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Diego LORENTE CATALAN
DLR, Institut fur Hochfrequenztechnik und Radarsysteme, Oberpfaffenhofen

Reduzierung interner und externer Antenneninteraktionen fiir Multiband-
Fernerkundungsanwendungen

Dissertation Universidad Politécnica de Valencia (UPV)

Das Synthetische Apertur Radar (SAR) hat sich zu einem der wichtigsten Bereiche der
Fernerkundung entwickelt. SAR liefert hochauflésende Bildgebungsdaten, was es zu einem
hervorragenden Forschungsinstrument fur Umweltstudien in Bereichen wie Rodung, Gletscher-
und Katastropheniberwachung sowie fir die Ozeanographie, Landwirtschaft oder
Verkehrsbeobachtung macht.

Genauer gesagt fuhrt die steigende Nachfrage nach SAR-Anwendungen zusammen mit
fortschrittlichen Radarkonzepten, wie Multiple-Input Multiple-Output (MIMO) oder Digital
Beamforming (DBF)-Methoden, zu immer anspruchsvolleren Anforderungen an SAR-Systeme.
Diese zunehmende Komplexitdt von SAR-Sensoren der nachsten Generation wirkt sich direkt
auf die Spezifikationen des Antennen-Radar-Frontends aus.

Die Leistungsfahigkeit des Antennensystems hangt von seinen internen Interaktionen ab, die
durch die elektrischen Eigenschaften bestimmt werden, die jeder Antennensensor naturgeman
besitzt. Diese intrinsischen elektromagnetischen Effekte stehen in engem Zusammenhang und
fuhren in der Regel zu einem Design-Kompromiss: effiziente Nutzung der Antennenapertur bei
gleichzeitig verringertem Elementabstand und hoher Isolation, Unterdrickung von
Kreuzpolarisation bei dual-polarisierten Antennen, Bandbreitensteigerung und
Kompaktbauweise, robuste Signalzufiihrung bei flachen Antennenkonstruktionen usw.

Eine verbesserte Antennenleistung flir SAR-Systeme der nachsten Generation erfordert
Methoden, um diese inharenten Einschrankungen zu tberwinden. Dies wird insbesondere bei
luft- und weltraumgestutzten Anwendungen zu einer anspruchsvolleren Aufgabe, bei denen ein
hoher Integrationsgrad erforderlich ist. Um die hohen elektrischen Anforderungen zukunftiger
SAR-Sensoren zu erfiillen, werden daher neuartige Techniken bendtigt, um beispielsweise die
Antennenkopplung zu verringern, die Kreuzpolarisation zu verbessern oder robuste
Speisestrukturen zu realisieren.

In dieser Dissertation wird eine neuartige, flache, dual-polarisierte, mehrschichtige L-Band-
Phased-Array-Antenne flr luftgestitzte SAR-Anwendungen entwickelt, gefertigt und vermessen.
Das vorgeschlagene Design nutzt die verfugbare Antennenapertur am Flugzeug mittels
abgeschnittener Resonanzhohlrdume, um die Isolation zwischen den Antennenelementen zu
verbessern, bei gleichzeitig geringem Elementabstand von 0.48A\,. Dadurch wird die Anzahl der
Array-Elemente maximiert, was eine prazisere Formung des Antennenstrahlungsdiagramms fur
Beamforming-Anwendungen  ermdglicht. Das  vorgestellte  Design  erreicht eine
Antennenbandbreite von nahezu 20% und gemessene Kreuzpolarisation-Unterdrickungswerte
von 35 dB, bei gleichzeitig flacher, kosteneffizienter und kompakter Bauweise.

Gleichzeitig wird in dieser Arbeit eine robuste und dulRerst kompakte Speisenetzwerk-Topologie
im X-Band vorgestellt, die auf der Substrate Integrated Waveguide (SIW)-Technologie mit
Coplanar Waveguide (CPW)-Anregung basiert. In diesem Zusammenhang wird zudem ein neuer
ultrabreitbandiger, gewichteter V-Slot-CPW-SIW-Ubergang mit verbesserten Eigenschaften bei
hohen Frequenzen vorgestellt.

AbschlieRend wird die Gesamtleistung des SAR-Systems auch durch die Wechselwirkung der
abgestrahlten Wellen mit der Umgebung der Antenne beeinflusst. Der Rahmen dieser
Dissertation werden daher auch die Auswirkungen solcher externen Wechselwirkungen in
verschiedenen praktischen Antennenszenarien analysiert. Darlber hinaus werden in dieser
Arbeit Methoden zur Reduzierung dieser Einflisse vorgestellt, unter anderem durch den Einsatz
von Electromagnetic Bandgaps (EBGs), um eine unabhangigere Antennenleistung zu erzielen —
weitgehend unabhangig von der jeweiligen Umgebung.



SAR, antenna, phased array, coupling, cross-polarization, low-profile, SIW, CPW, airborne
sensor, antenna carrier, EBG

(Published in English)
Diego LORENTE CATALAN
German Aerospace Center (DLR), Microwaves and Radar Institute, Oberpfaffenhofen

Mitigation of Internal and External Antenna Interactions for Multiband Remote-Sensing
Applications

Doctoral Thesis Universidad Politécnica de Valencia (UPV)

Synthetic Aperture Radar (SAR) has become one of the most important fields of remote-sensing.
SAR provides high-resolution imaging data, which makes it an excellent scope of research for
environmental studies such as deforestation, glacier and disasters monitoring, as well as for
oceanography, agriculture or traffic observations.

Precisely, the rising demand of SAR applications along with enhanced radar concepts, such as
Multiple-Input Multiple Output (MIMO) or Digital Beamforming (DBF) methods, lead to more
demanding SAR system requirements. Such increasing complexity of next-generation SAR
sensors has a direct impact on the antenna radar front-end specifications.

The antenna system performance is dependent on its internal interactions, given by the electrical
characteristics that are inherent to any antenna sensor. These intrinsic electromagnetic
limitations are strongly related and they usually lead to a trade-off design: efficient exploitation of
the antenna aperture size with reduced array interelement spacing and high isolation, cross-
polarization suppression in dual-polarized antennas, bandwidth enhancement and compaction,
feeding robustness in low-profile solutions, etc.

Enhanced antenna performance for next-generation SAR systems requires methods to overcome
these inherent limitations, which becomes a more demanding task for airborne and spaceborne
applications, in which a high degree of integration is also required. Thus, in order to fulfill the
demanding electrical requirements of upcoming SAR sensors, novel techniques to mitigate the
antenna coupling, to improve the cross-polarization levels or to achieve robust feeding topologies,
among others, are needed.

In this PhD dissertation, a novel low-profile dual-polarized multilayer phased array L-band
antenna for airborne SAR applications is designed, manufactured and measured. The proposed
design exploits the antenna aperture size on the aircraft by means of truncated cavities, in order
to improve the array element isolation along with a tight interelement spacing of 0.48A¢. This way,
the number of array elements is maximized, thus allowing to shape more accurately the antenna
radiation pattern for beamforming applications. The presented design achieves an antenna
bandwidth of almost 20% and measured cross-polarization suppression levels of 35 dB, while
keeping a low-profile, cost-effective and compact antenna solution.

