InNSAR), which coherently
combines multiple SAR acquisitions with near-identical SAR imaging
geometry to detect changes with millimeter-level accuracy. This re-
quires precisely repeating ground tracks to maintain geometrical co-
herence between acquisitions.
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e Efficient payload design: orbital altitude and stability are critical to
payload design. For global coverage missions, significant altitude
variations may negatively impact power management, antenna effi-
ciency, and fuel budget. This can be mitigated by using near-circular
orbits, which help maintain consistent operational parameters.

* Energy efficiency: active remote sensing instruments, such as SAR,
have relatively high power demands, making available energy con-
siderations crucial. The average eclipse duration for solar-powered
satellites should be minimized to optimize energy availability. Sun-
synchronous orbits are advantageous, ensuring consistent solar illu-
mination throughout the mission and reducing reliance on onboard
energy storage systems.

2.2.1 Repeat-Ground Track Orbits

Repeat-ground track (RGT) orbits are specialized orbits designed to repeat
their ground track after a fixed number of orbits and days. These orbits are
essential for Earth observation missions, particularly those employing in-
terferometric techniques for monitoring slow dynamic processes over time,
such as surface deformation, glacier movement, and land subsidence. RGT
orbits facilitate systematic and repeatable measurement scheduling, which
is essential for consistent long-term data collection.

In this work, the irreducible ratio* Ngay / Nrey is used to represent differ-
ent repeat orbits, where Ny,y represents the integer number of orbital days
(Tday) it takes the orbit to repeat itself, and Ny denotes the integer number
of orbital revolutions completed in Ny, days. A solution for such orbits
can be obtained by adjusting the semi-major axis a to satisfy the condi-
tion

Nrev - Tn = Nday ’ Tdayr (2'4)
where Ty is the nodal period of the orbit. This period varies with a and

accounts for secular changes in the mean anomaly (M) and the argument
of perigee (w), and is given by [113]

2.7

=, (2.5)
no+ M+ w

In

where x denotes the time derivative of x.

* An irreducible ratio is a fraction expressed in its simplest form, where the greatest com-
mon divisor of the numerator and denominator is 1.
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2 Fundamentals of Orbits and Operational Constraints

All terms in the denominator of (2.5) are expressed in rad/s. The orbital
day, commonly referred to as the nodal period of Greenwich, is defined as
the period of Earth’s rotation with respect to the orbit’s ascending node.
This period can be calculated in seconds as [113]

2.7

Tday = —=, 2.6

day wg — O (2.6)
where wg is the Earth’s angular velocity and () is the orbit’s nodal regres-
sion, both measured in rad/s.

The rates of change (), @, and M are primarily dominated by secular vari-
ations resulting from the gravitational effects of Earth’s equatorial bulge,
represented by the second zonal coefficient J,. The first-order approxima-
tion for these rates, due to the second secular zonal harmonic, can be ex-
pressed in rad /s as [113]

. —3‘1’10']2'R% .
:2-a2-(1—62)2 - COS1, (2.7)
. 3'”0']2‘R% . D
w=4.a2_(1_62)2-(4—5-sm z), (2.8)
and )
3-m9-J2 R% iy
:4.012'(1_62)3/2-(2—3.5111 z). (2.9)

Rg denotes the Earth’s equatorial radius.

2.2.2 Sun-Synchronous Orbits

Sun-synchronous orbits (SSO) are another class of specialized orbits,
mainly characterized by their capability to provide near-continuous solar
illumination and maintain consistent viewing conditions for Earth obser-
vation [122].

These orbits are designed by aligning the nodal regression of the orbit ((2)
with the average secular motion of the Earth around the Sun (Qgs), which
is 360° per year (365.2421897 days). For a given semi-major axis and eccen-
tricity, the inclination required to achieve sun-synchronicity can be derived
using the first-order approximation from (2.7), as

—2.42.(1 —e2)2 |
[ = arccos Gl 62) - Qgs |- (2.10)
3'110']2-RE
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A design following this equation ensures the orbit’s nodal regression rate
matches (s, thereby maintaining the sun-synchronous condition. If the
objective is to maximize the solar illumination, the initial position of the
line of nodes, defined by Q) (see Figure 2.1), should be selected to keep the
solar panels perpendicular to the Sun. This is typically achieved by setting
() to achieve a mean local time at ascending node (MLTAN) of 06:00 or
18:00, which aligns the orbital plane’s normal vector with the Sun’s position
vector (5).

2.2.3 Frozen Orbits

Frozen orbits are specifically designed to minimize global variations in al-
titude by reducing the long-term (secular) changes in both the eccentricity
(e) and the argument of perigee (w). The secular rates of e and w, consid-
ering the |, and J3 zonal harmonics, can be analytically represented by the
formulations provided by Vallado in [113] as

—3.nn- .R3 ) 5 )
é= 73 .0(1]ieZ)FQ - sini - <1 — Z'Sin21> - COSw, (2.11)
2
3'110']2-RE

o . 0.
w—4'a2‘(1_62)2-(4—5-sm z>+
2

3102 R3 Y N X
no - J3 E)3'Sina)-[<45-Sin2i)-<81nl e? - cos z>+

8-e-a3-(1—e? e - sini

262 sini - (15 sin2i — 13) ] . (212)

To achieve a frozen eccentricity, i or w must satisfy specific conditions. Ac-
cording to (2.11), the secular rate of eccentricity vanishes at a critical i, or
when i =0°, or wy =90° or 270°. When additional constraints—such as the
requirement to maintain a SSO—restrict the inclination, it is still possible
to freeze the eccentricity by setting wy =90° or 270°. Similarly, according to
(2.12), a frozen argument of perigee can be achieved either by setting i =i,
or by selecting specific values i, e, and w that result in «w = 0.

McClain’s analysis in [123] shows that for wy =90° and a desired inclina-
tion, frozen orbits can be achieved by setting the initial eccentricity

R
o~ —05-23. 7E - sini. (2.13)
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In practical scenarios, where higher-order harmonics are significant, these
initial estimates of wp and ej serve as starting points. They can be iteratively
refined using numerical propagation methods to achieve a more accurate
frozen orbit configuration.

2.2.4 Frozen RGT SSO

A widely used and highly desirable orbit configuration for Earth-observing
satellites combines features of three specialized orbit classes: repeat ground
track (RGT), sun-synchronous orbit (§5S0O), and frozen orbits. This hybrid
class leverages the benefits of each type to create a stable, efficient platform
for continuous Earth observation. The initial Keplerian elements for such
orbits are determined through the following steps:

1. Determine the initial semi-major axis (ag9) to achieve the desired
ground track repeatability with the ratio Nyay/ Nrev-

2. Calculate the initial inclination (ip) to ensure sun-synchronicity.

3. Set the initial eccentricity (ep) and argument of perigee (wp) to create
a frozen orbit, minimizing long-term variations in altitude (wy is typ-
ically set to 90° or 270°).

4. Choose the initial longitude of the ascending node (()p) to achieve the
desired MLTAN, such as 06:00 or 18:00, aligning the orbit with specific
observation needs.

2.3 Eclipses

Earth-orbiting satellites routinely encounter partial or total eclipses while
passing the night side of Earth. The duration of these eclipses is a critical
factor in the design of solar-powered satellite missions with active pay-
loads, such as SAR, as it directly influences the availability of solar energy.
This, in turn, affects the maximum operational time of the payload and de-
termines the required size of the solar panels and onboard battery. Eclipses
by the moon are less frequent and result in marginal changes to the energy
budget.

Figure 2.3 shows a simplified representation of Earth’s shadow geometry,
highlighting the umbral and penumbral regions, which correspond to areas
of total and partial shadow during an eclipse, respectively. It is important
to note that the geometry in this figure is exaggerated for clarity; in prac-
tice, the time a satellite spends in the umbra region is significantly longer
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Penumbra
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Figure 2.3: Simplified geometry of Earth’s shadow, illustrating the distinct umbral and
penumbral regions, representing areas of total and partial shadow during an
eclipse, respectively.

than in the penumbral region. The eclipse duration is governed by the
spacecraft’s orbit and Earth’s position relative to the Sun. The satellite’s or-
bit can be described using its position vector (7), which is propagated from
the initial Keplerian elements while accounting for various perturbations.
The Sun’s position relative to Earth, represented by the Sun position vec-
tor (5), is another key factor influencing eclipse duration [115, 124]. The
Sun’s position vector is time-dependent and can be obtained from precise
ephemerides or approximated by [113]

T'Sun - COS )\ecliptic
S~ | rgun - SIin Aecliptic * COS€ |, (2.14)
¥Sun - SIN /\ecliptic -sine

where Acqiptic is the ecliptic longitude, defined as the angular position of

the Sun measured along the ecliptic plane® from the vernal equinox; € is
the obliquity of the ecliptic, defined as the angle between Earth’s equato-
rial plane and the ecliptic plane; and rgy;, is the Sun-Earth distance [113].
Figure 2.4 illustrates the short eclipse duration (less than 8%) experienced
by low-altitude dawn-dusk frozen SSO with an MLTAN of 18:00. This short
duration allows LEO systems in SSO to use smaller solar panels and batter-
ies, while providing flexibility to conduct acquisitions nearly independent
of the satellite’s position in orbit.

> The ecliptic plane is the plane of Earth’s orbit around the Sun and serves as a reference
for celestial coordinates.
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Figure 2.4: Mean eclipse duration (time spent in Earth’s shadow) as a function of altitude
for frozen sun-synchronous low Earth orbits. The data reflect the average over
one year (2040), assuming an initial MLTAN of 18:00.

2.4 Space Radiation Environment

Space radiation—particularly ionizing radiation—poses significant risks to
radar payload electronics and spacecraft subsystems. At altitudes up to
40000 km, the main sources of this radiation are charged particles, primar-
ily electrons and protons, trapped by Earth’s magnetic field within the in-
ner and outer Van Allen belts. Figure 2.5 provides a graphical represen-
tation of these belts, along with the two NASA Van Allen probes in their
highly elliptical orbits. These probes, operated from 2012 to 2019, focused
on investigating the structure, dynamics, and variability of the radiation
belts and particle acceleration mechanisms within them.

The design and planning of a space mission traversing or operating within
the radiation belts must account for radiation effects for the planned dura-
tion of the mission. Those include the total radiation dose, displacement
damage, electrostatic discharge, and single event upsets. These effects can
be mitigated by properly selecting radiation-hardened electronics [126] and
shield thickness for protecting sensitive components [114] and reducing the
absorbed radiation dose for the mission duration. The total dose rate can
be estimated for a given shield geometry and thickness using particle flux
data generated by radiation models [127, 128]. As of 2024, the most up-
to-date models—AE9/AP9/SPM V1.58—process flux maps derived from
45 satellite-based data sets, including measurements from the Van Allen
probes [129]. These models characterize the flux of energetic electrons, en-
ergetic protons, and plasma, respectively. They provide flux data for elec-
trons with energies ranging from 0.04 to 10 MeV and protons with energies
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Figure 2.5: A representation of Earth’s inner and outer Van Allen radiation belts, with the
Van Allen Probes shown traversing these regions to study their dynamics and
composition. The radiation intensity of trapped particles peaks at approxi-
mately 3500 km in the inner belt and 16000 km in the outer belt. (Image credit:

NASA [125]).
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Figure 2.6: Estimated omnidirectional differential particle fluxes for (a) 50 MeV protons
and (b) 2MeV electrons, based on the AP9 and AE9 models [129]. The flux
maps are plotted on a meridional cut in Earth-centered inertial (ECI) coordi-
nates, representing model conditions for January 1, 2024.

from 0.1 to 2000 MeV. Figure 2.6 presents an example of the modeled omni-
directional differential flux® for 50 MeV protons and 2 MeV electrons, based
on the AP9 and AE9 models.

These maps indicate that radiation in the inner Van Allen belt is primar-
ily dominated by high-energy protons, with intensity peaking at approx-
imately 3500 km. In contrast, the outer belt is dominated by high-energy

6 In the context of space radiation, omnidirectional differential flux refers to the number of
charged particles passing through a square centimeter per second, from all directions,
at a specific energy.
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Table 2.1: List of some active launch sites, organized by their latitude from south to north.

Launch Site Country Latitude
Guiana Space Centre French Guiana (Kourou) 5.24°N
Satish Dhawan Space Centre India (Sriharikota) 13.73°N
SpaceX Starbase USA (Texas) 26°N

Xichang Satellite Launch Center China (Sichuan) 28.25°N
Cape Canaveral USA (Florida) 28.56 °N
Kennedy Space Center USA (Florida) 28.57°N
Tanegashima Space Center Japan (Kagoshima) 30.2°N
Vandenberg Space Force Base USA (California) 34.63 °N

Rocket Lab Launch Complex New Zealand (Mahia) 39.26 °N
Jiuquan Satellite Launch Center China (Gansu border) 40.96 °N
Baikonur Cosmodrome Kazakhstan (Baikonur)  45.97 °N
Plesetsk Cosmodrome Russia (Arkhangelsk Oblast) 62.93 °N

electrons, with intensity peaking at approximately 16000 km. Example cal-
culations of the required shielding thickness for different orbital environ-
ments are presented in Chapter 4.

2.5 Orbit Insertion and Maneuvers

2.5.1 Mass and Volume Capabilities of Launch Vehicles

The payload capacity of a launch vehicle is a critical factor in determining
mission feasibility and launch costs. This capacity is influenced by several
key factors, including the altitude and inclination of the target orbit and
the geographical latitude of the launch site. For direct launches to orbits
with inclinations below the latitude of the launch pad, a plane change is
required, involving non-coplanar maneuvers. These maneuvers increase
fuel consumption, reducing the launch vehicle’s effective payload capac-
ity. Table 2.1 lists some active orbital launch sites organized by latitude.
The location of these sites significantly impacts the energy needed to reach
specific orbits. As of 2024, around 35 launch sites are operational globally,
highlighting the international nature of space access.

The volume capacity of a launch vehicle is equally important and is deter-
mined by the dimensions of its payload fairing. This becomes particularly
relevant when deploying large or complex satellites, such as single SAR
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satellites or constellations. Launch vehicles such as Vega-C [130], Ariane 5
and 6 [131, 132], Falcon 9 and Heavy [133], and Soyuz 2 [134, 135] provide
a variety of payload faring sizes and launch adapters which can be well-
suited for these types of missions. In a typical launch configuration, the
available volume within the payload fairing must accommodate the space-
craft, launch adapter, and supporting structures—such as clamps and se-
curing mechanisms—especially in ride-share missions. To fully utilize the
mass and volume capacity of the fairing, payload design often incorporates
foldable components, such as antennas and solar panels.

2.5.2 Orbital Maneuvers

Orbital maneuvers are fundamental to satellite deployment, orbit transfers,
and ongoing maintenance operations. They enable precise adjustments to
orbital parameters and are broadly categorized into two types: coplanar
transfers and non-coplanar transfers.

Coplanar orbit transfers allow for adjustments to the semi-major axis (a),
eccentricity (e¢), and argument of perigee (w) while keeping the orbital
plane unchanged. The Hohmann transfer is a commonly used method
for coplanar transfers. It involves two tangential burns: the first at the
perigee of the initial orbit and the second at the apogee of the transfer or-
bit. The Hohmann transfer is highly efficient in minimizing the total veloc-
ity change, but requires a minimum transfer time equal to half the orbital
period of the transfer orbit [113]. For circular orbits, the required velocity
change to adjust the semi-major axis from an initial value a; to a final value
ag is [136]

]/lE 2. ag “ME 2. ai
AV, cipe =4/ — - —1 — .| 1- . 2.15
aere T\ g ( a; + ag ) * \ 4 ( a; +af> (2.15)

Non-coplanar orbit transfers enable adjustments to the inclination (i) and
the longitude of the ascending node (€2). A pure inclination change of Ai,
assuming a circular orbit and an impulsive (instantaneous) maneuver at a
nodal crossing, requires a velocity increment

N
AV cire ™ 2 - ,/% sin (71) (2.16)
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Similarly, a change in the longitude of the ascending node by A() re-
quires

2 . . 2 .
arccos (cos“i + sin“i - cos AQ)
AV cine R 2 «/% sin ( ( . >>. (2.17)

When both i and () need to be changed, a simultaneous adjustment can be
performed by applying a velocity increment

(VA2 - sin?i + A2
AVignre 22/ B2 -sin ( . (2.18)

at a point of crossing between the initial and final orbit [113]. In real scenar-
ios, combined maneuvers—such as simultaneous adjustments to the semi-
major axis and inclination—are often preferred, as careful optimization can
result in a slight reduction in total AV and transfer time.

The total AV budget is the sum of all the increments applied for different
maneuvers. These can include orbit raising, plane adjustments, and orbit
maintenance. The mass of propellant (Mprop) required for generating the
total AV can be calculated using Tsiolkovsky’s rocket equation

M,; M;
AV =0 - In —1> =90 Isp-In <—1>, 2.19
e ( — 80 " Isp M; — Mprop ( )

where M, is the initial mass of the spacecraft, and v, is the effective exhaust
velocity—typically expressed as the product of the specific impulse (Isp)
and the standard gravitational acceleration (go).

2.5.3 Propulsion Systems

Two primary propulsion system types are commonly employed for Earth-
orbiting spacecraft: chemical propulsion and electric propulsion. Chemical
propulsion systems are known for their high thrust, enabling rapid accel-
eration and enhanced maneuverability. However, their efficiency is limited
by a relatively low exhaust velocity—typically not exceeding 4.5km/s for
most systems—which results in lower fuel efficiency compared to alterna-
tive propulsion methods. In contrast, electric propulsion systems—such
as ion and Hall effect thrusters—use electric energy to offer significantly
higher fuel efficiency and achieve much greater exhaust velocities. These
systems allow fine control over thrust levels, providing precise maneuver-
ability. However, they are generally more complex, require an on-board
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electrical power source, and produce lower thrust, resulting in slower ac-
celeration compared to chemical propulsion systems [137].
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3 Synthetic Aperture Radar Remote
Sensing

Synthetic Aperture Radar (SAR) is an advanced microwave remote sensing
system that uses electromagnetic (EM) waves to capture high-resolution
two-dimensional (2-D) images of planetary surfaces. SAR synthesizes an
extremely long virtual antenna aperture by coherently integrating radar
echoes along the flight path. This process allows SAR to achieve high-
resolution imaging without the need for a physically large antenna. SAR
systems provide detailed insights into the physical characteristics of ob-
served targets based on their unique interactions with the transmitted EM
waves. This capability makes SAR a versatile tool that is widely utilized
for applications in diverse fields such as environmental monitoring, agri-
culture, forestry, disaster management, urban planning, oceanography, car-
tography, reconnaissance, and surveillance.

This chapter presents a comprehensive overview of SAR principles. Sec-
tion 3.1 introduces the acquisition geometry and operation principle of
monostatic SAR systems. Section 3.2 outlines classical SAR operation
modes pertinent to this thesis. Section 3.3 delves into SAR interferometry,
with an emphasis on techniques and tools used for estimating 3-D surface
deformation. Section 3.4 presents key performance metrics for evaluating
both high-altitude platforms and low-altitude constellations, forming the
analytical basis for the following chapters. Section 3.5 examines common
antenna architectures employed in spaceborne SAR systems.

3.1 SAR Geometry and Working Principle

In its basic form, a monostatic SAR system operates as a side-looking real-
aperture radar (SLAR) that exploits the Doppler history of targets to en-
hance the along-track resolution, by making it equivalent to that of a longer
synthetic aperture [138-140]. Figure 3.1 illustrates a simplified geometry of
a SAR system in operation. The following aspects characterize the sys-
tem:
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32

footprint

y
Figure 3.1: Example SAR acquisition geometry.

Antenna and Platform: a SAR antenna (shown here with a rectangu-
lar aperture) of length L, along azimuth and a height H, along eleva-
tion. The antenna is mounted on a spaceborne or an airborne platform
traveling at an altitude /s above its ground track on the planet’s sur-
face.

Looking Geometry: the system uses a side-looking geometry, in this
example, right-looking relative to the azimuth track. The angle be-
tween the nadir vector and the antenna pointing direction is referred
to as the look angle (6)).

Footprint: the footprint represents the projection of the antenna’s
beam onto the ground, where 0,, and 6, are the azimuth and eleva-
tion beamwidths, respectively. In the absence of beamforming, they
correspond to the antenna’s natural half-power beamwidth (HPBW).
These beamwidths depend on the transmitted wavelength (1) and the
antenna dimensions, where 0,, ~ A /L, and 6, ~ A/ H,.

Swath: the swath width (W) denotes the lateral extent of the ground
area imaged by the SAR sensor during a single pass, measured in the
ground-range direction.

Line-of-Sight (LoS) Vector: this vector originates from the platform’s
position at acquisition time and extends to a point on the surface, typ-
ically within the footprint. The magnitude of this vector is defined as
the slant range (R).



3.1 SAR Geometry and Working Principle

* Cross-track: the cross-track direction refers to the direction perpen-
dicular to the sensor’s flight path (also known as the along-track or
azimuth direction). It is commonly referred to as the range direction
and corresponds to the direction to which the SAR antenna faces.

he cross-track direction refers to the direction perpendicular to the
sensor’s flight path (also known as the along-track or azimuth direc-
tion). It is commonly referred to as the range direction and corre-
sponds to the direction in which the SAR antenna is pointed.

* Incident angle: the incident angle (6;) is the angle between the LoS
vector and the normal (perpendicular) to the surface at that intersec-
tion point.

¢ [llumination time: the illumination time (Tgp) is the duration for
which a target remains in the main beam of the antenna and relates
to the synthetic aperture length (Lga) by Tsa = Lsa/vs, where vs is
the relative speed of the platform with respect to the surface.!

During operation, the SAR system typically transmits a sequence of
frequency-modulated pulsed waveforms, each with a duration 7, at a
specified pulse repetition frequency (PRF, f,), while moving in the along-
track (azimuth) direction with velocity vs. Following each transmitted
pulse, the radar switches to receive mode to collect echoes scattered back
from the ground and store the received signals onboard. In pulsed sys-
tems, the time allocated for receiving these echoes, referred to as the echo
window length (Ty1), is constrained by

1
Towl < = — Tp- (3.1)

fe

The stored signals form a 2-D raw data matrix, commonly indexed by fast
time (range direction) and slow time (azimuth direction).

The formation of a SAR-focused image from 2-D raw data involves several
processing steps, including range compression and azimuth compression,
where the raw data are matched filtered with reference functions. Vari-
ous focusing algorithms have been developed, each differing in computa-
tional complexity, accuracy, and suitability for different applications. No-
table algorithms for spaceborne data include the range-Doppler algorithm,
the chirp scaling algorithm, and the Omega-K algorithm [141-143].

1 The relative speed (vs) corresponds to the magnitude of the instantaneous velocity vec-
tor 75 expressed in the Earth-Centered Earth-Fixed (ECEF) frame, accounting for both
the satellite’s orbital motion and the Earth’s rotation.
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Figure 3.2: (a) SAR raw data and (b) the corresponding focused image of Las Vegas, ac-
quired by TanDEM-X. The scene was captured in stripmap mode with a swath

width of 30 km, using right-looking geometry during an ascending pass on Au-
gust 13, 2020.

Figure 3.2 presents an example 2-D raw-data matrix and the corresponding

SAR-focused image amplitude of Las Vegas, acquired by TanDEM-X on
August 13, 2020.

3.1.1 Azimuth Resolution

The azimuth resolution of a focused SAR image is the minimum distance
at which two points on the ground can be resolved in the azimuth direc-
tion. For conventional SLAR, this resolution is constrained by the azimuth
extension of the antenna footprint on the ground

A
5x%R'9aZ%R'_, (3.2)
La
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which degrades linearly with increasing range. As proposed by Wiley [4],
SAR enhances azimuth resolution by utilizing the unique Doppler signa-
ture

fp= A -sin@xz)\:R-x (3.3)

of targets at different azimuth angles (6y), where x is the azimuth coordi-
nate of the target. Consequently, the azimuth resolution can be expressed

as
ox ~ (;\R> -8fp, (3.4)

.’Us

where J fp is the Doppler resolution and is expressed as the inverse of the
illumination time, given by

1 Ug Us

ofp = ~ ~ ,
fo Tsn  Lsa  R-0sp

(3.5)

with g representing the azimuth angular extent of the synthetic aperture.
For low platform altitudes, 05y is often approximated by 0,,; however, this
approximation can introduce significant discrepancies at higher orbits due
to the natural curvature of the platform’s trajectory in Earth orbits (more
details in Chapter 4). By combining (3.4) and (3.5), a more general form for
azimuth resolution is obtained:

A-R A

ox =~ ~ .
T2 0 Ton | 2-6sa

(3.6)

In practice, the azimuth resolution is derived from the focused SAR image
after processing and is defined as the half-power beam width of the focused
impulse response. An alternative definition is

5x = vy - St = kyy - Z—i, (3.7)
where JtR is the time resolution of the impulse response and is inversely
proportional to the processed Doppler bandwidth (Bp), vg is the ground
velocity of the beam, and ky, is a factor representing any losses in resolu-
tion due to windowing (e.g., Hamming). The ratio 6,,/60ss caused by the
curvature of orbits is equivalent to the ratio vg/vs. Equations (3.6) and (3.7)
yield the same value if the selected processed bandwidth B}, corresponds
to the full extent of the synthetic aperture, i.e., the full Doppler bandwidth
(Bp). The Doppler bandwidth is in turn related to the Doppler rate ( fb)
by

Bp = |fpl - Tsa, (3.8)
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where the Doppler rate can be approximated by

202
fo = _df(; Ef) S (39)

The PREF ( fp) is not directly tied to the azimuth resolution; however, it must
satisfy
fo > Bo (3.10)

to prevent aliasing of the Doppler spectrum.

3.1.2 Range Resolution

Analogously, slant-range resolution of a SAR system is the minimum dis-
tance at which two points can be resolved in slant range and is defined

by

. c
_2'Br,

where c is the speed of the EM wave in the medium, and By is the band-
width of the transmitted signal.

or (3.11)

Similarly, the ground-range resolution describes the ability to discriminate
targets on the ground. It can be approximated on a flat-Earth surface (ig-
noring local slopes) as follows

c

3.1.3 Data Rate

The data rate of a SAR system quantifies the volume of data generated per
second during radar imaging. This metric is crucial for mission design,
as it directly influences the requirements for onboard storage, processing
capacity, downlink capacity, and the feasible orbit duty cycle. It is given
by
Ns
D, = 2 (2 ) Nbps) ) Npol ’ fr,i ) Tewl,i ’ fp,ir (3.13)
i=1
where Ny, is the number of bits per sample, the factor 2 is for the separate
quantization of the in-phase and quadrature components, Ny is the total
number of polarizations, f; is the range sampling frequency, f;, is the pulse
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repetition frequency (PRF), and T, is the echo window length, defined

as
2. |Rr: — Ry
Tewl,i = | F’ZC NI4T, (3.14)

where Ry and Ry are the far and near slant ranges to the edges of the im-
aged swath, respectively. The summation over the number of subswaths
(NB) accounts for burst operation modes, such as ScanSAR.

3.2 SAR Imaging Modes

SAR systems can be designed to operate in various modes, each with dis-
tinct implications on hardware complexity and system efficiency. These
modes allow the manipulation of the nominal resolution-swath relation.
This section provides an overview of the basic operation modes, as illus-
trated in Figure 3.3, relevant to the high-altitude systems and low-altitude
constellations characterized in this thesis.

3.2.1 Stripmap

Stripmap is the fundamental SAR imaging mode, widely used for its sim-
plicity and high-efficiency in continuous area imaging. It is based on a
side-looking imaging geometry with a fixed antenna look angle and no
beam steering [138]. Deviations from this mode are either caused by the
need to achieve better resolution, cover wider swaths, or avoid degraded
resolutions over blind ranges.>

3.2.2 Spotlight

Spotlight mode, nominally refers to staring spotlight, is a high-resolution
imaging mode in which the radar beam is continuously steered to keep the
antenna’s main beam always pointing at a fixed point on ground. The beam
steering can extend the observation time beyond the natural illumination
time of the antenna in a stripmap mode, thereby increasing the Doppler

2 The resolution-swath relation refers to the fundamental trade-off in SAR systems, where
enhancing spatial resolution typically results in a reduced swath width, and vice versa
[140].

3 Blind ranges are areas where the reception of the full echo of the transmitted pulse is
interrupted by different transmit events or nadir returns.
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Stripmap Spotlight

(b)

ScanSAR

(©

Figure 3.3: Illustration of classical SAR imaging modes used in spaceborne SAR systems:
(a) Stripmap mode, with a fixed illumination time (Tsp); (b) Spotlight mode,
utilizing extended illumination through mechanical or electronic beam steering
in azimuth; and (c) ScanSAR mode, featuring cyclic illumination of subswaths
within Tgp using electronic beam steering in elevation.

bandwidth and enhancing azimuth resolution [138]. The trade-off, how-
ever, is a reduced swath extension in range and azimuth directions and the
need for more sophisticated signal processing algorithms [144].

Sliding spotlight mode provides a compromise between staring spotlight
and stripmap modes. In this configuration, the antenna beam is steered
dynamically but not fixed to a single point on ground nor strictly following
a zero-Doppler pointing. The controlled steering enables a flexible trade-
off between azimuth resolution and scene extent [145, 146].

3.2.3 ScanSAR

ScanSAR is a burst operation mode designed to achieve a broader swath
coverage at the expense of degraded azimuth resolution [147]. This is
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achieved by periodically switching the radar beam between multiple sub-
swaths in elevation, resulting in a combined swath width (W) that exceeds
the natural elevation beamwidth of the used antenna. The timing of the
ScanSAR cycle (Tc), defined as the sum of the individual burst durations
(Tg[i]), must be carefully designed to ensure sufficient overlap in azimuth
illumination between consecutive cycles, such that

Np
Tsa > max(Tg) + Tc = max(Tg) + Y _ Tgli] = (Np + 1) - max(Tg), (3.15)
i=1

where Nj is the total number of sub-swaths or bursts per ScanSAR cycle.
Under this approximation, the available Doppler bandwidth per burst is

limited to
Bp

NB—f—ll

which translates to an approximate degradation of azimuth resolution by a
factor of (N + 1) compared to the nominal resolution of the full Doppler
bandwidth (Bp) supported by the antenna length in azimuth. In addition
to the reduced resolution, this mode introduces scalloping,* a consequence
of different targets being observed by different portions of the azimuth an-
tenna pattern (i.e., with squint).

B < (3.16)

Terrain Observation with Progressive Scan (TOPS) is a burst operation
mode similar to ScanSAR, designed to broaden the swath width at the ex-
pense of a degraded azimuth resolution. However, it employs azimuth
beam steering to homogenize the radiometric loss at the edges of the bursts
and reduce scalloping. While the timeline derivation follows a similar con-
ceptual approach to (3.15), the equations differ, as detailed in [148, 149].

3.3 SAR Interferometry

SAR interferometry (InSAR) is a differential imaging capable of measuring
surface topography, ground deformation, and other temporal changes with
sub-wavelength accuracy. This is achieved by analyzing the phase differ-
ence between complex SAR images, which can be acquired from different
positions (spatial baselines) and/or at different times (temporal baselines).
The outcome of this technique is the creation of interferograms, which are
2-D images obtained by multiplying a reference SAR image with the com-
plex conjugate of a second SAR image. Each pixel in the interferogram

4 Scalloping refers to the system-induced periodic modulation of the amplitude in a fo-
cused SAR image.
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$@ Orbit 1

Figure 3.4: Schematic of cross-track SAR interferometry. Two SAR acquisitions are made
from sensor positions separated by a baseline B. The effective perpendicular
baseline (B ) lies in a plane perpendicular to the sensor flight paths (indicated
as into the page).

contains phase information that represents range changes, with accuracy
on the order of a fraction of the radar wavelength. For a comprehensive re-
view of InNSAR techniques and their applications, refer to [140, 150-156].

