INSTITUTO TECNOLOGICO DE AERONAUTICA

Luis Felipe Silva Rezende Soares

EXTENDED STARING SPOTLIGHT - A NEW SAR
METHOD OF ACQUISITION VIA CONCURRENT
IMAGING

Final Paper
2025

Course of Electronic Engineering




CDU 621.396.96

Luis Felipe Silva Rezende Soares

EXTENDED STARING SPOTLIGHT - A NEW SAR
METHOD OF ACQUISITION VIA CONCURRENT
IMAGING

Advisor
Prof. Dr. Renato Machado (ITA)

Co-advisor

Joao Pedro Turchetti Ribeiro (KIT)

ELECTRONIC ENGINEERING

SAo Jost pos CAaMPOS
INSTITUTO TECNOLOGICO DE AERONAUTICA

2025



Cataloging-in Publication Data
Documentation and Information Division

Soares, Luis Felipe Silva Rezende

Extended Staring Spotlight - A new SAR method of acquisition via Concurrent Imaging / Luis
Felipe Silva Rezende Soares.
Sao José dos Campos, 2025.

111p.

Final paper (Undergraduation study) — Course of Electronic Engineering— Instituto Tecnoldgico
de Aerondutica, 2025. Advisor: Prof. Dr. Renato Machado. Co-advisor: Joao Pedro Turchetti
Ribeiro.

1. Radar. 2. SAR. 3. Imaging. 4. Acquisition. I. Instituto Tecnolégico de Aerondutica.
I1. Extended Staring Spotlight - A new SAR method of acquisition via Concurrent Imaging.

BIBLIOGRAPHIC REFERENCE

SOARES, Luis Felipe Silva Rezende. Extended Staring Spotlight - A new SAR method
of acquisition via Concurrent Imaging. 2025. 111p. Final paper (Undergraduation
study) — Instituto Tecnoldgico de Aerondutica, Sao José dos Campos.

CESSION OF RIGHTS

AUTHOR’S NAME: Luis Felipe Silva Rezende Soares

PUBLICATION TITLE: Extended Staring Spotlight - A new SAR method of acquisition
via Concurrent Imaging.

PUBLICATION KIND/YEAR: Final paper (Undergraduation study) / 2025

It is granted to Instituto Tecnologico de Aeronautica permission to reproduce copies of
this final paper and to only loan or to sell copies for academic and scientific purposes.
The author reserves other publication rights and no part of this final paper can be
reproduced without the authorization of the author.

Documento assinado digitalmente

“b LUIS FELIPE SILVA REZENDE SOARES
g Data: 20/11/2025 19:13:04-0300

Verifique em https://validar.iti.gov.br

Luis Felipe Silva Rezende Soares
Rua HSE, Ap. 206
12.228-461 — Sao José dos Campos—SP



EXTENDED STARING SPOTLIGHT - A NEW SAR
METHOD OF ACQUISITION VIA CONCURRENT
IMAGING

This publication was accepted like Final Work of Undergraduation Study

Documenteo assinado digitalmente
b LUIS FELIPE SILVA REZENDE SOARES
g » Data: 17/11/2025 18:29:48-0300
Verifique em https://validar.iti.gov.br

Luis Felipe Silva Rezende Soares

Author

Documento assinado digitalmente

b RENATO MACHADO
g il Data: 18/11/2025 16:13:55-0300

Verifique em https://fvalidar.iti.gov.br

Renato Machado (ITA)

Advisor

Joao Pedro
Turchetti &
Ribeiro e s

73
3

@dir.de
ing this document with my legally

Joao Pedro Turchetti Ribeiro (KIT)

Co-advisor

Sao José dos Campos: November 11, 2025.



For the Lord, my family and my friends.

How amazing it is, to live life alive!



Acknowledgments

To God, for bringing me life, health, wisdom, and my family - in hoc signo vinces.

Then, my parents - Marcelo and Jozaine - and my sister - Ana Flavia - for never
doubting me, not even for a single second, and for loving me, in such a way that I never

doubted that every second was the most precious there was, until the next one.

Meine Schwester, Valquiria, for trailing all paths alongside me for so long. For being

one of the cornerstones of my life, the tail to my head of the coin.

My godfather, Jaques, whose support was absolutely fundamental for this thesis to

even exist.

To all friends I made during these years at ITA - and may God let these bonds never

erode over time, but strengthen brighter as age flies by.

I’d also like to acknowledge the immense gratitude towards Prof. Dr. Alberto Moreira
for the unique opportunity of producing this thesis in the Deutsches Zentrum fir Luft-und
Raumfahrt, in Oberpfaffenhofen, working alongside some of the finest minds in the entire
world and having my chance to push, even if for a few humble inches, the field of SAR
technology forward. I extend this gratitude to Herr Manfred Zink for selecting me for the
position, and to my Bachelor’s supervisor Prof. Dr. Renato Machado for the suggestion

to attend DLR, years earlier.