At the same time this work presents a robust and extremely compact feeding network topology
in X-band, based on Substrate Integrated Waveguide (SIW) technology with coplanar waveguide
(CPW) excitation. In this framework, a new ultra-wideband tapered V-Slot CPW-SIW transition
with enhanced high frequency band performance is also presented.

Lastly, the final SAR system performance is also determined by the interaction of the radiated
waves with the antenna environment. The scope of this PhD thesis also analyzes the impact of
such external interactions in different practical antenna scenarios. Besides, this dissertation
proposes methods to deal with them by means of Electromagnetic Bandgaps (EBGs), in order to
achieve a more independent antenna performance regardless its environment.
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Abstract

Synthetic Aperture Radar (SAR) has become one of the most important fields of remote-
sensing. SAR provides high-resolution imaging data, which makes it an excellent scope of
research for environmental studies such as deforestation, glacier and disasters monitoring,
as well as for oceanography, agriculture or traffic observations.

Precisely, the rising demand of SAR applications along with enhanced radar concepts,
such as Multiple-Input Multiple Output (MIMO) or Digital Beamforming (DBF) methods,
lead to more demanding SAR system requirements. Such increasing complexity of next-
generation SAR sensors has a direct impact on the antenna radar front-end specifications.

The antenna system performance is dependent on its internal interactions, given by
the electrical characteristics that are inherent to any antenna sensor. These intrinsic
electromagnetic limitations are strongly related and they usually lead to a trade-off design:
efficient exploitation of the antenna aperture size with reduced array interelement spacing
and high isolation, cross-polarization suppression in dual-polarized antennas, bandwidth
enhancement and compaction, feeding robustness in low-profile solutions, etc.

Enhanced antenna performance for next generation SAR systems requires methods to
overcome these inherent limitations, which becomes a more demanding task for airborne
and spaceborne applications, in which a high degree of integration is also required. Thus,
in order to fulfill the demanding electrical requirements of upcoming SAR sensors, novel
techniques to mitigate the antenna coupling, to improve the cross-polarization levels or
to achieve robust feeding topologies, among others, are needed.

In this PhD dissertation, a novel low-profile dual-polarized multilayer phased array L-
band antenna for airborne SAR applications is designed, manufactured and measured. The
proposed design exploits the antenna aperture size on the aircraft by means of truncated
cavities, in order to improve the array element isolation along with a tight interelement
spacing of 0.48 ). This way, the number of array elements is maximized, thus allowing
to shape more accurately the antenna radiation pattern for beamforming applications.
The presented design achieves an antenna bandwidth of almost 20% and measured cross-
polarization suppression levels of 35 dB, while keeping a low-profile, cost-effective and
compact antenna solution.

At the same time this work presents a robust and extremely compact feeding network




topology in X-band, based on Substrate Integrated Waveguide (SIW) technology with
coplanar waveguide (CPW) excitation. In this framework, a new ultra-wideband ta-
pered V-Slot CPW-SIW transition with enhanced high frequency band performance is also
presented.

Lastly, the final SAR system performance is also determined by the interaction of the
radiated waves with the antenna environment. For airborne applications, the antenna is
mounted on an aerodynamic holding platform or antenna carrier that is attached sideways
or under the aircraft. The electromagnetic waves, due to their inherent propagation nature,
interact with the surrounding structures, arising multipath, scattering and diffraction
effects, that can severely degrade the antenna radiation pattern.

The scope of this PhD thesis also analyzes the impact of such external interactions in
different practical antenna scenarios. Besides, this dissertation proposes methods to deal
with them by means of Electromagnetic Bandgaps (EBGs), in order to achieve a more
independent antenna performance regardless its environment.

Keywords: Synthetic Aperture Radar (SAR), antenna, phased array, coupling, cross-
polarization, low-profile, substrate integrated waveguide (SIW), coplanar waveguide
(CPW), airborne sensor, antenna carrier, electromagnetic bandgap (EBG)




Resumen

El radar de apertura sintética (SAR) se ha convertido en uno de los campos méas importan-
tes de la deteccion a distancia. SAR proporciona imagenes de alta resolucion, lo que lo
convierte en un excelente medio de investigacion en el &mbito de estudios medioambien-
tales para el control de la deforestacion, glaciares y monitorizacién de desastres naturales,
asi como para aplicaciones oceonograficas y maritimas, agricultura y observaciones de
trafico.

Precisamente, la creciente demanda de aplicaciones SAR junto con conceptos de radar
mejorados, como métodos MIMO (Multiple-Input Multiple-Output) o DBF (Digital Beam-
forming), hacen que los requisitos de los sistemas SAR sean mas exigentes. Esta creciente
complejidad de los sensores SAR de nueva generacién tiene un impacto directo en las
especificaciones de la antena del radar.

Las prestaciones finales de la antena vienen determinadas por sus interacciones inter-
nas, que son caracteristicas eléctricas inherentes a cualquier sistema de antenas. Estas
limitaciones electromagnéticas intrinsecas suelen estar fuertemente interrelacionadas y
normalmente llevan a un compromiso en el disefio: por ejemplo, un aprovechamiento
eficiente de la apertura de la antena junto con un reducido espaciado entre elementos de
un array y alta isolacién entre ellos, la reduccién de la polarizacién cruzada en antenas de
polarizacién dual, la mejora del ancho de banda junto a miniaturizacion, robustez para
lidiar con tolerancias de fabricacion en redes de alimentaciéon compactas, etc.

La mejora en las prestaciones eléctricas de la antena para sistemas SAR de nueva
generacion requiere de métodos para superar estas limitaciones inherentes, lo que se
convierte en una tarea aun mas exigente para aplicaciones aerotransportadas y espaciales,
donde un alto nivel de integracion es necesario. De esta manera, para cumplir con
los requisitos eléctricos de los futuros sensores SAR, se necesitan técnicas novedosas
para mitigar el acoplamiento de antenas, mejorar los niveles de polarizacién cruzada, o
conseguir topologias de alimentacion robustas, entre otros.

En esta tesis doctoral se ha disefiado, fabricado y medido una nueva phased array
antena planar multicapa de polarizacion lineal dual y alta integraciéon en banda L para
aplicaciones SAR aerotransportadas. El disefio propuesto aprovecha el limitado tamafio
de la apertura de la antena en el avién usando cavidades truncadas, con el fin de mejorar
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el aislamiento de los elementos del array, permitiendo asi un espaciado entre elementos
de 0.48)\. De este modo se maximiza el nimero de elementos del array, lo que permite
conformar con mayor precision el diagrama de radiacién de la antena. El disefio propuesto
proporciona un ancho de banda de casi 20% asi como niveles de supresién de polarizacién
cruzada medidos de 35 dB, manteniendo una solucidon de antena compacta.

Al mismo tiempo, en este trabajo se presenta una topologia de red de alimentacion
robusta y extremadamente compacta, en banda X, basada en la tecnologia de guia de
ondas integrada en sustrato (SIW) con excitacion en guia de ondas coplanar (CPW). En
este marco, también se propone una nueva transicién CPW-SIW cénica en V de banda
ultraancha y con prestaciones mejoradas en el margen de frecuencias mas altas.