The following subsections provide a brief introduction to cross-track inter-
ferometry and differential interferometry.

3.3.1 Cross-track Interferometry

Cross-track interferometry is a variant of InNSAR that employs a large spa-
tial baseline in a plane perpendicular to the flight direction to enhance
sensitivity to elevation changes, making it particularly effective for topo-
graphic mapping. Figure 3.4 illustrates a typical cross-track interferometric
configuration, where two SAR acquisitions are obtained from different po-
sitions, separated by a baseline B. The range difference (AR) to a common
target results in an interferometric phase

4.-771-AR
Ap=¢1—Qo=——"7— (3.17)

Using geometric triangulation, A@ can be related to the corresponding to-
pographic height (h) relative to a reference body by

A RO : Sil’l@i

h =
4.7-B,

Ag, (3.18)
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where B is the perpendicular cross-track baseline [151, 156]. A key param-
eter in interferometry is the height of ambiguity (/1,,), which represents
the height difference corresponding to a full 27t phase cycle [140, 157]. Sub-
stituting Ag = 2 - 7t into (3.18) yields

A RO : sinGi

Namb = 2-B, (3.19)

This interferometric phase is ambiguous, wrapped to integer multiples of
27t. To recover the true, unambiguous phase variation, a process known as
phase unwrapping must be applied [158].

3.3.2 Differential Interferometry

Differential interferometric SAR (D-InSAR) is an advanced remote sensing
technique that enables high-precision measurement of ground deformation
projected on the LoS. These measurements are important for monitoring
and tracking surface displacements caused by natural or anthropogenic
hazards.

In D-InSAR, two SAR images are acquired over the same area with a tem-
poral baseline and ideally zero spatial baselines to isolate LoS displace-
ments from topographic signatures. However, a certain (non-zero) spatial
baseline is usually present, depending on the satellite orbit control strategy.
This baseline introduces an additional phase component related to topog-
raphy, which can be removed using an external digital elevation model
(DEM) or estimated at processing stages. The accuracy of the deformation
measurement is limited by the accuracy of the external DEM, the degree
of temporal decorrelation, and the variations in the propagation medium
[159].

3.3.3 Estimation of 3-D Displacements

The measurement of 3-D displacements extends the capabilities of D-
InSAR to provide information on surface deformation in the three dimen-
sions: East-West (E-W), North-South (N-S), and Up-Down (U-D). The pro-
cess, known as inversion, involves combining LoS deformation measure-
ments from multiple interferograms acquired with different imaging ge-
ometries. The measured LoS displacements are then inverted into a local
3-D coordinate system [160-162].
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Figure 3.5: Sentinel-1 D-InSAR results for the Campi Flegrei caldera (Italy) during the
2015-2023 period, retrieved from [163]. (a) Up-Down component of deforma-
tion. (b) East-West component of deformation. (c) Time series of Up-Down
displacement for the pixel corresponding to the area of maximum uplift (indi-
cated by the arrow in panel (a)). (d) Time series of East-West displacement for
the same pixel (indicated in panel (b)).

Diverse imaging geometries can be achieved by combining SAR acquisi-
tions from ascending and descending orbital passes, left- and right-looking
sensors, or squinted acquisitions. In the absence of sufficient geomet-
ric diversity, displacement estimation becomes constrained to a lower-
dimensional subspace—typically yielding only two-dimensional results, or
in the worst case, deformation measurements limited to the line-of-sight
(LoS) direction. Figure 3.5 demonstrates the application of this method
for the Campi Flegrei caldera in Italy, a region experiencing significant de-
formation. The analysis, based on Sentinel-1 data from ascending and de-
scending passes, was presented in [163]. Panels (a) and (b) show the annual
displacement rates for the U-D and E-W components, respectively, while
panels (c) and (d) present the displacement time series over the period 2015
to 2023, showing a cumulative displacement of approximately 90 cm. The
N-S component is not included due to the limited sensitivity of Sentinel-1
in that direction—a limitation resulting from its near-polar orbital configu-
ration, which lacks sufficient geometric diversity to resolve displacements
along the N-S axis.

The 3-D displacement vector in the local frame of the pixel can be expressed
as

d = [dg, dn, dy]” .
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Each observed LoS displacement is related to the 3-D motion through

—

dros,; =1 - d,

where i; is the unit vector in the LoS direction for the i-th observation. By
stacking N such observations, the system can be written as

consists of the corresponding unit vectors. Assuming that the observation
errors are characterized by a known covariance matrix Qy, the weighted
least-squares estimate of the 3-D displacement vector is

-1
7_ (pT .1 T.H1.R8
d_(P Q, -P) PT.Q,"-R. (3.20)
The precision of INSAR-derived LoS displacement measurement can be ap-

proximated using the Cramér—Rao lower bound [159, 161], leading to the
estimated variance

— A2
2 2
0% <= : + 05 e, 3.21
LS T2 N 92 (4-7r> APS 3.21)
where 7y denotes the interferometric coherence, N is the number of inde-
pendent looks or samples used in the phase estimation, and 03 pg accounts

for atmospheric phase screen (APS) noise.

Using this formulation, the estimation covariance matrix for the 3-D dis-
placement vector serves as a statistical measure of precision

2
1 0 UEN UEU
TA-1
(P Q, P) — logn 0% onul (3.22)
UEU ONU UIZJ

where the diagonal terms represent the variances in the east, north, and up
directions, while the off-diagonal terms capture the correlations between
motion components. The detailed derivation of the D-InSAR performance

estimation across different system configurations can be found in [161, 162,
164].
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3.4 Performance Metrics

SAR performance metrics help characterize the system’s ability to resolve,
detect, and measure target properties accurately under given operational
conditions. Generic metrics include the resolution of the single-look com-
plex (SLC) SAR image, system sensitivity to thermal noise, and tolerance
to undesired ambiguities. Specific metrics, particularly relevant to inter-
ferometric and radiometric SAR products discussed in later chapters, en-
compass the standard deviation of the interferometric phase error and ra-
diometric resolution. Accurate estimation of these metrics requires careful
consideration of decorrelation sources, which lead to variations in the sig-
nal propagation path or the characteristics of the observed scene.

3.4.1 Thermal Sensitivity

The sensitivity of a SAR system to thermal noise is characterized by the
signal-to-noise ratio (SNR), defined as the ratio of the signal power (F)
to the thermal noise power (P,). Assuming a homogeneous scene with a
mean backscatter coefficient (¢p), the SNR after coherent processing of the
radar data at a given elevation angle 6 is given by

¢

SNR(0e) = . .
2- (47’[) 'R(@e)3 -sm@i - L 'PN '(PBP

Gt(0e,¢) - Gr(0e, ) dg,

Bp
(3.23)
where P is the peak transmit power, L accounts for all losses along the
transmit/receive chain, and G; and G, are the antenna patterns including
the gain on transmit and receive, respectively. ¢ is the angular spread in
azimuth corresponding to the extent of the PRF (f;,), such that

_ Lk
2'05

(pr > (PBP, (3.24)

where ¢3, is the angular spread in azimuth corresponding to the extent of
By, typically the HPBW of the antenna aperture in azimuth. Py is the noise
power approximated by

Py~ Fs-kg-To- By, (3.25)

where F; is the system noise factor, kg is Boltzmann’s constant, and Tj is
the standard temperature.
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The Noise-Equivalent Sigma Nought (NESN) is another metric represent-
ing the instrument’s sensitivity independent of the imaged target. It is de-
fined as the backscatter coefficient that results in a signal power equal to
the noise power (i.e., SNR = 0 dB)

_ 0
NESN = & e (3.26)

For a given elevation angle 0., the thermal NESN can be represented as
128 - 77 - R(fe)® - sin6; - L - Fs - kg - To - By - ¢,
S PeAt T Pty - fgbe Gi(fe, ) - Gr(be, @) d

NESN, (fe) (3.27)

An alternative representation incorporates the average transmit power
Pavg:Pt'Tp'fp:Pt'dC, (3.28)

where dc is the instrument duty cycle, which represents the fraction of time
the instrument is actively transmitting—that is, the ratio of the pulse du-
ration (7p) to the pulse repetition interval (PRI = 1/ f,). Substituting (3.24)
and (3.28) into (3.27) results in the alternative expression

256 - 717 - R(fe)® - vs - sin6; - L Fs - kg - To - By - ¢,

NESN, (6e) =
S th( ) pavg A3 .- f(PBp Gt(ee,(P) . Gr(ee/(P) d(P

(3.29)

3.4.2 Azimuth Ambiguity-to-Signal Ratio

The azimuth ambiguity-to-signal ratio (AASR) quantifies the system’s ro-
bustness against undesired ambiguities in the azimuth direction, which
arise due to undersampling of the Doppler spectrum. The spectrum is
weighted by the azimuth antenna pattern and is constrained by the pro-
cessed Doppler bandwidth (Bp). The AASR is then defined as the ratio of
the power of the azimuth ambiguities (i.e., the aliased part of the Doppler
spectrum) to the power of the signal (i.e., the Doppler spectrum within the
processed bandwidth). Assuming separable transmit and receive patterns,
it can be estimated as

Loy, Jo, G(f Tk fo) - Ge(f + k- fp)) df

. k#0
AASR ~ pr AGEEGET , (3.30)
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where f denotes the Doppler frequency, and Ny is the number of aliased
ambiguities considered on each side of the spectrum.

3.4.3 Range Ambiguity-to-Signal Ratio

The range ambiguities in a pulsed radar system arise from the simultane-
ous reception of the returns from different pulses, which repeat every 1/ f,.
For example, the return of the j-th pulse from a target located at slant range
R coincides with the return of the (j — k)-th pulse from a target at an am-
biguous slant range
c

2-fp
where k is the ambiguity order. The range ambiguity-to-signal ratio (RASR)
is defined as the ratio of the power of the range ambiguities (S,) to the
power of the desired signal (S). For a given slant range R;, corresponding
to the j-th pulse,

Ry =R;+k- (3.31)

5’ .
RASR ~ 2% (3.32)
S
where
N
& 00,k
Sajk = —/ Gt(Oe,ik, @) - Gr (e jk, @) dp, (3.33)
N k—;sz R3 - sinb i /g, v o
k#0
and
70,jk
S; = / Gt(0ejk, P) - Gr(Oejk, @) dp, fork=0.  (3.34)

3 .
R].k -sinb jx J¢s,

Here, N represents the total number of ambiguous pulses considered, con-
strained by the range to the horizon.
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3.4.4 Standard Deviation of the Interferometric Phase
Error

The precision of interferometric measurements is influenced by the uncer-
tainty in the phase difference, which is characterized by the standard devi-
ation of the interferometric phase error

Tp = \//_7;((/’ — (@) Py () do, (3.35)

where p,, (@) is the probability density function (pdf) of the phase differ-
ence between two interferometric SAR acquisitions, and the term (¢) rep-
resents the expected (mean) value of the phase. The pdf depends on the
total coherence (yT) and the number of independent looks (V) in the inter-
terogram, and can be expressed according to [165] as

(304 8) 12 o

Pe (@) = 1
2-ym-T(N) - (1 =934 coszq))Nl+2
1— )M 1
+ % -F (Nl;l;i;'y% . cos? (p) , (3.36)

where I' is the gamma function, and F is the Gauss hypergeometric func-
tion [166].

3.4.5 Interferometric Coherence

Coherence refers to the magnitude of correlation of two complex SAR im-
ages s1 and sy, defined as

(s1-55)

TR ()

where * indicates complex conjugation and (-) indicates spatial averaging,
typically estimated using a moving window across the images. Its magni-
tude varies across pixels and ranges from 0 (no coherence) to 1 (full coher-
ence).

(3.37)

Assuming statistical independence among the various contributing factors,
the total coherence can be expressed as the product of individual coherence
terms

yr =[] (3.38)
i
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The primary sources of coherence loss can be incorporated into

YT = Yth * Yamb * Yrg * Yaz = Vvol * Ytemp * Yatm * Yclut * Vproc- (3.39)

Each of the above terms represents a distinct coherence loss mechanism
[29, 167]. These include losses due to thermal noise (7yy,), ambiguities
(Yamb), shift of the range spectra(7rg), shift of the Doppler spectra (7vaz), vol-
umetric decorrelation (7y,]), temporal decorrelation (7ytemp), atmospheric
decorrelation (7Yatm), clutter decorrelation (7yt), and processing (proc)
which combines several decorrelation sources such as co-registration er-
rors or quantization noise. The following subsections provide high-level
models for quantifying the most relevant factors in terms of coherence loss
or signal-to-noise ratio.

3.4.6 Noise Decorrelation

The interferometric coherence () can be expressed as a function of the
signal-to-noise ratios (SNR) of the two SAR images forming the interfer-

ogram, where

v = ! . (3.40)

\/(1 + SNRl_l) : (1 + SNRz_l)

If both images have a similar SNR, the equivalent coherence simplifies to

SNR

= 41
14 SNR (341)

Y

Conversely, if the coherence is known, the equivalent SNR can be estimated
as

Y
SNR = ———. 3.42
- (342)

3.4.7 Spectral Shifts and Decorrelation

Spectral shifts can occur in both the range and Doppler domains and, if not
properly compensated, can lead to a loss of interferometric coherence. To
mitigate this, common band filtering is typically applied during process-
ing. While this ensures spectral alignment between image pairs, it reduces
the effective number of samples and thereby decreases the efficiency of the
acquired data.

In the range direction, spectral shift arises from the spatial separation be-
tween sensor positions during the acquisition of interferometric image
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pairs. The effective perpendicular baseline (B ), measured in the plane
perpendicular to the flight path (cross-track), induces a shift in the range
frequency spectrum
_ c-By
Ae=Rx tan (6; — ¢)’

where ( is the slope of the terrain [151, 153, 168]. The critical baseline
(B crit) is defined as the baseline at which the spectral shift equals the sys-
tem’s range bandwidth (i.e., Af; = B;). It is given by

(3.43)

A-By-R-tan(6; — {)

- (3.44)

B L crit —

In the azimuth (Doppler) domain, spectral shifts may occur due to geomet-
ric discrepancies such as across-track separation, orbit errors, or variations
in squint angle. These lead to differences in Doppler centroid frequency
(fpc) between interferometric acquisitions.

If no spectral filtering is applied, the range spectral coherence resulting
from a residual range spectral shift A f, can be approximated by:

B, —A
Vg = rB—rfr, for Afy < B;. (3.45)

Similarly, the Doppler spectral coherence resulting from a residual Doppler
centroid shift A fpc can be approximated by

By — A fpc|

, for |Ach‘ < Bp. (3.46)
BP

Yaz =~

While common band filtering can restore full spectral coherence by align-
ing the usable portions of the spectra, it does so at the expense of reduced
bandwidth. This reduction leads to fewer independent looks in multilook
processing, thereby slightly degrading the quality of the final interferomet-
ric product.

3.4.8 Volumetric Decorrelation

Volume decorrelation occurs when radar signals scatter from distributed
targets located within a vertical structure, such as forest canopies, vege-
tation layers, or snow layers [169]. It introduces additional randomness
due to signal penetration and interaction at different depths within the
medium.
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As described by Treuhaft in [170], the volume coherence can be modeled as
an integral over the vertical coordinate

)] - Jo¥ exp (jkz - z) gv(2) dz,
fohv -gv(z)dz

where ¢, (z) is the vertical distribution of scattering within the volume, h
is the height of the volume, and ¢((zo) is the reference phase at some height
zo. The vertical wavenumber k, is related to the height of ambiguity /.1,
defined in (3.19), by

Yvol = exp [jPo(zo (3.47)

2.7
k, = . (3.48)

hamb
Assuming a uniform distribution of scatterers within the volume and neg-
ligible ground contribution, the volume coherence can be approximated

using the simplified sinc model from [171] as

hy - cos 91)
hamb '

Yvol = SINC ( (3.49)

where sinc(x) =sin(7r - x)/ (77 - x).

3.4.9 Temporal Decorrelation

Temporal decorrelation is caused by changes in the scene’s structure and
dielectric properties during the time interval between the two acquisitions
that form an interferogram. The time-dependent decorrelation model, as
described in [172], is given by

Ytemp () = (1 — 7e0) €XP <—£) + Yoo, (3.50)
where ., denotes the persistent (long-term) coherence and 7 is the decor-
relation time constant. The values of these parameters depend on the radar
frequency and the physical characteristics of the observed scene. The ex-
periments in [172] demonstrated that higher radar frequencies tend to ex-
hibit shorter decorrelation times (7) and lower persistent coherence.
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3.4.10 Impact of Atmospheric Perturbations on
Coherence

Atmospheric decorrelation results from phase deviations introduced by
variations in signal propagation delays and phases as radar waves traverse
the atmosphere. For short integration times—typically up to a few seconds
as in LEO-SAR missions—the atmospheric perturbations can often be con-
sidered frozen in time [173, 174]. However, in high MEO- and GEO-SAR
missions, integration times range from several tens of seconds to minutes
and even hours. under such conditions, the atmosphere is both time- and
space-varying, potential leading to co-registration errors, image defocus-
ing, and phase distortions that degrade image quality and interferometric
performance.

To address this, Ruiz Rodon et al. [89] proposed an autofocusing technique
to estimate the time- and space-varying atmospheric phase screen (APS)
using lower-resolution intermediate products, specifically sub-aperture
images. The method exploits persistent targets (i.e., targets with sufficient
SNR) within the APS resolution cell, and its performance can be influenced
by speckle noise within those cells. In a related study, Monti Guarnieri
et al. [92] introduced an interferometric autofocusing technique that also
uses sub-aperture images, but instead leverages the reflectivity of the en-
tire scene. The quality of the APS estimate, which is typically be degraded
by decorrelation due to thermal noise, temporal changes, and atmospheric
variability, can be improved by averaging across a number of range bins in
which the APS is assumed to remain stationary.

Assuming a separable time-space model for tropospheric delays, Monti
Guarnieri et al. further proposed a simplified expression for estimating the
coherence loss due to the APS [92]

4. Tg Topt 2
Yatm & o (1 — exp (— oL > p (3.51)

where Topt is the optimal sub-aperture time, defined as

| A-R -t
Topt = | 57—, 3.52
opt Z'Us'yO ( )

with tg and yp denoting atmospheric temporal and spatial decorrelation
constants, respectively. Typical values are ty ~ 10h and yg ~ 10km, ex-
trapolated from measurements from global navigation satellite systems
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(GNSS), LEO-SAR, ground-based SAR, and meteorological models. The
APS-limited integration time constant (1) is expressed as

A%t
0= "——5—5 3.53
BT .
where 02, is the variance (sill value) of atmospheric delay fluctua-

tions, typically ranging from 100 to 1000 mm? depending on atmospheric
conditions—from calm to turbulent—as observed through GPS, ground-
based SAR, and meteorological data [175-178].

3.4.11 Clutter Decorrelation

Clutter decorrelation is an additional source of interferometric noise arising
from non-stationary scatterers, such as windblown trees or moving vege-
tation, during the synthetic aperture time. Its impact becomes more pro-
nounced with longer integration times and is typically quantified using the
signal-to-clutter noise ratio (SCNR), or the equivalent coherence ;-

A well-established model for characterizing decorrelation in windblown
ground clutter under homogeneous conditions is the intrinsic clutter model
(ICM). First proposed by Billingsley [179, 180], the ICM was derived from
experimental observations of windblown trees at near-grazing incident an-
gles and short integration times (typically less than one minute). In [95],
Recchia et al. demonstrated the applicability of the model to longer inte-
gration times—such as those encountered in geosynchronous SAR—with
only minor adjustments to the model parameters. Under this model the
SCNR can approximated by

SCNR = ! (3.54)

1—exp (—Uiﬁ/\) ,

where r is the DC/AC ratio,® B is the spectral slope, vs is the relative speed
of the platform, and L, is the length of the antenna along azimuth. Based on
extensive measurement campaigns, Billingsley proposed the empirically
derived analytic expression [179]

—1.21
F=140.7 - w155 ( fo 10—9) , (3.55)

5 The DC/AC ratio quantifies the relative strength of the DC or zero-Doppler term to the
AC or varying component in the power spectrum of the returned signal.
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which captures the dependence of r on the wind speed w (in m/s) and
the carrier frequency fo (in Hz). Although this exponential model was
originally derived for windblown trees, Billingsley demonstrated that it
generalizes well to other types of windblown vegetation—such as scrub
desert, rangeland, and cropland—by appropriately adjusting its DC/AC
term. Furthermore, Recchia et al. [95] extended the ICM framework to ac-
count not only for longer integration times, but also for spatially and tem-
porally heterogeneous scenes. Additionally, Monti Guarnieri et al. [181]
proposed a generalized clutter decorrelation model based on a sum of ex-
ponentials, capable of more accurately capturing complex temporal decor-
relation behaviors over extended integration periods.

3.4.12 Radiometric Resolution

The radiometric resolution characterizes the minimum detectable variation
in backscatter intensity within a SAR image that the SAR system can reli-
ably measure. According to [138], it is given by

1+ SNR;!
VNI
where Nj is the number of independent processed looks, and SNRr is the

total signal-to-noise ratio. The radiometric resolution is typically repre-
sented in dB as

Sraq =1+ (3.56)

5rad,dB =10- loglo (5rad) . (357)

Under the assumption of randomness and statistical independence,
the total SNR can be determined by combining the individual noise
contributions—namely thermal noise, ambiguity noise, atmospheric noise,
and clutter noise—accumulated over the integration time as

1 1
SNRr Zl: SNR;’

(3.58)

3.5 Antenna Aspects

The design of an antenna for a SAR system is driven by performance re-
quirements and platform constraints. From a performance perspective, the
antenna plays a critical role in defining resolution, sensitivity, ambiguity
suppression, and coverage. It also enables advanced functionalities like
beam steering and beamforming during transmission and reception. On

53



3 Synthetic Aperture Radar Remote Sensing

the other hand, platform-related considerations, such as the mass, volume,
and power budgets, strongly influence the choice of antenna technology
and aperture dimensions. For instance, large apertures may require de-
ployable or foldable structures, which introduce mechanical complexity
and require additional support mechanisms. Similarly, systems with digi-
tal beamforming capabilities require transmit/receive modules (TRMs) for
each channel, significantly impacting the system’s overall mass, volume,
and power requirements.

3.5.1 Performance Metrics

The key antenna parameters influencing SAR performance include antenna
gain, beamwidth, and peak-to-sidelobe ratio. The maximum achievable
gain for a physical aperture of area A, is given by

4.7 A,

R (3.59)

G= Nant -
where 7.0t represents the antenna efficiency, accounting for spill-over, illu-
mination, and phase distortion in the case of a reflector design. The half-
power beamwidth, which defines the angular resolution of the antenna, is
determined by the aperture length L along a given direction

A

— 3.60
L/ ( )

034 = ka -
where k, is a factor that depends on the geometrical shape of the aperture.
For a planar antenna, k, ~ 0.89, while for a parabolic reflector, k, ~ 1.22.

3.5.2 Typical Antenna Technologies
Planar Antennas

Planar antennas are flat radiating surfaces confined in a plane. These
antennas are compact and exhibit high-density characteristics. In multi-
modal SAR systems, active phased array antennas are commonly em-
ployed. These antennas can use phase shifters and time delay units to
control the radiating elements, enabling electronic beam steering. State-of-
the-art SAR systems utilize variants of the planar antenna technology, such
as microstrip arrays and slotted waveguides. Examples of such systems in-
clude TerraSAR-X/TanDEM-X [26, 182], SARah-1 [183], COSMO-SkyMed
[184], and RADARSAT-2 [185].
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Reflector Antennas

Reflector antennas use a curved reflective surface to focus EM waves onto
a radiating feed antenna. These systems are known for their low density,
high gain, and high directivity, making them well-suited for systems re-
quiring large apertures. Typical configurations include offset, Cassegrain,
Gregorian, and center-fed designs, each differing in design complexity
and blockage effects. Examples of current and upcoming SAR missions
utilizing this technology include Capella [49], SARah-2/3 [186], Biomass
[57,187], and NISAR [58, 188].
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SAR

The block diagram in Figure 4.1 illustrates some core components of a SAR
mission design, starting with the definition of user objectives (scientific
and/or operational), desired SAR products, and frequency. These objec-

Target Areas
(Spatial Sampling)

Orbit Design

Spacecraft Design

Coverage Analysis SAR Payload Platform

Temporal Sampling Antenna Electrical Power

Energy Analysis

Imaging Resolution Tx/Rx Assembly Propulsion

Radiation Analysis

Attitude and Orbit
Control

Central Frequency Radar Electronics

Telemetry, Tracking
and Command

Data Handling

Payload Data
Transmission

Figure 4.1: Key design components of a SAR mission for Earth observation.

tives guide the orbit design process, primarily focusing on coverage and
temporal revisit requirements while analyzing the varying space environ-
ment. These, in turn, influence SAR payload specifications (e.g., antenna
size, power, electronics) and the spacecraft platform (e.g., energy, radiation
resilience, propulsion, data handling). Given the interdependencies among
the design elements, this process is iterative, balancing mission objectives
with constraints such as the overall mission budget.
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This chapter presents a quantitative analysis of SAR missions in high
Earth orbits, addressing a critical gap in the available literature. It sys-
tematically explores key trade-offs among sensitivity, spatial coverage,
launch constraints, and radiation challenges associated with higher alti-
tudes. Through this analysis, the chapter advances the understanding of
SAR system complexity and performance in high Earth orbits, offering
novel insights into mission architecture, imaging capabilities, and the iden-
tification of optimal operational venues tailored to diverse mission objec-
tives.

Section 4.1 examines key aspects of orbit and platform design for high-
altitude SAR missions, emphasizing their enhanced global and local cover-
age capabilities. The analysis highlights the implications for solar energy
availability, noting that while sun-synchronous frozen orbits are not fea-
sible beyond 5500 km, shorter eclipse durations ease power constraints for
solar-powered platforms. The section also characterizes the space radiation
environment, showing that with adequate shielding and careful orbit se-
lection, radiation exposure can be kept at LEO-comparable levels. Finally,
it addresses launch constraints, identifying electric propulsion as a cost-
effective alternative to direct high-altitude insertion, albeit with extended
transfer durations.

Section 4.2 investigates the sensitivity degradation of SAR systems at high
altitudes and its implications for achievable SAR imaging performance
and payload design. It analyzes how extended illumination times affect
stripmap imaging and revisits the classical azimuth resolution-to-antenna
length relationship under high-altitude geometries. The section proposes
two operation concepts: (A) achieving LEO-like resolution and swath
width with frequent global or large-scale access, and (B) extended swath
coverage at moderate resolution. The section details the corresponding
payload requirements necessary to realize each concept.

The findings in this chapter represent a core contribution of the thesis and
provide the analytical basis for the MEO and GEO conceptual designs pre-
sented in Chapter 5 and Chapter 6. Part of this work has been published in
[189, 190].

4.1 Orbit and Platform Design

SAR systems in higher orbits offer an expanded instantaneous field of view
and have the potential to enhance the coverage; however, they suffer from
a more challenging operation environment and higher launch costs.
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4.1.1 Access and Coverage Rates

To better understand the enhanced coverage capabilities of high-altitude
systems, this section introduces two key metrics: access and coverage rates.
Both metrics provide insights on the potential area that can be acquired by
a SAR instrument over time, typically measured in m?/s. By analyzing
these metrics, optimal operational altitudes can be identified to maximize
coverage efficiency and support frequent global or regional revisit.

The access rate (A;) quantifies the rate at which a swath is accessible,
though not necessarily imaged. The accessible swath width (Wyc) is typi-
cally constrained by the desirable range of incident angles for the specific
SAR application under consideration. It can be defined as

Ar = Ug * Wace, (4.1)

where v, is the velocity of the radar beam on the ground. Alternatively,
the coverage rate (C;) quantifies the rate at which a swath can be imaged.
The covered swath width (W) is constrained by the instantaneous imaging
capabilities of the SAR instrument, including factors such as sensitivity,
ambiguity suppression, and beamforming capabilities. It can be defined
as

Cr = vg - Wg. (4.2)

The natural beam velocity on the ground depends on the orbital geometry,
including the semi-major axis (a), inclination (i), and eccentricity (e); the
SAR geometry, such as the incident angle (6;) and look angle (6;); and the
scene location, for example, the latitude of the imaged scene (¢y,;), assum-
ing an ellipsoidal Earth model. For near-circular orbits,

Vg R % - Rg - cos (0] — 0;) — wg - Rg - [cos Plat| - cosi, (4.3)

where ug, Rg, and wg are Earth’s standard gravitational parameter, equa-
torial radius, and angular velocity, respectively. This approximation holds
with an error below 0.5 dB for moderate altitudes (e.g., up to approximately
10000 km), making it suitable for characterizing systems designed for near-
global access. In high-resolution imaging modes such as sliding spotlight,
the effective beam velocity can be intentionally reduced through electronic
or mechanical beam steering. This reduction improves the azimuth resolu-
tion but comes at the cost of decreased coverage rates.

Figure 4.2 provides a graphical representation of the difference between the
two swath definitions. The accessible swath, Wy, is bounded by the near
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Figure 4.2: Example SAR acquisition geometry showcasing the difference between the ac-
cessible swath width (W), constrained by a range of incident angles, and the
covered swath width (W), determined by the instantaneous extension of the
antenna beamwidth on the ground in the range direction.

and far incident angles, 6y and 0;f, respectively. On the other hand, Wy
corresponds to the extension of the antenna beamwidth (6,;) on the ground
along the range direction, which can be approximated using the arc length
formula by

Wy ~ RM—’QGI, (4.4)

cos v

where 0j\ and Ry are the incident angle and slant range to the center of
the scene, respectively. In practice, the radar beam can be sharpened to
cover narrower areas or broadened or steered to cover larger portions of
the access area.

Figure 4.3 shows the variation in the access and coverage rates with alti-
tude, assuming nominal beam steering conditions (e.g., zero Doppler). The
analysis is conducted across a range of orbital inclinations and scene lati-
tudes, and results are compared against a reference LEO case at an altitude
of 400km. The results indicate a strong dependency of both access and
coverage rates on altitude and inclination, with a minor sensitivity to scene
latitudes for near-circular orbits. Significant degradation in both rates is ob-
served for low-inclination orbits (e.g., i =30°), primarily due to the larger
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Figure 4.3: Variation in the access rate (A, left) and coverage rate (C;, right) with altitude
for near-circular orbits under different: (a and b) orbital inclinations 7, and (c
and d) scene latitudes ¢y,;. An elevation beamwidth (6,) of 0.32° is assumed
for estimating C;. The variations are expressed in dB, referenced to an altitude
of 400 km. These values represent changes in coverage and access rates only,
and do not account for SAR-specific imaging capabilities such as resolution.

reduction in relative velocity for prograde orbits.! Variations in the eleva-
tion beamwidth (6,)) introduce only marginal changes in AC;. For systems
without beamforming capability, an example elevation of 6, =0.32° corre-
sponds to planar antenna heights of approximately 5, 9, and 38 m for X-,
C-, and L-band systems, respectively.