And finally, T would like to thank all my peers and colleagues of my research team
in DLR - Herr Thomas Kraus and Herr Markus Bachmann - for their invaluable com-
ments and suggestions, but most importantly, I’d like to thank my supervisor, friend, and
soon-to-be Dr. Joao Turchetti, for giving me the freedom to explore and research, while
supporting me with top-tier expertise - the field of SAR is well served with a one-of-a-kind

engineer.
While hard to finally leave ITA and H8 behind, I do so gratefully.

Because the man who wastes his days dreading the arrival of the night shall never

smile to a single sunset.



“And those who were seen dancing were thought to be insane by those who could not hear
the music.”
— FRIEDRICH NIETZSCHE



Resumo

No campo de Radares de Abertura Sintética (SAR), o uso dessa tecnologia para aquisigao
de imagens detalhadas da superficie da Terra sempre esteve limitado a uma restrigao
em particular — a conversao entre maxima area obtenivel e a mais precisa resolucao pos-
sivel. Técnicas como ScanSAR conseguem extrair amplos trechos de terra ao custo da
degradacao significativa da resolucao de imagem, ao passo que outras como Staring Spot-
light entregam imagens detalhadas com &drea extremamente limitada. Mediante uso de
uma nova técnica de emissao de pulsos — o Imageamento Concorrente — esta tese propos e
comprova a possibilidade prética do Staring Spotlight Estendido (Extended Staring Spot-
light - EST): um novo modo de aquisi¢ao o qual é capaz de entregar o dobro da area de
um imageamento convencional realizado por Staring Spotlight, enquanto mantém seu alto

nivel de detalhamento de imagem.



Abstract

Within the field of Synthetic Aperture Radar (SAR), its use for acquiring detailed
images on Earth’s surface has always been constrained by a particular trade-off - the
one between maximum obtainable area and finest possible resolution. Techniques such as
ScanSAR can achieve wide swaths of land but degrading significantly image resolution,
while other methods such as Staring Spotlight yield detailed images with extremely limited
surface area. With the usage of a novel pulse emitting technique - Concurrent Imaging -
this thesis proposed and proves the feasibility of the Extended Staring Spotlight (EST):
a new acquisition mode which yields double the size of a conventional Staring Spotlight

scene, while maintaining its high-level of detail throughout the image.
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1 Introduction

The current state-of-the-art technology for digital imagery of the surface of the Earth is
subdivided in many different fields, each leveraging its technical properties and algorithmic
implementations to better pursue a minimum of detail and image quality as a product,
whilst not sacrificing the size of the acquired area. Conventional airborne radar hardware
has embedded within it a fixed size antenna which emits electromagnetic pulses towards a
particular region of interest on Earth’s curvature, capturing the received signals with the
same antenna. While simpler in implementation when comparing to other methods and
cheaper in terms of data storage and data down-link, the resolution of the image acquired
via this method demands a large-sized antenna (dozens of meters) for a decent level of
details - but still requires some polishing of the received signals in terms of frequency

distortions.

A particular niche in telecommunications - specially radar technology - which is cur-
rently experiencing a golden age is a particular set of radars - the Synthetic Aperture
Radars, or SAR. This type of radar is able to exploit the movement of the antenna equip-
ment with clever algorithmic techniques to emulate a broader antenna, providing a much
finer resolution in the direction of movement (azimuth), regardless of the distance of the
mobile unit from the target area. The usage of algorithms such as the Range-Doppler
algorithm to correct distorted frequencies also brings significant power to SAR systems,

enabling acute measurements regardless of weather conditions or day and night time.

When it comes to the usage of SAR for ground image acquisition, we may scan an area
exploiting different techniques, particularly by maneuvering the direction of the antenna
beam as the platform (airplane or satellite) passes by. Depending on how this maneuvering
is executed (alongside other more refined techniques of acquisitions), the image obtained
will have a determined size and resolution. Typically, techniques which extract larger
image areas do so while degrading its level of detail. Likewise, methods whose focus is
obtaining better resolution values deliver images with high levels of quality, but at the cost
of small acquisitions. This is one of the most relevant trade-offs a client needs to account
for when requesting to scan an image of the ground - an improvement in resolution will

come at the cost of a smaller image size, and vice-versa.
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In the current state-of-the-art acquisitions done by satellites, the two most common
modes for ground scanning are Stripmap (SM) and Spotlight. The former is capable
of acquiring a large portion of the scenery at the cost of azimuth resolution, while the
latter ensures one of the highest possible values of definition (aside from the Circular SAR
technique!) but limits the size of the ground image to a narrow length in the direction of

movement. Fig. 1.1 displays the general trend of the resolution trade-off for both modes.

Resolution
(5) A

63']" -

Stripmap

Ast Asm  Scene Area (A)

FIGURE 1.1 — General trend for the trade-off between resolution and scene area. The Spotlight mode
extracts higher resolution of the image at the cost of scene size, while Stripmap provides broader coverage
and worse image resolution. The resolution used is not technical, just a conceptual notion for quality and
image definition.