Por ultimo, el funcionamiento final del sistema SAR también viene determinado por
la interaccién de las ondas radiadas con el entorno de la antena. En aplicaciones ae-
rotransportadas, la antena se instala en una plataforma aerodinamica de sujecién, o
portaantenas, que suele montarse lateralmente o debajo de la aeronave. Debido a su
naturaleza inherente de propagacion, las ondas electromagnéticas interactiian con las
estructuras adyacentes, dando lugar a efectos de multicamino, dispersién y difraccion,
que pueden degradar considerablemente las caracteristicas de radiacién de la antena.

En el ambito de esta tesis doctoral también se analiza el impacto de dichas interacciones
externas en diferentes escenarios practicos de antenas aerotransportadas para aplicaciones
SAR. Ademas, también se proponen métodos para mitigar dicho impacto por medio de
Electromagnetic Bandgaps (EBGs) con el fin de lograr unas prestaciones de la antena que
sean independientes de su entorno.

Xii



Resum

El radar d’obertura sintética (SAR) s’ha convertit en un dels camps més importants de la
detecci6 a distancia. SAR proporciona imatges d’alta resolucid, la qual cosa ho convertix
en un excel-lent mitja d’investigacié en 'ambit d’estudis mediambientals per al control de
la desforestacid, glaceres i monitoratge de desastres naturals, aixi com per a aplicacions
oceanografiques i maritimes, agricultura i observacions de transit.

Precisament, la creixent demanda d’aplicacions SAR juntament amb conceptes de
radar millorats, com a metodes MIMO (Multiple-Input Multiple-Output) o DBF (Digital
Beamforming), fan que els requisits dels sistemes SAR siguen més exigents. Esta creixent
complexitat dels sensors SAR de nova generacié té un impacte directe en les especificacions
de 'antena del radar.

Les prestacions finals de 'antena venen determinades per les seues interaccions inter-
nes, que sén caracteristiques electriques inherents a qualsevol sistema d’antenes. Estes
limitacions electromagnétiques intrinseques solen estar fortament interrelacionades i
normalment porten a un compromis en el disseny: per exemple, un aprofitament eficient
de l'obertura de I'antena juntament amb un reduit espaiat entre elements d’'un array i alta
isolacio entre ells, la reduccié de la polaritzacio creuada en antenes de polaritzacié dual,
millorar 'ample de banda i la miniaturitzacid, robustesa per a bregar amb tolerancies de
fabricacié en xarxes d’alimentacié compactes, etc.

La millora en les prestacions eléctriques de 'antena per a sistemes SAR de nova generacié
requerix de metodes per a superar estes limitacions inherents, la qual cosa es convertix
en una tasca encara més exigent per a aplicacions aerotransportades i espacials, on un alt
nivell d’integracié és necessari. D’esta manera, per a complir amb els requisits electrics
dels futurs sensors SAR, es necessiten tecniques noves per a mitigar 'acoblament d’antenes,
millorar els nivells de polaritzaci6 creuada, o aconseguir topologies d’alimentaci6 robustes,
entre altres.

En esta tesi doctoral s’ha dissenyat, fabricat i mesurat una nova phased array antena
planar multicapa de polaritzaci6 lineal dual i alta integracié en banda L per a aplicacions
SAR aerotransportades. El disseny proposat aprofita la limitada grandaria de 'obertura
de 'antena en I’avié usant cavitats truncades, amb la finalitat de millorar I’aillament dels
elements de l'array, permetent aixi un espaiat entre elements de 0.48)\. D’aquesta manera
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es maximitza el nombre d’elements de l'array, la qual cosa permet conformar amb major
precisio el diagrama de radiacié de 'antena. El disseny proposat proporciona un ample
de banda de quasi 20% aixi com nivells de supressié de polaritzacié creuada mesurats de
35 dB, mantenint una solucié d’antena compacta.

Al mateix temps, en este treball es presenta una topologia de xarxa d’alimentacié
robusta i extremadament compacta, en banda X, basada en la tecnologia de guia d’ones
integrada en substrat (SIW) amb excitaci6 en guia d’ones coplanar (CPW). En este marc,
també es proposa una nova transici6 CPW-SIW conica en V de banda ultraampla i amb
prestacions millorades en el marge de freqgiiéncies més altes.

Finalment, el funcionament final del sistema SAR també ve determinat per la interaccié
de les ones radiades amb I’entorn de I'antena. En aplicacions aerotransportades, 'antena
s'instal-la en una plataforma aerodinamica de subjeccid, o portaantenes, que sol muntar-se
lateralment o davall de I'aeronau. A causa de la seua naturalesa inherent de propagacio,
les ones electromagnetiques interactuen amb les estructures adjacents, donant lloc a
I'efecte de multicami, dispersié i difraccid, que poden degradar considerablement les
caracteristiques de radiaci6 de I'antena.

En 'ambit d’esta tesi doctoral també s’analitza 'impacte d’aquestes interaccions externes
en diferents escenaris practics d’antenes aerotransportades per a aplicacions SAR. A més,
també es proposen metodes per a mitigar este impacte per mitja de Electromagnetic
Bandgaps (EBGs) amb la finalitat d’aconseguir unes prestacions de I'antena que siguen
independents del seu entorn.
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Acronyms
CATR Compact Antenna Test Rage
CPW Coplanar Waveguide
CTR Compact Test Rage
DBF Digital Beamforming
DBF-SAR Digital Beamforming Synthetic Aperture Radar
DEM Digital Elevation Model
DFWG Dielectric Filled Rectangular Waveguide
DGS Defected Ground Structure
DLR Deutsches Zentrum fiir Luft- und Raumfahrt (German Aerospace Center)
EBG Electromagnetic Bandgap
ESIW Empty Substrate Integrated Waveguide
FMCW Frequency Modulated Continuous Wave
GCPW Grounded Coplanar Waveguide
HIS High Impedance Surface
HPBW Half-Power Beamwidth
LOS Line-of-Sight
MIMO Multiple-Input Multiple-Output
NESZ Noise Equivalent Sigma Zero
PBC Periodic Boundary Condition
PEC Perfect Electrical Conductor
PMC Perfect Magnetic Conductor
PML Perfect Matched Layer
RADAR  Radar Detection and Ranging
RAM Receive Antenna Module
RAR Real Aperture Radar
RCS Radar Cross Section
SAR Synthetic Aperture Radar
SLAR Side Looking Airborne Radar
SIW Substrate Integrated Waveguide
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SMA Sub Miniature Version A
SMP Sub Miniature Push-on

TE Transversal Electric

TEM Transversal Electromagnetic
™ Transversal Magnetic

TRL Thru-Reflect-Line

VNA Vector Network Analyzer
WG Waveguide
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Symbols