The results also reveal a distinct advantage in coverage and access rates
within the low-MEO altitude range of 3000km to 10000 km. Access
rates peak at around 3500 km, while coverage rates reach saturation near
8000 km. At higher MEO altitudes, up to GEO, the marginal gains—or, in
the case of low inclination, reductions—in access rates render these orbits

1 Prograde orbits have inclinations between 0° and 90°. In prograde orbits, objects move in
the same direction as the rotation of the primary body (in this case, the Earth), whereas
in retrograde orbits, they move in the opposite direction.
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less efficient for broad coverage. Nonetheless, their low relative motion
with respect to Earth makes them particularly suitable for SAR missions
focused on persistent or frequent (e.g., sub-daily) monitoring of specific
regions, countries, or continents with a minimal number of satellites. At
GEO, despite the significant degradation in sensitivity, performance can be
recovered by extending the synthetic aperture time using imaging modes
such as sliding or staring spotlight. This, however, comes at the expense of
substantially reduced coverage rates compared to those illustrated in the
plots.

Potential coverage rates for low-MEO SAR systems, assuming a 100 % or-
bit duty cycle and a moderate incident-angle range, can range from 200
to 500 Mkm?/d ("M" denotes million and "d" denotes day). In contrast,
GEO-SAR systems may achieve rates below 100 Mkm?/ d, with coverage
limited to specific regions. State-of-the-art wide-swath LEO-SAR systems
could provide coverage rates of around 150 to 250 Mkm?/d. For context,
the Earth’s total surface area is approximately 510 Mkm?, with land area
accounting for about 149 Mkm?. In practice, the orbit duty cycle is con-
strained by several factors, including energy availability, thermal limita-
tions, data downlink capacity, and acquisition priorities. The orbit duty

cycle for power-demanding SAR systems is typically restricted to values
below 30 %.

4.1.2 Latitude Access

Latitude reach is a crucial factor in orbit design and is often specified in
mission objectives as requirements such as near-global coverage or polar
access capabilities. The latitude reach represents the maximum or mini-
mum latitude observable by a SAR instrument within a specified range of
incident angles suitable for SAR acquisitions, typically between 15° and
60°. Figure 4.4 shows that higher altitudes facilitate access to polar lati-
tudes, even at lower inclinations. For instance, polar access is achievable at
altitudes above 4500 km with inclinations exceeding 60°, while inclinations
over 45° enable polar access at altitudes above 14000 km.

Equatorial orbits present another opportunity, offering optimal interfero-
metric revisit efficiency but typically constrained in latitude reach, includ-
ing restricted access to the equator itself due to SAR geometry constraints.
Increasing orbital altitude broadens the accessible latitude range, as illus-
trated in Figure 4.5. SAR systems capable of both left and right-looking can
leverage the expanded latitude reach to perform observations across both
Earth hemispheres.
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Figure 4.5: Latitude reach as a function of altitude for near-circular equatorial Earth orbits.

4.1.3 Availability of Solar Energy

SAR satellites typically require high transmit power, and increasing orbital
altitude does not alleviate this demand. As discussed in Section 4.2, main-
taining sufficient sensitivity at higher altitudes may necessitate a reduc-
tion in resolution or a larger antenna to avoid significantly increasing the
transmit power. To ensure near-continuous solar illumination, most high-
performance, solar-powered LEO-SAR systems employ sun-synchronous
orbits (SSO), as outlined in Section 2.2.

By applying (2.10), the main orbit parameters for potential SSO at higher
altitudes can be calculated. Figure 4.6 illustrates the corresponding inclina-
tions for frozen and more eccentric SSOs. The maximum achievable semi-
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Figure 4.6: Variation of orbital inclination with altitude for maintaining sun-synchronous
conditions.

major axis is given by

9.yp-J2.R%
a§</4 He Jy - Rp (4.5)

A—e)i 0

which results in a maximum altitude of approximately 5500 km for frozen
orbits.

The relatively close proximity of LEO-SAR systems to Earth can lead to
extended eclipse durations if the orbits are not properly designed. SSOs
offer an optimal solution for mitigating the issue, reducing eclipse times to
less than 8%, as illustrated in Figure 2.4. Additionally, the nodal regression
requirement for frozen SSO results in near-polar inclinations at LEO alti-
tudes, enabling access to polar latitudes. Although SSOs are also feasible
atlower MEO altitudes, as shown in Figure 4.6, they are highly inclined ret-
rograde orbits, which restrict access to the entire globe—a key requirement
for SAR missions aiming for global coverage.

Figure 4.7 shows the annual variation in mean eclipse duration for Earth-
orbiting satellites. The analysis considers frozen near-circular orbits at
various inclinations—including sun-synchronous orbits, where both in-
clination and eccentricity were adjusted according to altitude. Solar
ephemerides were computed assuming an initial mean local time at as-
cending node (MLTAN) of 18:00 for all cases. The results show that satel-
lites in high-altitude non-sun-synchronous orbits experience significantly
shorter eclipse durations compared to those in LEO. For instance, inclined
orbits with i > 45° exhibit eclipse durations of less than 7.25% at altitudes
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Figure 4.7: Mean eclipse duration (time spent in Earth’s shadow) as a function of altitude
and inclination for frozen near-circular Earth orbits, assuming an initial ML-
TAN of 18:00.

above 6000 km, while near-equatorial orbits maintain eclipse durations un-
der 15% above this same altitude. These findings indicate that solar en-
ergy can be effectively harnessed for SAR missions in high Earth orbits. In
lower MEO, at altitudes between 2000 km and 3500 km, near-zero eclipse
durations are achievable in SSO. However, solar panels operating at these
altitudes are subject to material degradation and efficiency loss due to ele-
vated radiation exposure in the inner Van Allen belt.

4.1.4 Space Radiation Exposure

Radiation levels increase significantly with altitude, introducing additional
challenges in spacecraft design. This necessitates enhanced shielding and
the integration of radiation-hardened electronics to ensure mission relia-
bility. The analysis below quantifies the impact of elevated radiation expo-
sure by evaluating the additional shielding required to maintain the total
ionizing dose? (TID) below a specified threshold. For reference, a nominal
annual TID of 5 krad/y is assumed, representative of the radiation environ-
ment experienced by spacecraft operating in low Earth SSO with aluminum
shielding in the range of 1 mm to 2 mm.

2 The total ionizing dose (TID) refers to the cumulative amount of ionizing radiation en-
ergy absorbed per unit mass of a material over time, typically measured in units of rad.
Specifically, 1rad = 0.01] /kg = 6.242 x 10'°MeV /kg. TID is often calculated over an ex-
tended exposure period, such as over the course of a year, or during the entire duration
of a mission, to assess the effects on materials or components.
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Figure 4.8: Projected total annual dose as a function of altitude, calculated using the
AE9/AP9/SPM V1.58 model for near-circular orbits. Panels (a) and (b) show
proton doses (with energies ranging from 0.1 to 2000 MeV) for varying shield
thicknesses at 90° inclination, or a fixed 8 mm shield with varying inclinations,
respectively. Panels (c) and (d) show electron doses (with energies ranging
from 0.04 to 10 MeV) for varying shield thicknesses at 90° inclination, or a fixed
8 mm shield with varying inclinations, respectively.

Figure 4.8 illustrates the primary contributors to TID at higher altitudes.
It shows the estimated annual dose rates from trapped protons and elec-
trons across a range of shield thicknesses, based on simulations using the
AE9/AP9/SPM v1.58 radiation models [129]. The curves show a peak at
the inner Van Allen belt, centered around 3500 km, and indicate that high-
energy protons are more challenging to attenuate with aluminum shield-
ing than high-energy electrons (or lower-energy protons) [127]. At higher
altitudes, where the outer Van Allen belt dominates, radiation primarily
consists of high-energy electrons and ions.

As shown in Figure 4.8(a), for a polar orbit (90° inclination), increasing the
aluminum shielding thickness to 8 mm reduces the proton dose to below
4.7krad/y and the electron dose to below 0.42krad/y at altitudes above
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5500 km, with further reductions to below 3krad/y and 0.39 krad/y, re-
spectively, at altitudes above 5900 km. Figures 4.8(b) and (d) reveal simi-
lar altitude-dependent dose trends across various orbital inclinations for a
tixed aluminum shield thickness of 8 mm. Notably, while equatorial LEO
experiences relatively low radiation levels, equatorial MEO is exposed to
significantly higher doses due to greater interaction with the Van Allen
belts.

To quantify the mass impact of increased shielding thickness, an aluminum
shield with a density of 2.7 g/cm3 is considered for a satellite bus with di-
mensions 50 cm x 50 cm x 50 cm. For an 8 mm thick enclosure, the resulting
shield mass is 32.4 kg. When the bus is extended to 100 cm x 50 cm x 50 cm,
the shield mass increases to 54 kg. Compared to a 2mm thick shield, this
corresponds to a mass increase of 24.3 kg and 40.5 kg, respectively.

4.1.5 Launch Constraints

Reaching high Earth orbits typically involves a two-step process. Initially,
the spacecraft or the upper stage of the launch vehicle is inserted into a low
Earth parking orbit. Subsequently, an orbital transfer maneuver is executed
to transition to the desired final orbit.

The orbital transfer requires a velocity change (AV) as detailed in Sec-
tion 2.5. The associated AV requirement translates into an additional pro-
pellant mass, reducing the net payload capacity of the launch vehicle. The
corresponding payload mass loss can be derived from Tsiolkovsky’s equa-
tion (2.5.2) as

M; ( AV) ( AV )
AM=—=exp|—— | = — , 4.6
M. p o exp 30 Isp (4.6)

where M is the remaining mass after the maneuver, and M; — M = Mprop
represents the propellant mass consumed during the transfer. The effective
exhaust velocity (ve) is expressed as the product of the specific impulse (Isp)
and the standard gravitational acceleration (go).

Figure 4.9 illustrates the increase in AV and reduction in payload capac-
ity with altitude. Panel (a) depicts the AV required for coplanar transfers,
specifically to adjust the semi-major axis from a reference value at an al-
titude of 400 km to various higher orbit altitudes. Panel (b) shows the as-
sociated reduction in mass-to-orbit capacity for different propulsion sys-
tems, characterized by their specific impulse (Isp). The analysis includes
propulsion systems with representative specific impulse values: 300s for
solid-fuel engines such as the Zefiro-9 [191], 350s for liquid-fuel engines
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Figure 4.9: (a) Required AV for transferring from an initial LEO at 400 km to higher orbits,
and (b) corresponding reductions in mass-to-orbit capacity for various vacuum
engine technologies with different Igp.

like the Merlin Vacuum [133], 450 s for high-efficiency cryogenic engines
such as the Vinci [192], and 1800s for electric propulsion systems exem-
plified by the PPS-5000 Hall effect thrusters [193] employed in missions
like OneWeb. These values span a range of technologies from conventional
chemical propulsion to advanced electric propulsion engines, providing a
comprehensive perspective. It is important to note that the results shown
in Figure 4.9 are based on idealized conditions and do not account for sec-
ondary effects such as the added mass of propellant tanks, thrusters, or
spacecraft structural reinforcements. These effects are generally mission
specific and are not expected to substantially affect the conclusions.

The analysis indicates a significant reduction in payload capacity for inser-
tions into high-altitude orbits. Specifically, transfers to MEO altitudes be-
tween 5500 km and 10000 km, suitable for global-coverage missions, result
in payload capacity losses ranging from 40% to 60% when using chemical
propulsion systems with an Isp of 350s, compared to LEO insertions. In
contrast, employing electric propulsion systems with an I, of 1800 sig-
nificantly mitigates these losses to approximately 10% to 14%. Additional
reductions in payload capacity should be anticipated if orbital inclination
adjustments are required.

While electric propulsion systems, such as ion thrusters and Hall effect
thrusters, offer improved efficiency, their low thrust output results in ex-
tended transfer durations to achieve the required AV. Prolonged transit
through Earth’s radiation belts can degrade critical spacecraft components,
including solar panels, necessitating design margins to mitigate the effects.
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Figure 4.10: Qualitative representation of the increase in the angular extent (6s4) and cor-
responding length (Lga ) of the synthetic aperture with altitude (k) for a fixed
antenna beamwidth (6,;).

A possible approach to mitigate extended transfer duration is the integra-
tion of multiple propulsion engines, including hybrid approaches combin-
ing chemical and electric thrusters.

4.2 Emerging Aspects in SAR System Design

Increasing the orbital altitude expands the field of view, enabling increased
coverage of the Earth’s surface. However, this also extends the propagation
path of the SAR signal, resulting in a significant reduction in system sensi-
tivity. Nevertheless, the curved nature of Earth orbits allows for a partial
recovery of the lost signal energy by exploiting the increased angular extent
of the synthetic aperture, thereby significantly extending the illumination
time.

4.2.1 Enhanced Azimuth Resolution

Figure 4.10 qualitatively illustrates the impact of high orbital altitudes on
the angular extent of the synthetic aperture 655. The increase in angular
extent is a result of the satellite’s curved orbital path, in conjunction with
the typical attitude control strategies used by SAR satellites to reduce the
Doppler centroid to zero, e.g, via yaw and pitch steering [194]. The figure
shows that for a constant azimuth antenna beamwidth 6,, (corresponding
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to a fixed physical antenna length L,), 85 increases with altitude. As dis-
cussed in (3.6), this results in enhanced azimuth resolution.

The enhancement factor F, is introduced to link the generic azimuth res-
olution definition in (3.6) to the widely used half-length linear-geometry
approximation [195], such that

A A La
) ) N P 47
e 20, T o
and '
. Gaz o Ug(a/l/el gilcplat) ) (48)

! QSA(a/ ie,b;, (Plat) Z)S(l?l, ieb; (Plat)
The equation shows that F, is related to the ratio of the beam velocity to the
relative satellite velocity, which under nominal attitude control, depends
on the orbit geometry, SAR geometry, and the scene location (e.g., ¢jat)-
The relative satellite velocity (vs) decreases with increased altitude and ex-
periences larger variations between its minimum and maximum. The exact
value of vs depends on the suitable acquisition interval, which is influenced
by 60; and ¢y,, particularly for low-inclined orbits.

Figure 4.11 shows the variation of the factor AF, (in dB) with altitude for
different incident angles, orbital inclinations, and target latitudes. These re-
sults are presented relative to a reference LEO altitude of 400 km, assuming
zero-Doppler steering. In the benchmark case (i =90°, 6; =40°, ¢1,; =25°),
depicted by solid black lines, F, decreases from 0.94 at 400 km to below 0.5
at MEO altitudes starting around 6000 km. As illustrated in panel (d), al-
titude is the predominant factor affecting F, up to high MEO, whereas the
impact of incident angle, inclination and target latitude remains relatively
low. However, for prograde orbits where the target latitude approaches
the orbital inclinations (e.g., ¢, = 25°, 6; = 30°), increased deceleration of
vs relative to vg during the acquisition interval leads to the convex trend
observed in panel (b). The influence of incident angle and target latitude
on F,, as illustrated in panels (a) and (c), becomes more pronounced at
higher MEO altitudes, particularly above 15000 km. For a fixed Doppler
bandwidth, this can induce variations in azimuth resolution along the SAR
acquisition track.

Overall, the enhancement factor decreases significantly with increasing al-
titude. As indicated by (4.7), this reduction can be leveraged in two ways:
(i) to improve azimuth resolution for a fixed antenna length, or (ii) to in-
crease the antenna length while maintaining a fixed azimuth resolution.
The latter approach is particularly beneficial for recovering sensitivity, as
larger apertures provide higher antenna gain.
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Figure 4.11: Variation of the enhancement factor (AF,, in dB) with altitude for SAR in near-
circular orbits under zero-Doppler steering, relative to a reference altitude of
400 km. Panels (a), (b), and (c) show the sensitivity of the enhancement factor
to changes in incident angle (6;), orbital inclination (i), and latitude (¢y,¢), re-
spectively. Solid black lines represent a benchmark case with i = 90°, 6; = 40°,
and ¢, = 25°. Panel (d) presents a radar chart (Kiviat diagram) illustrating
the relative influence of altitude, incident angle, inclination, and target lati-
tude on F, across the combined scenarios in (a)—(c).

4.2.2 Extended lllumination Time

In terms of illumination time, (3.5) can be rewritten as

R'QSA R'Gaz 1 R'eaz R')\

~ 4,
Us Us F; Ug Ly - vg (4.9)

Figure 4.12 illustrates the variation in nominal illumination time—i.e., for
zero-Doppler steering—with altitude and carrier frequency, based on the
benchmark case (i =90°, 6; = 40°, ¢,; = 25°) and assuming a fixed antenna
length. The ratio of Tsp across the three frequencies corresponds to the in-
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Figure 4.12: Variation in illumination time with altitude for a fixed antenna length of 10 m
across different carrier frequencies. The results are based on the benchmark
case illustrated in Figure 4.11 (i =90°, 6; =40°, ¢,y =25°).

verse ratio of the frequencies. Illumination time can range from fractions
of a second at LEO altitudes to several minutes, or even hours, as the orbit
approaches geosynchronous altitudes. For GEO-SAR systems with contin-
uous access to the imaged scene, illumination time can be further extended
by reducing vg through sliding or starring spotlight operation. This exten-
sion allows the recovery of imaging performance, as will be discussed in
Chapter 6.

4.2.3 Antenna Constraints

The SAR antenna is a core component of the payload, significantly influ-
encing imaging performance in terms of ambiguity suppression, resolu-
tion, sensitivity, and swath width. As outlined in Section 3.5, the antenna
is also often a major contributor to spacecraft mass, volume, and overall
system complexity.

A key driver of antenna size is ambiguity suppression, commonly quan-
tified by the performance metrics AASR in (3.30) and RASR in (3.32). In
basic SAR architectures, such as stripmap operation with simple antenna
front-ends and no beamforming, the minimum antenna area required to
achieve acceptable ambiguity levels is primarily governed by the sensor’s
altitude and carrier frequency.

The derivation of this minimum area begins with the requirement to ade-
quately sample the Doppler bandwidth (Bp) using the PRF (f},). According
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to the Nyquist sampling criterion and using the Doppler bandwidth asso-
ciated with the nominal azimuth resolution from (3.7) and (4.7), the PRF

must satisfy
2 ° vs

fo > Bp =~ (4.10)

a

To avoid range ambiguities, the maximum slant-range extension of the un-
ambiguous swath within two transmitted pulses is limited by

ws§§-<l—2-rp>, 4.11)

where T, is the pulse duration. The swath width can be approximated
geometrically using the arc length formula

Ws ~ Wg -sinf; =~ Ry - tan6; - ks - Hi, (4.12)
a
where Ry is the slant range to the scene center, H, is the antenna height,
and ks is a correction factor accounting for the difference between the actual
antenna aperture and its approximation A/H,. By substituting (4.11) and
(4.12) into (4.10), assuming a small transmit duty cycle and rearranging
terms, the following expression is obtained

>4'vs'Rm'ks'A«'tanei
- c

La - Ha ’ (4.13)

commonly referred to as the minimum antenna area constraint for SAR
[138, 139, 196].

Figure 4.13 illustrates the relationship between the minimum antenna area,
orbital altitude, and incident angle for C-band and L-band systems. The re-
sults indicate that SAR missions at higher altitudes require larger antenna
apertures to maintain effective ambiguity suppression. While antenna ar-
eas exceeding 50 m? may be challenging for current planar-array technolo-
gies, such apertures are achievable using reflector antennas. For instance,
a 15 m-diameter parabolic reflector provides an effective area of approxi-
mately 176 m?, which is within the capabilities of modern deployable re-
flector antenna structures. However, in reflector-based architectures, uni-
formly illuminating large apertures often requires beamforming through
the use of a feed array.

From a sensitivity perspective, requirements for higher antenna gain or
extended swath coverage inherently demand larger antenna apertures. In
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Figure 4.13: Minimum antenna area, expressed in m?, as a function of orbital altitude and

incident angle for (a) C-band and (b) L-band SAR. Calculations are based on
(4.13), assuming ks = 1.

scenarios where broader swath widths are desired, burst imaging modes—
such as ScanSAR or TOPS—can be employed to increase coverage while
preserving acceptable levels of ambiguity suppression.

Nevertheless, the deployment of spaceborne antennas with diameters or
lengths exceeding 25 m remains technologically challenging in the near fu-
ture. Key limitations include increased mass, mechanical stability, deploy-
ment complexity, and constraints imposed by the dimensions of launch
vehicle fairings [197].

4.2.4 Sensitivity and Operation Solutions

The variation in the Noise Equivalent Sigma Naught (NESN) with alti-
tude, for a constant frequency, system bandwidth (range resolution), noise
power density, and backscatter geometry (similar angles of incidence), can
be derived from (3.29). The relationship is expressed in decibels (dB) as

ANESN = 3 - AR + Avg — APayg — AGt — AG. (4.14)

In this equation, AR and Avs represent the changes in slant range and satel-
lite velocity with altitude, respectively. The terms APayg, AGt and AG; ac-
count for any desired changes in average transmit power, transmit gain,
and receive gain, respectively. All factors in (4.14) are given in dB relative
to a reference orbital altitude (e.g., LEO).

To express (4.14) in purely geometrical terms, it is assumed that for a mono-
static system—where the same antenna is used for both transmission and
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reception, without employing digital beamforming—the change in gain is
proportional to the change in antenna area, as indicated in (3.59). There-
fore,

AGy = AG; =~ AL, + AH,, (4.15)

where AL, and AH, denote the change in antenna length and height,
respectively. The change in antenna height (AH,) can be linked to the
change in swath width (AWg) in terms of the required change in elevation
beamwidth (Af,)) from (4.4) by

AH, = AR + A6 ~ AR — AWy, (4.16)

To maintain a constant azimuth resolution (Adx =0 dB) at higher altitudes,
longer antennas can be used according to (4.7), resulting in an increase in
antenna gain. Hence, AL, can be substituted with —AF,. However, at
higher altitudes, the potential for growth in antenna size may be limited
by technological constraints.

Assuming constant resolution, and considering the increase in antenna sur-
face according to (4.7) and (4.16), (4.14) translates to

The factors Avs and 2 - AF,, both negative, partially compensate for the
worsening in the NESN caused by AR and 2 - AW, at higher orbital alti-
tudes. Following the discussion above, two possible concepts emerge for
operating high-orbit SAR systems:

A. a LEO-like swath width (i.e., AWg = 0dB) and LEO-like resolution
with a broader accessible swath and an increase in average transmit
power when needed; and

B. an extended swath width (i.e., AWz > 0 dB) with moderate resolution,
potentially covering the entire accessible swath. The reduced resolu-
tion helps bring sensitivity to acceptable values.

The benefits of the second operation concept are more substantial than
those of the first when compared to both current and future LEO-SAR
counterparts. Furthermore, if the system designed for the second concept
incorporates beamforming in elevation, it can be readily adapted to cover
narrower swaths within the access area with higher resolution as in concept
(A). This adaptation allows to regain sensitivity by focusing the available
energy on a smaller area.

In scenarios where extended access to the imaged scene is available—such
is the case for SAR systems in low-inclination geosynchronous orbits—an

75



4 Quantitative Analysis of High-Orbit SAR

alternative approach can be employed to recover performance at the ex-
pense of a reduced coverage rate. This approach involves extending the
illumination time beyond that achievable with nominal zero-Doppler steer-
ing. The additional samples acquired during the extended illumination pe-
riod enable the averaging of statistically independent looks during process-
ing, which can improve imaging performance. For example, it can enhance
radiometric quality by effectively reducing speckle noise, and improve in-
terferometric phase accuracy by reducing decorrelation noise in interfero-
grams. Such an extension in illumination time can be implemented using
sliding or starring spotlight modes, in which the beam’s ground velocity is
deliberately reduced to accommodate the required increase in illumination
duration. This approach is examined in more detail in Chapter 6.

The implications of concepts (A) and (B) for the SAR instrument are elabo-
rated below.

Concept A: Small Swaths, Great Access

In this concept, the swath width is fixed to LEO-like values (i.e., AWg =
0dB), while benefiting from the broad access area and more frequent re-
visit enabled by higher altitudes for a fixed range of incident angles. This
mode is particularly well suited for event-triggered applications, such as
monitoring natural or anthropogenic disasters, or supporting reconnais-
sance operations.

Figure 4.14 illustrates the variation in NESN with altitude, evaluated for a
constant average transmit power (i.e., APayg =0dB) and an incident angle
of 40°, for different orbital inclinations and target latitudes, in comparison
to a reference LEO at 400 km. A quick analysis of the results indicates that
maintaining a LEO-like swath width results in a moderate degradation in
sensitivity, which can be compensated by increasing the transmit power.
Furthermore, the results show that operating at orbital altitudes beyond
4000 km allows the natural reduction in relative spacecraft velocity and the
possible use of larger antennas (for Adx =0dB) to counteract the additional
increase in free-space loss.

The corresponding increase in antenna length is inversely proportional to
the enhancement factor shown in Figure 4.11. For example, achieving an
azimuth resolution of 5m from an altitude of 400 km allows for the effi-
cient use of a 10-m long antenna. However, the same resolution at alti-
tudes beyond 15000 km would require spaceborne antennas longer than
25m, assuming optimal imaging efficiency and gain utilization. This poses
significant challenges with current technology.
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Figure 4.14: Variation in the NESN with altitude for a fixed swath width (AW =0dB) and
average transmit power (APayg =0dB), considering an inherent increase in
antenna length (AL, = —AF,) and height, relative to a reference altitude of
400 km. Panel (a) shows the variation for different orbital inclinations, while
Panel (b) depicts the variation for different target latitudes. Both panels as-
sume an incident angle of 40°. The solid black lines represent the reference
case with 1 =90°, 6; =40°, and ¢,; =25°.

If practical constraints limit antenna growth—i.e., if the antenna length is
not scaled proportionally with the enhancement factor AF,—then the term
2 - AF; in (4.17) must be substituted by —2 - AL,, resulting in an additional
sensitivity loss. It is important to note, however, that this loss is accompa-
nied by an improvement in azimuth resolution, offering a potential trade-
off depending on mission objectives.

Concept B: Larger Swaths, Moderate Resolutions

In this concept, the swath width increases with altitude (i.e., AW > 0dB),
potentially enabling coverage of the entire accessible swath with moderate
spatial resolution. This approach offers significant advantages for a wide
range of scientific applications that benefit from increased coverage rates
and frequent recurring acquisitions, thereby supporting the generation of
SAR data capable of addressing the spatio-temporal Earth observation gap
that motivates this thesis.

Figure 4.15 illustrates the variation in NESN with altitude, expressed rel-
ative to a reference LEO configuration at 400 km altitude. The analysis
is conducted under two different assumptions: constant average transmit
power (panels a and b) and constant surface irradiance® (panels ¢ and d).
The evaluation considers increasing swath widths corresponding to a fixed

3 Irradiance refers to the electromagnetic power received per unit surface area, expressed
in W/m?.
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Figure 4.15: Variation in the NESN with altitude for a fixed incident-angle range and in-
creasing swath, relative to a reference altitude of 400 km. Panels (a) and (b)
present results assuming constant average transmit power, evaluated across
different orbital inclinations and target latitudes, respectively. Panels (c) and
(d) show the corresponding results under the assumption of constant surface
irradiance. The gray curve (referenced to the right vertical axis) indicates
the increase in swath width (AWg) with altitude, corresponding to a fixed

incident-angle range of 20° to 50°.

incident-angle range of 20° to 50°, and includes variations in orbital incli-
nation and target latitude.

For example, the swath width increases from approximately 420 km at an
altitude of 600 km to 1880 km at a MEO altitude of 6000 km, correspond-
ing to an increase of about 6.5dB. This increase in swath width leads to
a sensitivity loss of approximately 16 dB, if the average transmit power is
maintained constant.

To provide a fair comparison between wide-swath, high-altitude systems
and narrow-swath LEO systems, panels (c) and (d) in Figure 4.15 illustrate
the corresponding NESN variation under the assumption of constant sur-
face irradiance—i.e., constant average transmit power per resolution cell.
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This assumption reduces the sensitivity loss by a factor of —AW; to approx-
imately 9.5dB for the same example. Additionally, since the PRF varies
with altitude according to

Afp - Avs - ALa, (4.18)

maintaining constant peak transmit power under the constant average
transmit power assumption requires a corresponding adjustment to the
chirp duration.

4.2.5 Design Trade-off Summary

The analysis presented in the previous section highlights that high-altitude
SAR systems offer an expanded access area but experience a significant
sensitivity loss.

For a high-orbit-SAR system to operate with high resolution over swaths
comparable to those of LEO systems (concept A)—a valuable feature for
applications such as disaster monitoring—the sensitivity loss is relatively
minor at low MEO altitudes (below 15000 km) and can be effectively mit-
igated by increasing the transmit power. However, beyond this altitude,
any changes in sensitivity are generally associated with a growth in an-
tenna length, which is likely constrained by available technology (e.g., re-
flector antennas around 25 m in diameter).

Alternatively, if a high-orbit-SAR system is designed to cover at full reso-
lution a wide swath close to its access area (concept B), it will experience a
more pronounced sensitivity loss. This can be compensated for by increas-
ing transmitted power or reducing resolution. Typical average transmit
power values are in the order of a few kilowatts. Notably, range resolution
is somewhat coupled to azimuth resolution from a design perspective; a
reduction in range resolution by a factor of two generally results in a sen-
sitivity improvement of around 3 dB. However, gains in azimuth resolu-
tion are limited by antenna lengths, which remains constrained by existing
technology.

Further possibilities to enhance the power budget include using higher an-
tennas to illuminate different portions of the swath during transmission or
reception. Techniques that implement this concept include burst operation
modes such as ScanSAR and TOPS, or multi-beam antenna technologies
(e.g, [148, 149, 198]). Receive-side approaches include systems with SCan-
On-REceive (SCORE) or SweepSAR capabilities (e.g., [61, 199-201]).
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4.3 Chapter Remarks

This chapter presented the key design considerations for SAR missions
at higher altitudes, addressing a critical gap in the available literature.
It examined fundamental trade-offs in mission design across SAR pay-
load, platform, orbital configuration, radiation environment, and launch
approach, highlighting both challenges and opportunities.

Section 4.1 demonstrated that high Earth orbits offer superior coverage ca-
pabilities, enabling single-satellite systems to achieve short global revis-
its from moderate MEOQO altitudes (3000 km to 10000 km), and more fre-
quent or even persistent coverage over large regions from higher MEO up
to GEO. The analysis showed that transitioning from near-polar LEOs to
less-inclined, higher-altitude orbits can maintain coverage advantages due
to reduced Earth proximity. The radiation environment assessment indi-
cated that operations above 5500 km are feasible with moderate shielding,
e.g., 8mm of aluminum, and radiation hardened electronics. Additionally,
the section quantified payload mass penalties associated with direct high-
altitude insertions and identified electric propulsion as a viable means to
mitigate increased launch costs.

Section 4.2 investigated the consequences of increased coverage on SAR
payload performance, revealing that sensitivity reduction can be partially
compensated by leveraging the larger angular extent of the synthetic aper-
ture at higher altitudes. Achieving full performance, however, requires en-
hancements such as larger antennas, higher transmit power, beamforming-
capable hardware, or reduced resolution. Two operational concepts for
high-altitude SAR systems were proposed: (A) a LEO-like swath width
and resolution with frequent global or large-area access, or (B) extended
swath coverage—potentially spanning the entire accessible area—at mod-
erate resolution. The section also detailed the corresponding payload re-
quirements for each concept, including antenna size, transmit power, and
onboard beamforming capabilities needed to meet mission objectives. A
distinct operational concept emerges for GEO-SAR systems, where contin-
uous access to the imaged scene is possible. In such cases, reduced sensitiv-
ity can be accommodated by extending the illumination time through the
use of sliding or starring spotlight modes. This approach enhances image
quality through noise averaging, albeit at the expense of reduced coverage
rates.