The Stripmap mode of acquisition is done such that while the platform moves, the
antenna maintains a fixed angle (usually zero) with the normal axis, while the Spotlight
mode keeps the antenna focused to a point on the ground (Staring Spotlight or ST) or
beneath it (Sliding Spotlight or SL). Fig. 1.2 depicts both SM and ST process being
executed. During the whole acquisition, the mode chosen to operate will lock the specifi-
cations of the image obtained, forcing the designer to choose whether it is more desirable

to sacrifice area over resolution or the other way around.

In the mid-2010s, however, a new and innovative SAR-focused technique called Con-
current Imaging was proposed, and with it the possibility of imaging multiple areas on
the ground, roughly at the same time. Areas far apart could be scanned with the same

device, without needing a second trip of the satellite. Additionally, each of the images

ICircular SAR is a method of acquisition where a platform embedded with a SAR system moves in a
circular path above the ground, pointing its antenna towards the projection of the center onto the ground.
It is considered to provide the best azimuth resolution of all known SAR techniques.
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C

FIGURE 1.2 — Depiction of both Stripmap (SM) and Staring Spotlight (ST) modes in action. The first
mode (SM) has the antenna fixed at a particular angle (usually zero) at all times, leading to a broader
image size but less time of illumination of any particular point on the ground. The second mode (ST) has
the antenna being steered in such a way that the beam center always points towards a rotation center
(C), which in the case of ST is on the center of the scene we wish to acquire. This reduces the azimuth
length of the image acquired, but all points are illuminated during the entire movement of the platform,
which itself boosts resolution. If C was geometrically below the ground, however, it would be a Sliding
Spotlight (SL), being an intermediate case between SM and ST in both scene size and resolution.

could be acquired with its specific mode, allowing for example the acquisition of one scene

with the use of Stripmap and another one with the use of the Spotlight mode.

The Concurrent Imaging technique has a broad and yet untapped potential of appli-
cations. It has been utilized to scan areas with the so called heterogeneous complezity
leveraging both Stripmap and Spotlight modes, and for obtaining concurrently two areas

far apart from each other, close to the Equator.

However, one application that has not been thoroughly investigated is the usage of
Concurrent Imaging in the case of two concurrently acquired scenes, where one is juxta-
posed to the next, in the direction of movement of the platform. If done so, and proven
to be viable, this would allow a given satellite to extract the maximum possible area
of a given acquisition mode whilst conserving the exact same azimuth resolution of a

conventional acquisition.

In this work, we seek to investigate the viability of a particular use case. By leveraging
Concurrent Imaging as a support technique, we wish to extend the Staring Spotlight mode,
acquiring two different scenes at the same time. These two scenes will be aligned and
equally far apart from the satellite, while being juxtaposed in the azimuth direction. With
each scene acquired by an ST mode, we can combine both and produce an Extended Staring
Spotlight (EST), where the area of the extracted image could be doubled (potentially
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quadrupled) with no degradation to resolution whatsoever. Fig. 1.3 shows the general

idea of the proposed mode in action.

A B

FIGURE 1.3 — Depiction of the Extended Staring Spotlight mode (EST) proposed in this thesis. By
leveraging Concurrent Imaging, one can synthesize two acquisitions, each done respectively in ST and
towards their respective scene centers. By doing so, we double the length of the image in the azimuth
direction, whilst keeping the resolution of ST acquisitions throughout the whole picture.

The core goal of the research presented in this Bachelor Thesis is to propose the
FEaxtended Staring Spotlight, suggesting a general method for employing it, analyzing the

quality results in simulations and the viability of this technique in a production scenario.

In terms of structure, this thesis is subdivided into five main sections:

e In Chapter 1, a brief overview of the main concept of the Extended Staring Spotlight,

and its context within telecommunications and SAR imaging techniques.

e In Chapter 2, the necessary context will be given to antenna technology and the
main concepts of radar imaging, as both fields must be precisely defined, and its
nuances pointed out, to better understand the objectives and limitations of the EST

technique.

e In Chapter 3, conventional radar systems such as RAR and SLAR will be defined,
but more importantly, Synthetic Aperture Radar (SAR) will be explained, as well as
its main constraints - Range Ambiguities and Azimuth Ambiguities. The primary
methods of image acquisition - Stripmap and Spotlight - will be depicted, and its

parameters demonstrated.

e In Chapter 4, the core of the thesis will be unraveled. We define the current prob-
lem with conventional techniques of image acquisition, in particular the problem
with Staring Spotlight imaging. We demonstrate its incapability to scale without
degrading resolution, leading the way for the introduction of Concurrent Imaging,
which will be thoroughly explained. A method which leverages it will be proposed to
extend the length of conventional Staring Spotlight images, which then will become
the Extended Staring Spotlight technique. Finally, an investigation methodology -
a workflow - will be detailed to analyze whether an EST acquisition, for a particular

incidence angle 6;, is feasible, both from timing and quality perspectives.
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e In the final chapter - Chapter 5 - we compile the computational results of simulations
for many incidence angles - from 20° to 45 - and the overall quality performance
of the EST acquisition method. We prove that it can double image area while
maintaining reasonable quality levels (-17 dB or 2% of spurious power) for the
majority of the incidence angle spectrum, hence the Extended Staring Spotlight
can be used as a reliable method for acquiring larger areas while maintaining
high-grade resolution. The parameters necessary to achieve these quality levels are

also put in table, as reference for future clients and designers to implement.