Lower Case Latin Symbols

Symbol Unit Description
a m  waveguide width
ag m  dielectric filled waveguide width
Qeff m  effective dielectric filled waveguide width
Asiw m  SIW line width
b m  waveguide height
ba m  dielectric filled waveguide width
c m/s speed of light in a medium
da m  array interelement spacing
daz m  antenna length in azimuth
de m  patch to patch edge distance
dg m  connector footprint diameter
dcenter m  diameter center via SIW power divider
doffset m  connector position
dsep m  separation output ports SIW power divider
dghift m  position center via SIW power divider
dyia m  via diameter
dx m  array interelement spacing in x-axis
dy m  array interelement spacing in y-axis
d_line m  microstrip line separation from EBG structure
a0, v) - antenna radiation pattern
edge_l m  slot edge length
edge_w m  slot edge width
fe Hz  waveguide cut-off frequency
Temm Hz waveguide cut-off frequency of mode mn
/o Hz  Doppler frequency
oax Hz  maximum Doppler frequency
fe Hz frequency of received pulses by a moving observer
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f max

f min

ini_line
k
kx
ky
ks
ko
ln
v
linel 1
linel in
line2 1
line2_in
linel w
line2_w
m
p
Pg
patchl 1
patch?2 1
patchl w
patch2_w
r(0, )
r

5 opsssssssssssss383838 353883888888 3L%8

higher frequency of operation

lower frequency of operation
frequency of transmitted pulses
central frequency of operation
separation distance between unit cells
substrate thickness

feed substrate 1 thickness

feed substrate 2 thickness

foam 1 layer thickness

foam 2 layer thickness

foam 3 layer thickness

substrate patch 1 thickness

substrate patch 2 thickness

substrate patch thickness

feeding substrate thickness

GCPW feeding line length
wavenumber

wavenumber in x-direction
wavenumber in y-direction
wavenumber in z-direction
wavenumber in free-space

feeding line length horizontal polarization
feeding line length vertical polarization
end line 1 length

input feeding line length 1

end line 2 length

input feeding line length 2

line 1 width

line 2 width

metallization thickness

vias separation

unti cell periodicity

patch 1 length

patch 2 length

patch 1 width

patch 2 width

angle dependent slant range function
radial distance
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Sa
slot 1
slot_of fsetl
slot_of fset2
slot_sep
slot_w
slotl 1
slot2 1
slotl w
slot2_w
swath_width
t(6, ¢)
v_ing
v 1
v_p
v_w
v_w2
Yp
Uph
Usep
w
wall 1
wall_th

55358835858 53538388888 85888¢8

wv wn

slant range at closest approach

range distance in transmission

range distance in reception

via radius

CPW line gap

azimuth signal

GCPW-SIW transition slot length

slot 1 offset

slot 2 offset

geometrical parameter GCPW-SIW transition
GCPW-SIW transition slot width

slot 1 length

slot 2 length

slot 1 width

slot 2 width

width of the illuminated footprint on the ground
antenna radiation pattern in terms of power
geometrical parameter GCPW-SIW V-Slot transition
geometrical parameter GCPW-SIW V-Slot transition
geometrical parameter GCPW-SIW V-Slot transition
geometrical parameter GCPW-SIW V-Slot transition
geometrical parameter GCPW-SIW V-Slot transition
radar platform velocity

phase velocity

vias separation in GCPW line

CPW line width

wall length

wall thickness
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Capital Latin Symbols

Symbol Unit Description

Aj - amplitude weighting antenna element ¢
AR - amplitude in azimuth antenna element 7 for the horizontal polarization
AR - amplitude in azimuth antenna element ¢ for the vertical polarization
Acell m?  resolution cell
Aegr m? antenna effective aperture
Am - Antenna elements amplitude along row m of x-axis in planar arrays
An - Antenna elements amplitude along row n of y-axis in planar arrays
Acff m? antenna effective aperture in reception
A m?  antenna physical area
AF - array factor
Bp Hz Doppler bandwidth
B, Hz radar bandwidth
BW Hz antenna bandwidth
C F capacitance
D m antenna dimension
Dinax m maximum directivity
D(0, ) - antenna directivity as a function of spherical coordinates
E,¢) V/m radiated electric field
E; V/m incident electric field
EIH - amplitude at the elevation row ¢ and horizontal polarization
EY - amplitude at the elevation row ¢ and vertical polarization
E; V/m reflected electric field
Ey V/m radiated electric field in 6 direction
E, V/m radiated electric field in ¢ direction
F - receiver figure noise
G,Gmax - antenna gain in maximum radiation direction
Gix - antenna gain in transmission
Grx - antenna gain in reception
G(0,p) - antenna gain as a function of spherical coordinates
H(0,p) A/m radiated magnetic field
H; - horizontal polarization excitation port antenna element ¢
Hy A/m radiated magnetic field in ¢ direction
H, A/m  radiated magnetic field in ¢ direction
Inn - Array element mn excitation
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W/sr

BBBBBEBX

BB BB

=

W/m?
W/m?

W/m?
Hz

sss8 ~v 08335000

Antenna elements exctitation along row m of x-axis in planar arrays
Array element n excitation

Antenna elements exctitation along row n of y-axis in planar arrays
radiation intensity

inductance

back-to-back transition length 13.1 mm
back-to-back transition length 26.2 mm

length of the GCPW section

aperture length

microstrip patch length

atmospheric and receiver losses

SIW power divider length

length of the transition section

synthetic aperture length

length of the SIW section

number of integrated pulses

noise equivalent sigma zero

average power

power density of the received plane wave
power density of an insotropic radiator

peak power

power density

pulse repetition frequency

pulse repetition interval

antenna internal loss resistance at its terminals
resistance of the antenna input impedance
far-field distance measured from antenna

far range distance

near range distance

antenna radiation resistance at its terminals
signal-to-noise ratio

illumination time

receiver noise temperature

vertical polarization excitation port antenna element 4
microstrip line width

dissipated power due to antenna losses

power delivered to the antenna

power delivered by the generator
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W m microstrip patch width // EBG metallic patch width
Whd m SIW power divider width
Wiad W antenna radiated power
Wri;g W total radiated power of an isotropic radiator
Wix w received power
Xa Q reactance of the antenna input impedance
Zy Q line impedance
Za Q antenna input impedance
Zg Q generator impedance
Zs Q surface impedance
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Greek Symbols
Symbol  Unit Description
a rad // - progressive phase difference in linear arrays // attenuation constant
Qx rad progressive phase difference along x-axis in planar arrays
oft rad phase at the elevation row ¢ for the horizontal polarization
o) rad phase at the elevation row i for the vertical polarization
B8 rad/m propagation constant
Bu rad/m  propagation constant of the feeding line for the horizontal polarization
Bv rad/m  propagation constant of the feeding line for the vertical polarization
By rad progressive phase difference between along y-axis in planar arrays
a m azimuth resolution in SLAR systems
Osa m azimuth resolution in SAR systems
Osd m skin depth
or m slant range resolution
Org m ground range resolution
Afp Hz Doppler frequency variation
Al m patch length variation
Ar m increased distance from pulse to pulse
At S total time delay
Ate S time interval between pulses by a moving observer
Atg S temporal separation between pulses
Aw m patch width variation
Ax rad angular resolution
Ap rad phase difference // angular resolution
Er - dielectric permittivity
Eoff - effective dielectric permittivity
€r, - patch substrate dielectric permittivity
Er, - feeding substrate dielectric permittivity
A m operation wavelength
Ao m wavelength in free space
Ag m guided wavelength
A m guided wavelength feeding microstrip line horizontal polarization
)\if m guided wavelength feeding microstrip line vertical polarization
Heff - effective magnetic permeability
i - magnetic permeability
w rad/s  angular frequency
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Prad - radiation losses
o S/m  conductivity
o) - normalized backscattering coefficient
T S pulse duration
fp rad depression angle
0 rad look angle
0; rad incident angle
Oa rad half-power beamwidth in azimuth
O rad half-power beamwidth in elevation
Osa rad half-power beamwidth of the synthetic aperture
©Pa rad azimuth phase
YH rad feeding phase microstrip line horizontal polarization
oV rad feeding phase microstrip line vertical polarization
Pscatt rad scattering phase
i rad phase coefficient antenna element i
v rad feeding phase microstrip line vertical polarization
n Q intrinsic impedance
no Q free-space propagation impedance
Nap - antenna aperture efficiency
Meff - total antenna efficiency
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Mathematical and Physical Constants