Overall, the findings indicate that although high-altitude SAR systems
present challenges—such as reduced launch vehicle payload capacity and
increased spacecraft mass due to larger antennas, enhanced radiation
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shielding, and possibly augmented power systems to support higher trans-
mit power—these factors are unlikely to pose fundamental limitations.
Continued advancements in launch technologies, particularly in reusabil-
ity, along with the growing maturity of electric propulsion systems, further
support the feasibility of such missions in the future.

The enhanced latitude reach of inclined orbits, as discussed in Section 4.1.2,
unlocks the potential for single-satellite systems to provide global true 3-D
deformation mapping with frequent revisit. This unique capability, along
with other MEO-specific opportunities, will be further explored in Chap-
ter 5. Additionally, design trade-offs for SAR systems operating at low-
MEO, high-MEO, and GEO altitudes will be illustrated through example
mission concepts in Chapters 5 and 6.
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Medium Earth Orbits (MEQOs) occupy the region between LEOs and GEOs,
spanning altitudes from approximately 2000 km to 35786 km above Earth’s
surface. These orbits offer an effective balance between coverage capabil-
ity and signal sensitivity, which led to their increased adoption during the
1970s and 1980s, particularly for navigation systems such as the Global Po-
sitioning System (GPS).

(~20000 km)

Figure 5.1: Visualization of the extended field of view of a MEO-SAR system at 20000 km
compared to a LEO-SAR system at 700km. The green and red access areas
correspond to a fixed incident-angle range of 20° to 60°.

This chapter explores the strategic advantages of MEO for SAR missions,
exploiting their expanded spatial accessibility compared to LEO, as de-
picted in Figure 5.1. It builds upon the foundational investigations in Chap-
ter 4 to identify new MEO-enabled applications and develop exemplary
mission concepts for selected use cases.

Section 5.1 introduces novel opportunities uniquely enabled by MEO, in-
cluding high-frequency revisit capabilities, improved access from lower-
inclination orbits, and distinctive acquisition geometries that enable true
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3-D ground deformation monitoring using single SAR systems. These op-
portunities are further substantiated through two representative mission
concepts in Section 5.2. The first concept aims at providing global cover-
age and 3-D deformation mapping capabilities from an altitude of 5952 km,
achieving a 1.5-day revisit interval. The second focuses on continental-
scale observation from 20181 km, enabling sub-daily revisit intervals across
extensive regions of Europe.

The new opportunities and mission concepts outlined in this chapter con-
stitute a key contribution of this thesis. The two mission concepts are fur-
ther analyzed in Chapter 7, where their complexity is assessed by compar-
ing them to equivalent LEO-SAR constellations. Portions of the material
presented here have been published in [189, 202].

5.1 New Opportunities

This section delves into the details of the key products enabled by MEO, as
identified in Chapter 4, and introduces new opportunities enabled by sin-
gle MEO-SAR systems. These include the capability of true 3-D displace-
ment measurement on a global scale, frequent global accessibility, and the
potential for sub-daily local or continental coverage.

5.1.1 Large-Scale True 3-D Deformation Measurement

Accurate 3-D deformation measurements are essential for monitoring nat-
ural hazards, including surface displacement caused by active tectonics,
volcanic activity, landslides, and the movement of glaciers and ice sheets.
SAR systems facilitate these measurements on a large scale using D-INSAR
techniques, achieving displacement precision at the centimeter to millime-
ter level, as discussed in Section 3.3.

Current state-of-the-art LEO-SAR systems, including TanDEM-X [28, 29],
TerraSAR-X [27], Sentinel-1 [203], and CosmoSkymed [25], provide data
suitable for high-precision line-of-sight (LoS) displacement measurements.
However, their near-polar orbits, designed for global coverage and sun-
synchronous operation, limit their sensitivity to the North-South compo-
nent of displacement, posing a significant challenge for obtaining true 3-D
deformation measurements. Addressing this limitation requires additional
geometric diversity in the LoS vectors. One approach is deploying satellites
in less inclined orbits, which improves North-South sensitivity but restricts
accessibility to higher latitudes (e.g., above 50°). This trade-off is a notable
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(a) (b)

Figure 5.2: Ground-projected LoS vectors, shown as black arrows, for acquisitions from
two orbital configurations: (a) a sun-synchronous near-polar LEO at approx-
imately 700 km, and (b) a moderately inclined repeat MEO at approximately
6000 km. The green (labeled A) and blue (labeled D) swaths correspond to the
ascending and descending right-looking satellite passes, respectively.

drawback for single-satellite LEO-SAR missions. Alternatively, deploying
additional satellites with complementary viewing geometries—for exam-
ple, as proposed in the Earth Explorer 10 Harmony mission, which plans
to add two companion satellites to Sentinel-1D [60]—can help overcome
these challenges while maintaining global access.

Medium Earth orbits enable a flexible trade-off among LoS diversity,
ground accessibility, and energy efficiency through careful design of or-
bital inclination. For instance, a MEO-SAR system operating in 60° inclined
orbits can achieve near-global accessibility at altitudes above 6000 km, as
shown in Figure 4.4. These orbits also offer favorable conditions for power
generation, with eclipse durations remaining below 7%, as illustrated in
Figure 4.7. Figure 5.2 demonstrates how increased orbital inclination can
be utilized to provide distinct observation geometries between ascend-
ing and descending satellite passes. The figure compares the ground-
projected LoS vectors for acquisitions from two orbit configurations: (a)
a sun-synchronous near-polar LEO at 700km, and (b) a moderately in-
clined MEO at around 6000 km. In the LEO case, the LoS vectors are
predominantly along the East-West direction, resulting in limited sensitiv-
ity to North-South displacements. In contrast, the MEO case provides a
more balanced observation geometry, with LoS projections exhibiting com-
parable sensitivity for the North-South and East-West components. This
improved symmetry enhances the capability for accurate 3-D ground dis-
placement measurements.
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Figure 5.3: Variation in 3-D displacement accuracy with altitude and inclination. (a) Ra-
tio of North-to-East accuracy (on/0%) for different altitudes and inclinations,
showing near-equal accuracy at moderate prograde and retrograde inclina-
tions. (b) Distribution of absolute accuracy for the East, North, and Vertical
displacement components of a MEO-SAR system at 6000 km, presented as the
ratio of displacement accuracy along each of the three components (ojp) to
that of the LoS (010s). Results were derived using (3.20) for equatorial targets
observed at 30° incidence, incorporating four distinct acquisition geometries
corresponding to ascending and descending satellite passes in both left- and
right-looking geometries.

The impact of altitude and inclination on displacement accuracy is further
analyzed in Figure 5.3. Panel (a) shows the accuracy ratio in Northward
to Eastward displacement as a function of orbital altitude and inclination.
The results indicate that MEO altitudes combined with moderate inclina-
tions yield near-unity ratios, signifying balanced deformation accuracy in
both directions. Panel (b) shows the individual accuracy of the three dis-
placement components (East, North, and Vertical) for a MEO-SAR system
at 6000 km. The plot highlights convergence regions around inclinations of
41° and 126°, where all three components achieve comparable accuracy. In
contrast, reduced Northward accuracy is observed in regions where the
ground-projected LoS vectors are predominantly aligned along longitu-
dinal (East-West) directions. These results were derived using (3.20) for
equatorial targets observed at 30° incidence, incorporating four distinct ac-
quisition geometries corresponding to ascending and descending satellite
passes in both left- and right-looking geometries.

5.1.2 Frequent Global Access

The enhanced coverage capabilities of high-altitude systems, as discussed
in Chapter 4, indicate that moderate MEO altitudes outperform LEO in
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Figure 5.4: Required far-range incident angles for gap-free equatorial coverage in single-
pass geometry, assuming (a) a near-range incident angle of 20° and (b) 25°, for
various orbital altitudes and inclinations. The dashed horizontal lines corre-
sponds to far-range incident angles of 50° and 60°.

terms of access and coverage rates. This suggests that global accessibility
and coverage can be achieved with shorter revisit times from MEO.

To assess potential revisit frequencies, repeat-ground-track (RGT) orbits
with revisit periods of a few days are considered. The analysis calculates
the optimal incident-angle range necessary to achieve complete equatorial
coverage in a single-pass geometry (i.e., ascending or descending passes)
across various orbital altitudes and inclinations. Figure 5.4 illustrates the
far-range incident angle required for gap-free equatorial coverage from
RGT orbits with 2-, 3-, and 4-day repeat cycles, assuming a near-range inci-
dent angle of (a) 20° and (b) 25°. The plotted symbols represent all possible
RGT orbits, while the shaded regions correspond to orbital inclinations be-
tween 90° and 135°.

The results indicate that achieving gap-free equatorial coverage at a max-
imum far-range incident angle of 50° requires RGT MEOs with a repeat
cycle of at least three days. A near-incident angle of 20° enables inclined
orbits with favorable LoS geometries—up to 135°—to maintain gap-free
coverage. However, increasing the near-incident angle to 25° restricts gap-
free coverage to near-polar MEO configurations. If the SAR application
permits a shallower far-range incident angle of 55°, two-day RGT MEOs
can achieve gap-free equatorial coverage.

The average revisit time at the equator is half the repeat cycle, as both
ascending and descending passes contribute to coverage. At higher lati-
tudes, increased overlap between satellite passes further enhances revisit
frequency. However, for INSAR measurements, maintaining an identical
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Figure 5.5: (a) Daily coverage rates in Mkm?/d ("M" denotes million and "d" denotes day)
for a swath covering the incident-angle range of 20° to 50°, and (b) latitude
reach, shown across various orbital altitudes and inclinations. The values in
(a) are based on a 100% orbit duty cycle and can be scaled proportionally. The
vertical dashed lines mark an altitude of 6000 km.

observation geometry is essential; thus, the effective interferometric revisit
cycle for a single SAR system is limited to the repeat cycle.

These results are based on retrograde orbits (90° < i < 135°) to benefit from
Earth’s rotation. While prograde orbits offer lower launch costs, they re-
sult in lower relative velocities, which negatively impact coverage rate and
revisit frequency. The analysis also assumes single-satellite systems; how-
ever, as in LEO, MEO constellations can be employed to further reduce
revisit times—potentially enabling global daily or sub-daily coverage.

In terms of coverage, Figure 5.5 illustrates the variation in daily coverage
rate as a function of altitude and inclination, assuming 100% orbit duty cy-
cle and a swath covering the incident-angle range of 20° to 50°. Higher
retrograde inclinations slightly enhance the coverage rate due to increased
ground velocity. However, moderate incident-angle ranges of interest for
SAR missions (e.g., 20° to 50°) can limit access to polar latitudes at such
inclinations. Extending latitude reach may require shallower far-range in-
cident angles, particularly for high-inclination retrograde orbits. The verti-
cal dashed line represents a mean altitude of interest for global MEO-SAR
missions. This altitude minimizes radiation exposure, as discussed in Sec-
tion 4.1.4, provides superior coverage rates, and achieves sufficient lati-
tude reach for inclinations relevant to INSAR missions capable of true 3-D
displacement measurement on a near-global scale. While increasing the
altitude—for example, to 10000 km—enhances polar reach, it introduces
trade-offs, including more significant sensitivity loss and a reduction in
coverage rate by a factor of 0.8.
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Figure 5.6: Increase in the instantaneous accessible swath with altitude for a fixed near-
range incident angle of 20° and far-range incident angles of 50° and 60°.

5.1.3 Large-Scale Sub-Daily Revisit

Sub-daily revisit capabilities are essential for monitoring diurnal cycles.
They require frequent overlapping passes of SAR sensors over the regions
of interest. These capabilities can be achieved by leveraging orbital me-
chanics, such as the overlap of ascending and descending passes or the
natural orbit convergence at higher latitudes for near-polar inclinations.
Alternatively, deploying a satellite constellation enhances revisit frequency
by increasing spatial and temporal coverage.

Single LEO-SAR systems, with their limited instantaneous accessibility
(on the order of a few hundred kilometers for state-of-the-art and next-
generation systems), are constrained in their interferometric revisit capabil-
ity. However, they can achieve opportunistic non-interferometric frequent
revisits within narrow latitude bands. These bands depend on the selected
orbital inclination, which strongly influences the spatial distribution and
overlap of orbital tracks. Extending frequent revisit capabilities to larger
regions, such as countries or continents, typically requires a constellation of
LEO satellites to overcome the limitations of single-satellite overlap. Simi-
larly, increasing interferometric revisit frequency generally requires a con-
stellation of LEO satellites distributed within the same orbital plane, with
offsets in the longitude of the ascending node and the mean anomaly, as
demonstrated by Sentinel-1A and Sentinel-1C.

Albeit their relatively lower daily coverage rates, high-altitude MEOs pro-
vide significantly wider instantaneous access, making them suitable for
SAR missions targeting frequent revisits over extended regions. Figure 5.6
depicts the increase in instantaneous accessible swath width with altitude
for two ranges of incident angles: [20° to 50°] and [20° to 60°].
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Figure 5.7: Potential daily coverage frequency map for a 1/3 RGT MEO satellite at
13890 km altitude and 85° inclination. The swath spans an incident-angle
range of 20° to 60° and is captured with a left-looking imaging geometry.
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Figure 5.8: Potential daily coverage frequency map for a 1/2 RGT MEO satellite at
20181 km altitude and 70° inclination. The swath spans an incident-angle
range of 20° to 60° and is captured with a left-looking imaging geometry.

The wide-area coverage capabilities of MEO-SAR systems enable daily in-
terferometric measurements over large regions. With optimized coverage
strategies—including careful selection of orbital inclination, longitude of
the ascending node, and incident angles—sub-daily non-interferometric
monitoring of large areas can also be achieved. Figures 5.7 and 5.8 present
coverage maps for two MEO configurations employing circular RGT orbits
with 1-day repeat cycles.

The potential to revisit significant portions of Europe twice daily is demon-
strated, utilizing both ascending and descending orbital passes within an
incident-angle range of 20° to 60°. If the satellite is capable of alternat-
ing between left- and right-looking imaging geometries, the 1/3 RGT MEO
satellite, as shown in Figure 5.7, can provide an additional acquisition over
Europe, increasing the revisit frequency to three times per day.
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Figure 5.9: (a) Revisit intervals achievable with circular equatorial Earth orbits at vary-
ing altitudes, illustrating prograde motion (i =0°) and retrograde motion
(1 =1800°), and (b) latitude reach as a function of altitude for various incident
angles from Figure 4.5.

5.1.4 Sub-daily Interferometry from Equatorial MEO

The potential of equatorial orbits for frequent interferometric revisit was
briefly introduced in Section 4.1.2. Figure 4.5, reproduced as Figure 5.9(b),
illustrates the enhanced latitude reach enabled by equatorial MEOs. These
orbits support coverage of higher latitudes, for example, up to approxi-
mately £30° to 50° at an incident angle of 60°.

The interferometric revisit frequency in hours can be expressed as

WE Tsidereal
— . , 51
frev ng Fwg 3600 G-

where wg is the Earth’s angular velocity, ng is the satellite’s mean motion
as defined in (2.2), and Tjjgereal is the duration of a sidereal day in s. The
sign in the denominator accounts for the motion type: (—) corresponds to
prograde motion (i =0°), while addition (+4) corresponds to a retrograde
motion (i =180°). Figure 5.9(a) illustrates the achievable interferometric re-
visit intervals for equatorial orbits at varying altitudes. While retrograde
orbits offer significantly shorter revisit intervals due to the increased rel-
ative velocity of the satellite, they incur considerably higher launch costs.
Selecting an optimal altitude for an equatorial MEO-SAR mission involves
a trade-off between minimizing revisit intervals and maximizing latitude
coverage. Figure 5.10 shows the possible coverage of an equatorial orbit
at 8035 km altitude, using left- and right-looking geometries. The resulting
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Figure 5.10: Potential coverage frequency map—or average revisit time, in hours—for a
prograde equatorial MEO satellite at 8035 km. The swath spans an incident-
angle range of 20° to 60° and is shown for left-looking (northern hemisphere)
and right-looking (southern hemisphere) imaging geometries.

coverage areas are shown over the northern and southern hemispheres, re-
spectively. The achievable interferometric revisit time for any target along
the covered stripes is 6 hours.

5.2 Exemplary MEO-SAR Missions

This section presents two exemplary MEO-SAR missions using the infor-
mation presented in the previous sections. These mission concepts provide
realistic estimates of achievable SAR products while assessing the complex-
ity of spacecraft design, with a focus on the SAR payload (antenna and
electronics) and specific platform components.

Although a dedicated SAR mission design would typically employ a sys-
tematic approach—encompassing mission objectives, user requirements,
available technology, and budget constraints—the examples presented
here illustrate both the potential capabilities and the inherent challenges
of MEO-SAR systems.

5.2.1 Global MEO-SAR Mission

This global MEO-SAR mission concept aims to deliver products compara-
ble to those provided by state-of-the-art LEO-SAR constellations, but us-
ing a single monostatic SAR satellite. For comparison, ESA’S Sentinel-1
constellation—comprising two satellites—is selected as a benchmark [35].
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Parameter Mode A Mode B Mode C Mode D
Frequency [GHz] 5.405
Resolution (6x x 8¢) [m?] <5 x5 <20 x5 <40x20 -
Swath width [km] > 80 > 250 > 410 -
Orbit repeat frequency [d] <6
Incident-angle range [°] - - - 20 —47
NESN [dB] <-22
AASR [dB] <-25
RASR [dB] <-25

Table 5.1: Basic mission and system requirements for the global MEO-SAR mission exam-
ple (aligned with Sentinel-1) in different imaging modes. A dash (-) indicates
that no strict requirement is defined for the corresponding parameter in that
mode.

At the same time, the proposed SAR mission leverages the unique advan-
tages of MEO, including increased revisit frequency and enhanced geomet-
rical diversity.

Mission Requirements

The mission objectives align with the Earth observation goals of Sentinel-1,
adopting similar requirements for observation geometry and SAR level-
1 products. Table 5.1 summarizes the key characteristics of the system,
including swath, resolution, sensitivity, and ambiguity rejection. Modes
A, B, and C roughly correspond in terms of resolution and sensitivity to
Sentinel’s stripmap (SM), Interferometric Wide swath (IW), and Extended
Wide swath (EW) modes. Mode D, however, is a MEO-specific configu-
ration to be optimized for high-frequency revisits. It shall provide cover-
age across an accessible area defined by incident angle limits comparable
to Sentinel-1 (here defined as 20° to 47°), with relaxed resolution require-
ments compared to Mode C to accommodate the loss in sensitivity outlined
in Section 4.2.

Orbit Design

As discussed in Chapter 4, designing an optimal orbit for a MEO-SAR mis-
sion requires careful consideration of several key factors, including cov-
erage, radiation shielding, payload capacity, and instrument sensitivity. In
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particular, the radiation environment is critical in determining mission life-
time, with regions of lower radiation—such as altitudes above 5500 km—
being more favorable for prolonged operations.

The orbit design is primarily driven by observation requirements, which
for this mission include near-global coverage and an incident-angle range
of 20° to 47°. To ensure gap-free equatorial coverage, retrograde RGT or-
bits with a minimum 3-day repeat cycle are required at altitudes below
12000 km, as shown in Figure 5.4(a). This configuration enables a revisit
frequency of 1.5 days at the equator by utilizing both ascending and de-
scending passes, or 3 days for INSAR products.

Given the mission’s global coverage objective, the semi-major axis of the
3-day repeat orbit is selected to optimize the coverage rate within the ra-
diation gap zone. Lower altitudes in this range offer advantages in instru-
ment sensitivity (due to reduced free-space path loss) and improved launch
efficiency.

Inclination selection involves a trade-off between maximizing spatial cov-
erage and enhancing geometrical diversity. It enables a balance between
overall Earth surface (or land) coverage and the ability to accurately mea-
sure 3-D deformation, as illustrated in Figure 5.3.

The gap-free coverage! percentage, calculated as the ratio of continuous
coverage over a latitudinal band to the total Earth surface area, is shown
in Figure 5.11. The optimal orbit for the mission, identified as a 3/19 RGT
orbit at an altitude of 5952 km, offers the highest coverage and instrument
sensitivity within lower-radiation zones above 5500 km. This orbit achieves
peak gap-free coverage of 86% over land and ocean at an inclination of
122°. For land-only coverage, the percentage increases to 90.5%. Table 5.2
summarizes the key parameters of the selected orbit.

Despite the non-sun-synchronous nature of the designed RGT orbit, its
higher altitude limits average eclipse durations to less than 8%. The cho-
sen inclination provides good sensitivity to the three directions of motion.
Increasing the inclination can further enhance the sensitivity to the North-
South deformation component, though at the cost of a slight reduction in
coverage percentage and launch efficiency. Conversely, decreasing the in-
clination below 122° would introduce coverage gaps over lower latitudes,
compromising the mission’s global observation goals.

Figure 5.12 illustrates the revisit frequency for descending passes over a
3-day repeat cycle, assuming a right-looking imaging geometry and an
incident-angle range of 20° to 47°. Figure 5.13 presents the average revisit

! In this context, gap-free coverage refers to the complete coverage of a geographic block on
Earth’s surface without spatial gaps.
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Figure 5.11: Distribution of 3-day RGT orbits capable of achieving over 80% gap-free cov-
erage of the Earth’s surface (including both land and oceans), presented as a
function of orbital altitude and inclination. The swath is assumed to cover an

incident-angle range of 20° to 47° and is captured using a right-looking imag-
ing geometry.

Parameter Value
Repeat cycle (Nyay) [d] 3
Revolutions per cycle (Nrey) 19
Semi-major axis (a) [km]  12329.9
Eccentricity (e) 0
Inclination (7) [°] 122
Altitude at equator [km] 5952
Average eclipse duration [%] <8

Table 5.2: Key parameters of the RGT MEO designed for the global MEO-SAR mission.

Parameter Mode A Mode B Mode C Mode D
Swath width [km] > 80 >250 >410 1667
Orbit repeat frequency [d] 3

Table 5.3: Updated swath width and orbit repeat frequency for the various imaging modes
of the MEO-SAR mission example.

time, in hours, accounting for both ascending and descending passes. The
figure highlights sub-daily revisit intervals at higher latitudes. Polar acces-
sibility would be achievable with an incident angle of 58°. The updated

values for swath width and orbit repeat frequency, based on the designed
orbit, are detailed in Table 5.3.
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Figure 5.12: Potential coverage frequency per 3-day cycle for the 3/19 RGT MEO satel-
lite at an altitude of 5952 km and an inclination of 122°, considering only de-
scending passes. The satellite can access 86% of the Earth’s surface for an
incident-angle range of 20° to 47° under a right-looking imaging geometry.
Polar accessibility would require an incident angle of 58°.
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Figure 5.13: Potential coverage frequency map—or average revisit time, in hours—for the
3/19 RGT MEO satellite, based on total (ascending and descending) passes.
The swath spans an incident-angle range of 20° to 47° and is captured with a
right-looking imaging geometry.

Instrument and Antenna Design

The design of the instrument and imaging modes is driven by the key per-
formance requirements outlined in Table 5.1 and Table 5.3 and is guided by
the system-level considerations discussed in Section 4.2.

Based on (4.7), achieving the highest azimuth resolution requirement of
5m necessitates an antenna length of 22m for a C-band system operating
at an altitude of 5952 km. In terms of sensitivity, imaging Mode D—which
provides coverage of the entire access range (a 1667 km swath)—faces a
sensitivity deficit of approximately 15dB compared to a Sentinel-1 system
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operating at 693 km. This calculation, based on the ANESN estimation in
(4.17), assumes no change in transmit power. To partially mitigate this sen-
sitivity loss, the system incorporates a 22-m reflector antenna equipped
with SCORE capabilities. As outlined in Section 4.2, the remaining loss
can be compensated by i) increasing the transmit power, ii) reducing the
imaging resolution, or iii) narrowing the 1667-km swath width. For con-
text, Sentinel-1 operates with an average transmit power of approximately
370 W for the SM and IW modes and 200 W for the EW mode.

To accommodate the full incident-angle range of 20° to 47°, the 22-m re-
flector antenna must incorporate digital beam steering capabilities in el-
evation over an angular span of approximately 12°. The single-element
beamwidth is approximately 0.176°, necessitating precise element spacing
to control the scalloping effect in elevation. For example, element spacing
of 1.15A and 0.66A yield scalloping levels below 3 dB and 1 dB, respectively.
The design adopts the tighter spacing of 0.66A, resulting in 120 elements
in elevation and providing redundancy to accommodate potential element
failures.

The feed array incorporates two azimuth elements into a single channel to
reduce the cross-talk between polarizations [187, 204]. If needed, additional
azimuth elements can be used to collect the energy spread at the edges of
the array, thereby improving the gain of the edge channels [205]. The feed
array can be deployed on a 5m x 1m plate, which is expected to cause
negligible blockage considering the size of the reflector.

Table 5.4 presents the parameters for the proposed antenna design, while
Figure 5.14 shows the radiation patterns for the center and edge channels,
highlighting the defocusing effects on gain and beamwidth when moving
away from the focal point. The different SCORE beams are formed along
the elevation span by applying complex weighting to a set of neighboring
channels. The complex weights are designed to refocus the beam towards
a specific location. This enhances the sensitivity by providing an additional
6dB to 10dB gain from the edges to the center of the swath by leveraging
the entire surface of the 22-m reflector antenna [199, 200].

Mode Design and SAR Performance

The design of the operational modes for the global MEO-SAR mission is
guided by the requirements for resolution, sensitivity (NESN), and ambi-
guity suppression (AASR and RASR) presented in Table 5.1, along with
the updated swath width specifications detailed in Table 5.3. To achieve
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Parameter Value
Antenna type parabolic reflector
Antenna diameter [m] 22
Focal length [m] 19.8
Offset (elevation) [m] 0
Frequency [GHZ] 5.405
Feeding elements (azimuth x elevation) 2 x 120
Digital channels (azimuth x elevation) 1 x 120
Element spacing 0.66A
Feed array size [m?2] 4.33 x 0.07
Feed array mount [m?] 5x1

Table 5.4: Key parameters of the 22-m reflector antenna design and feeding network pro-
posed for the global MEO-SAR mission.
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Figure 5.14: Simulated radiation patterns for the central and edge channels of the 22-m
reflector antenna designed for the global MEO-SAR mission. The patterns,
generated using the GRASP software [206], are superimposed to illustrate the
defocusing effects on gain and beamwidth.

a resolution of 5m in Mode A, a stripmap imaging mode is chosen. Mul-
tiple design options are feasible for modes B, C, and D, including multi-
beam stripmap or burst-mode techniques [207-209]. As the mission aims
to demonstrate the feasibility of MEO-SAR for frequent global monitoring,
a ScanSAR imaging mode is adopted for these three modes to ensure sim-
plicity.

The smaller look-angle range required to cover the wide swaths from an al-
titude of 5952 km leads to relaxed timing constraints. Figure 5.15 presents
the timing diagrams, which include candidate sub-swath selections for
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Figure 5.15: Timing diagrams illustrating the distribution of candidate sub-swaths based
on look or incident angles and the corresponding PRF for (a) Mode C and
(b) Mode D. The quasi-horizontal green stripes represent nadir echoes, the
oblique blue stripes indicate transmission events, and the vertical red bars
correspond to the selected swaths. The duty cycle is 8%.

modes C and D. The diagrams illustrate the distribution of transmit events
(oblique blue stripe) with an 8% duty cycle, as well as nadir echoes (quasi-
horizontal green stripe), for a range of pulse repetition frequencies (PRFs)
across the geometry of interest (incident-angle range and corresponding
look angles).

For Mode C, seven ScanSAR bursts (represented by vertical red bars in
Figure 5.15) are extended to fully utilize the gaps between transmit events.
This configuration achieves the required azimuth resolution of 40 m while
covering a total swath width of 1211 km. The definition of the sub-swaths
assumes perfect nadir echo suppression—a reasonable assumption given
the size of the reflector and the system’s digital beamforming capabilities.
If needed, nadir echoes can also be effectively mitigated at no additional
cost using the dual-focusing suppression technique, which employs wave-
form diversity on transmit [210].

The PRF optimization for the seven bursts followed an iterative process to
meet the required AASR and RASR of —25 dB. An average transmit power
of 350 W is needed to achieve a ground-range resolution of 20m with a
NESN of —22 dB.

For Mode D, ten ScanSAR bursts are employed to cover the full access area,
resulting in an azimuth resolution of 57 m. With an average transmit power
of 350 W, the system satisfies the NESN requirements, achieving a ground-
range resolution of 20 m.

Mode B is a subset of Mode C, where the three central bursts are used
to cover a 500 km swath with an azimuth resolution of 20m. An average
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Figure 5.16: Variation of NESN and ASR with incident angle for the swath extensions de-
signed for (a) Mode C and (b) Mode D.

transmit power of 400 W is needed to achieve a ground-range resolution of
5m while meeting the NESN requirement of —22 dB.

For Mode A, each single stripmap swath is a subset of the various bursts
in Mode D. The swath widths range from 115km to 206 km, depending on
their positions in the timing diagram. A total average transmit power of
300 W is sufficient for the central swaths; however, the edge swaths require
an additional power increase of approximately 2.8 dB to compensate for
the defocusing of the patterns.

The transmit beams associated with the designed bursts are synthesized
using uniform excitation of groups of neighboring channels, following a
switched subarray approach. Alternatively, more advanced beamforming
techniques could be applied to better shape the beam patterns, reducing
sidelobes and thereby enhancing ambiguity suppression. However, these
methods typically result in reduced gain across the swath and may be con-
sidered for detailed system optimization if required.

Figure 5.16 illustrates the variation of NESN and total ambiguity-to-signal
ratio (ASR)? across the full swath for modes C and D. The resulting perfor-
mance metrics for all modes are summarized in Table 5.5.

2In this thesis, ASR denotes the linear sum of the azimuth ambiguity-to-signal ratio
(AASR) and the range ambiguity-to-signal ratio (RASR), i.e., ASR = AASR + RASR (in
linear power units).
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Parameter Mode A Mode B Mode C  Mode D
Imaging mode stripmap  ScanSAR  ScanSAR  ScanSAR
Resolution (6x x 6g) [m?] <5x5 <20 x5 <40x20 <57 x20
Swath width [km] 115 -206 500 1211 1667
Incident-angle range [°] 20-47 273-35.6 20-40.3 20 -47
Average transmit power [W] 300 - 575 400 350 350
PRF range [Hz] 1290 — 1418 1366 — 1404 1365 —1419 1290 — 1418
System bandwidth [MHz] 43 - 87 55— 66 12-22 11-22
Total losses [dB] 4
Noise figure [dB] 3
Duty cycle [%] 8
Backscatter law Ulaby (Short Vegetation) [211]
NESN [dB] <-22 <-22 <-22 <-22
AASR [dB] <-26 <-30 <-25 <-25
RASR [dB] <-30 <-30 <-30 <-30

Table 5.5: Performance metrics for the global MEO-SAR mission example across different
operational modes.

Deformation Retrieval Performance

The MEO-SAR system, with its 122° orbital inclination, enables true 3-D
large-scale deformation mapping by leveraging acquisitions with substan-
tial geometrical diversity. This diversity arises from oblique ascending and
descending passes in both right- and left-looking geometries over extensive
portions of the globe. As a consequence, the system allows for ground-
deformation measurements with comparable accuracy in all three motion
directions—East-West, North-South, and Up-Down, as discussed in Sec-
tion 5.1.1. Figure 5.17 illustrates the obliqueness of swaths from ascending
and descending passes in right-looking geometries, expressed in terms of
northing angles.®> The central portion of the passes (e.g., latitudes between
0° and 45°) exhibits a mean northing angle of approximately & 132°, corre-
sponding to a southing angle of + 42°.