This work was done via collaboration between the Aeronautics Institute of Technol-
ogy (ITA) and the German Aerospace Center (DLR - Deutsches Zentrum fir Luft-und
Raumfahrt), utilizing their systems and resources for the completion of the project. It
also must be noted that many of the quality criteria and test benchmark standards will
be compared to much of their hardware, particularly the TerraSAR-X scanning satellite,
launched in 2007.

All the data compiled in Chapter 5 of this thesis was simulated, as TerraSAR-X’s
native finite state-machine cannot handle the usage of Concurrent Imaging of two different
Spotlight modes - only Stripmap/Stripmap, Stripmap/Spotlight. Still, all data presented
in this thesis was part of a peer-reviewed paper, published at the IEEE RadarConf 2025
in Krakow, Poland (L. F. S. R. Soares J. P. T. Ribeiro; Bachmann, 2025).



2 Antenna and Radar Fundamentals

The use and manipulation of electromagnetic waves for interpreting reality is, in both
concept and application, exceedingly ancient yet recurrently modern. A portion of this
wave spectrum, which we perceive as light, propagates from the corners of the world and
the universe to our eyes—traversing even time itself through the distant past, which be-
comes visibly present through the observation of stars. While for millennia we observed
them with the naked eye, only a few centuries ago we bent their light through refraction,
constructing telescopes. Technological progress has made it possible to manipulate and
investigate the electromagnetic spectrum for a deeper understanding of our surround-
ings—whether such connaissance arises from military ambitions, scientific curiosity, or

even as a pastime.

At the end of the 19th century, the completion of Classical Electromagnetic Theory
as a set of mathematical explanations for the behavior of electric and magnetic fields,
as well as their mutually coupled interactions, was finalized by Maxwell. From this,
the physicist derived the synthesis of field propagation—electromagnetic waves, of which
light was postulated to be composed. The equations now modernly known as Maxwell’s
Equations (2.1) led to the ultimate conclusion that light must be a wave and must possess

a defined velocity given by ¢y = ﬁ, or 299,792,458 m/s in a vacuum.

VHoeo
A little over a decade later, Heinrich R. Hertz confirmed the existence of electromag-

netic waves, as theorized.

Through the study of the properties of these waves, various techniques were proposed
for detecting and characterizing the world and the universe—arguably the most important

of which was developed in the 20th century with the invention of radar.

Radar devices are used to detect targets in their vicinity. They are capable of emitting
electromagnetic waves—with well-determined frequency and intensity distribution—either
toward specific regions of interest or isotropically in all directions. A portion of this energy
strikes a target or object of interest and is reflected back to the emitter, allowing us to
compute the target’s distance from the radar by measuring the time required for the pulse

to complete its journey.

This principle, rudimentary as it may be, marked the dawn of a range of new tech-
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nologies inspired by the return of emitted energy to obtain information about an imaged

target—or terrain.

The refinement of radar technology would soon allow not only the extraction of a point
target’s instantaneous position but also the complete description of terrains, forests, and

landscapes on Earth’s surface through the installation of radars on aircraft.

By the late 1950s, the concept of Synthetic Aperture Radar was developed, ushering
in a new era of remote sensing in which various imaging techniques and methods would
be proposed—each with its advantages and also its limitations concerning image quality

(noise), level of detail (resolution), and the acquired area.

This bachelor thesis aims to present a new imaging alternative in which high image
resolution is maintained while allowing the acquisition area to reach up to four times what

is expected with the traditional method.

The following sections of this chapter aim to briefly but solidly present the technolog-

ical foundations necessary for understanding the central theme of this work.

2.1 Electromagnetism

As briefly presented in the introductory section, by the end of the 19th century, clas-
sical electromagnetism had been reasonably well established, and the synthesis of the
entire theoretical framework produced culminated in the formulation of Maxwell’s Equa-
tions (2.1).

V~ﬁ:p
V-B=0
Vx E=—98 24
ot
—»_—» 8"
\VXH—J—F@—?

The vectors D and B encompass the fluxes of the electric field vector E and the
magnetic field vector H (also referred to as the electric displacement field and the magnetic

induction field), and the vector J represents the surface density of electric current.

The presented relations mathematically describe the behavior of any field distribution

in the universe and express that such fields can only be generated:

e By a region with a non-neutral electric charge density (electric monopole - Gauss’s

Law for FElectrostatics);

e By a temporal variation in magnetic flux (Faraday’s Law);
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e By the existence of a nonzero surface current density (Ampeére’s Law) and/or by a
temporal variation in electric flux, called displacement current, an adjustment made

by Maxwell.

Additionally, they also establish ad hoc that the so-called magnetic monopole cannot

exist (Gauss’s Law for Magnetism).