Symbol Value Unit Description
o 2.997925 - 10% m/s speed of light in vacuum
e 2.718281 - Euler number
j V-1 - complex constant
k 1.3800649-10~%%  J/K  Boltzmann constant
™ 3.141519 - pi
€0 8.854- 10712 F/m permittivity in vacuum
1o 471077 N/A? magnetic permeability in vacuum
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1. Introduction

Remote-sensing is a scientific method of detecting and acquiring information about an
object, area or phenomenon from a given distance with dedicated instruments. One
of the most well-known methods of remote-sensing is radar. Radar (RAdio Detecting
And Ranging) was invented in 1904 by the German engineer Christian Hiilsmeyer for
ship detection applications [1]. The radar principle is based on the transmission of
an electromagnetic wave, and the measurement of the received backscattering signal
produced by the wave reflection on the target. Thus, knowing the propagation speed of
light, the distance to the target can be determined.

Unlike passive sensors, radar systems dispose of its own illumination source providing
day and night imaging capability, nearly weather independent, that became a complemen-
tary method to optical sensors. Radar sensors were intensively developed during World
War II for surveillance and defense applications. Consequently, the first Side-Looking
Airborne Radars (SLAR) appeared in the 1950s [2], allowing radar imaging from flying
platforms.

To overcome the inherent limitations of airborne side-looking radars regarding the
trade-off between antenna size and azimuth resolution, Carl Wiley established in 1951 the
principles of Synthetic Aperture Radar (SAR) [3]. As its name implies, SAR synthesizes
a larger effective antenna aperture, by means of sequential acquisition of radar pulses
received with a shorter antenna as the sensor moves along its flight track. Thus, the radar
resolution capabilities are enhanced, providing high resolution distance-independent
imaging data.

Due to its operation possibilities, Synthetic Aperture Radar has become one of the
most important methods of remote-sensing. Exploiting the electrical properties of the
electromagnetic waves, SAR covers a wide range of application areas. By means of
interferometry and phase information, SAR sensors are used for terrain topography
studies creating digital elevation models [4], as well as disaster monitoring such as
volcanoes or earthquakes. SAR systems make use of the polarization diversity to identify
different scattering mechanisms and thus measure vegetation, soil moisture [5] or snow
properties [6] and their changes over time, among other applications. Furthermore, taking
advantage of the penetrating capabilities of the electromagnetic waves at lower frequencies,




SAR allows to perform forest density analysis and forest height estimation by means of
tomography [7, 8], as well as subsurface imaging [9].

This broad scope of research makes SAR one of the most relevant remote-sensing
techniques nowadays, with an increasingly interest not only among the scientific commu-
nity but also for defense and commercial activities. Some examples of the outstanding
remote-sensing capabilites achieved with SAR spaceborne sensors can be seen in Figure
1.1.

1.1. Motivation and State-of-the-Art

The rising interest in Earth monitoring for environmental studies and global warming
effects has boosted the demand for SAR sensors. This public awareness can be seen in all
the spaceborne missions launched in the last years, such as TerraSAR-X and TanDEM-X
[10], Sentinel-1 [11], PAZ [12] or Biomass [13]. Upcoming spaceborne sensors such as
Tandem-L [14] reaffirm this trend.

At the same time, this increasing demand of SAR systems also leads to the development
of new radar concepts, enhancing the SAR capabilities to achieve high-resolution imaging
across larger image swaths by means of Digital Beamforming (DBF) techniques [15],
Multiple-Input Multiple-Output (MIMO) methods [16] or new SAR imaging modes [17].

To support the technological advancements of next-generation spaceborne SAR systems,
airborne SAR sensors become an essential scope of research [18]. Due to their versatility,
they are considered to study new radar techniques, to experiment with novel signal
processing algorithms and to develop and test state-of-the-art components and hardware.

Precisely, the development of upcoming SAR systems with enhanced radar capabilities
leads to an increasing sensor complexity, and thus more demanding electrical specifications
are required. Such requirements have a direct impact in the radar antenna design, that
plays a key role in the final SAR performance. The radiation properties of the antenna can
strongly determine the quality of the final delivered radar image after processing. Figures
1.2 and 1.3 show how different radiation pattern characteristics such as a high side lobe
level and lower nadir suppression, respectively, can influence the SAR image quality.

Thus, in order to meet the required antenna performance to fulfill next-generation SAR
sensor specifications, new design methods to overcome the inherent limitations related
to the antenna internal interactions are needed. However, this aim presents a scientific
challenge, since most of the antenna parameters are strongly correlated leading to design
trade-offs.

Due to the side-looking operation of SAR along with novel digital beamforming con-
cepts [19], or new advanced imaging modes such as ScanSAR or Spotlight [20], phased




(b)

Figure 1.1.: SAR imaging data acquired from German spaceborne missions TerraSAR
and TanDEM-X: (a) Subsidence in Mexico City during the dry season (over
3 months) due to ground water pumping (b) Digital elevation model of the
Kamchatka peninsula in Russia.

array antennas with enhanced scanning capabilities are required for upcoming sensors.
Maximizing the density of array elements allows a higher versatility to shape the radiation
pattern accurately. However, the antenna aperture size is usually limited for practical




Figure 1.2.: Comparison between Google Maps and DLR airborne F-SAR acquisition of
Nuuk (Greenland). After post-processing, the effect of a high side lobe level
is displayed in the SAR image in form of bright green dots. The shining red
area comes from the signal saturation of the A/D converter.

reasons which involves a considerable compaction effort. Furthermore, this task becomes
more demanding for lower frequencies operation as well as for spaceborne, airborne and
UAV applications [21], due to the limited available space for the antenna installation
[22]. Dealing with these constraints can involve the use of multiband antennas [23] or
innovative low-profile array configurations with novel feeding topologies [24]. At the same
time, compaction techniques usually have a negative impact in the antenna bandwidth,
preventing the wideband specification of next-generation SAR sensors.

Alternatively, the beamforming capabilities of the SAR antenna system can be improved
by the reduction of the interelement spacing between array elements. Thereby, the number
of antenna elements can be increased, thus exploiting more efficiently the limited antenna
aperture size available in most flying-platform sensors. Typical SAR array antennas usually
make use of interelement spacings greater than 0.5)\y [23, 25-30]. Considering a closer
disposal of array elements involves methods to mitigate the interelement coupling in order




to improve the antenna element-to-element isolation.