The expected performance of deformation retrieval for the mission is as-
sessed through a mission simulation. In this simulation, each ground point
is assigned a time series of acquisitions with corresponding geometries
spanning the a predefined duration. The differential SAR interferometry
(D-InSAR) performance is then evaluated using the hybrid Cramér-Rao

3 Northing angle refers to the angle between the ground projection of the line of sight (LoS)
vector and the local north direction.
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Figure 5.17: Northing angles of the (a) ascending and (b) descending passes in right-
looking geometries, showing the angle between the LoS projection on ground
and the local north.

bound (HCRB), as detailed in Section 3.3. An exponential model is as-
sumed for temporal decorrelation, where T represents the decorrelation
time constant, and ‘v corresponds to the persistent coherence term [172].
Additionally, decorrelation due to the signal-to-noise ratio (SNR) is com-
puted based on the system’s NESN and the backscatter values, which can
be modeled or retrieved from global backscatter maps such as those de-
rived from Sentinel-1 data [212, 213].

Table 5.6 summarizes the key mission and environmental parameters used
in combination with the Mode D parameters from Table 5.5 to assess the
system’s deformation retrieval performance. The mission follows a nomi-
nal acquisition sequence (LRRL): one year of left-looking acquisitions, fol-
lowed by two years of right-looking acquisitions, and concluding with a
final year of left-looking acquisitions. The analysis assumes a product res-
olution of 500 m x 500 m, with standard deviations of 2cm and 1cm for
tropospheric (0trop) and ionospheric (ciono) delays, respectively.
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Parameter Value

Mission duration [y] 4
Look directions left & right

Temporal decorrelation constant (7) [d] 40

Persistent coherence term () 0.05

Tropospheric delay std. (0trop) [cm] 2

Ionospheric delay std. (Ciono) [cm] 1
Product resolution [m?] 500 x 500
Backscatter map Sentinel-1

Table 5.6: Mission and environmental parameters for the deformation retrieval perfor-
mance assessment of the C-band global MEO-SAR mission example. A mission
duration of four years is assumed for the accuracy analysis, though it does not
constitute a strict constraint on the actual mission lifetime.

Parameter LRRL
E-W accuracy (mean | 3-sigma) [mm/y] 0.75 | 3.6

N-S accuracy (mean | 3-sigma) [mm/y] 1.10 | 2.91
U-D accuracy (mean | 3-sigma) [mm/y] 1.18 | 4.15

Table 5.7: Deformation accuracy statistics (mean and 3-sigma?) for the C-band example
MEO-SAR mission after four years of acquisitions. The acquisition sequence
(LRRL) consists of one year of left-looking, followed by two years of right-
looking, and concluding with one year of left-looking. The mean and 3-sigma
values are computed based on the distribution of all points within the high seis-
mic hazard zones shown in Figure 5.18.

Figure 5.18 presents 2-D deformation accuracy maps (in mm/year) for re-
gions classified as high seismic hazard zones. The corresponding statistical
results are summarized in Table 5.7. The mean deformation accuracy, eval-
uated across all three displacement directions, is 0.77mm/y in the East-
West direction, 1.1 mm/y in the North-South direction, and 1.18 mm/y in
the Up-Down direction. At latitudes between + 47°, the overlap between
left- and right-looking acquisitions improves the LoS geometry, reducing
the maximum uncertainty to below 2.5mm/y in all directions. At higher
latitudes, however, where only single-direction acquisitions overlap with
varying observation geometries, the accuracy declines.

The combination of high sensitivity to all displacement directions and a
short revisit duration makes this MEO-SAR mission example particularly
well-suited for hazard monitoring applications.
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Figure 5.18: Deformation accuracy maps (in mm/y) for the C-band global MEO-SAR mis-
sion example in high seismic hazard zones, shown for (a) East-West, (b)

North-South and (c) Up-Down directions.
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5.2 Exemplary MEO-SAR Missions

Comparison with Sentinel-1

A preliminary analysis indicates that a MEO system with moderate
resolution—for instance, Mode D with éx x §g =57 m x 20 m—and moder-
ate power is potentially better suited for moderate-resolution applications,
such as soil moisture estimation or deformation monitoring, than contem-
porary LEO missions.

Compared to Sentinel-1, the proposed MEO-SAR system example offers
several advantages, including a 1.5 to 3-fold increase in imaged swath, a
significantly shorter interferometric revisit interval of three days with a
single satellite (compared to six days with two satellites), and sensitivity
to the Northing component of deformation due to the selected orbital in-
clination. These benefits come with a modest increase of 1dB to 2dB in
average transmit power, the use of a large reflector antenna with SCORE
capabilities, the need for radiation hardened electronics and shielding, and
a reduced launch efficiency.

Furthermore, reducing the interferometric revisit interval, for example to
six days, allows for system simplification by halving the covered swath
width, without compromising three-day accessibility for event-triggered
acquisitions.

An L-band System Alternative

An alternative mission example using L-band, operating in the same or-
bit, leverages the enhanced penetration capabilities of longer wavelengths
through vegetation cover. This can result in more accurate soil moisture es-
timates and improved coherence, which is essential for reliably measuring
slow surface deformations.

Table 5.8 summarizes the key mission, instrument, and atmospheric pa-
rameters specific to the L-band mission example. Other parameters are
assumed to be identical to those of the C-band mission example. Given
the longer wavelength, the SAR antenna employs a feed array of 35 eleva-
tion channels to digitally steer the beam over the required incident-angle
range. Each channel is formed by a combination of 6 azimuth elements to
improve beam focus, compensating for the increased defocusing due to the
offset-fed parabolic reflector design.

The corresponding performance metrics are summarized in Table 5.9. For
demonstration purposes, a single operational mode is evaluated, covering
the 1667 km swath necessary for near-global coverage using 10 ScanSAR
bursts. The system achieves a SLC resolution of 57m x 100 m and a NESN
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Parameter Value
Frequency GHz 1.2575 GHz
Antenna type parabolic reflector
Antenna diameter [m] 22
Focal length [m] 19.8
Offset (elevation) [m] 10
Feeding elements (azimuth x elevation) 6 x 35
Digital channels (azimuth x elevation) 1 x 35
Element spacing 0.6A
Feed array size [m?] 495 x 0.81
Temporal decorrelation constant () [d] 60
Persistent coherence term (7ywo) 0.2
Backscatter map ALOS PALSAR

Table 5.8: Main mission, instrument, and environmental parameters for the L-band global
MEO-SAR mission example.

Parameter Value
Imaging mode ScanSAR
Resolution (6x x §g) [m?] <57 x 100
Swath width [km] 1667
Incident-angle range [°] 20 —47
Average transmit power [W] 120
PRF range [Hz] 1240 — 1445
System bandwidth [MHz] 2-45
NESN [dB] <-25
ASR (2-sigma) [dB] -22

E-W accuracy (mean | 3-sigma) [mm/y] 1.18 | 4.50
N-S accuracy (mean | 3-sigma) [mm/y] 1.73 | 3.74
U-D accuracy (mean | 3-sigma) [mm/y] 1.57 | 4.88

Table 5.9: Main performance metrics for the L-band mission alternative in full-swath
mode.

better than —25dB, with an average transmitted power of approximately
120 W. Although the improved coherence enhances performance, the de-
formation accuracy is slightly reduced due to a lower number of available
range looks (reduced by a factor of 5) for a comparable product resolution.
In mid-latitudes (between =+ 47°), accuracy remains better than 3.23 mm/y
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Parameter Value
Frequency [GHz] 1.2575
Resolution (6x x 8g) [m?] < 1000 x 1000

Coverage Europe
Revisit interval [h] <24
NESN [dB] <-25
AASR [dB] <-28
RASR [dB] <-28

Table 5.10: Basic mission and system requirements for the sub-daily continental MEO-SAR
mission example.

in all directions. Additionally, the offset-fed design reduces ambiguity sup-
pression capabilities, particularly in far-range swaths. To mitigate this per-
formance degradation, the system may incorporate ambiguity suppression
techniques [214] or employ a larger reflector surface. These enhancements
can enable the attainment of an ASR of —22dB or better over 3-sigma of
the swath, compared to the estimated 2-sigma without such measures.

5.2.2 Sub-daily Continental MEO-SAR Mission

The sub-daily continental MEO-SAR mission is designed to address a crit-
ical observational gap by providing sub-daily, kilometer-scale measure-
ments of the ecosystem water status across Europe [63, 66, 67]. This mis-
sion concept utilizes the orbital configurations identified in Section 5.1.3 to
enable twice-daily revisits over substantial portions of the European conti-
nent.

Mission Requirements

The primary objective of the mission is the sub-daily monitoring of surface
soil moisture across extensive regions of Europe. To achieve this, the mis-
sion adopts an L-band carrier frequency, selected for its strong vegetation
penetration, enabling reliable observations even in densely vegetated re-
gions. Table 5.10 outlines the key system parameters, including revisit fre-
quency, coverage, spatial resolution, sensitivity, and ambiguity rejection.

107



5 MEO SAR: Mission Design

80°N 80°N

50°N -2 50°N -2
20°N : 20°N‘-‘ ....... ! B W
10°S 1 10°S| U ... ). .. . WSS 1
YO8W 5°w  15°E 35°E  55°E "OBW 5w 15°E 35°E 55°E

(a) (b)

Figure 5.19: Daily coverage frequency map for a 1/2 RGT MEO satellite at an altitude of
20181 km and an inclination of 70°. Panel (a) shows the swath spanning an
incident-angle range of 20° to 60°, while panel (b) covers the narrower range
of 18° to 42°, both captured using a left-looking imaging geometry.

Orbit Design

The chosen orbit design for this mission is a 1/2 RGT MEO at an altitude
of 20181 km. This orbit provides coverage with sub-daily revisit over most
of the European continent for an incident-angle range of 20° to 60°, as well
as at least daily revisit across western Europe for a narrower incident-angle
range of 18° to 42°. These characteristics enable potential simplifications to
the SAR payload, attributed to the reduction in swath width from 3640 km
to 2116 km. Figure 5.19 illustrates the corresponding daily coverage fre-
quency map for the two incident-angle ranges.

While a 1/3 RGT MEO at 13890 km also offers sufficient coverage over Eu-
rope within the 20° to 60° incident-angle range, with the added advantages
of reduced sensitivity loss and lower launch costs, the higher altitude de-
sign provides valuable insights into the complexity and potential benefits
of operating at higher orbital altitudes. This comparison is particularly rel-
evant when considered alongside the lower-altitude example discussed in
the previous section.
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5.2 Exemplary MEO-SAR Missions

Parameter Value
Repeat cycle (Nyay) [d] 1
Revolutions per cycle (Nrey) 2
Semi-major axis (a) [km]  26559.7
Eccentricity (e) 0
Inclination (7) [°] 70
Altitude at equator [km] 20181
Average eclipse duration [%] <1.5

Table 5.11: Key parameters of the RGT MEO designed for the sub-daily continental MEO-
SAR mission.

Parameter Value
Antenna type parabolic reflector
Antenna diameter [m] 25
Focal length [m] 22.5
Offset (elevation) [m] 15
Frequency [GHz] 1.2575
Feeding elements (azimuth X elevation) 6 x 17
Digital channels (azimuth x elevation) 1 x 17
Element spacing 0.6A
Feed array size [m?] 2.38 x 0.8

Table 5.12: Key parameters of the 25-m reflector antenna design and feeding network pro-
posed for the sub-daily continental MEO-SAR mission.

Table 5.11 outlines the key parameters of the selected orbit. Notably, the
reduced proximity to Earth results in average eclipse durations of less than
1.5%.

Instrument and Antenna Design

Following the analysis in Section 4.2, a significant sensitivity loss is ex-
pected for a SAR sensor at an altitude of 20181 km. To partially recover the
sensitivity, the design adopts a large deployable offset reflector with a di-
ameter of 25 m. To keep the complexity of the SAR payload at an acceptable
level, the narrower incident-angle range of 18° to 42° is adopted. Table 5.12
presents the parameters of the proposed offset-fed parabolic reflector an-
tenna design. The system incorporates 17 elevation channels to digitally
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Figure 5.20: (a) Timing diagrams illustrating the distribution of candidate sub-swaths

based on look or incident angles and the corresponding PRF. (b) Variation
of NESN and ASR with incident angle for Mode A.

steer the beam over the 2116 km swath. Each channel is formed from an
analogue combination of 6 feed elements along azimuth. Hence, the com-

plete feed array incorporates 6 x 17 feed elements occupying a space of
2.38m x 0.8m.

Mode Design and Performance

A primary wide-swath mode (Mode A) has been designed for this mission
example, covering the incident-angle range of 18° to 42°. This mode em-
ploys 8 ScanSAR beams to achieve full coverage of the access area, allowing
for an azimuth resolution of 25m. With an average transmitted power of

100 W, the system attains a NESN better than —25dB for a ground resolu-
tion of 500 m.

In addition, a secondary mode (Mode B) has been designed to provide nar-
rower swaths with higher resolution. Each swath in Mode B is acquired in
stripmap mode, utilizing a PRF that is a subset of the bursts used in Mode
A. The swath widths vary between 200 km and 305 km, depending on their
position in the timing diagram. Figure 5.20 (a) illustrates the timing di-
agram, including candidate sub-swath selections that avoid transmission

events and nadir returns. The corresponding NESN and ASR for Mode A
are shown in Figure 5.20 (b).

Table 5.13 summarizes the key SAR performance metrics and system pa-
rameters for both modes. Improved ground-range resolution in the SLC
product is feasible but comes at the cost of increased power demand or re-
duced NESN. For instance, achieving a 160 m ground-range resolution in
Mode A would degrade the NESN to —20dB. Additional modes can be
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Parameter Mode A Mode B
Imaging mode ScanSAR  Stripmap
Resolution (6x x 6g) [m?] <25 x 500 <6.7 x 300
Swath width [km] 2115 200 - 305
System bandwidth [MHz] 047 -1 1-21
Average transmit power [W] 100
Incident-angle range [°] 18 —42
PRF range [Hz] 460 - 930
Total losses [dB] 4
Noise figure [dB] 3
Duty cycle [%] 8
NESN [dB] <-25
AASR [dB] <-28
RASR [dB] <-28

Table 5.13: Performance metrics for the global MEO-SAR mission example across different
operational modes.

developed, though any extension of the incident-angle range would neces-
sitate a more complex feed network. Alternatively, mechanical steering of
the satellite could be employed to extend coverage to larger incident angles
at different mission phases, seasons, or satellite passes.

5.3 Chapter Remarks

This chapter identified four new opportunities unique to single-satellite
MEO-SAR systems, as outlined in Section 5.1: (1) true 3-D deformation
mapping on a global scale, (2) frequent global access with three-day inter-
ferometric revisit and one- to two-day non-interferometric revisit, (3) sub-
continental coverage with daily interferometric revisit and sub-daily non-
interferometric revisit, and (4) high-latitude accessibility from equatorial
orbits, with sub-daily revisit intervals of just a few hours.

Section 5.2 then detailed the derivation of two exemplary mission concepts.
The first mission leverages unique acquisition geometries to enable 3-D de-
formation mapping while maintaining global coverage with one- to two-
day revisit, utilizing a C-band reflector-based system in a 3/19 RGT MEO
at 5952 km. The second mission focuses on large-scale sub-daily revisit,
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providing coverage over the European continent and addressing observa-
tional gaps in ecosystem water status monitoring. This mission employs
an L-band reflector-based system in a 1/2 RGT MEO at 20181 km.

The different MEO-SAR concepts offer moderate resolution and unprece-
dented accessibility, but they involve a higher degree of system complex-
ity. This complexity, however, appears to be manageable, especially when
compared to the design challenges of with current flagship missions such
as NISAR and ROSE-L. A comparative analysis of system complexity for
the two MEO-SAR concepts introduced in Section 5.2 will be presented in
Chapter 7, where they are evaluated relative to their equivalent LEO-SAR
constellations.
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6 GEO SAR: Mission Design

Geosynchronous orbits (GEO) are gaining increasing interest for SAR re-
mote sensing missions due to their potential to offer very high temporal
resolutions, potentially on the order of hours, with a single spacecraft.
However, this advantage is accompanied by several trade-offs, includ-
ing increased propagation losses, limited global access, and higher fuel
requirements for station-keeping due to perturbations from the Sun and
Moon. Furthermore, GEO satellites are more susceptible to atmospheric
variations and radio frequency interference (RFI) [76, 107, 114].

GEO-SAR missions benefit from near-continuous accessibility to extensive
regions of the Earth, enabling increased operational flexibility. In particu-
lar, longer integration times in a spotlight-like acquisition mode can be em-
ployed to accommodate sensitivity losses associated with increased prop-
agation losses and various sources of decorrelation. Furthermore, low-
inclination, low-eccentricity GEO-SAR configurations enable sub-daily in-
terferometric acquisitions—a capability otherwise achievable only through
SAR satellite constellations, or through equatorial MEO-SAR systems over
lower latitudes, as discussed in Chapter 5.

The design of a sub-daily interferometric GEO-SAR mission involves trade-
offs among spatial resolution, scene size, and revisit frequency. Enhanc-
ing system performance can help to relax the trade-space; however, it is
challenged by various decorrelation sources, resulting from the instrument,
the acquisition geometry, and other environmental factors, as discussed in
Chapter 3. In particular, baseline decorrelation between sub-daily acquisi-
tions is a critical factor that strongly depends on the specific orbital design
of the GEO-SAR system.

This chapter presents an overview of GEO SAR, offering insights into or-
bit design by examining the impact of the Keplerian elements on orbital
tracks in Section 6.1. Section 6.2 introduces a novel GEO concept op-
timized for sub-daily interferometric revisits, aiming to minimize base-
line decorrelation—an approach that holds significant potential for future
GEO-SAR missions. Section 6.3 then develops a novel imaging mode for
the efficient utilization of mission resources in such orbital regimes. This
imaging mode is used to derive the observation scenarios! for Hydroterra,

UIn this context, an observation scenario refers to a specific configuration of imaging pa-
rameters, such as scene size, spatial resolution, revisit frequency, and operation mode,
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Figure 6.1: Illustration of three distinct geosynchronous satellite ground track patterns: (a)
analemmas, (b) teardrop shapes, and (c) ovals, with circular as a special case of
the oval category.

a previously proposed GEO-SAR mission concept under ESA’s Earth Ex-
plorer 10 program, and a candidate for ESA’s Earth Explorer 12 as Hy-
droterra+.

6.1 Geosynchronous Orbit Properties

Geosynchronous orbits are characterized by an orbital period equal to a
sidereal day. Various ground track configurations can be realized by ma-
nipulating key orbital parameters, specifically eccentricity, inclination, and
argument of perigee. These patterns can extend satellite coverage to higher
latitudes, modify longitudinal span, adjust dwell times over specific re-
gions, or, in some cases, establish geometries suitable for interferometry-
compatible acquisitions.

Figure 6.1 presents three distinct ground track patterns: (a) analemmas
(commonly referred to as "figure-8" patterns), (b) teardrop shapes, and (c)
ovals. For each pattern, two examples are presented: longitudinal sym-

designed to fulfill particular mission objectives or user requirements in SAR data acqui-
sition.

114



6.1 Geosynchronous Orbit Properties

Table 6.1: Orbital parameters corresponding to the ground track patterns presented in Fig-
ure 6.1, with a reference epoch of 2040-03-21T12:00:00.000Z UTC. All elements
are specified in the TOD reference frame.

Pattern a [km] e 1i[°] OQ[°] w[°] My[°]
Analemma (blue) 4216747 0 20 355 90 270
Analemma (red) 42164.22 0.1 60 240 225 270

Teardrop (blue) 42166.01 0.15 40 185 270 270
Teardrop (red) 42167.50 0.075 20 5 120 270
Circular (blue) 4216790 0.1 1145 5 90 270

Oval (red) 42168.08 0.05 1 80 45 270

metry (blue) and asymmetry (red). These examples highlight the flexibil-
ity achieved by adjusting geosynchronous orbital parameters. The corre-
sponding orbital parameters, defined in the true of date (TOD) frame, ? are

listed in Table 6.1 with a reference epoch of 2040-03-21T12:00:00.000Z UTC.

The design and optimization of a GEO can be systematically guided by
leveraging the direct parametric relationships between orbital elements
and the resulting ground track characteristics. For instance, the central
longitude of the ground track (Ao, o) is related to the longitude of the as-
cending node (Q2), the argument of perigee (w), and the mean anomaly at a
reference epoch (Mp) through the expression

Mon,o = Q1+ w + My — O(ty), (6.1)

where O(tg) denotes the right ascension of the Greenwich meridian at the
epoch tp, expressed in radians [115]. In addition, the longitude extent
(AAjon) depends on both inclination and eccentricity [114]. For a circular
GEO (e = 0), the longitude extent in radians is given by

V1/cosi — \/cosi>

(6.2)

AAjon = 2 - arctan ( >

For non-zero eccentricity and near-zero inclination (e.g., oval ground-track
patterns), the longitude extent in radians becomes

AMon = 4 - e. (6.3)

2 True of date (TOD) frame refers to a coordinate frame where the orientation of the Earth’s
equator and equinox is taken as of the specified epoch, accounting for precession and
nutation effects up to that date.
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Similarly, the latitude extent of a ground track (A¢y,) is primarily deter-
mined by the orbital inclination, with the relationship

Apa 22 - 1. (6.4)

GEO satellites are subject to regulatory constraints imposed by the Inter-
national Telecommunication Union (ITU), which limits the allowable lon-
gitude span for a satellite crossing the equatorial plane to a slot of £0.1°,
approximately equivalent to 150 km [119]. This restriction is particularly
critical for GEO satellites with near-zero inclination and eccentricity, which
are often prioritized for single-spacecraft, sub-daily interferometric SAR
missions. While ITU regulations permit the allocation of up to five orbital
slots for scientific missions, the increasing global demand for GEO posi-
tions, coupled with the finite number of available slots, poses a growing
challenge for securing multiple consecutive slots for future SAR systems.

6.2 Specialized Sub-daily Interferometric GEO

This section introduces a novel design for geosynchronous orbits opti-
mized for sub-sidereal interferometric acquisitions targeting a region of
interest (ROI) on Earth’s surface. The proposed concept minimizes base-
line decorrelation between sub-daily InNSAR acquisitions, thereby improv-
ing system performance and relaxing orbit maintenance requirements.

Figure 6.2 illustrates the geometric approach for minimizing the cross-track
perpendicular baseline (B ) in a sub-daily interferometric acquisition pair
over a ROI. The approach derives orbital parameters that ensure near-zero
B, for interferometric acquisition pairs centered at the perigee and apogee,
thereby minimizing the residual B, across different acquisition centers.
The design assumes low-inclination, low-eccentricity orbits with elliptical
ground-track patterns, facilitating multiple sub-daily interferometric ac-
quisitions over extensive areas [83, 100, 101, 215].

The derivation of the orbital parameters follows a five-stage process, as
illustrated in the flowchart in Figure 6.3:

1. Eccentricity determination: the eccentricity (e) is determined based on
the desired longitudinal extent of the ground track (AAjyy,) using (6.3).
This extent is constrained to a few ITU slots, often just one.

2. Inclination derivation: the inclination (i) is derived for a nominal geo-
stationary orbit, assuming a default semi-major axis (2 = agsp) and an
argument of perigee (w = 90°), independent of the relative longitude
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Figure 6.2: (Top) Orbital configuration with a non-zero cross-track perpendicular baseline
(B1). (Bottom) Orbital configuration with a zero B | , optimized for sub-sidereal
interferometry. The approach minimizes the baseline for an interferometric
acquisition pair of a region of interest (ROI) on Earth’s surface, taken from the
perigee and apogee positions.

shift between the orbit and the target. This formulation allows i to be
solved in the novel trigonometric equation derived in Appendix A

Xt -sini—+e-zg-Ccosi—a- (1 — ez> -sini - cosi =0, (6.5)

where (xt, yi, zt) are the Cartesian coordinates of a specific point
within the ROI and can be related to its geodetic coordinates
(P1atr Mons 1) using (A.15) in Appendix A.

3. Semi-major axis optimization: once e and i are determined, the semi-
major axis (a) is numerically optimized to improve repeat-ground
track characteristics while accounting for secular perturbations, as
discussed in Section 2.2.

4. Argument of perigee optimization: in this stage, w is derived for the
actual orbit parameters and a specific target position (x,yt,zt) using
an iterative approach to minimize the perpendicular baseline (B ).
This step is particularly crucial when the central longitude of the
ground track (Ajyp o) is misaligned with the longitude of the ROL

5. RAAN calculation: the longitude of the ascending node ((?) is calcu-
lated for a specified epoch, sometimes expressed as a mean Julian date
(MJD), under the assumption that the mean anomaly at epoch is zero
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Figure 6.3: Flowchart illustrating the novel approach to derive orbit parameters for an in-
terferometric GEO mission with a minimum zero-perpendicular baseline.

(Mo = 0), which corresponds to the satellite being at perigee. Using
(6.1), this simplifies to

Q= Aonp — w + O(ty) (6.6)

Figure 6.4(a) illustrates the relative orbital positions of sub-daily interfero-
metric acquisition pairs in a GEO-SAR mission with an oval ground-track
pattern. Figure 6.4(b) presents the corresponding B, for a sample design,
calculated for a target in the Alps using an orbit spanning multiple ITU
slots (AAjon = 0.9°) and centered at a shifted longitude (Ajon 0 = 19°). The
baselines are estimated for acquisition centers in the first half of the or-
bit (-6h to 6h relative to perigee) and their interferometric counterparts,
selected to match Doppler characteristics, in the second half of the orbit
(6h to 18 h). Nominal B values remain below 8 m for various sub-daily
pairs.
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Figure 6.4: (a) Artistic representation of GEO-SAR sub-daily interferometric acquisition
pairs from different orbital positions. (b) Corresponding perpendicular cross-
track baselines (B ) calculated for an example GEO configuration using the
proposed interferometric design approach over a region in the Alps.

6.3 Sub-daily Interferometric GEO-SAR Mission
Example

This section presents an example of a GEO-SAR mission optimized for sub-
daily interferometric acquisitions. The mission concept is based on Hy-
droterra, a former candidate from ESA’s Earth Explorer 10 program, which
proposed a monostatic SAR system in geosynchronous orbit to monitor key
diurnal water cycle processes over Europe and Africa [100, 102]. The evolu-
tion of the Hydroterra mission concept was informed by the developments
described in this section.

The section addresses several critical components essential to the design
of observation scenarios in sub-daily interferometric GEO-SAR missions.
These include: (1) orbit design, demonstrating the methodology outlined
in Section 6.2; (2) the development of an imaging mode for generating ac-
quisition plans that comply with temporal revisit constraints; and (3) the
derivation and analysis of potential observation scenarios aligned with the
mission’s scientific objectives. Some elements of this work have been ex-
plored within the Phase-0 Science Study for Hydroterra [215].
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Parameter Value
Antenna type parabolic reflector
Antenna diameter [m] 7
Frequency [GHz] 5.405
Average transmit power [W] 350
Noise figure [dB] 4
Two-way losses [dB] 3
System bandwidth [MHz] <20

Table 6.2: Assumed SAR instrument parameters for assessing observation scenarios in the
example sub-daily interferometric GEO-SAR mission.

6.3.1 Requirements and Assumptions

The design of observation scenarios involves balancing user requirements
with mission resource constraints. Below is an outline of the key assump-
tions regarding the available resources of the selected SAR payload, user
requirements, and defined products. Additionally, it includes considera-
tions of measurement conditions influenced by environmental and scene-
specific factors.

SAR Payload Assumptions

The SAR instrument plays a critical role in determining the overall mis-
sion performance. For the analysis and design of observation scenarios,
the parameters listed in Table 6.2 are assumed. The example concept fea-
tures a 7-meter parabolic reflector antenna illuminated by a feed doublet
per polarization. This configuration achieves a peak gain of 48dB and
provides a 3-dB footprint with ground extent in the range of 350km to
600 km from a low-inclined geosynchronous orbit. The design, inherited
from Hydroterra, is primarily constrained by platform limitations to en-
sure compatibility with a potential launch to GEO using a Vega-C launcher
[100]. Minor modifications within these constraints, such as adjustments to
antenna diameter or transmit power, are discussed at the end of this sec-
tion.
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Product Req. Revisit ML resolution Performance
name (T/G) [h] (1-side) [m]  metric (1-0)
WV T 1 5000 0p = 0.5 rad

G 1 1000 0y = 0.5 rad

SWE T 6 200 0p = 0.5 rad

G 3 100 0p = 0.5rad

Clacier flow T 6 100 0p = 0.5 rad

G 6 50 0p = 0.5 rad

Landslides T 6 100 0p = 0.5 rad

G 6 50 0p = 0.5 rad
SSM T 1 5000 Orad g = 0.5dB
(meteorology) G 1 1000 Orad ap = 0.5dB
SSM T 6 500 Orad 4 = 0.5dB
(flood prediction) G 6 200 Orad dp = 0.5dB
SSM T 3 500 Orad g = 0.5dB
(agriculture) G 3 200 Orad 4 = 0.5dB
Snowmelt T 6 200 Orad 4 = 1.0dB
G 6 200 Orad 4 = 0.5dB
Flood extent 1 6 200 Oradap = 1.0dB
G 6 100 Orad g = 1.0dB

Table 6.3: Threshold (T) and goal (G) measurement requirements for Hydroterra’s inter-
ferometric (white rows) and radiometric (grey rows) multilook (ML) products.
"1-side" refers to a single side of a squared two-dimensional resolution cell.

User Requirements

The Hydroterra mission example was proposed to support hydrometeorol-
ogy, hydrology, and land cryosphere studies. The corresponding user re-
quirements can be summarized as a suite of products addressing both pri-
mary and secondary mission objectives, along with performance require-
ments and associated geographical regions of interest for each product.

The Hydroterra products fall into two categories: interferometric prod-
ucts for measuring integrated water vapor (IWV), snow water equivalent
(SWE), glacier flow, and landslides; and radiometric products for assessing
surface soil moisture (SSM), snowmelt, and flood extent. Table 6.3 lists the
corresponding threshold (T) and goal (G) requirements for each product.
Revisit time is defined as the interval between independent acquisitions of
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the same product over the same region, rather than the interferometric lag.
The multilook (ML) resolution is expressed as the side length of a square
cell. The key 1-sigma (1-c) performance metrics include the standard devi-
ation of the interferometric phase error () and the radiometric resolution
(0rad,dB), as introduced in Chapter 3.

The mission’s primary geographical regions of interest have been identi-
tied, with time-exclusive operations assigned based on seasonal priorities
and emergency response needs. The selected regions and their correspond-
ing observation products are:

¢ Western Mediterranean: IWV and SSM (for meteorology);
¢ Western Sahel: IWV and SSM (for meteorology);

¢ Alpine region: SWE, glacier flow, snowmelt, landslides, flood extent,
IWYV, and SSM (for meteorology and flood prediction); and

¢ South Africa: SSM (for agriculture and meteorology), and IWV.

Measurement Conditions Assumptions

The performance of interferometric and radiometric products is influenced
by various decorrelation factors, as introduced in Chapter 3. In addition to
stable decorrelation sources related to the instrument and imaging geom-
etry, environmental and scene-dependent factors can introduce variabil-
ity.