Maxwell sought to understand the behavior of fields independent of external sources
(arbitrarily given), solving the set of equations for the case where J = 0 and p = 0,
meaning a region without electric charges or current sources, such as a vacuum. Further-
more, the vacuum can be considered a simple medium, allowing us to treat the electric

and magnetic fluxes as isotropic. In other words:

Applying these conditions to (2.1), we can also apply the curl operator (V) to equa-
tions (2.1.3) and (2.1.4).

Recalling the property V x (V x M) = V(V - M) — V?M, we develop the equations
for the cited case where p = 0 and J =0

%(V x B) = V2E |
% J E Mo%%?) V’E
Since pp€p has the dimension of the inverse of the square of velocity, defining ¢y = \//»%:
%%2—5 ~V2E =0/,

The derivation of the magnetic field equation is analogous.
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The deduced formulations reveal two second-order partial differential equations, analo-
gous to the equations of wave disturbances in material media, leading Maxwell to conclude
that the propagation of light must exhibit wave-like behavior. The solutions are given by

the vectors:

E = E, - eftko—wt+0)
- 2.2
]—_j — ]—fo . ed (ko T—wt+go) ( )

In which ko 7 is the wave vector, a quantity responsible for measuring the phase
change of the field based on the measured position; w = 27 fy is the angular frequency;
and ¢, is the initial phase, for (t,7) = (0,0).

The vectors in (2.2) are the complex analogs of the fields, which are obtained by
extracting the respective real parts. For the so-called TEM waves (Transverse Electro-
magnetic), the electric and magnetic fields are orthogonal to each other, but they are in

phase temporally.

Fig. 2.1 graphically represents the behavior of the electromagnetic field in a vacuum,

for a linearly polarized wave (Eo = Fyy).

FIGURE 2.1 — An electromagnetic wave being propagated in the vacuumm. There are no charge or
current sources, and no electric or magnetic walls are nearby. Under these constraints, the wave behaves
as an TEM wave, with vectors E and H preserving orthogonality between them, and defining a plane
that is perpendicular to the direction of propagation.

A fundamental property of any electromagnetic wave is its ability to transmit power
intensity, a quantity determined by the Poynting vector, defined as S = E x H*. Since
this product has the dimensions of energy intensity (W/m?, in SI), the Poynting vector
is understood as the instantaneous power transfer to an infinitesimal local area, in the
direction of the wave’s propagation. Furthermore, the average radiation intensity can be
given as <S>. We will limit the introductory study of power transmission by waves to

the vector S , without needing deeper analysis.
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As will be discussed later, it is through the transmission and reception of power from
electromagnetic waves that radars are capable of detecting targets. But more than that
— through the tabulation of the dielectric properties of multiple materials, it is possible
to even understand the nature of the target and its composition, allowing future use of

waves for soil and subsurface imaging.

2.2 Antennas

The behavior of electromagnetic waves in a vacuum or in an isotropic medium is only
part of the study of electromagnetism associated with radars — the process of production

and emission of these waves is critical.

Antennas are devices capable of transforming electric currents into electromagnetic
waves, emitting them from their structure into the free space, and conversely, they are

also capable of transforming received waves into electric currents.

The wave generation process arises from the application of Maxwell’s Equations (2.1)
to a metallic object crossed by a non-zero surface current density, for the transmitting
antenna, and in a region crossed by a magnetic source (variation of the magnetic flux in

a closed loop).

Although we can characterize the electromagnetic wave in a vacuum (or in simple
isotropic media without losses or sources), the determination of antenna parameters in-
volves electric and magnetic sources — therefore, we are forced to reevaluate Maxwell’s

Equations under new constraints.

By performing the same procedure that resulted in equations 2.2.1 and 2.2.2, but this
time considering p and J as non-zero, in addition to an isotropic, lossless medium, we
obtain the field equations without null sources of current and electric charge — we are
disregarding the possibility of magnetic sources and taking all fields and current sources

as sinusoidal. Therefore, %A = jwA.

V’E + k’gﬁ = Y—Op + jwped (2.3)
V2H+kH=-Vx.J. (2.4)

In which we again fall into two second-order partial differential equations, but this

time tnhomogeneous, since the independent terms of both equations are non-zero.

— — V —
V2E + K2E = E—Op + jwped (2.5)
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VPH+KH=-Vx.J. (2.6)

Thanks to Gauss’s Law of Magnetism, in which the divergence of the magnetic flux
density field B is zero, we can assign it a vector potential U , such that B=vVxU ,
because V- B = V - (V x U ) = 0, thus respecting the condition imposed for every vector

potential.

Applying this condition to Faraday’s Law and Ampere’s Law, we obtain:

VxE=—jwB=—jwVxU)=Vx(E+jwl)=0

Since V x (=VQq) = 0, where Qq is any scalar function that we will call the scalar

potential function, we can say, by the linearity of the rotational operator (Vx)-, that

—

E = —jwl — V.