Well-known approaches to reduce the interelement coupling in array applications con-
sider metamaterial structures. For instance, Electromagnetic Bandgaps (EBGs) suppress
the propagation of surface waves, thus enhancing the element isolation [31]. Nevertheless,
multilayer stacked antenna configurations make its implementation difficult, especially if
materials with low dielectric permittivity like foam are used. In addition, the repetition
pattern of EBG unit-cells demands greater spacings, preventing their application in arrays
with a tight disposition of antenna elements.

Other solutions such as Defected Ground Structures (DGS) [32] are not suitable for
aperture coupling feeding antennas, due to the inherent modification of the ground plane
where the apertures can cause spurious radiation and field distortion of the feeding lines.

Thus, other isolation techniques have to be considered such as cavity assemblies where
the array element is inserted within a closed structure of electric walls [33]. However,
this solution leads to a bandwidth reduction due to its resonant nature. In addition, its
mechanical realization for planar arrays is demanding if foam layers are used, since soft
materials prevent the implementation of electric walls by means of vias or metal posts
(wet etching process).

Furthermore, polarimetric SAR systems make use of the polarization diversity to identify
scattering mechanisms. For such applications, dual-linear polarized antennas are required.
Thereby, in order to enhance the polarization purity and improve the retrieval of informa-
tion, different approaches to maximize the cross-polarization suppression of SAR antennas
are used [34-36]. The emergence of new antenna solutions and feeding configurations to
fulfill the former requirements, also involves the research of novel techniques to reduce
the cross-polarization level of upcoming SAR antenna systems.

Figure 1.3.: Comparison between Google Maps and DLR airborne F-SAR acquisition of
lake Stanberg (Germany). The effect of a insufficient nadir suppression in
antenna radiation pattern is displayed in the SAR image as a continuous
bright line.




This way, new design challenges arise in order to meet all the aforementioned specifica-
tions and to overcome the intrinsic limitations of the antenna internal interactions.

The scope of this thesis is to present novel antenna solutions for next-generation polari-
metric airborne SAR applications, that involve new methods and techniques to deal with
the former antenna internal interactions, leading to a direct enhancement of the final SAR
sensor performance.

Thus, this dissertation presents the design of a low-profile multilayer L-band dual-
polarized phased array antenna with beam steering in elevation. The proposed design
maximizes the number of array elements to enhance the beamforming capabilities of the
SAR system, by means of truncated cavities to improve the antenna isolation along with a
reduced interelement spacing of 0.48 ). In addition, the cross-polarization suppression of
the antenna is improved by a novel 90° element sequential rotation approach, achieving
measured cross-polarization discrimination values of 35 dB. At the same time, the antenna
provides beam steering in elevation, enhanced side lobe level better than 20 dB and
achieves a bandwidth of almost 20%.

Furthermore, this thesis introduces a low-profile feeding network in CPW-SIW tech-
nology in X-band with enhanced robustness against feeding tolerances. The proposed
feeding configuration, based on three geometrical variations of balanced power dividers,
allows to excite different antenna module arrangements to achieve several beamforming
operations in elevation and azimuth. At the same time, the presented design provides
a very compact solution by allowing stacked-up configurations along with the use of
extremely high permittivity substrates. In the scope of this work, a novel ultrawideband
tapered V-Slot CPW-SIW transition with improved performance for higher frequencies has
been also developed.

Last but not least, the final antenna performance is also determined by the external
interactions arisen between the antenna and its environment. Due to the inherent radia-
tion nature of the electromagnetic waves, the electric fields interact with the antenna
surrounding structures resulting in multipath, diffraction and scattering effects that can
severely degrade the antenna radiation pattern. Figure 1.4 shows how a given antenna
sitting position can influence the radiation pattern leading to a pattern distortion, as it
can been seen in some areas of the antenna carrier used on the DLR airborne SAR sensor
F-SAR [37].

Thus, the extension of this dissertation also includes the analysis and methods to mitigate
the external interactions. Some well-known methods to reduce the multipath effect are
based on choke-rings [38] around the antenna, especially for communication applications.
Alternative low-profile approaches make use of planar metamaterials to synthesize High
Impedance Surface (HIS) grounds in order to reduce the induced surface currents by
means of surface waves suppression [39] or the synthesis of microwave absorbers [40].




DLR’s research aircraft Dornier Do-228
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Figure 1.4.: Influence of the antenna sitting position on the F-SAR antenna carrier.

The emergence of multifrequency SAR sensors also leads to the demand of compact
and low-profile multiband metamaterial structures to deal with the external antenna
interactions, and mitigate the influence of the antenna surroundings for multifrequency
applications. Thereby, in the scope of this work, the design of a novel quad-band EBG
unit-cell that provides surface-wave suppression at L-, S-, C- and X-band has been also
investigated for its implementation in the antenna carrier of the F-SAR system.

1.2. Thesis Scope: DLR Projects Framework

This doctoral thesis has been performed as an industrial PhD, with part-time dedication
working as a research scientist in the Microwaves and Radar Institute of the German
Aerospace Center (DLR) in Oberpfaffenhofen, Germany.

The scientific output of this dissertation has been developed within the project frame-




works of DuoLIM, DBF-SAR and F-SAR, whose research scope will be next detailed:

* The project DuoLIM is a bistatic L-band airborne SAR system. As a bistatic sensor,
the radar operation will be based on two aircrafts flying in different formations,
one used for transmission and both for reception. Two electrical identical L-band
antennas, whose design process is presented in this dissertation, will be mounted in
the antenna carrier that is placed under each aircraft. Unlike other bistatic L-band
airborne sensors such as BelSAR [41], that operates as a Frequency Modulated
Continuous Radar (FMCW) radar, the DuoLIM project will become the first L-band
pulsed bistatic airborne SAR sensor worldwide.

* F-SAR is the multifrequency polarimetric and interferometric airborne SAR system
of the German Aerospace Center (DLR) that operates in the P-, L-, S-, C- and X-bands
[18]. The system is mounted on the research aircraft Dornier Do-228. All the L-, S-,
C-, and X-band antennas are mounted on the same antenna carrier, placed sideways
on the airplane, as it is depicted in Figure 1.4. Due to its size, the P-band antenna
is installed on its dedicated carrier that is attached under the aircraft. The novel
L-band antenna, developed within the framework of the DuoLIM project, will be
also implemented in the next-generation F-SAR system.

* DBF-SAR is a high-resolution airborne SAR sensor with digital beamforming capa-
bilities operating in X-band [19]. On the system reception side, 12 Receive Antenna
Modules (RAMs), operating as subarrays, can be combined in different configura-
tions to fulfill the desired beam steering. In addition, the feeding network can be
stacked up in order to achieve a higher degree of integration.

Methodology
The following methodology has been applied during the development of this PhD thesis.

1. All the proposed work presented in this dissertation has been validated by measure-
ments of real prototypes. These hardware developments have been designed from
the beginning, manufactured and assembled.

2. All the design stages, except the PCB production, have been developed on-site in the
Microwaves and Radar Institute of the German Aerospace Center (DLR). This also
includes the assembly of self-made cables for measurement purposes, the soldering
of all connectors and resistors, as well as the hardware construction and assembly.

3. The mechanical parts of the antenna have been constructed by the Microwaves and
Radar Institute’s workshop.




10.

11.

12.