Table 6.4 summarizes the assumed values for these factors under best- and
worst-case conditions for the different products. These assumptions enable
the design of imaging scenarios that account for a range of environmen-
tal conditions, ensuring robust performance assessments. The strength of
the atmospheric delay fluctuations is characterized by the sill value (Ugtm),
which is used to estimate the atmosphere-induced clutter coherence (Yatm)
using the model in (3.51). Radio-frequency interference (RFI) is modeled
as an equivalent noise temperature (Trpy) uniformly distributed across the
system bandwidth. The impact of RFI with varying characteristics on
Hydroterra-like imaging, along with potential mitigation strategies, has
been analyzed in [98].

For interferometric products that rely on acquisitions at different time in-
stants and geometries, temporal coherence (Ytemp) and volumetric coher-
ence (7yol) play a significant role. The volumetric coherence depends on
the volume height and cross-track perpendicular baseline (B ) and can be
estimated over forested areas using the model in (3.49).
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Product Case Ugtm Temporal Wind speed Volume TRy
name (B/W) [m?] coherence [m/s] height [m] [K]
B dle-3 9 N/A -1 -
WV 0.le 0.95 / 5-15
W  1e-3 0.7 N/A 5-15 2400
SWE B  5e-6 0.95 N/A 5 -
W  0.1e-3 0.7 N/A 5 2400
. B  b5e-6 0.95 N/A 5 -
Glacier flow
W 0.1e-3 0.7 N/A 5 2400
Landslides B  5e-6 0.95 N/A 50 -
W  0.1e-3 0.7 N/A 50 2400
SSM B 0.1e-3 N/A 0 N/A -
(meteorology) W  1le-3  N/A 3 N/A 2400
SSM B  5e-6 N/A 0 N/A -
(flood prediction) W 0.1e-3 N/A 3 N/A 2400
SSM B  5e-6 N/A 0 N/A -
(agriculture) W 0.1e3 N/A 3 N/A 2400
B  5e-6 N/A N/A N/A -
Snowmelt
W 0.1e-3 N/A N/A N/A 2400
Flood extent boooe6 N/A 0 N/A ]
W 0.1e-3 N/A 3 N/A 2400

Table 6.4: Best-case (B) and worst-case (W) measurement conditions for Hydroterra’s in-
terferometric (white rows) and radiometric (grey rows) products. N/A indi-

cates conditions not applicable to a given product. 02, denotes the variance

(sill value) of atmospheric delay fluctuations, and Trgj represents the equivalent
noise temperature of radio-frequency interference (RFI).

For radiometric products, decorrelation due to moving clutter within
the integration time—induced by the wind—can be quantified using the
signal-to-clutter noise ratio (SCNR) from (3.54).

The cross-track perpendicular baselines are determined by the specific de-
sign of the reference orbit but are subject to deviations caused by orbital
perturbations and station-keeping strategies. These deviations are not con-
sidered in the design of observation scenarios and can be addressed sep-
arately by evaluating the trade-off between the complexity and cost of or-
bital maneuvers and the potential loss of observation opportunities due to
degraded interferometric performance.
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Figure 6.5: Incident angles for different regions of interest in Europe and Africa, demon-
strating the valid range of central longitudes (Ao, ) for observation. The re-
gions remain within the specified incident-angle range of 20° to 60° for a nom-
inal central longitude of (a) 19° and (b) 27°.

6.3.2 Design of Sub-daily Interferometric GEO

The orbit design for the sub-daily interferometric mission example follows
the five-stage approach outlined in Section 6.2, with minor adjustments to
the mission’s boundary conditions. These include:

* ensuring geographical accessibility to Europe (specifically the Alpine
region and Western Mediterranean) and Africa (specifically Western
Sahel and South Africa), with an incident-angle range of 20° to 60°;

* limiting the longitudinal span to a maximum of five ITU slots, includ-
ing margins; and

* minimizing the cross-track perpendicular baseline (B ) for sub-daily
interferometric pairs over the Alpine region.

The first condition constrains the range of valid central longitudes (Ao, o)
for the orbit. As shown in Figure 6.5, all target regions are observable
within the specified incident-angle range of 20° to 60°, provided that
19° < Ajon,0 < 27°.

The second condition imposes a constraint on the eccentricity. Assuming
five available ITU slots at the relevant longitudes, based on Hydroterra
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Figure 6.6: (a) Variation of the cross-track perpendicular baseline (B ) as a function of the
argument of perigee and the central longitude. (b) Vertical cross-section for
Aon,o0 = 19°. The values are computed based on the derived orbital parameters
(a, e, and 7) and assume a single target, Mont Blanc.

boundary conditions, and incorporating a 0.1° margin (¢), the eccentricity
can be computed from (6.3) as

e_A/\1on—€_5-0-2—0-1_ T
- 4 - 4 180

= 0.003927, (6.7)

where the factor 77/180 converts degrees to radians.

The third condition allows for the derivation of the inclination required
to satisfy the zero-B, condition, using (6.5). For a reference target in the
Alpine region, such as Mont Blanc (geodetic coordinates: 6.87°E, 45.83°N,
4810m), the inclination required to achieve a zero B, between apogee and
perigee acquisitions is 0.02716°.

The semi-major axis (2) can be numerically determined to satisfy the equal-
ity in (2.4), ensuring that the nodal period equals one orbital day. Consid-
ering secular variations due to the second zonal harmonic, this results in
a = 42166.2585km.

The optimization of the argument of perigee, in this case, is a two-
dimensional problem that depends on the desired central longitude (Ao, o)
and B . Figure 6.6(a) illustrates the variation of B | with Ay, g and w, high-
lighting regions where B | approaches zero, particularly around w = 90°.
This demonstrates the flexibility in selecting an appropriate central longi-
tude while maintaining the ability to achieve B ~ 0, which facilitates the
optimization of the angle of incidence to regions of interest and relaxes
constraints on available ITU slots. In this example mission scenario, a cen-
tral longitude of Ay, 0 = 19° is chosen to enhance signal returns due to
steeper incident angles over Europe compared to higher central longitudes,
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Parameter Value
Semi-major axis (a) [km] 42166.2585
Eccentricity (e) 0.003927
Inclination (7) [°] 0.02716
RAAN () [°] 284.34913

Argument of perigee (w) [?]  94.27136
Mean anomaly at epoch (M) [°] 0

Table 6.5: Optimized orbital parameters for a GEO-SAR system, constrained to five ITU
slots and designed for sub-sidereal interferometry. The reference epoch is 2040-
03-21T12:00:00.000Z UTC, with all parameters expressed in the TOD frame.

0.02 .
— 0.01-
v — w= 9427°
e il
3 000 ——- w= 87.14°
8 —0.011

~0.02+

18.6 18.8 19.0 19.2 19.4
Longitude [°]

Figure 6.7: Projection of the designed orbit, shown alongside the alternative w = 87.13568°
solution.

as shown in Figure 6.5. Figure 6.6(b) further indicates that for Ay, o = 19°,
two values of w yield near-zero B | : w = 87.13568° and w = 94.27136°.

Finally, the longitude of the ascending node is determined from (6.1), re-
sulting in () = 284.34913° for a mean anomaly of My = 0° at the reference
epoch of 2040-03-21T12:00:00.000Z UTC. The derived orbital parameters
are expressed in the TOD frame and are summarized in Table 6.5. The
presented values are the outcome of an initial iteration and can be further
optimized to reduce the AV budget required for orbit maintenance. The
projected trajectory of the designed orbit, along with the alternative w solu-
tion, is shown in Figure 6.7. The resulting latitude variation is constrained
to 0.05°, corresponding to a spatial span of 40 km. The longitude span is
aligned with the intended 0.9°, centered at Ay, o = 19°, and corresponds to
a spatial span of approximately 636 km.
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Figure 6.8: Spectral shifts induced by B, in an Alpine region targeted for landslide
monitoring. The smallest shifts occur for targets at latitudes similar to
Mont Blanc, approximately 45.83°N. Local slopes were estimated using the
TanDEM-X 90-m Digital Elevation Model [31].

Figure 6.8 illustrates the spectral shift of the optimized interferometric or-
bit over an Alpine region for an acquisition pair separated by twelve hours.
The shifts, computed using (3.43), result from residual B, and are further
amplified by the region’s topography. Notably, areas at latitudes compa-
rable to the reference target used for optimization (Mont Blanc, 45.83°N)
exhibit near-zero spectral shifts. The terrain slope () in these calcula-
tions is derived from the TanDEM-X 90-m Digital Elevation Model along
the South-North direction. This approximation is justified by the pre-
dominantly East-West relative motion of the GEO-SAR, as shown in Fig-
ure 6.7.

The residual spectral shift over imaged regions results in a reduction of the
common bandwidth of the interferogram, thereby decreasing the number
of range looks after applying a common band filter.

6.3.3 Design of Observation Scenarios

Unlike low-altitude SAR missions, geosynchronous orbits with low incli-
nation and low eccentricity offer continuous accessibility to a fixed region
of the globe. This flexibility necessitates careful analysis of mission objec-
tives and system resources to fully leverage the capabilities of a GEO-SAR
mission.
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Figure 6.9: Temporal variation over one orbital period of (a) the satellite’s velocity and (b)
the required integration time to achieve an azimuth resolution of éx = 100m.
The integration time corresponds to an observation over Mont Blanc from the
designed zero B orbit. Red-patterned vertical bands indicate 1-hour dead
zones centered at locations where the Doppler rate approaches zero.

Designing observation scenarios requires balancing user requirements
with mission resource constraints while considering expected measure-
ment conditions. These constraints can be broadly categorized into op-
erational constraints, imaging limitations, and SAR payload limitations.

Operational Constraints

Operational constraints primarily determine the duration available for
SAR payload operation, which is influenced by electrical energy availabil-
ity, required downtime, and orbit geometry. Energy availability depends
on solar panel generation and, when needed, stored reserves (e.g., bat-
teries) during surplus periods. Downtime encompasses intervals for data
downlink, orbital maintenance maneuvers, and energy conservation to re-
plenish storage reserves.

Regarding orbit geometry, Figure 6.9 illustrates the temporal variation of
(a) the satellite velocity and (b) the corresponding integration time over
Mont Blanc for an azimuth resolution of 100 m over one orbital period. The
red-patterned vertical bands indicate dead zones of duration ¢, = 1h, cen-
tered at locations where the Doppler rate approaches zero (approximately
at —6h and 6 h relative to the apsides.> The exact duration of these dead
zones is a design parameter, as SAR imaging efficiency is significantly re-
duced in these regions. Consequently, this time can be repurposed for other

3 The apsides refer collectively to the two extreme points in an orbit around a central body,
specifically the perigee (closest point) and the apogee (farthest point).
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operations or energy conservation. The integration time depends on the
orbit’s longitudinal extent (AAy,,). For instance, reducing this extent from
0.9° to 0.2°, equivalent to a single ITU slot, proportionally increases the re-
quired integration time near the apsides from approximately 7.25 minutes
to 32.5 minutes.

Given the interferometric nature of the mission, the available time for sub-
daily interferometric acquisitions in the proposed orbit geometry can be

expressed as
T
tay = TN — tog, (6.8)

where the nodal period (Ty) for GEO is approximately one sidereal day.
This available time can be allocated to acquire Nj,; interferometric pairs,

such that T
(tacq(t) + touff) - Nint < 7N — toff,s (6.9)

where ty,,¢¢ is a time buffer to account for interruptions due to mechanical
beam steering within the acquisition, if necessary.

Although the mission is primarily interferometric, imposing a radiometric
revisit interval (Trey) leads to a more stringent constraint on scene acquisi-
tion time

tacq(t) < Trev — tput- (6'10)

This constraint ensures a uniform distribution of single acquisition win-
dows along the orbit and limits the maximum number of achievable sub-
daily interferometric acquisition pairs to

N _Z'toffJ 1

6.11
2- Trev ( )

Nint S [

where | | is the floor operator. Furthermore, the radiometric revisit require-
ment imposes stricter constraints on acquisitions away from the apsides,
where slower orbital velocities can reduce the scene extent for a fixed az-
imuth resolution.

Figure (6.10) illustrates the potential distribution of acquisition centers for
interferometric acquisitions with one-, three-, and six-hour revisit intervals.
In this example, reference acquisitions are evenly distributed around the
perigee (t = Oh) in the upper part of the orbit projection, where latitudes
are positive. The corresponding sub-daily acquisition pairs, selected based
on matching Doppler frequencies for a target over the Alps, are located in
the lower part of the orbit projection, where latitudes are negative. This
distribution enables up to 11 one-hour (dark blue), 4 three-hour (green), or
2 six-hour (red) sub-daily interferometric acquisitions. If the dead zones
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Figure 6.10: Example of sub-daily interferometric pairs obtained from the designed GEO,
showing acquisitions with one-, three-, and six-hour revisit intervals over a
region in the Alps. Time is referenced to the orbit’s perigee.

are extended to two hours each, the number of available one-hour interfer-
ometric acquisitions decreases to 9.

SAR Imaging Limitations

SAR imaging from GEO must overcome significant signal losses due to the
long propagation path and other decorrelation effects to achieve the de-
sired performance metrics, such as the interferometric phase error (¢y) or
the radiometric resolution (d,,4). One effective approach is multilooking,
which involves averaging multiple statistically independent observations
of the same area during processing. Range multilooking requires increas-
ing the chirp bandwidth beyond that required for the desired range reso-

lution cell such that c

—_—— A2
2-5g-sin6;’ (612)

By = Nl,r ’
where N, denotes the number of required range looks. Similarly, azimuth
multilooking requires extending the Doppler bandwidth relative to the de-
sired multilook (ML) azimuth resolution cell. This is facilitated using star-
ing or sliding spotlight imaging modes, where the observation time (Ts)
is extended beyond the nominal illumination time (Tsy ), given by

AR(Y)

Tobs(t) = Nia- Tsa(t) = Ny - 2 o0 0%
S

ORTL (6.13)

where Nj , represents the number of required azimuth looks.
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Figure 6.11: Azimuth scene extent as a function of the number of looks at different acqui-
sition centers for two example products over an Alpine region: (a) a revisit
time of one hour with an azimuth resolution of 1000 m, and (b) a revisit time
of three hours with an azimuth resolution of 100 m. The lower bound is con-
strained by the azimuth extent of the footprint (W, »), approximately 367 km
for a 7-m-diameter reflector antenna pointed towards Mont Blanc.

In staring spotlight mode, the antenna’s main beam remains fixed on the
center of the scene throughout the observation, thereby imaging an area
approximately equal to the footprint of the antenna beam on the ground. In
contrast, during sliding spotlight mode, the beam is continuously steered
across a scene with an equivalent beam ground velocity

Wfp,a . Wfp,a
Tobs(t) Nl,a ’ TSA(t),
where Wy, , represents the azimuth footprint of the antenna beam on the

ground over a certain region of interest. Consequently, for an acquisition
duration tacq(t), the azimuth extent of the scene is

vg(t) ~ (6.14)

Wa(t) ~ (tacq(t) - Tobs(t)) 'vg(t) = Wfp,a ’ <Z\]1:LT(S;>G) - 1) . (6-15)

This indicates that if the available acquisition time is shorter than twice
the observation time (i.e., tacq(t) <2 - Nj, - Tsa(t)), staring spotlight can
provide comparable scene coverage more efficiently in terms of time.

Figure 6.11 illustrates the potential azimuth scene extent for varying num-
bers of azimuth looks at different acquisition centers for two example prod-
ucts over an Alpine region: (a) a revisit time of one hour with an azimuth
resolution of 1000m, and (b) a revisit time of three hours with an azimuth
resolution of 100 m. The lower bound, determined by the azimuth extent of
the footprint (Wg, ,), is approximately 367 km for a 7 m-diameter reflector
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antenna pointed toward Mont Blanc. If a high number of looks is required
to maintain imaging performance over a single footprint, the number of
possible acquisitions (Njyt) may be reduced, or the revisit interval (Trey)
may need to be relaxed.

For a fixed scene extent and product resolution, as required in differential
interferometry, the shorter acquisition times near the apsides can be lever-
aged to enhance performance (via increased N ,), reduce energy consump-
tion or allocate resources to other operations.

SAR Payload Limitations

The SAR payload resources impose performance constraints, determining
whether the available operational resources derived above can be fully or
partially utilized. The power budget, accounting for transmit power, an-
tenna gain, range bandwidth, losses, and noise characteristics, directly af-
fects the instrument’s sensitivity under different measurement conditions.
Lower sensitivity necessitates a larger number of looks to compensate for
noise from decorrelation sources, reducing the achievable scene extent, as
illustrated in Figure 6.11. The SAR instrument parameters for the example
Hydroterra concept are listed in Table 6.2.

From Individual Products to Observation Scenarios

Deriving observation scenarios requires a careful evaluation of mission re-
sources for each product and its corresponding user requirements. A com-
prehensive analysis of a group of products linked by their geographical
region of interest—for the Hydroterra example, Western Mediterranean,
Western Sahel, Alpine region, and South Africa—enables a trade-off among
scene extent (W,), revisit interval (Tiey), and the number of products that
satisfy the user requirements outlined in Table 6.3.

The trade-off informs the design of candidate observation scenarios exclu-
sive in time and geographical coverage. While the design of non-exclusive
scenarios is also feasible, it requires a further redistribution of mission re-
sources, leading to reduced coverage or revisit capability compared to the
exclusive case.

Given available resources, the trade-space is populated by estimating the
maximum possible azimuth swath extent for each product and revisit time.
This is achieved by solving for the minimum number of looks needed to
meet the performance requirements on o, or d,4. Priority is given to re-
ducing azimuth looks rather than range looks, as broader scene extents are

132



6.3 Sub-daily Interferometric GEO-SAR Mission Example

achieved through fewer azimuth looks, as indicated by (6.15). The upper
bound for azimuth looks is determined from (6.13) and (6.10), by setting
the maximum observation time (T ;.2*(t)) to the maximum acquisition du-
ration (facq), which is constrained by the required revisit. This results in

Nj, < Tg?naslx(t) _ Trev — tpuss
,a —

Tsa(t)  Tsa(t)

Similarly, the upper bound for range looks is constrained by the maximum
available system bandwidth (B;) and is determined using (6.12) as

(6.16)

2-06g - sinb;

Nl,r < (Bl’ - Afl’) ’ c

(6.17)
where Af, represents the spectral shift caused by B | between an interfero-
metric acquisition pair, calculated using (3.43). Af; is irrelevant for radio-
metric products and set to zero.

Figure 6.12 illustrates the trade-space by showing variation in maximum
azimuth scene extent as a function of revisit interval for the four regions
of interest. The results correspond to threshold requirements (T) and were
generated using worst-case decorrelation parameters from Table 6.4. To im-
prove readability, meteorology-related products (IWV and SSM Meteo) are
omitted from panels (c) and (d), as their relaxed resolution requirements
allow for significantly larger scene extents, as shown in panels (a) and (b).
Similar plots can be generated for best-case conditions or by excluding spe-
cific decorrelation sources, such as RFI, to better understand their impact
on performance and, consequently, scene extent.

Certain products impose stricter requirements than others in each of the
four regions shown in Figure 6.12. This leads to two possible design ap-
proaches: (i) constrain the scene extent and revisit interval to meet the
demands of the most restrictive product, ensuring that a single scenario
provides valid data for a broader range of products, or (ii) group prod-
ucts with similar requirements into separate scenarios, allowing for larger
swath extents and shorter revisit intervals, but with data tailored to a more
specific subset of products.

The following analysis explores candidate observation scenarios for each
of the four regions. The suggested scenarios satisfy threshold requirements
to meet mission objectives under varying conditions. While goal require-
ments are more demanding and offer enhanced capabilities if achieved,
they remain optional; thus, they are assessed but do not necessarily dictate
the sizing of the observation scenarios.
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Figure 6.12: Maximum azimuth scene extent as a function of revisit interval for the four
geographical regions of interest: (a) Western Mediterranean, (b) Western Sa-
hel, (c) South Africa, and (d) the Alpine region. The results correspond to
threshold requirements (T) and are generated using worst-case decorrelation
parameters from Table 6.4. Meteorology-related products (IWV and SSM Me-
teo) are excluded from panels (c) and (d) for improved readability.

The Western Mediterranean region, as defined by the polygon in Fig-
ure 6.5, spans approximately 4 Mkm? ("M" denotes million). Assuming a
reflector antenna with a diameter of 7 m and an elevation footprint of about
525 km over the region, full coverage of the outlined area would require an
azimuth extent of approximately 8000 km.

In this region, SSM Meteo is the most demanding product. Under threshold
requirements, a one-hour revisit interval enables an azimuth swath extent
of approximately 7000 km, potentially covering a substantial portion of the
target area. For IWV, the additional resources allow for an enhanced reso-
lution of 1km?, meeting the goal requirements, compared to the threshold
resolution of (5km)? used in Figure 6.12(a). Under goal requirements for
SSM Meteo, a resolution of 1 km? restricts the swath extent to 1500 km, cov-
ering only about 15% of the designated region.
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Coverage Revisit Product ML resolution
[Mkm?]  [h] name (1-side) [m]
IWV 500
SSM Meteo 2500

Scenario

Western Med. (WM) 1.8

Table 6.6: Potential observation scenario for Hydroterra over the Western Mediterranean
region. “l-side” refers to one side of the multilook (ML) squared two-
dimensional resolution cell.

Coverage Revisit Product ML resolution
[Mkm?]  [h] name (1-side) [m]
IWV 500
SSM Meteo 2500

Scenario

Western Sahel (WS) 1

Table 6.7: Potential observation scenario for Hydroterra over the Western Sahel region.
“1-side” refers to one side of the multilook (ML) squared two-dimensional reso-
lution cell.

Table 6.6 summarizes the candidate scenario and achievable product res-
olutions, considering worst-case conditions and the example SAR instru-
ment from Table 6.2. The proposed scenario balances threshold and goal
SSM Meteo requirements, enabling a (2.5km)? resolution with the assumed
instrument and conditions. This configuration covers approximately half
of the designated area, which is sufficient to meet the mission’s scientific
objectives.

The Western Sahel region, as defined by the polygon in Figure 6.5, spans
approximately 2.5 Mkm?. Assuming a 7-m-diameter antenna with an ele-
vation footprint over the region of about 360 km, full coverage of the out-
lined area would require an azimuth extent of approximately 7000 km.

As in the Western Mediterranean region, SSM Meteo is the most demand-
ing product. Under threshold requirements, an azimuth extent of approxi-
mately 6700 km can be covered, closely matching the extent of the defined
polygon. For IWV, additional resources allow for an increased resolution
of 1km?, meeting the goal requirement. Under goal requirements for SSM
Meteo, achieving a 1 km? resolution limits the swath extent to 1000 km,
covering only 15% of the designated polygon area.

Table 6.7 summarizes the candidate scenario and achievable product res-
olutions under worst-case conditions. The proposed scenario balances
threshold and goal SSM Meteo requirements, enabling spatial resolutions
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. Coverage Revisit Product ML resolution
Scenario 5 .
[Mkm~] [h] name (1-side) [m]
SSM Agriculture 500
South Africa (SA) 0.6 3 SSM Meteo 700
WV 250
3  SSM Agriculture 200
South Africa 2 (SA2) 0.167 1 SSM Meteo 500
WV 250

Table 6.8: Potential observation scenarios for Hydroterra over South Africa. South Africa 2
(SA2) is covered with a staring spotlight mode to achieve the required resolution
for SSM agriculture. “1-side” refers to one side of the multilook (ML) squared
two-dimensional resolution cell.

similar to the Western Mediterranean scenario. This configuration allows
to cover a span of 1 Mkm?, corresponding to 40% of the outlined area.

The South African region, as defined by the polygon in Figure 6.5, spans
approximately 0.8 Mkm?. Assuming a 7-m-diameter antenna with an ele-
vation footprint over the region of about 460 km, full coverage of the region
would require an azimuth extent of approximately 1800 km.

The primary product in this region is SSM for agriculture. Under threshold
requirements, 75% of the outlined region can be covered with a three-hour
revisit interval. Enhancing the spatial resolution to meet the goal require-
ment of (200m)? reduces the covered area to a single footprint of approxi-
mately 167000 km?. This can be achieved by operating the SAR in staring
spotlight mode, enabling the generation of diverse revisit products by ex-
ploiting the temporal diversity of a continuous acquisition interval (e.g., up
to eleven hours), and trading longer illumination times (or higher resolu-
tion) for more frequent revisits during processing.

Based on these considerations, two candidate observation scenarios are
proposed to accommodate both threshold and goal requirements, as sum-
marized in Table 6.8. The listed resolutions represent achievable values
under worst-case conditions.

The Alpine Region spans 1200 km, extending from France to Slovenia,
closely aligning with the satellite’s azimuth direction.

For a six-hour revisit interval, all threshold requirements can be met for
a maximum azimuth extent of 528 km. This coverage can be extended to
800 km by reducing the glacier flow spatial resolution to (120m)?. The full
1200 km stretch could be covered in the absence of strong RFI or through
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. Coverage Revisit Product ML resolution
Scenario

[Mkm?]  [h] name (1-side) [m]
Glacier flow 110
Landslides 100
Snowmelt 200
Alps North (AN) 0.45 SWE 150
Flood extent 100
SSM Flood 200
IWV 150
SSM Meteo 150
12 Glacier flow 50
12 Landslides 50
3 Snowmelt 200
Alps Center (AC)  0.257 3 SWE 100
3 Flood extent 100
3 SSM Flood 200
1 IWV 200
1 SSM Meteo 250

Table 6.9: Potential observation scenarios for Hydroterra over the Alpine region. Alps
North employs sliding spotlight mode, whereas Alps Center employs starring
spotlight mode over a single footprint. “1-side” refers to one side of the multi-
look (ML) squared two-dimensional resolution cell.

effective RFI mitigation [98]. Alternatively, increasing the revisit interval to
twelve hours allows for the required coverage.

The goal requirements, particularly the need for higher spatial resolution in
glacier flow and landslide monitoring, as well as the shorter revisit interval
for SWE, restrict the possible coverage to a single footprint. By employing
a staring spotlight mode, a range of products and revisit intervals can be
achieved over a fixed footprint. Based on these considerations, two can-
didate observation scenarios are proposed for this region, as summarized
in Table 6.9. Scenario Alps North (AN) covers a swath extent of approx-
imately 800 km, fulfilling the goal requirements for flood extent and SSM
flood monitoring. In contrast, the Alps Center (AC) scenario covers a sin-
gle footprint of approximately 257000 km?, enabling continuous monitor-
ing while maintaining flexibility to accommodate various products with
different revisit intervals. The values in Table 6.9 illustrate a possible con-
figuration that aligns with user requirements.
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Figure 6.13: Candidate observation scenarios for the Hydroterra Mission over Europe and
Africa, optimized through a trade-off between user requirements and mission
resources. The following abbreviations correspond to the scenarios: WM —
Western Mediterranean; WS — Western Sahel; AN — Alps North; AC — Alps
Center; SA — South Africa; SA2 — South Africa 2.

Figure 6.13 illustrates the geographical span of the six derived candidate
observation scenarios, closely resembling the one proposed for the Hy-
droterra concept in the Phase-0 study. Note that interrupted sliding spot-
light swaths, such as those used in the WM, WS, or SA scenarios, result in
a minor loss of swath extent

Wa,loss ~ vg ' (TSA : Nl,a + t{)uff) ’ (6-18)

which corresponds to the portion of the acquisition time that does not yield
the required resolution, assuming a constant beam velocity (vg), along with
a short buffer time (t ) needed for mechanical steering to the adjacent
stripe.

6.3.4 Distribution of Interferometric Lags

The hybrid nature of the mission products imposes a constraint on the max-
imum number of interferometric acquisition pairs (Njnt), which is limited
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Figure 6.14: Possible distribution of sub-daily interferometric lags for Hydroterra comply-
ing with the radiometric revisit intervals of (a) one hour, (b) three hours, and
(¢) six hours.

by the revisit interval (Treyv) used for radiometric products, as defined in
(6.11). These acquisitions potentially enable the formation of Ly, sub-daily
interferometric lags, given by

Tn—2-t
Lsubzz-Nintgz-QuJH). (6.19)
2'Trev

The factor of 2 accounts for lags from interferograms formed by (i) the
acquisition pairs at tr and ter + Afjye, and ii) the acquisition pairs at
tref + Alag and trer £ Ty. Figure 6.14 illustrates the distribution of sub-
daily interferometric lags for the Hydroterra mission, considering radio-
metric revisit intervals of (a) one hour, (b) three hours, and (c) six hours.
For a one-hour revisit interval, the mission can generate up to 22 sub-daily
interferograms for low-resolution products. This includes four acquisitions
near the dead zones, corresponding to the acquisition pairs (5h, 6.5h) and
(16.7h, 18.9h) in Figure 6.10. If performance is constrained near the edges
or adjustments to the dead zone window are required, the number of avail-
able sub-daily lags may decrease to 20 or 18. For longer revisit intervals,
the mission can provide 8 and 4 sub-daily interferometric lags for the three-
hour and six-hour revisit products, respectively.

6.3.5 Implications of System and Orbit Design Alterations
System Design
Reducing the average transmit power (e.g., from 350 W to 175W) or an-

tenna diameter (e.g., from 7m to 5m) simplifies the SAR payload and de-
creases the overall volume and mass of the spacecraft. However, these
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modifications also impact SAR performance and, consequently, the achiev-
able mission products.

A reduction in average transmit power primarily affects high-resolution
products, such as those targeting the Alpine region, where thermal noise-
induced decorrelation becomes comparable to other decorrelation sources.
This degradation can be mitigated by lowering the resolution or reduc-
ing scene extent. Notably, the 2-D resolution cell size reduction would
scale proportionally with power only if thermal noise remains the domi-
nant decorrelation source.

Similarly, a decrease in antenna diameter leads to reduced gain and in-
creased susceptibility to RFI due to a larger footprint. As with power reduc-
tions, this impacts the power budget and negatively affects high-resolution
products where thermal noise and RFI are dominant decorrelation fac-
tors. For example, achieving 50-m resolution for monitoring landslides and
glacier flow in the Alpine region becomes unfeasible, even with a 12-hour
revisit time over a single footprint, necessitating a resolution reduction.
Nonetheless, lower-resolution products for the same region remain viable
at the expense of reduced revisit frequency or resolution. However, an
increased antenna footprint offers advantages in scenarios where thermal
decorrelation is less significant, such as in the Western Mediterranean and
Western Sahel. The larger footprint enables broader scene coverage with
minimal impact on low-resolution products in these scenarios.

Orbit Design

In orbit design, reducing the longitudinal extent to minimize the number
of required ITU slots affects the achievable system performance. Specifi-
cally, a reduction factor k.4, defined relative to a reference number of ITU
slots (NITy ref), leads to a proportional decrease in eccentricity and relative
satellite velocity, which necessitates an inversely proportional increase in
illumination time for a fixed azimuth resolution. This relationship is ex-
pressed as

Nty Alion e Os TSA,ref

NITUref  DAMongef _ €ref  Usref Tsa
Kred = — = — = N R (6.20)

where subscript "f" denotes reference design parameters.

According to (6.15), increasing the illumination time extends the observa-
tion time (T,pg) for a fixed number of azimuth looks. This assumption disre-
gards potential adjustments in azimuth looks required to maintain product

140



6.3 Sub-daily Interferometric GEO-SAR Mission Example

<05 .