In a similar manner, developing Ampere’s Law:

VxB= uof—kjwuoeof_j — V x (V x ﬁ) = ,uoj+jwuoeof_j

SV(V- (j) — VU = w2,uoeoﬁ — Jwpoeog Vo + ,uof

— VU = wQ,uoeoﬁ — V(jwpoeoS2 + V - ﬁ) + uof

By the Lorentz Condition, in which jwpgeg€2y + V - U= 0, we obtain the equation for
the vector potential, and its solution 2.7, where 7 is the distance vector from the current
source to the origin of the coordinates, 7 is the position vector of the analysis point, and
ko = w?npeo. The following relations display how to extract the electric and magnetic

fields from the vector potential.

VQﬁ = wQ[Loéoﬁ + ,Uoj ,

S T(17) e(—iko(P=r"))
U:@/ (”i B (2.7)

VxU _ g5, V-0

: (2.8)
o JWo€p

The previous development allows us to characterize the field distribution generated by

a current source at any point in the surrounding space.
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In Antenna Theory, it is customary to distinguish the space surrounding the antenna

into three regions:

e Reactive Zone - The region immediately adjacent to the antenna structure (|]§| <
0.62 - \/L3/\). In this region, the electric and magnetic fields are resonant and do

not transmit power.

e Fresnel Zone - The intermediate region (0.62 - \/L3/X < |R| < 2L%/\) where the

fields emit power but the waves cannot be treated as TEM.

e Fraunhofer Zone - The far zone region (|E| > 2L?/)), where waves can be treated

as TEM, planar, and power-transmitting.

In this work, the antennas used for image acquisition will be hundreds of kilometers
from the ground. For the satellite TerraSAR-X, which will be frequently used as a refer-
ence during the thesis, the equipment is located precisely 519 kilometers above sea level.
The frequency band used is the so-called X-Band, with a frequency of approximately 10
GHz and, therefore, a wavelength of 3 cm. Since the longest dimension of the antenna is
4.8m, the Fraunhofer Zone condition is approximately 1.67 km. Therefore, all the analysis

conducted in this document will entirely consider distant fields.

For a simple radiator (dipole), with a length Al, carrying a current Iy, and thus a

surface current density J - ds, the vector potential U is obtained by using equation 2.7.

= —

G Mo J(r')eikor
A7 J, r

B} ToAleikor
(dz - ds) = |U ~ Z—;%z (2.9)

The vector potential U in 2.9 was obtained for the far field and can be decomposed
into a system of spherical coordinates (p, 0, (;3) Only the components in p and 6 are of

interest to us, and the decomposition is straightforward, resulting in

Op = — b0 LAl 07 iy (V) (2.10)
0, = 8 ) |

Applying the relations from 2.8 in 2.10, the electromagnetic field of the dipole is
completely defined by

= DAL sin(RoRe) gy
E~j 1 S hy Nl € "0, (2.11)
o LAl . sin(fesiest .
H=~j 07" sind (5 )wuoe_Jkorgzﬁ ) (2.12)

koAécosﬁ Mo
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Equations 2.11 and 2.12 were obtained in the Fraunhofer Zone, so that there is no
reactive field derived from the current in the antenna, in this region — that is, part of the
field does not accumulate energy, since the Poynting Vector S=ExH"is purely radial
(5’ = S5 p), thus radiating — unlike the field in the Fresnel Zone, for example, where part

of the field is in the 0 component, meaning a rotational field around the 2 axis.

The average power radiated by the device is given by the Average Poynting Vector
(< S >), whose value is given by:

<S§>= /T l§(t)dt —< §>= 1Re{ﬁ X F[*}
o T -2 ’

- sin’(

kOAICOSG)
< S > 2

( koAécose )2

This proportionality shows us that the intensity of electromagnetic waves depends

on the transmission direction.

That is, the power transmission is not necessarily isotropic. From this fact, we derive

the concepts of irradiation intensity, directivity, and gain.

The irradiation intensity U(0, ¢) is the amount of power radiated per solid angle (in
S.I., W/Q). In other words, by the relations in 2.13.

(2.13)

The directivity D(6,¢), in turn, is the ratio between the irradiation intensity in a
specific direction and the average irradiation intensity — it can be interpreted as the general

measure of the main direction in which the antenna radiates power. Mathematically, it is

defined by

_U@,¢) _ u(o,¢)
Uo [0 27 U(Q,w)dwd

(2.14)

Finally, the concept that will be most used ahead is that of Gain, which is simply
treated in this work, by the relation 2.15, as proportional to the directivity, by an efficiency
factor k. It is customary to consider that there are no losses, both in free space and in
the architecture of the devices, so the distinction between directivity and gain will be
irrelevant. That is, Gain is an antenna parameter that indicates the direction in which

the device radiates the most power, taking into account loss factors.