The PCBs have been manufactured by Contag AG and Optiprint AG. While the
first company is specialized in prototypes and express shipment, the second one
produces high quality PCB products. At the same time, Optiprint offers protection
layers against corrosion in their fabrication process, extremely important for airborne
applications. In addition, the company offers the possibility of replacing discrete
resistors by using thin-film resistor technology (Ticer film).

Most of the presented hardware designs are excited by means of 50 2 SMP connectors
[42]. This type of miniaturized connector presents the advantage that it can be easily
connected/disconnected by pushing and pulling apart. In addition, it disposes of a
given radial tolerance which makes it robust against misalignments and vibrations.

. The electromagnetic analysis, based on full-wave simulations, and the optimization of

the proposed electrical designs have been performed with HFSS. In order to generate
the required gerber files for the PCB layout manufacturing, HFSS 3D Layout Design
has been used. Both software tools belong to AEDT (Ansys Electromagnetic Desktop)
2017-2022.

After the electrical design has been completed, the generation of the mechanical CAD
model, for its construction and assembly, has been performed in Autodesk Inventor
Professional 2017-2022.

The results analysis has been supported by self-programmed scripts in IDL environ-
ment.

All the schematics, diagrams and image editing have been created with Inkscape
vector graphics editor.

Most of the graphs and presentation results have been generated using ARCS soft-
ware tool [43].

The measurements of the S-parameters have been performed using the Vector
Network Analyzer (VNA) ZVA 24 from Rohde & Schwarz, with an operational
bandwidth from 10 MHz to 24 GHz.

The spherical far-field measurements of the the antenna radiation pattern have been
performed on-site at the DLR’s Compact Test Range (CTR) [44], a dual reflector
Compact Antenna Test Range (CATR) facility located in the Microwaves and Radar
Institute of the German Aerospace Center in Oberpfaffenhofen, Germany. The
post-processing measurement data has been done with ARCS.




1.3. Objectives and Thesis Outline
The development of this dissertation includes the achievement of the following objectives:

v Design of a compact and versatile feeding network in Substrate Integrated Waveguide
(SIW) technology within the scope of the DBF-SAR project. This feeding configuration
should excite the already available dual-polarized receive antenna modules (RAM),
allowing different geometrical dispositions in stacked-up arrangements.

v In the framework of the DuoLIM project, a new L-band dual-polarized antenna
for next-generation DLR airborne SAR sensors is required. This new design should
exploit efficiently the limited antenna aperture size available on the research aircraft
Do-228 (56.5 cm x 97.5 cm), in order to maximize the density of array elements.
Thereby, the antenna beamforming capabilities can be enhanced to fulfill the de-
manding specifications of upcoming airborne SAR systems.

v Identify, in different practical scenarios, the impact on the antenna performance of
the external interactions arisen between the antenna and its surroundings. Propose
some methods to mitigate them, by means of low-profile techniques and approaches,
in order to achieve the required antenna performance regardless its environment.

v Present a solution to mitigate the influence of the antenna sitting position on the
F-SAR antenna carrier.

After this introduction chapter, the scope of this dissertation is structured as follows:

In chapter 2 the fundamentals of SAR theory are presented. At the same time, the
importance of the antenna performance in any SAR system is highlighted, as well as
how the operation of next-generation SAR sensors impacts in the antenna electrical
specifications. In addition, the versatility of airborne SAR systems as a powerful scope of
research is explained.

The RAMs feeding network concept for the DBF-SAR project is presented in chapter 3.
The proposed design, implemented in SIW technology and based on three geometrical
variations of a balanced T-junction power divider operating in X-band, excite different
RAM arrangements with the possibility of achieving vertical stacked-up dispositions, in
order to further maximize the degree of integration. Furthermore, the proposed Coplanar
Waveguide (CPW) excitation becomes a robust solution to deal with the increased structure
sensitivity, regarding feeding tolerances, when extremely high permittivity substrates are
used. In addition, a compact ultrawideband CPW-SIW V-slot transition in X-band with
enhanced performance in the higher frequency band is also designed. A Thru-Reflect-Line
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(TRL) calibration is developed and applied to different back-to-back transitions in order
to perform a connector de-embeding process.

The first design stages of a novel L-band antenna for next-generation DLR airborne
SAR sensors are presented in chapter 4. In the scope of this chapter, a dual-polarized
aperture coupled stacked patch antenna enclosed in a cavity box assembly is designed,
manufactured and measured. Next, a linear phased array of five elements with independent
excitation is built, in order to assess the performance of the final antenna array in elevation.
In addition, a novel sequential 90° rotation approach of the array elements is applied in
order to improve the cross-polarization performance of the antenna within the main beam,
whose approach is validated with measurements. This technique is compared with the
standard equispaced alignment of array elements and with the alternative 180° rotation.
To further extend the applicability of this novel cross-polarization suppression method,
this sequential rotation approach is also extended to planar array applications.

In chapter 5, the following development process of the new L-band antenna is presented.
First, a low-profile subarray antenna of 5x4 elements, with beam steering in elevation
and asymmetric amplitude distribution in azimuth, is shown. In order to improve the
element isolation, a truncated cavity assembly is used, and the proposed sequential 90°
rotation approach is applied to enhance the cross-polarization suppression. Within this
design stage, a multilayer feeding network that excites each of the array feeding rows
in azimuth is developed. Later, the final planar phased array antenna of 5 x 8 elements,
based on two mirrored electrical identical subarray antennas, is presented, manufactured
and assembled. The measurements of the final constructed prototype, shown at the end
of this chapter, successfully validate the proposed L-band antenna design.

Chapter 6 describes the influence of the antenna environment, considering practical
scenarios such as the interaction of the radiated fields with the antenna housing structure
or the antenna carrier. Several techniques to deal with these external interactions are
analyzed, and low-profile solutions by means of EBGs are presented. In the scope of this
chapter, additional work has been done about the design of a multiband unit-cell EBG
that is briefly commented.

In the final chapter 7 of this dissertation, the scientific outputs of this thesis are discussed,
and summarized in the corresponding conclusions. Finally, some insights about the related
future work are provided.

1






2. Principles of Synthetic Aperture Radar and
Applications

In this chapter, the theory of Synthetic Aperture Radar (SAR) is presented. Since the
scope of this work is not focused on advanced SAR concepts or novel signal processing
techniques, only the basics of SAR are introduced. Thus, the application framework of this
PhD thesis, and the impact of the antenna characteristics on the SAR system performance,
can be properly highlighted.

Synthetic Aperture Radar has become nowadays, one of the most interesting and
extremely versatile techniques of remote-sensing. SAR provides high-resolution imaging
data, nearly weather independent, with the possibility of continuous day and night
operation. Its wide range of capabilities has expanded its applicability in numerous fields:
geoscience, environment monitoring, climate change, subsurface imaging, as well as
military surveillance and reconnaissance, among other applications [45]. The unique
capability of SAR to monitor dynamic processes on the Earth surface, has boosted the
launch of many spaceborne SAR sensors in the last years [10-13]. Furthermore, the
increasing concern in global warming will reinforce this trend in the future [46].

Since SAR arises as a technique to overcome the performance limitations of Side Looking
Airborne Radars (SLARs), the operation principles of such systems are first introduced.