SR —

§O4 == Krea=3 08

£ || Kreq = 4

303 —s Kpog =5 s=mt— =TT T T T 30.6’

2SR WSO N ;

G024 4 et o

£ [, ot i 3
Pt e

.5 0.1 PR o

© 157

=) l-.'/

EOO 0.0

10 20 30 40 10 20 30 40
tacq/Tobs tacq/Tobs

() (b)

Figure 6.15: Impact of reduction in ITU slots in a low-inclination, low-eccentricity GEO-
SAR on scene extent. a) Variation of scene extent reduction (AW,) as a function
of the acquisition-to-observation time ratio (tacq/ Tobs) for different longitude
or slot reduction factors (kieq). (b) Scene extent reduction normalized by koq
to better understand proportionality.

performance due to increased atmospheric or clutter decorrelation. Under
this assumption, the reduction in azimuth scene extent is given by

Wa,ref(t) ~ tva(t) - Tobs(t)
Wa(t) tva(t) - kred ’ Tobs(t),

where the acquisition window (tacq) is constrained by the revisit interval of
the radiometric products, as defined in (6.10).

AW, =

(6.21)

Figure 6.15(a) illustrates the exponential decline in azimuth scene extent
as the acquisition-to-observation time ratio decreases for different reduc-
tion factors (k,.q). The results indicate that in the best-case scenario, where
the acquisition-to-observation time ratio is relatively high, the scene ex-
tent reduction (AW,) is approximately proportional to k.4, as shown in
Figure 6.15(b). However, the reduction becomes significantly more pro-
nounced for smaller ratios, leading to a substantial decrease in coverage.

Furthermore, longer integration times increase signal decorrelation in the
atmosphere, potentially requiring additional looks, which may further con-
strain the usable scene extent. As with previous cases, this reduction can
be partially mitigated by decreasing resolution and adjusting the revisit
frequency to achieve performance requirements.

For instance, in the case of a single ITU slot, corresponding to k..q = 0.45
compared to a reference AAj,, = 0.9°, the scene extent for the Western
Mediterranean and Western Sahel scenarios would be reduced to approx-
imately 400 km for a one-hour revisit. This extent could be increased to
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800 km by extending the revisit interval to three hours or degrading the
resolution by 3dB. For scenarios with higher-resolution products, such
as Alps North and South Africa, different products can be accommodated
within a single footprint, though some may require additional reduction in
revisit time or resolution.

6.4 Chapter Remarks

This chapter examined the potential of geosynchronous Earth orbits for
interferometric SAR missions with frequent revisits. It developed a spe-
cialized orbit concept for sub-daily interferometric acquisitions, aiming to
minimize cross-track perpendicular baselines. Additionally, it proposed
a novel framework for the efficient allocation of mission resources and
outlined key design considerations for interferometric GEO-SAR missions.
The developments presented herein laid the groundwork for designing the
observation scenarios for Hydroterra, a former candidate for ESA’s Earth
Explorer 10 program.

Section 6.2 presented the derivation of the specialized GEO concept, intro-
ducing a novel trigonometric equation for estimating orbital inclination,
with a complete derivation provided in Appendix A. Section 6.3 demon-
strated the application of this orbital concept in a concrete mission exam-
ple based on Hydroterra. Furthermore, this section proposed a systematic
approach for generating observation scenarios in GEO-SAR missions, capi-
talizing on their continuous accessibility to a fixed portion of the globe. The
approach was supported by the derivation of design metrics to characterize
operational and imaging constraints.

The complexity of this mission concept, introduced in Section 6.3, will be
turther evaluated in Chapter 7, where it is compared to an equivalent LEO-
SAR constellation.
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to Higher Orbit Systems

Satellite constellations! play a crucial role in enhancing the capabilities of
SAR systems, especially in LEO. They enable frequent revisits, expanded
coverage, improved resolution, single-pass interferometry or tomography,
and distinct imaging geometries. These features support numerous ap-
plications, including digital elevation model (DEM) generation, 2-D/3-
D motion estimation, and target detection and tracking. State-of-the art
SAR constellations include TerraSAR-X/TanDEM-X [28], Sentinel-1A /B/C
[35], SAOCOM-1A/B [216], RADARSAT [185], ICEYE [48], Capella [49],
COSMO-SkyMed [25], and Umbra [52], among others.

In SAR mission design, a constellation-based approach enables the distri-
bution of a single SAR satellite’s capabilities across multiple smaller satel-
lites. This approach reduces the complexity of individual spacecraft, partic-
ularly in terms of SAR payload and corresponding platform requirements,
by replacing a single, highly complex satellite with multiple less-complex
satellites. This trade-off offers advantages, including improved payload ef-
ficiency, enhanced agility, increased redundancy, and cost benefits per unit
due to economies of scale. However, it also introduces challenges, such
as formation flying, constellation management, data downlink constraints,
and launch configuration complexities.

The systems required for the high-altitude missions in Chapters 5 and 6
are intricate and complex, driven by the increased free-space propagation
loss and launch costs. As outlined in previous chapters, these challenges
can be mitigated using larger antenna structures, digital beamforming, and
possibly electric propulsion for progressive orbit raising from low-Earth
parking orbits. This situation introduces an opportunity for competitive
low-altitude constellations composed of simpler, lighter satellites.

This chapter explores LEO-SAR constellations designed to function as al-
ternatives to higher-altitude SAR systems. It introduces a novel compar-
ison framework illustrated by three realistic mission concepts analogous
to the example designs presented in Chapters 5 and 6. The primary fo-
cus is distributing the unique coverage and temporal revisit capabilities of

!In this thesis, the term constellation is used to also encompass close formations, such as
TanDEM-X and TerraSAR-X.
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high-orbit systems across a constellation of simple monostatic SAR satel-
lites. Figure 7.1 shows a realization of a LEO-SAR constellation designed to
match the performance of a high-altitude, wide-swath MEO-SAR system.
The individual satellites of the constellation can cover narrower swaths,
which collectively match the wide-swath capabilities of higher-altitude sys-
tems. Acquisitions can be simultaneous, non-simultaneous, or squinted to
achieve equivalent performance.

Figure 7.1: A realization of a LEO constellation of simple SAR satellites equivalent to a
high-altitude MEO-SAR system.

Section 7.1 presents the theoretical framework for system equivalence and
introduces system capacity as a metric for assessing equivalence. Sec-
tion 7.2 outlines the methodology for distributing the system capacity in
space and time, providing a new design concept for efficient constellations
capable of distributing both swath and interferometric revisit. Section 7.3
presents the equivalent constellations for the three high-orbit mission con-
cepts introduced earlier, offering realistic figures for instrument design and
constellation sizes.

Parts of this material have been previously published in [217-219].

144



7.1 Equivalence Framework

7.1 Equivalence Framework

The equivalence of SAR missions can be defined by their ability to deliver
comparable end products that align with consistent mission objectives. Key
factors include:

* operational frequency,

* 2-D resolution, including single-look complex (SLC) or multilook
(ML) products,

geometry (swath or incident-angle range),

revisit frequency,

geographical coverage,

polarimetric channels, and

* interferometric or tomographic capabilities.

Besides, the products must maintain comparable quality (or performance)
metrics, such as ambiguity rejection and NESN. Additional metrics such as
radiometric resolution, thermal phase noise threshold, and accuracy in 3-D
deformation measurements may also be relevant depending on the specific
mission requirements.

Beyond this generic equivalence definition, SAR missions acquire an aver-
age number of independent samples per second, referred to in this thesis
as system capacity (Csar). System capacity can be increased by increasing
system complexity—to allow expanding swath width, improving resolu-
tion, or extending orbit duty cycle—or by deploying additional satellites. A
thorough understanding of these contributing factors enables an optimized
distribution of system complexity and, ultimately, a fair determination of
an equivalent constellation size that achieves the same capacity.

7.1.1 System Capacity

The system capacity is defined as the average rate of acquired samples per
second. It can be expressed as

We Wa 1 W, 0g
C —_s a - _'S 75, 7.1

where W is the swath width measured in slant range, and W, is the to-
tal azimuth extent (length) of the acquired swath over a single orbit. Ty
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denotes the nodal period of the orbit, and 7,4, is the orbit duty cycle, de-
fined as the ratio between the active time per orbit during which the SAR
is operational and the nodal period Ty. The terms Jr and dx represent the
resolution in slant range and azimuth, respectively, and vg is the ground
velocity of the radar beam.

This metric can be linked to system complexity by a breakdown of the indi-
vidual terms into their respective SAR payload and spacecraft subsystem
metrics. From (4.12) and (3.11), the ratio of slant-range swath width to res-
olution is expressed as

WSNZ-Br-A-R-tanGi-ks

— 7.2
or c-H, ’ (7.2)

where B; is the range bandwidth, A is the wavelength, R is the slant range,
0; is the incident angle, H, is the antenna height, and ks is a correction
factor accounting for the difference between the actual antenna aperture
and its approximation A/H,. Similarly, from (4.7) and (4.8), the ratio of
beam velocity to azimuth resolution is given by

E_ 2'05

= 7.
5.X' La : kxl ( 3)

where v; is the relative speed of the platform, L, is the antenna length,
ky is a constant that accounts for the relationship between the factor A/L,
and the azimuth beamwidth (6,,), as well as any azimuth oversampling.
Combining these two ratios results in

Br'A'Worb.(4'US'R'tan9i'ks> _Mk
= Cr

CsaR ~ 7.4
SAR La * Ha C- kx La * Ha ( )

where k. is a geometric factor representing the term inside the parentheses.
The range bandwidth can be further connected to the system’s sensitivity
and antenna characteristics. By combining the relations from (3.29) and
(3.59), it can be described as

By = 12y - L2 H? - Payg - NESNy, - A - k, (7.5)

where 7ant is the antenna efficiency, Payg is the average transmit power,
and k; is a constant that combines system and geometry factors derived
from the NESN expression

c

ky = , 7.6
" 16-7m-R3-vs-sinb; - Fs - kg - T (7.6)
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where F; is the system noise factor, kg is Boltzmann’s constant, and T is
the standard temperature. The average transmitted power can be further
linked to the spacecraft’s complexity by expressing it as

Pavg = Psat * fplat * ISAR/ (7.7)

where P, denotes a representative measure of the spacecraft’s power con-
sumption (e.g., considering the selected platform, solar panel capacity, and
thermal design complexity), 77,1.; describes the power efficiency of the plat-
form excluding the SAR payload, and #saR is an efficiency term associated
with the imaging mode of the SAR instrument, as detailed in Appendix B.
Substituting (7.5) and (7.7) into (7.4) yields

Csar =k - ’7§nt + La - Ha - Psat - Tplat * 1/SAR * orb - NESN, (7.8)

where kyp = k¢ - k; is a parameter that depends on the system’s noise char-
acteristics and the observation geometry. This equation quantifies the
amount of information the system can measure as a function of parame-
ters directly proportional to system quality and complexity. It shows that
the analogous performance of two systems requires

’7§nt * La - Ha - Psat * ]plat * SAR * orb (7.9)

to be roughly constant. It should be noted that the above equations are
asymptotic and assume some implicit factors, such as the effects of antenna

pattern shape, the resolution area distribution, and the dependencies of
SNR or NESN on the incident angle.

7.1.2 System Simplification Concepts

The complexity of SAR payloads arises from the need to surpass the natu-
ral system capacity of a simple instrument. This challenge primarily stems
from the conflicting demands of achieving high resolution and wide swath
coverage while maintaining the required sensitivity and ambiguity rejec-
tion, leading to an inherent trade-off between system capacity and com-
plexity.

The proposed simplification concept distributes the capacity of a complex
monostatic SAR satellite across multiple, typically identical, less-complex

satellites such that N
sat

CsaRref = ) CsAR v (7.10)
i—1
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where Ng,t represents the number of satellites in the equivalent constella-
tion, and CgaR ref denotes the system capacity of the reference. Addition-
ally, a design approach emphasizing low complexity enables a fair compar-
ison of systems by exploiting the key advantage of constellations, namely
the use of small, lightweight platforms.

The most efficient distribution, incorporating factors introduced in (7.9),
can be achieved by substituting a wide-swath complex system with a con-
stellation of monostatic SAR satellites. Each satellite covers a portion of
the swath while maintaining a similar resolution cell area and adhering to
the natural swath-resolution relationship. This approach enables a mod-
est reduction in antenna area, close to the minimum area constraint de-
fined in (4.13), and a reduction in power demands. Additionally, it allows
maximizing the system capacity of each satellite within the constellation
by addressing inefficiencies related to the antenna (e.g., surface utiliza-
tion during transmission and reception), imaging mode (e.g., stripmap vs.
ScanSAR), instrument design (e.g., reducing lossy elements), propagation,
and redundant coverage.

Further reductions in antenna size and power consumption can be
achieved by replacing each monostatic SAR unit with a set of multistatic
SAR units. However, this approach sacrifices data efficiency due to over-
sampling to enable the use of smaller SAR payloads. The optimized dis-
tribution of capacity onto multistatic units falls outside the scope of this
thesis.

7.2 Distribution of System Capacity

7.2.1 Distribution of Swath

The complexity of wide-swath systems can be mitigated by employing
monostatic constellations, where each satellite covers a portion of the to-
tal swath (Wiot). Assuming an equal distribution of coverage, the required
number of satellites is given by

Nsat = [%{Z}lat) ’ (1 +a ((Plat)) - ((Plat)—| ’ (7~11)

where Wg denotes the swath covered by a single satellite, and « is an over-
lap factor that controls the degree of overlap between consecutive sub-
swaths at a given latitude (¢1,;). The overlap factor a ranges between 0
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Figure 7.2: Example orbit formations for monostatic SAR constellations designed for
swath distribution. Panel (a) shows platforms arranged in orbits with a shifted
longitude of ascending node by A(), while panel (b) depicts a configuration
within a single orbital plane with a time delay AT between consecutive satel-
lites.

and 1, with higher values indicating increased overlap. In the same man-
ner, for a fixed number of satellites, the required swath per satellite can be

calculated as W 1
W, = tot (P1ar) * (1 + & (Prar)) ' (7.12)
Nsat + (‘Plat)

Coverage accumulation can be achieved by distributing satellites across
multiple orbital planes or by using a single orbital plane and leveraging
Earth’s rotation to achieve broader coverage over time. The latter approach
is often more cost-effective, particularly when only a single orbital insertion
is available. However, it may introduce some temporal variations between
different swath partitions of a cumulative wide swath, particularly in large
constellations where acquisitions are separated by longer temporal base-
lines (e.g., tens of minutes to hours).

To enable simultaneous imaging of wide swaths, the satellites in the con-
stellation can be placed in adjacent orbital planes with minimal along-track
baselines, as shown in Figure 7.2(a). This configuration is achieved by us-
ing neighboring orbits whose longitude of the ascending node is shifted
by

- We

S TR N T N T R (Y

where 0y represents the northing angle. A() is estimated at the equator for
gap-free global coverage, resulting in increased swath overlap at higher

(7.13)
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latitudes. This aspect facilitates individual system management and helps
reduce the overall orbit duty cycle if redundant samples are not desired.
However, implementing this configuration necessitates signal separation
between satellites (e.g., using frequency diversity), and the use of forma-
tion flying techniques to prevent collisions.

Alternatively, for semi-simultaneous imaging, the satellites in the constel-
lation can adopt different along-track baselines, corresponding to temporal
lags of several tens of seconds for swaths on the order of tens of kilometers,
all within the same orbital plane, as illustrated in Figure 7.2(b). The time
lag,

AT = A2 Pat), (7.14)

WE

between consecutive platforms is optimized for ¢,y while leveraging
Earth’s angular velocity (wg). This approach creates regions with varying
degrees of overlap at different latitudes, which can reduce the overall orbit
duty cycle, similar to the previous approach. While other orbital forma-
tions are possible, they typically result in non-simultaneous imaging of the
total swath.

The entire constellation can be launched with a minimal number of launch-
ers, typically just one, directly into the desired or a lower parking orbit. In
the latter case, individual spacecraft are then raised to their final orbits at
separate intervals to achieve the required drifts. Existing constellations,
such as ICEYE, Capella, and Starlink, employ similar procedures.

A single-satellite failure leads to approximately a 100/ Nsat% loss in total
coverage, yet it does not compromise mission continuity. Mitigation mea-
sures include adjusting the acquisition plan, performing roll maneuvers, or
modifying the formation flight configuration, albeit with a slight reduction
in temporal coverage and a potential increase in fuel consumption.

Coverage Efficiency

Coverage efficiency (7cov) is a metric introduced to quantify the improve-
ment in mission performance for global-coverage constellations through
optimized system management of swath overlap regions. By leveraging
this efficiency, the required orbital duty cycle of the entire constellation can
be reduced while maintaining a consistent number of independent sam-

ples.
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For gap-free coverage at a given latitude ¢y, the total swath width required
of a single SAR system in a repeat-ground track (RGT) orbit is approxi-
mated by

2 -7+ Rg - cos - |sin®@
Wot req (P1at) & E Z"\);at | N(‘Plat)‘, (7.15)
rev

where Niey is the integer number of orbital revolutions completed within
the orbit’s repeat cycle. This formulation assumes a uniform distribution of
swath along the longitude to ensure consistent coverage of the entire lati-
tudinal circumference. It further assumes a single-pass orientation—either
ascending or descending—which would theoretically enable gap-free cov-
erage of the equator twice within a repeat cycle, albeit with differing acqui-
sition geometries.

For a satellite constellation, the total accumulated swath depends on the
latitude and the number of active satellites (Nact) and is expressed as

Wg - (Nact + & (P1at))
1+« (qblat) '

The minimum required number of active satellites to achieve gap-free cov-
erage at ¢),; can be estimated by

WO re at) ’ 1 lo)
Nact(cplat)z[ < q(“blv{/)g S ﬂ,

(7.16)

Wiot (¢1at) =

(7.17)

where «, denotes the designed overlap ratio, typically evaluated at ¢, =0
for global coverage missions.

The coverage efficiency at a given latitude (17cov (¢1a¢)) can be expressed as
the ratio of useful swath samples to the total accumulated swath covered
by the active satellites in the constellation

Wtot,req (4)lat ) 1 )
W * Nact (P1at)” /-

Neov (P1ar) A~ min ( (7.18)

The overall coverage efficiency can then be approximated as a weighted
sum over latitude

Teoy = J Mcov (Plat) - €08 Prar dprat (7.19)
- f COS Plat d¢lat . .

This metric offers a general measure of coverage performance for global
missions with randomly distributed regions of interest at specific latitudes.
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7 Equivalent LEO-SAR Constellations to Higher Orbit Systems

If uniform swath coverage across all latitudes is required—similar to a sin-
gle reference monostatic system—each satellite in the constellation must
operate over a different range of incident angles. Consequently, this neces-
sitates non-identical instrument designs, which can negatively affect cost
efficiency by reducing economies of scale and compromising performance
uniformity.

Efficient Orbit Design

The design of a LEO for an equivalent constellation differs from that of
higher orbits discussed in Chapter 4. While higher Earth orbits are re-
stricted by high radiation intensities and launch inefficiencies, lower orbits
are restricted by coverage and energy inefficiencies.

Regarding orbital inclination, achieving near-polar latitude reach—a crit-
ical factor for missions targeting global coverage—requires near-polar in-
clinations (see Figure 4.4). Additionally, for SAR missions in Earth orbits
relying on solar energy, deviations from sun-synchronous inclinations can
lead to substantial reductions in energy efficiency, with losses of approxi-
mately 30% to 40% (see Figure 4.7). Conversely, while sun-synchronous in-
clinations enhance energy efficiency, they negatively impact true 3-D defor-
mation measurement accuracy. Specifically, measurement accuracy in the
North-South direction from single-satellite acquisitions can be degraded
by an order of magnitude compared to the Up—Down and East-West direc-
tions. To partially mitigate this accuracy degradation, two approaches are
proposed:

(i) use D satellites within the constellation for squinted acquisitions, or

(ii) employ D satellites for bistatic acquisitions over areas of interest, at
the cost of < 100 - D/ Ngat% coverage loss.

When considering orbital altitude, lower altitudes offer several advan-
tages, including improved launch efficiency, increased SAR payload effi-
ciency (e.g., smaller antenna sizes and reduced power requirements due
to decreased free-space propagation loss), and higher beam velocity. How-
ever, these benefits must be balanced against the drawbacks of increased at-
mospheric drag and higher orbit decay rates [113], which can require more
frequent ground operations and orbital maneuvers, potentially offsetting
the advantages in spacecraft dimensioning.

The higher beam velocity at lower altitudes (vg) allows to cover narrower
swaths while maintaining system capacity, as described in (7.1). For mis-
sions aiming for global coverage, an equivalent LEO mission can achieve
gap-free coverage with narrower swath widths.
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Figure 7.3: Swath-repeat product enabling gap-free coverage across various latitudes us-
ing sun-synchronous repeat orbits. The required swath width is determined by
dividing the swath-repeat product by the desired orbital repeat cycle (in days).

Figure 7.3 shows the required swath-repeat product to achieve gap-free
coverage across different latitudes using sun-synchronous repeat orbits.
The required swath width can be determined by dividing the swath-repeat
product by the desired orbital repeat cycle (in days). For low-Earth SSO,
the exact repeat cycles provide discrete solutions that are sparsely sam-
pled across the altitude range. Alternative repeat cycles can be considered
to enhance altitude sampling and allow mission optimization based on
other factors, such as the launch approach and acquisition mode. However,
shorter cycles compared to the reference would necessitate roll maneuvers,
while longer cycles require careful orbital insertion strategies to maintain
the desired interferometric revisit, as discussed next in Section 7.2.2.

Efficient Instrument Design

The efficiency of a SAR payload is determined by the combined efficiencies
of its various subsystems, including the antenna, deployment mechanism,
transmit/receive modules (TRMs), RF distribution network, and back-end
components such as switches, control modules, and power conditioning
units. Maximizing efficiency involves adopting a streamlined design ap-
proach, which includes employing a stripmap operation mode, minimizing
onboard processing, utilizing single-phase center (low-density) antennas,
and integrating high-efficiency amplifiers.

Given specific mission requirements, including swath width, resolution,
and SAR performance, a high-efficiency instrument architecture can be sys-
tematically derived. Figure 7.4 illustrates the general methodology used
to derive an efficient instrument architecture based on total swath (Wiot),
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Figure 7.4: Flowchart illustrating the process for deriving instrument architecture, detail-
ing the optimization of antenna size and power requirements for identical SAR
payloads within a distributed satellite constellation.

constellation size (Ng,t), and two-dimensional SLC resolution (,p). This
approach provides the minimum antenna dimensions required to cover
a specified swath portion (Wg) while meeting constraints on AASR and
RASR, as well as the minimum average transmit power needed to achieve
the desired resolution and NESN.
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A general trend in this distribution concept is the enhancement of azimuth
resolution through the use of stripmap mode and reduction in antenna
length. This results in a degradation in ground-range resolution (6g) for a
given drp. To mitigate large asymmetries, the resolution aspect ratio (RAR)
is introduced as a constraint. While this impacts the SNR (and NESN) due
to changes in range bandwidth, the increased number of looks, defined
as Ny = 6p/(6x - 8g), can be exploited. For example, this can reduce the
standard deviation of interferometric phase noise, which might otherwise
increase due to the degraded SNR, as described in (3.35).

The overall mission efficiency depends on the SAR payload and factors
such as the platform, constellation size, and launch constraints. For in-
stance, while a SAR payload with certain antenna dimensions or power
consumption might optimize payload efficiency, it could introduce signifi-
cant challenges in platform integration and launch logistics. In such cases,
achieving an optimal design may require careful trade-offs in efficiency
between subsystems. For instance, a reduction in antenna length can be
achieved by limiting the processed Doppler bandwidth to values below the
full bandwidth supported by the antenna—without impacting instrument
complexity [196]—though this comes at the cost of reduced azimuth reso-
lution and sensitivity. Similarly, burst-mode operations can be employed
to further reduce antenna size or to improve antenna dimensioning, such
as optimizing the height-to-length ratio. Since other trade-offs are heav-
ily influenced by available technology, this thesis concentrates on payload
efficiency and constellation sizing, focusing on factors that directly affect
these parameters.

7.2.2 Distribution of Interferometric Revisit

Interferometric revisits are a key feature of SAR missions, enabling nu-
merous applications related to change detection. These revisits require the
spacecraft to repeatedly pass over specific regions of interest under consis-
tent geometrical conditions. In a constellation, this can be achieved by plac-
ing spacecraft at orbits offset by the longitude of the ascending node and
the mean anomaly. A revisit interval Tiey (in seconds) requires a change in
the right ascension of the ascending node (in radians) of

AQ — (wE - Q) . Trev, (7.20)

and a change in mean anomaly (in radians) of

AM = —— " (Trey mod Ty), (7.21)
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where mod is the modulo operator, and Ty represents the orbit’s nodal
period, as defined in (2.5).

If only a single orbit insertion opportunity is available, modifying () re-
quires changing the orbital plane, which is costly in terms of the required
velocity change (AV). In contrast, adjusting the mean anomaly is more fuel
efficient and enables interferometric revisits without altering the longitude
of the ascending node when AQ) = 2k7t, where k € Z. This holds if the
desired revisit time satisfies

2.7

Ty =k Tay =k ——=, forkeZ (7.22)
-

where Ty, is the orbital day, defined in (2.6). In the case of a SSO, the

nodal regression (Q)) is deliberately designed to match Earth’s rotation rate,
ensuring that the orbital day aligns with the solar day of 86400 s.

7.3 Equivalent Constellations to High-Altitude
Systems

A constellation of Nsat narrow-swath, high-efficiency satellites can gener-
ally be designed to achieve equivalence with a wide-swath SAR system
operating at different altitudes. This section examines LEO constellations
equivalent to three reference high-altitude SAR concepts introduced in
Chapters 5 and 6. The first reference system is designed for global cov-
erage from an orbit at 5952 km, the second targets local and continental
coverage from a higher orbit at 20181 km, and the third aims for sub-daily
interferometric revisits from a geosynchronous orbit.

This section provides detailed design parameters, including constellation
sizes and system specifications, derived from the analysis of the distributed
designs.

7.3.1 Global MEO-SAR Equivalent

The reference global MEO-SAR mission, serving as the baseline for the
equivalent design developed below, is detailed in Section 5.2. Table 7.1
summarizes the key parameters of the reference C-band MEO system op-
erating at an altitude of 5952 km in full swath mode (Mode D). These pa-
rameters are compiled from Tables 5.2, 5.4, and 5.5 in Section 5.2. Apart
from the reduced launch efficiency, the proposed C-band SAR instrument
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Parameter Value
Frequency [GHz] 5.405
Orbit cycle length [d] 3

Altitude at equator [km] 5952
Average eclipse duration [%] <8

Antenna diameter [m] 22
Transmit duty cycle [%] 8
Two-way losses [dB] 4
Noise figure [dB] 3
Swath width [km] 1667

Incident-angle range [°] 20-47
Average transmit power [W] 350
Resolution (6x x 6¢) [m?] <57 x 20

NESN [dB] <22
AASR [dB] <-25
RASR [dB] <25

Table 7.1: Relevant parameters of the reference MEO-SAR system at 5952 km targeting
global coverage.

presents a high level of complexity. It incorporates a 22-m reflector an-
tenna with an extensive feed network, utilizes elevation beamforming, and

employs a ScanSAR imaging mode to achieve the wide swath coverage of
1667 km.

The design of the LEOs for the constellation is based on the analysis pre-
sented in Section 7.2. SSOs are selected for their energy efficiency and near-
polar inclinations, which enable the constellation to meet the global cover-
age requirements of the reference mission. Additionally, for deformation
monitoring in targeted regions, the accuracy of North-South deformation
measurements can be enhanced using squinted or bistatic acquisitions, as
explained in Section 7.2.

Figure 7.5 illustrates the total swath width needed to achieve gap-free equa-
torial coverage within a three-day cycle using low-Earth RGT SSOs. Alter-
native orbital cycles (e.g., one- or six-day repeats) offer greater flexibility
for sampling LEO altitudes but introduce trade-offs, such as the need for
roll maneuvers or adjustments to orbital insertion strategy.

Regarding altitude implications on instrument performance, Figure 7.6 dis-
plays the variation in the minimum required antenna area (a) and average
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Figure 7.5: Required swath width for gap-free equatorial coverage within three days for
one-, three-, and six-day low-Earth RGT SSOs. The annotations on the graph
indicate the number of orbital revolutions per repeat cycle.
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Figure 7.6: Variation of (a) antenna area and (b) average transmit power with orbital alti-
tude for SAR constellations comprising 12, 16, and 20 satellites in SSOs. Panel
(a) compares planar (solid lines) and parabolic (dashed lines) antenna designs.
The data represent C-band SAR systems designed for global coverage, deliver-
ing performance equivalent to the reference global MEO-SAR system.

Average power for a fixed NESN [W]

transmit power (b) for a single satellite operating in stripmap mode within
constellations of 12, 16, or 20 satellites. These variations correspond to the
three-day repeat orbits and swath configurations depicted in Figure 7.5,
assuming a 25-degree incidence at near range. The performance of the
satellites in the constellation aligns with the reference MEO system out-
lined in Table 7.1, achieving a worst-case AASR of —25dB, a worst-case
RASR of —25dB, worst-case NESN of —22 dB, and a 2-D SLC resolution
of 1140 m?. The required swath width per satellite (Wg) ranges from 40 to
90 km, derived using (7.11) with an overlap factor («)) of 1%, and can be
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7.3 Equivalent Constellations to High-Altitude Systems

achieved without gaps in the provided designs. Given the moderate res-
olution requirements and correspondingly low average power demands,
the antenna areas presented were derived by processing only a subset of
the full Doppler bandwidth—corresponding to a 0.3 dB drop instead of the
nominal 3 dB—to prioritize minimizing overall antenna size. Additional
reductions in antenna area may be achieved through further optimization,
such as the use of burst-mode operation.

The antenna areas shown in Figure 7.6(a) are plotted for two design sce-
narios: (i) planar antennas with low complexity and sinc patterns (solid
lines) and (ii) parabolic antenna surfaces with tapered illumination (dashed
lines). The parabolic design achieves approximately a 30% reduction in an-
tenna area, primarily due to its superior control over side-lobe levels com-
pared to sinc patterns. Similar, or potentially greater, reductions in antenna
area could be achieved by optimizing planar antennas (e.g., by tapering) to
improve side-lobe suppression. In both cases, the decrease in antenna area
comes at the cost of increased average transmit power requirements (due
to lower peak gain) and possibly higher system complexity.

For both cases, antenna area increases linearly with altitude due to the re-
quirement for effective ambiguity suppression. Deviations from this linear
trend, such as those observed for the 20-satellite configuration represented
by the green curve in Figure 7.6(a), are caused by variations in the power
of range ambiguities. These trends can be generalized to other constella-
tion sizes; however, the three configurations presented here represent fea-
sible systems regarding gap-free swath coverage, antenna dimensions, and
power requirements.

Based on these trends, an orbit at 460 km altitude was selected for the
equivalent constellation. Although this altitude leads to instrument and
power requirements exceeding the minimum values shown in Figure 7.6,
it offers advantages regarding the spacecraft’'s wet mass. At lower alti-
tudes, the increased atmospheric drag and orbit decay rate may necessitate
more frequent ground operations and maneuvers, which could outweigh
the mass reduction benefits of smaller instruments. Figure 7.7(a) shows
the variation in antenna dimensions, derived using the methodology in
the flow chart in Figure 7.4, required to cover the corresponding 866-km
swath for gap-free coverage as the constellation size increases. The HPBW
(03gp) determines the antenna height needed to cover the swath portion.
The PRF is then optimized to achieve range ambiguity ratios better than
—25dB for the antenna height. The antenna length is derived from the
resulting PRE, ensuring compliance with the azimuth ambiguity ratio re-
quirements, assuming processing of only a subset of the full Doppler band-
width (corresponding to a 0.3 dB drop). The resulting antenna areas for the
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Figure 7.7: (a) Required antenna dimensions to achieve worst-case AASR and RASR of
—25dB each for LEO constellations at 460 km, compared to the reference global
MEO-SAR satellite at 5952 km. (b) Coverage efficiency of the constellation. The
analysis assumes a near-range incident angle of 25°.

planar designs have a mean of 3.1 m? and a standard deviation of 0.3 m,
influenced by variations in range ambiguity power and timing optimiza-
tions to accommodate transmission events. Figure 7.7(b) illustrates the in-
crease in average coverage efficiency for larger constellations, calculated
using (7.19). This improvement results from more efficient management
of overlap regions at higher latitudes, enabling better spatial coverage and
reduced redundancy.