G(0,0) = k- D(0,0) . (2.15)
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The consecutive use of the relations 2.13, 2.14, and 2.15 shows us that the quantity
Gain is also direction-dependent (as expected), in a spherical coordinate system positioned
at the emission source, that is:

-2 koAlcost
sin® (M=)
G(e’ ¢> X (koAlc030)2 :

2

Where 6 is the angle measured from the axis of the elementary linear radiator, and we

can define v = 7 — 0 as the antenna angle, measured from the axis perpendicular to the

length axis of the radiator.
The direction of most power emitted from an irradiator is called boresight.

All the discussion so far indicates that, depending on the current distribution of the
device, its geometry, and its proximity to the target, the irradiation intensity of the
antenna is anisotropic, giving preference (i.e., assigning higher gain) to the direction

perpendicular to its length.

Fig. 2.2 shows the gain distribution for an antenna element, for —7 <y < 7. Note
that there are preferred directions of power radiation (lobes), so the design must include

the target in the so-called main lobe, which has the highest gain.

Two-Way Gain of Element
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FIGURE 2.2 — Irradiation diagram of an antenna element(7Two-Way - the wave travels forth and back
to the equipment). The intensity is measured for every angle with respect to the boresight direction - the
maximum intensity direction. The intensity pattern follows the trend of lobes - the Main Lobe, the first
Side Lobes, the second Side Lobes, and so on.
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A commonly used design metric is the Half Power Beam Width, i.e., the value of the
angular width for a main lobe, between two points that are at half the power of the peak.

Its value is approximately given as:

HPBW =~ 0.886 - %

Where L is the length of the antenna, and A is the wavelength.

However, note that we cannot control which direction this antenna should point, i.e.,

it is not within our control which target to image.

A possible solution would be to implement a rotation system for the irradiation el-
ement, i.e., mechanically rotate the radiator so that its length is perpendicular to the
direction of the target to be imaged - thereby ensuring maximum irradiation. A rotation

system at the center of the radiator would develop the following torque:

2 ML oL
T = 1|0 = 120[ 120&

Where M = oL is the mass of the radiator, L its length, o its linear density, I the
moment of inertia of the linear radiator, and « the magnitude of the angular acceleration
applied to the device by the rotor. Note that, for a radiator that would need to measure
just a few meters, the torque would depend on the cube of its length. Additionally,
satellite imaging needs to change images quickly, which would push « to astronomical

values, making such an electromechanical system energetically impractical.

Therefore, a purely electrical system must be used to select the direction of irradiation,

and hence we resort to the use of Antenna Arrays.

2.3 Antenna Array

Until now, we have only considered the use of one, and only one, device for the
emission of electromagnetic waves. However, through the use of multiple antennas, we
can manipulate the electric currents of each unit to generate a composite electric field,

this field meeting the acquisition requirements we desire.

2.3.1 Composite Field of Array

Consider N parallel irradiators, spaced a distance ¢ apart, along the same axis. Imag-
ine that each irradiator is fed with a current I, = I';, - €/%¥, where I';, is the module of the

current phasor, ¢ its electric phase, and j the imaginary unit. This array of irradiators
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is used to illuminate a target P, at a distance from each irradiator given by a vector r%.

Fig. 2.3 illustrates the imagined scenario.

I—m I—m+1 I—l IO 11 Im—l Im

FIGURE 2.3 — Array of irradiators linearly spaced by a physical distance of §. Each irradiator with index
k is fed by a specific current Ij, = I'y, - €/(#*). When all are applied to the array antenna simultaneously,
a composite electric field is generated by the vector sum of all individual electric fields. This final field is
the one used to illuminate a specific direction by the antenna.

As the operators (V-) and (V x) in the relations 2.1 are linear, a phase shift of current
¢, leads to a phase shift of the electric field ¢;. Still considering that each irradiator, a
priori, has its own electric field vector €, as discussed earlier, the electric field at point

P is given by the relation below.

EP _ Ek _ én(w) - eIkork+idx
0 0

£
F

e
Il
e
Il

Since the antennas used in this work with will always be used in the Fraunhofer
condition, that is, targets being imaged will always be far from the equipment, we consider
rmZr, = 0,Ym,n — in other words, the vectors are parallel, so they make the same angle
1 with the horizontal axis. Therefore, the path difference between two irradiators m and

nis |ry — v = (m—mn)-J - cos.

Therefore, the resulting electric field updates to the following expression.

N-1
_‘P _ e (w) . eIko(ro+kdcosy)+jdy,
k=0
N-1
— EP — ejkOTO . Z e_’;(w) . ejko(k(;cosdj) . e]¢k
k=0

It is important to note that, for a given array configuration (§ and N fixed) and for

a chosen direction of the target P, a designer has two sets of variables at their disposal:



CHAPTER 2. ANTENNA AND RADAR FUNDAMENTALS 36

the values of the electric fields of the irradiators (éz(v)), whose intensity and shape are
associated with the geometry of the device used (immutable) and with the magnitude
and behavior of the fed current; and the phase of the current provided to each irradiator
(¢r). Therefore, we have 2 - N free variables at our disposal, but in practice, it is more
convenient to define them all through one relationship. In antenna arrays, it is commonly

assumed that:

o (V) = én(v),Ym,n — that is, all the fields of the irradiators are identical because

they are fed with currents of the same magnitude and distribution?;

e ¢ = ¢g+ k- Ap — the phases of the fed currents are ramped.