2.1. Side Looking Aperture Radar (SLAR)

Side Looking Aperture Radars, based on the principles of Real Aperture Radar (RAR), are
typically installed on flying platforms that transmit electromagnetic pulses, and receive the
backscattered signal produced by the reflection of the transmitted wave on the target. This
process is repeated along the flight movement or azimuth direction, in order to provide a
continuous illumination of the ground footprint or swath. The line-of-sight (LOS) distance
given by the separation between the radar and the target, being perpendicular to the
flight direction, is called slant range. The side-looking geometry scenario of the SLAR is
depicted in Figure 2.1.
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Figure 2.1.: Side Looking Radar (SLAR): (a) Acquisition geometry (b) Side view.

A fundamental parameter to evaluate the radar performance is its resolution, which
is the capability of the radar to distinguish different targets. The resolution is given by
the smallest spatial separation between two objects so they can be detected or imaged
independently.

Range resolution

Considering the radar pulse duration of 7, ¢y the speed of light and r, the slant range
distance between radar and target, the total time delay At of echo signal received by the
radar is:

At = 2ro 2.1
Co
Which establishes that, in order to detect two targets separately, the leading edge of
the echo corresponding to the second target has to be received after the trailing edge of
the echo received from the first object. Thus, this condition leads to the following slant
range resolution:

51': 2

(2.2)

Alternatively, if a pulse compression technique is applied, the pulse duration 7, can be
related to the radar bandwidth by B, = Tip, thus leading to:
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The sending and reception stage of the radar is repeated at a given time frame called
Pulse Repetition Interval (PRI), which can be also expressed as the inverse of the Pulse
Repetition Frequency (PRF), hence PRI = ﬁ. The timeframe where the radar listens,
given by the time difference between the trailing edge of the transmitted pulse and the
leading edge of the next pulse, is called receive window. The timing window of a radar
system is depicted in Figure 2.2:

Or

(2.3)

Power

receive window 7y

1< >

Iﬁ%

<€ >
PRI = P}zF

Figure 2.2.: Radar timing.

Time

The slant range resolution can be also described in terms of ground range resolution
drg, that determines the maximal separation on the ground between two objects so they
can be imaged independently, as it is shown in Figure 2.3.

Figure 2.3.: The ground range resolution determines the distance between two objects
on the ground in order to be detected independently.
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r - G p _ Co
sinj 2sin; 2B sin |

g = (2.4)
Note that this equation assumes no variation of the incidence angle ; along the swath,
as well as at surface Earth terrain i

Swath width

The radar swath is the resulting footprint of the illuminated scene on the ground. Its
width corresponds to the ground range separation between the closest and furthest slant
range distance, known as near range Rnear) and far range (Ry,,) respectively, as it can be
seen in Figure 2.4.

swath width
Figure 2.4.: Radar swath width.

Considering that the echo coming from the far range should be recorded within the
radar receive window, as it is shown in Figure 2.2, the swath width can be expressed as a
function of the PRF:

&
2PRF sin
(2.5)
As it can be seen, the slant ground resolution or maximal swath width depends on the
pulse duration or system bandwidth. Short pulse durations would increase the ground
resolution, but at cost of limiting the transmitted power that will lead to low signal-to-
noise ratio (SNR). This trade-o is overcome by using linear frequency modulated pulses

2 Rear 2 Rnear +PRI ) PRE Co

swath width
Co Co 2(Riar R near) )
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(chirp signals), thus achieving wider bandwidths with long pulses, i.e improving the range
resolution and increasing the transmitted power.

Azimuth resolution

Considering that the antenna halfpower beamwidth in azimuth 5 can be approximated
by a= g [47], being the radar operation wavelength and da, the e ective antenna
length in azimuth, as it is depicted in Figure 2.5, the azimuth resolution of the SLAR
systems 4 is given by:

a= 2rg sin 73 (2.6)

which determines that only one target can be detected within the antenna beamwidth.
For small angles the previous equation can be approximated by means ofin -2 -2,
thus leading to:

a= daz lo (27)

As it can be seen, the azimuth resolution depends on the range distanceg, which
means that the azimuth resolution capabilities of the SLAR system linearly deteriorate as
the range distance increases. This drawback prevents the implementation of SLAR sensors
for spaceborne applications, where high altitude platforms yield greater range distances
and thus very low azimuth resolutions are achieved. In addition, compensating the loss of
resolution by means of increasing the antenna length would lead to impractical antenna
sizes.

antenna

fo

N,

daz

azimuth

Figure 2.5.: Azimuth resolution of an SLAR system is dependent on the antenna radiation
pattern.
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2.2. Fundamentals of Synthetic Aperture Radar

Synthetic Aperture Radar (SAR) was developed in order to overcome the inherent limi-
tations of the moderate to low azimuth resolution achieved in Real Aperture Radars.
SAR makes use of the Doppler principle to achieve a ner spatial resolution, due to the
radar platform motion. Since the scope of this chapter is focused on SAR principles and
applications, for the sake of simplicity, some assumptions about the Doppler e ect are

taken for granted. However, for the interested reader, a theoretical background of the

Doppler phenomenon can be found in Appendix A of this work.

SAR basic operation is based on the sequential transmission of radar pulses, and recep-
tion of the backscattered echoes while the radar platform is moving. The transmission
and reception are performed in di erent along-track positions due to the radar movement,
resulting in di erent frequency shifts of the transmitted signal or Doppler frequencies,
arisen due to the distance variation between the radar and the target. Thus, two inde-
pendent scatterers can be distinguished in the along-track or azimuth direction based on
their di erent Doppler frequency shifts.

The SAR acquisition geometry and the formation of the virtual aperture are depicted,
respectively, in Figures 2.6 and 2.7, and it is explained as follows. The radar platform
moves at a velocity ofvy, and stores, during a time period T, all the received signals of
the same target at di erent along-track positions from x; to x,. Due to the movement
of the radar platform, each of those received signals have a di erent Doppler frequency.
Thus, the real physical antenna of shorter lengthd,, and beamwidth 5 sees any target
on the ground for a longer period of time. This way, after the coherent combination of the
received echoes through signal processing, a longer virtual antenna aperture of length
Lsa alo can be synthesized, yielding an enhanced azimuth resolution:

daz

sa= salo= —To= ro) sa= (2.8)

Lsa alo 2

whose theoretical derivation is detailed in Appendix A.

It can be noted that the azimuth resolution becomes independent on the range and
the transmitted frequency (i.e geometrical resolution does not depend on the distance),
which is the key feature of Synthetic Aperture Radar.

As Figure 2.6 shows, considering the distance( as the closest approach between the
radar and the target, the range variation of a point target for a given along-track coordinate
or azimuth position can be expressed as:

q 2

()= r2+x2)rx) r o+ —— (2.9)
2o
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Figure 2.6.: SAR acquisition geometry.

which is an approximation considering that the displacement of the radar is negligible in
comparison with the distance between the target and the radar (% << 1) . In addition,
the instantaneous range can be expressed considering the velocity of the radaryv
(Vpt) 2

rt) r o+ 21y (2.10)

Then, the azimuth phase variation' 4(t) of the returned echo over time can be easily
deduced, considering that the4 factor comes from the two way range distance or round
trip of the signal:
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