Table 7.2 presents the key system parameters and performance metrics for
the 12-, 16-, and 20-satellite constellations operating in stripmap mode.
Timing parameters have been adjusted to avoid nadir returns at equatorial
latitudes. If needed, nadir echoes at different latitudes can be effectively
suppressed without additional cost using the dual-focusing nadir suppres-
sion technique, which utilizes up- and down-chirps [210].

All constellations meet the AASR, RASR, and NESN requirements speci-
fied in the reference, assuming a similar noise figure. The system losses
are improved by 2.5dB relative to the reference to account for simplifica-
tions in the antenna front-end and electronics. The instrument transmit
duty cycle is constrained by nadir echoes and transmission events for the
desired swaths and geometry, resulting in peak power requirements below
115 W across all three examples. The range resolution has been adjusted
to maintain consistency with the 2-D resolution cell area of the reference
design. The narrower swath width reduces power consumption and al-
lows shorter antenna lengths due to improved ambiguity ratios at higher
PRFs. However, this advantage comes at the expense of a larger constella-
tion and asymmetrical resolution cells. The time offset between satellites in
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Parameter 12 Sat. 16 Sat. 20 Sat.
Individual swath width [km] 73 55 44
Incident-angle range [°]  25-32.7 25-30.9 24.3-29.1
Antenna length [m] 7.33 6.22 5.63
Antenna height [m] 0.37 0.5 0.62
PRF [Hz] 1888 2150 2435
Doppler bandwidth [Hz] 593 698 772
Azimuth resolution [m] 15.6 13.3 12
Range resolution [m] 73 86 95
Average transmit power [W] 25 16 11
Transmit duty cycle [%] <22 <14 <12
Two-way losses [dB] 1.5 1.5 1.5
Single-plane time offset [min] 2.6 2 1.6

Table 7.2: System and performance metrics for 12-, 16- and 20-satellite constellations at an
altitude of 460 km in stripmap mode.

a single-plane formation (see Figure 7.2 (b)) is on the order of several min-
utes. Estimated satellite mass for these systems ranges from 50 to 150 kg,
with high orbit duty cycles.

A detailed acquisition plan over regions of interest for true 3-D deforma-
tion enables precise assessment of the required increase in constellation size
for bistatic acquisitions, or the feasibility of squinted acquisitions at the cost
of an increased orbit duty cycle.

7.3.2 Sub-daily Continental MEO-SAR Equivalent

The reference sub-daily continental MEO-SAR mission, serving as the base-
line for the equivalent design developed below, is detailed in Section 5.2.
Table 7.3 summarizes the key parameters of the reference L-band MEO sys-
tem operating at an altitude of 20181 km in full swath mode (Mode A).
These parameters are compiled from Tables 5.11, 5.12, and 5.13 in Sec-
tion 5.2. Like the global mission, the proposed L-band SAR instrument
is highly complex. It incorporates a 25-meter reflector antenna with an
advanced feed network, utilizes elevation beamforming, and employs a
ScanSAR imaging mode to achieve a wide swath coverage of 2115 km.
Moreover, the higher orbital altitude further reduces launch efficiency and
complicates navigation solutions, mainly due to the proximity to available
global navigation satellite systems (GNSS).
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Parameter Value
Frequency [GHz] 1.2575
Orbit cycle length [d] 1

Altitude at equator [km] 20181
Average eclipse duration [%] < 1.5

Antenna diameter [m] 25
Transmit duty cycle [%] 8
Two-way losses [dB] 4
Noise figure [dB] 3
Swath width [km] 2115

Incident-angle range [°] 18 — 42
Average transmit power [W] 100
Resolution (6x x §¢) [m?] <25 x 500

NESN [dB] <-25
AASR [dB] <-28
RASR [dB] <-28

Table 7.3: Relevant parameters of the reference MEO-SAR system at 20181 km targeting
sub-daily continental coverage.

The orbit design for the equivalent constellation follows the trends illus-
trated previously in Figure 7.5. The one-day repeat SSO at 561 km, with
the 15 orbital revolutions per cycle, provides a good trade-off between
the required instrument size and frequency of ground operations and ma-
neuvers. Furthermore, the accuracy of North-South deformation measure-
ments can be enhanced for deformation monitoring over specific regions,
as explained in Section 7.2.

To achieve twice-daily, gap-free coverage of Europe, a total swath width
of 2172km is required, which is then distributed among the satellites in
the constellation. Figure 7.8 shows the corresponding antenna dimensions
for various constellation sizes, derived using the methodology outlined in
the flow chart of Figure 7.4, ensuring that both AASR and RASR remain
better than —28 dB. Deviations from the exponential trend in the required
antenna length result from variations in range ambiguity power and tim-
ing optimizations to accommodate transmission events. The mean antenna
area for the planar designs is approximately 17 m?.

Table 7.4 presents the key system parameters and performance metrics for
the 18-, 24-, and 30-satellite constellations operating in stripmap mode.
These configurations are a subset of the designs shown in Figure 7.8. All
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Figure 7.8: Required antenna dimensions to achieve worst-case AASR and RASR of
—28dB each for LEO constellations at 561 km, compared to the reference con-
tinental MEO-SAR satellite at 20181 km. The analysis assumes a near-range
incident angle of 25°.

Parameter 18 Sat. 24 Sat. 30 Sat.
Individual swath width [km] 122 91.5 73.1
Incident-angle range [°]  25-35.5 25-33 25-31.5

Antenna length [m] 13.22 9.15 8.87
Antenna height [m] 1.3 1.7 2.1
PRF [Hz] 1065 1540 1585
Doppler bandwidth [Hz] 325 470 485
Azimuth resolution [m] 28.1 194 18.9
Range resolution [m] 356 514 531
Average transmit power [W] 2.9 1.8 1.3
Transmit duty cycle [%] <20 <20 <27
Two-way losses [dB] 1.5 1.5 1.5

Single-plane time offset [min] 5.4 3.3 2.6

Table 7.4: System and performance metrics for 18-, 24- and 30-satellite constellations at an
altitude of 561 km in stripmap mode.

constellations meet the AASR, RASR, and NESN requirements specified in
the reference, assuming a similar noise figure and improved system losses
of 1.5dB. Larger constellation sizes offer advantages, particularly when
platform or fairing constraints limit the antenna dimensions. The range res-
olution is adjusted to maintain the reference resolution cell area. However,
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Figure 7.9: Potential coverage frequency maps—or average revisit time, in hours—for a
constellation of 18 satellites in a SSO at an altitude of 561 km, optimized for sub-
daily gap-free coverage over Europe. Panel (a) shows coverage from descend-
ing passes only, while panel (b) includes ascending and descending passes.

the low power demand and orbit duty cycle required to cover Europe (ap-
proximately 22%) provides an opportunity to enhance both range resolu-
tion and system capacity compared to the reference. For instance, increas-
ing the average transmit power to approximately 36 W, 56 W, and 37 W
would result in squared resolution cell areas of approximately (28.1 m)z,
(19.4m)?, and (18.9m)? for the three configurations, respectively.

In terms of coverage, Figure 7.9 shows the achievable coverage over land
within the latitude-longitude region from 25°W to 55°E and 40°S to 80°N.
The longer average revisit times at lower latitudes are due to the swath and
orbital design prioritizing sub-daily coverage over Europe, particularly at
P1at = 35°N, to enable a fair comparison with the reference system.

Compared to the reference MEO-SAR mission, the equivalent LEO con-
stellations, with their low power requirements and extensive coverage, can
provide sub-daily global coverage with minor optimizations to swath over-
lap at equatorial latitudes. However, this comes at the expense of using
larger constellations with antenna areas of approximately 17 m?. The com-
parison of constellation management and overall mission costs depends
on the available technology and is primarily influenced by antenna design
and launch technologies.
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For scientific missions that can tolerate systematic gaps at the global scale,
or that allow coverage of distinct Earth regions during separate mission
phases, the proposed system designs can be implemented with smaller
constellations. For example, instead of a 24-satellite constellation, a 6-
satellite configuration could be employed to achieve sub-daily revisit over
at least one-fourth of the globe.

7.3.3 Interferometric GEO-SAR Equivalent

The reference sub-daily interferometric geosynchronous SAR (GEO-SAR)
mission, which serves as the baseline for the equivalent design described
below, is detailed in Section 6.3. The reference C-band GEO-SAR system
prioritizes sub-daily interferometric revisits over specific target regions in
Europe (e.g., the Western Mediterranean and the Alpine region) and Africa
(e.g., the Sahel and South Africa). The proposed SAR payload for this mis-
sion is relatively modest in size, utilizing mechanical steering of the space-
craft to enable seasonal coverage of the distinct target regions. However,
the mission’s complexity arises from the low launch efficiency and the high
fuel budget requirements for orbital insertion and maintenance.

For a given geosynchronous orbit and predefined performance require-
ments (e.g., the standard deviation of the interferometric phase error, 0, <
0.5 rad), the number of achievable interferometric lags results from a trade-
off with product resolution and scene size. The reference GEO-SAR system
can provide interferometric lags of 1, 3, 6, and 12 hours, with product reso-
lutions ranging from 25km? to 0.01 km?. Additionally, it offers radiometric
products with the available revisit opportunities.

The orbit design for an equivalent LEO constellation of simple SAR satel-
lites is illustrated in Figure 7.10. The proposed concept involves de-
ploying multiple satellite clusters in one-day repeat orbits, typically sun-
synchronous. Each cluster consists of several satellites that collectively
achieve wide-swath coverage. The clusters are positioned in different or-
bital planes with offsets in their longitude of the ascending node (RAAN,
AQ)) and mean anomaly (AM) to ensure the required interferometric lags,
as detailed in Section 7.2.
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Figure 7.10: A realization of a LEO constellation of simple SAR satellites capable of wide-
swath coverage and sub-daily interferometric acquisitions.

Interferometric Lags

The achievable number of sub-daily interferometric lags (Lg,) for a con-
stellation with C LEO-satellite clusters is given by

Lap=C-(C—1). (7.23)

Figure 7.11 illustrates the distribution of these lags for two cluster configu-
rations: (a) a 4-cluster configuration providing 12 sub-daily lags, and (b) a
5-cluster configuration providing 20 sub-daily lags. The required AQ) and
AM values between a reference cluster (Cy) and the other clusters (C;) can
be derived from (7.20) and (7.21), respectively. Example values are pro-
vided in Table 7.5, assuming an orbit’s nodal period (Ty) of 1.6h for the
estimation of AM.

The discrete placement of clusters, as shown in Figure 7.11, influences
the distribution of interferometric lags, which is critical for characterizing
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Figure 7.11: Distribution of sub-daily interferometric lags for LEO SAR constellation con-
figurations. (a) A 4-cluster configuration providing 12 sub-daily lags. (b) A
5-cluster configuration providing 20 sub-daily lags.

Revisit (Trey) [h] 1 2 3 6
RAAN offset (AQ) [°] 15 30 45 90
Mean anomaly offset (AM) [°] 135 270 45 90

Table 7.5: Required relative offsets in RAAN and mean anomaly for example revisit inter-
vals.

physical parameters such as vegetation water content and soil moisture
variation [219, 220]. This configuration also supports the simultaneous ful-
fillment of radiometric revisit requirements.

Notably, generating a single differential interferogram with the refer-
ence GEO-SAR mission requires four acquisitions, whereas its LEO-
constellation counterpart needs only three. Additionally, the overlapping
nature of the GEO sub-daily interferograms—with one being a subset of
another, may increase the complexity of the inversion process. Consider-
ing this factor, and under the assumption of achieving 20 sub-daily lags for
Hydroterra, a smaller LEO-SAR formation with four clusters—providing
twelve sub-daily lags as depicted in Figure 7.11(a)—could potentially yield
similar information for the inversion process.
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Coverage Distribution

LEO provides exceptional coverage rates compared to GEO; however, its
accessibility, in terms of spatial coverage and latitude reach, strongly de-
pends on the orbital altitude and inclination. The six observation scenar-
ios for Hydroterra, shown in Figure 6.13, each require exclusive coverage
with varying spatial and temporal resolutions. Among these, the Western
Mediterranean (WM) scenario poses a significant challenge in terms of cov-
erage area, requiring a swath width of 1420 km from a single pass (either
ascending or descending) in a near-polar orbit.

This required swath width can be reduced to approximately 890 km if the
overlap between ascending and descending passes is optimized to align
with the target region. The degree of overlap depends on the orbital al-
titude and observation geometry for the considered SSOs. Alternatively,
adjusting the orbital inclination to match the target region’s latitude and
incident angle could reduce the single-pass swath width to 1200 km. How-
ever, this adjustment would result in a loss of sun-synchronicity, leading to
deviations in the local time of repeat passes.

Although SARs in low-altitude orbits benefit from significantly improved
power efficiency compared to those in GEO, primarily due to reduced free-
space path loss (approximately 60 dB), the constellation design is based on
a SSO with a one-day repeat cycle at an altitude of 561 km. This orbit is
selected for its favorable trade-offs in instrument size and orbital insertion
cost. As indicated by Equation (7.15) and Figure 7.5, the constellation offers
substantial coverage potential, with a designed swath width of 890 km en-
abling daily coverage of one-third of the equator in a single-pass geometry.
This suggests that global coverage can be achieved through three mechan-
ical rolls or by selecting an orbit with a three-day repeat cycle. The orbital
parameters for the central satellite in each of the clusters (in the four-cluster
configuration) are listed in Table 7.6. These parameters are referenced to the
epoch 2040-03-21T12:00:00.000Z UTC and are expressed in the true of date
(TOD) frame. The insertion of C clusters with distinct RAAN is associated
with increased costs but can be achieved in a straightforward manner us-
ing Nj, launchers, provided that Nj, > C. When fewer launchers are avail-
able (N}, < C) and payload capacity is not a constraint, the RAAN offset
(AQ)) can be obtained by deploying the clusters into orbits at different alti-
tudes. By leveraging the differential nodal drift rates, the required AQ) can
be reached over a predefined time window, after which the clusters can be
maneuvered into their designated formation. Such strategies are already
employed by existing constellations like Starlink.
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Parameter Co CG G Cs
Orbit type 1/15SSO
Semi-major axis (a) [km] 6939.1
Eccentricity (e) 0.001065
Inclination (7) [°] 97.635
Argument of perigee (w) [°] 90
Time offset to reference [h] - 1 3 6
RAAN () [°] 102 117 147 192

Mean anomaly at epoch (Mp) [°]] 0 135 45 90
Average eclipse duration [%] <6.5 <21.5 <35 <37

Table 7.6: Key parameters of the sun-synchronous RGT LEO designed for the equivalent
constellation to the interferometric GEO-SAR mission. The reference epoch is
2040-03-21T12:00:00.000Z UTC, with all parameters expressed in the TOD frame.

The sun-synchronous nature of the orbits ensures systematic revisits at sim-
ilar solar times, as the orbit’s repeat cycle is a multiple of the solar day (in
this case, precisely one solar day). However, achieving the desired sub-
daily revisit distribution results in eclipse durations ranging from 6.5% to
37%. An interesting formation occurs with a 12-hour revisit interval and
a two-cluster solution, where the satellites are out of phase, enabling the
eclipse duration for both clusters to be kept below 6.5%, similar to the con-
figuration of Sentinel-1A and Sentinel-1C.

In terms of cluster size, Figure 7.12 shows the corresponding antenna di-
mensions for various constellation sizes, derived using the methodology
outlined in the flow chart of Figure 7.4, ensuring that both AASR and RASR
remain better than —25dB. The mean antenna area for the planar designs
is approximately 3.5m?. Variations from this mean are attributed to vari-
ations in range ambiguity power and timing optimizations necessary to
accommodate transmission events.

Table 7.7 presents the key system parameters and performance metrics
for the 8-, 10-, and 12-satellite constellation designs operating in stripmap
mode. These configurations are a subset of the designs shown in Fig-
ure 7.12. The antenna lengths have been further optimized compared to the
results in Figure 7.12 to avoid nadir returns in the received echoes, result-
ing in antenna areas below 3.55m? across all designs. Each constellation
achieves an AASR and RASR better than —25dB.
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Antenna Dimensions

—— Height [m]
Length [m] °

100,

Dimensional measure

- Area [m?]

6 8 10 12 14 16 18 20 22 24 26 28 30
Number of satellites
Figure 7.12: Required antenna dimensions to achieve worst-case AASR and RASR of

—25dB each for LEO constellations at 561 km. The analysis assumes a near-
range incident angle of 24°.

Parameter 8 Sat. 10 Sat. 12 Sat.
Individual swath width [km] 113.2 90.6 75.5
Swath overlap [km] 2.2 1.8 1.5
Incident-angle range [°] 24 -34 24-32.1 24-30.8
Antenna length [m] 10.35 8.62 7.7
Antenna height [m] 0.32 0.39 0.46
PRF [Hz] 1342 1595 1800
Doppler bandwidth [Hz] 415 508 571
Azimuth resolution [m] 22 18. 16
Range resolution [m] 110 90 80
Average transmit power [W] 18 19 17
Transmit duty cycle [%] 10 10 20
Two-way losses [dB] 1.5 1.5 1.5
Single-plane time offset [min] 5.2 4 3.3

Table 7.7: System and performance metrics for 8-, 10- and 12-satellite constellations at an
altitude of 561 km in stripmap mode.

The 2-D SLC resolution is governed by the azimuth resolution and a
resolution-aspect ratio (RAR) design limit of 0.2, yielding resolution cell ar-
eas of 2420 m?, 1620 m?, and 1280 m? for the 8-, 10-, and 12-satellite configu-
rations, respectively. The specified average transmit power levels ensure a
worst-case NESN of —20 dB for the given resolutions. Regarding radiomet-
ric resolution (d;,4 4B), all configurations achieve é,,4 4 < 0.5dB for a ML
resolution of 500m. Similarly, for interferometric products, the required
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Figure 7.13: Potential daily coverage frequency map for a single cluster of 10 satellites in a
SSO at an altitude of 561 km. The accumulated swath width at a latitude of 40°
is 890 km, providing full coverage of the Western Mediterranean observation
scenario.

standard deviation of the interferometric phase error (0, < 0.5rad) is met
for a ML resolution of 150 m. Higher-resolution products over smaller re-
gions, such as the Alpine Center (AC) or South Africa (SA2) scenarios, ne-
cessitate additional looks. These can be achieved by increasing the system
bandwidth or redirecting selected satellites within the cluster to focus on
narrower regions, enhancing sensitivity rather than coverage.

Figure 7.13 shows the potential daily coverage frequency map for a single
10-satellite cluster deployed in a SSO at an altitude of 561 km. The accumu-
lated swath width of 890 km at a latitude of 40° provides complete coverage
of the Western Mediterranean observation scenario.

An analysis of the achievable resolutions and required transmit powers
indicates that the equivalent LEO-SAR constellation offers superior reso-
lution at larger scales. However, this improvement comes with challenges
related to the number of interferometric lags and the flexibility of localized
coverage. These limitations often necessitate large constellation sizes, de-
fined as the product of the number of clusters and the number of satellites
per cluster—for example, a total of 40 satellites in the case of 10 satellites
per cluster.
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Science-focused SAR missions in LEO could benefit from observation sce-
narios aligned with the near-polar swaths of SAR satellites in SSO and a
relaxed requirement for systematic interferometric revisit, potentially en-
abling a reduction in overall constellation size as proposed in [219].

Conversely, a GEO-SAR mission provides greater flexibility in managing
interferometric lags and adapting the size and orientation of coverage
zones, enabling access to up to one-third of the Earth’s surface. Never-
theless, GEO-SAR systems face significant inefficiencies in system capacity
due to high propagation losses and low coverage rates.

7.4 Chapter Remarks

This chapter explored the equivalence between constellations of compact
SAR systems in LEO and complex monostatic SAR systems in high Earth
orbits. The analysis demonstrated that wide-swath, fast-revisit high-orbit
systems could be effectively replaced by constellations of highly efficient
LEO-SAR systems, providing deeper insights into the required system
complexities and offering a viable alternative for diverse mission require-
ments.

Section 7.1 introduced a novel equivalence framework based on generic
performance metrics with a focus on system capacity. This framework en-
ables fair and consistent assessments of mission complexities and facilitates
the design of equivalent constellations for various applications.

Section 7.2 presented distribution concepts for system capacity, addressing
a broad spectrum of SAR mission objectives, including wide-swath cover-
age, fast revisit times, sub-daily interferometry, and both global and local-
ized coverage. The section provided design guidelines emphasizing the
use of simple SAR payloads and underscored the advantages of LEO con-
stellations in achieving high coverage efficiency.

Finally, Section 7.3 validated the equivalence framework through realistic
examples of MEO- and GEO-SAR systems from Chapters 5 and 6. The pro-
vided design metrics included antenna sizes, swath widths, and achievable
SAR performance, highlighting the strengths and challenges of equivalent
systems.

Instead of evaluating the full mission cost, which can vary significantly
with technological advancements, this chapter adopted a timeless ap-
proach to assess mission complexity. The proposed methodology allows
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for evaluating complexity based on key parameters, including constella-
tion size, SAR payload characteristics (antenna dimensions, power require-
ments, radar electronics complexity), and orbital requirements. This ap-
proach offers a robust framework for mission planning that remains rele-
vant regardless of future technological shifts.
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8.1 Summary and Discussion of Results

Earth observation (EO) provides essential insights into the physical, chem-
ical, and biological systems of our planet. The increasing availability of
data from diverse EO satellite missions has advanced our understanding
of these systems. However, significant observational and knowledge gaps
remain, while the impacts of climate change and anthropogenic pressures
continue to intensify.

Spaceborne SAR missions play a key role in addressing these gaps by de-
livering high-resolution imagery on a global scale, independent of daylight
or weather conditions. Despite these advantages, conventional SAR mis-
sions are limited by infrequent temporal revisit. To address this, emerging
missions are deploying LEO constellations designed to reduce revisit times
to a few days over specific regions. Nevertheless, a critical gap persists for
EO applications that demand both high temporal sampling—on the order
of few days or sub-daily—and moderate spatial resolution at continental to
global scales. Bridging this gap is essential for capturing various transient,
rapidly evolving, or diurnally varying Earth processes.

This thesis investigated the potential of high-orbit SAR systems to address
the existing gap in EO data for high-temporal, moderate-spatial sampling
of large-scale dynamic Earth processes. Adopting a mission-level perspec-
tive, the thesis examined how key mission components could be optimized
to exploit the expanded field of view inherent to high-altitude operations.
The overarching objective was to enable frequent revisit capabilities while
mitigating the significant loss in sensitivity associated with higher alti-
tudes, thereby providing a viable solution to the identified spatio-temporal
sampling gap.

The work contributed an in-depth quantitative analysis of high-orbit SAR
missions, addressing a significant gap in the existing literature. It explored
fundamental mission design trade-offs, including orbital configurations,
energy availability, radiation environment, launch strategies, SAR payload
design, and imaging performance.
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The analysis identified orbital regimes that offer high coverage efficiency
suitable for global-scale missions. It demonstrated that sufficient solar
energy is available even in the absence of sun-synchronous conditions
and characterized radiation environments that necessitate only moder-
ate shielding, for example, approximately 8 mm of aluminum at altitudes
above 5500 km, sufficiently distant from the inner Van Allen belt peak. Fur-
thermore, electric propulsion was found to be a viable solution to mitigate
the increased launch costs to higher orbital altitudes.

The sensitivity loss at higher altitudes was rigorously analyzed and shown
to remain a challenge, even though partial compensation is possible by
leveraging the nominal trajectory curvature of MEO. Two operational con-
cepts were proposed for monostatic MEO-SAR systems:

A. a LEO-like swath width and resolution, with a broader accessible
swath; and

B. an extended swath width, potentially spanning the entire accessible
swath, with moderate resolution.

Both concepts exploit the expanded field of view (referred to as accessible
swath) at higher altitudes to achieve frequent revisit times. Concept (A) is
particularly well suited for event-triggered applications, whereas concept
(B) supports a broader range of scientific applications that benefited from
higher coverage rates and frequent recurring acquisitions, directly address-
ing the spatio-temporal EO gap motivating this research.

The thesis showed that antenna requirements are a primary factor driv-
ing SAR payload complexity in MEO. Large apertures are essential to
suppress ambiguities and enhance sensitivity. With current technology,
large deployable reflector antennas on the order of 22m in diameter,
combined with digital beamforming, were found to offer sufficient sen-
sitivity, although such designs approach the edge of current engineering
capabilities—for example, compared to the 15-m reflector proposed for the
Tandem-L mission [61].

In contrast, geosynchronous orbits present an even greater sensitivity chal-
lenge. However, their instantaneous accessibility permits extended dwell
times, enabling noise reduction through averaging of statistically indepen-
dent looks. This trade-off allows the use of conventional LEO-like SAR
payloads, albeit at the cost of significantly reduced system capacity.

The thesis revealed new concepts for EO from high Earth orbits, includ-
ing:
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¢ global-scale true 3-D deformation mapping using monostatic SAR in
inclined MEOQ, e.g., an orbital altitude of 5952 km and inclination of
122°;

* sub-daily revisit using a single satellite in high MEO, e.g., at an alti-
tude of 13890 km or 20200 km; and

* hourly revisit using equatorial MEO configurations, e.g., 6-hour re-
visit from 8035 km.

Two exemplary MEO-SAR mission concepts were developed in detail for
the first two cases, including orbit design, SAR payload configuration,
imaging modes, and resulting performance.

Additionally, the thesis introduced a novel geosynchronous orbit concept
tailored for sub-daily interferometric observations, with a focus on mini-
mizing baseline decorrelation—an approach that holds significant promise
for future GEO-SAR missions. A systematic framework was developed
to support the efficient allocation of GEO-SAR mission resources and was
demonstrated through the derivation of observation scenarios for a third
mission concept, analogous to Hydroterra, a GEO-SAR mission previously
proposed under ESA’s Earth Explorer 10 program.

Finally, the thesis introduced a novel comparative framework for evaluat-
ing the complexity of high-orbit SAR missions relative to their equivalent
monostatic LEO-SAR constellations. This framework was complemented
by introducing concepts for distributed SAR configurations that enabled
the derivation of equivalent LEO constellation architectures correspond-
ing to distinct high-orbit mission designs. These were applied to the three
proposed MEO- and GEO-SAR missions, allowing a systematic assessment
of relative complexity based on key parameters such as constellation size,
SAR payload characteristics, and orbital requirements. The proposed time-
less methodology offers a robust foundation for future mission planning
and evaluation, maintaining relevance across evolving technological land-
scapes.

8.2 Outlook of Further Work

MEO-SAR Missions

This thesis has explored medium Earth orbits (MEO) in detail, with a par-
ticular focus on addressing the spatio-temporal Earth observation (EO) gap

177



8 Conclusions

by enabling frequent revisit rates at moderate spatial resolution. The sen-
sitivity challenges inherent to MEO were evaluated within the broader ob-
jectives of the thesis. As demonstrated, the required antenna dimensions
are predominantly driven by power limitations and ambiguity rejection re-
quirements. For the specified mission objectives, this results in, for exam-
ple, a reflector antenna diameter of 22m for a C-band MEO-SAR system
operating at an altitude of 5952 km.

Future investigations could examine the potential for system simplification
by moderately reducing the spatial resolution or swath width, for example,
by a factor of 2 to 3. Such a reduction would ease antenna design require-
ments and reduce overall system complexity, while still preserving a fre-
quent revisit interval across the full accessible area. However, in the case
of swath reduction, achieving this coverage would require mechanical roll
maneuvers by the spacecraft. Given the inherently wide swath achievable
from MEOQO, such an approach may still be sufficient to ensure frequent ac-
quisitions over globally distributed active seismic regions.

These trade-off studies could substantially reduce the engineering chal-
lenges under current technological constraints and enhance the viability
of MEO-SAR as a platform for future scientific EO missions.

Interferometric GEO-SAR Missions

This thesis introduced a novel geosynchronous orbit design optimized for
sub-daily interferometric measurements. The proposed reference orbit en-
ables minimal baselines when its geometric configuration is maintained.
However, significant perturbations—particularly those induced by the Sun
and Moon—Ilead to daily variations in the orbital plane. If left uncorrected,
these perturbations increase the cross-track perpendicular baseline (B ),
thereby degrading SAR performance.

Counteracting these perturbations requires frequent orbital maneuvers,
which are costly due to the high AV demand. A comparative assessment of
maneuver strategies for the proposed optimized orbit versus current state-
of-the-art low-inclination orbit designs is essential to quantify the trade-
offs in maneuverability and performance. Further investigation into the
trade-off between AV budget and observation capability is of particular
interest. Specifically, higher AV consumption may shorten mission dura-
tion but enable broader observation scenarios (coverage or revisit), while
a reduced AV budget could extend mission life at the expense of limited
observation scenarios.
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Furthermore, as discussed in Chapter 6, the numerous GEO-SAR sub-daily
interferograms are subsets of one another. Therefore, an in-depth analysis
of the required inversion processes to extract meaningful geophysical infor-
mation from such differential interferograms is crucial for the development
of future GEO-SAR missions.

Equivalent LEO-SAR Constellations

This work has introduced a robust comparative framework for assessing
the relative complexity of monostatic SAR systems and their equivalent
constellations, applicable to both low Earth orbit and high Earth orbit ar-
chitectures. The complementary analysis for distributed SAR concepts em-
phasized high SAR payload efficiency across multiple dimensions, includ-
ing coverage, propagation path, imaging mode, antenna architecture, and
instrument design.

Throughout the analysis, constellation sizing was often dictated by antenna
length requirements rather than power constraints or gap-free swath con-
siderations, particularly for moderate-resolution products. This frequently
led to relatively large constellation configurations, suggesting that opti-
mizing for high SAR payload efficiency may inadvertently compromise
overall mission efficiency. Larger constellations can introduce inefficiencies
in terms of launch configuration, formation management, and production
costs. Furthermore, long antenna apertures—extending several meters—
pose challenges for the design of small satellite buses. They increase struc-
tural complexity, require more sophisticated deployment mechanisms, and
contribute to higher overall system mass. These challenges ultimately re-
sult in inefficiencies in system integration and platform scalability.

Although the total antenna area remains nearly constant, increasing the
constellation size could allow for the use of more symmetrical antenna de-
signs, potentially simplifying individual payload architecture. However,
this benefit comes at the cost of increased formation management complex-
ity and perhaps production costs. Ultimately, the optimal constellation size
is strongly dependent on available platform, antenna, and launch technolo-
gies.

A promising direction for future research involves investigating the use
of burst-mode operations (such as ScanSAR or TOPS) to reduce antenna
asymmetry. While this approach may lead to reduced imaging efficiency
and impose stricter demands on onboard electronics, it offers advantages
for systems with low power budgets and unfavorable resolution-aspect ra-
tios. Incorporating this investigation into future assessments would enrich
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the complexity analysis and provide further insight into the potential of
LEO-SAR constellations to address the spatio-temporal EO gap that moti-
vates this research.
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