Considering these conditions, the development of the combined field expression follows:

. j-k~£k05003w + Agy)

N
— Bp = g(y) -0 3 :

Eo(¥)

Note how this unravels into a geometric progression sum, such that

N-1 : ,
, l—exp(j-N-¥) sin(NV/2) . y_
k) = = LI (NN

;exf’(] bl = G 0)  Nsin(9/2) ©

The result is a complex number, with a certain module and a phase. Since the final
phase of the electric field is of no interest - as the most important portion is the module

of the electric field, we define the Array Factor of the antenna array as

P

F(U,N) = | exp(j-k-@ﬂz% ) (2.16)

B
Il

The array factor is dependent primarily on the number of irradiators (V) and the
distance of each element from each other (6). When applied to all angles in a spectrum,

it may be called as Array Function.

The Array Factor F'(V, N) is a multiplier associated with the array, which reduces
the magnitude of the composite field for angles ¢ # 1, being maximum at the angle of
interest (¢, the angle of target P). But for this pointing to be valid, ¥ must maximize

the Array Factor when the antenna points directly at P at an angle 1.

The maximization of F(¥, N) occurs for W =2.¢q-7m,q € Z. For all non-zero values

of ¢, we will have non-global field maxima that will later be called Grating Lobes —

IThe isometry of the radiated fields is not a sine qua non condition. We can select electric fields for
different purposes, such as side-lobe suppression through the use of fields in a binomial distribution.
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directions that will be illuminated by the array, but undesirably, contaminating the signal

from the imaged target.

For ¢ = 0, we maximize the field function for the angle 1, leading to the relation 2.17.

‘Aqbo = —kod cosg/)‘ (2.17)

The relation 2.17 provides a means to focus the electric field of the antenna array in
the angle 1, simply by selecting as the angular ratio of the currents used to feed the array

what the relation describes.

Thus, the final expression of the composite electric field resulting from the association

of radiators in the array is given by equation 2.18.

~ sin(NW/2)

Enetwork = gzrr(¢) : NS]H(\IJ/Q) (218)

Finally, note that there is no need to know the nature of the field of the radiator that
composes the array (€;..)—the radiator can be a short dipole, a Yagi-Uda antenna, or
even another antenna array with M elements, allowing for a more complex field with more

control variables (N and M), as long as d,; << Jy.

The great advantage of using an antenna array is the ease with which we can focus the

field in a desired direction without significant operational, energy, or engineering costs.

And it is this technology—known as Array Antenna—that is behind satellites such as
Tandem-X, TerraSAR-X, and ROSE-L (soon to be launched), enabling different methods
of acquiring images of the Earth’s surface in a highly versatile manner. These include the
spotlight method (or Staring Spotlight Mode), which corrects the antenna angle direction
during the satellite’s passage, or even the Concurrent Mode, in which the antenna’s illu-
mination direction alternates between two completely distinct ground regions thousands

of times per second—something simply impractical with an electromechanical technique.

As an illustration, Fig. 2.4 evaluates a scenario in which a designer uses an antenna
array to receive signals from a target, requiring the antenna to be pointed at an angle of
1.0° from the boresight direction (that is, the main direction of the array’s component

element)
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Two Way Gain - Azimuth @1.0 deg
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FIGURE 2.4 — Irradiation diagram of an antenna array, which points in a direction of +1.0° the element’s
maximum power direction (called boresight, in blue), the original radiation diagram of a single radiat-
ing element (in orange), and the multiplicative factor of the Array Factor (in green), which is applied
throughout the radiator’s diagram.

Fig. 2.4 illustrates the usefulness of the antenna array system: the ability to manipu-
late the distribution of the radiated electric field to maximize power intensity in areas of

interest, without being limited by the nature of the radiator.

2.4 Grating Lobes

While using an antenna to focus energy transmission to a particular direction of inter-
est, the use of an array leads to a side effect. The change in angle direction is associated
with the displacement of the Array Function. For all the maximum values of F(¥, N),
the value ¥ must be so that ¥ = 27q, where ¢ = 0, £1,£2,.... The central lobe is the

intended direction of the target (¢ = 0), and all the other directions are not of interest.

As Fig. 2.4 shows, the array factor of each angle multiplies the element irradiation
pattern on each point, producing a composite antenna diagram. The main lobe of the
distribution (¢ = 0) has the highest amount of power throughout the plot, and all other
peaks, which derive from other array factor maximum values (¢ = £1, +2...) have smaller

two-way gain.
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The total power attributed to each array factor peak is given by the value, on that
specific angle, of the element power diagram. When the target of interest is located at
boresight (o = 0), there are no grating lobes, as the maximum values of the array function

coincide with the nulls of the element irradiation pattern.

However, as the intended target direction deviates from boresight, so does the whole
array function, providing bigger power values to unintended directions, instead of the

intended target, as shows Fig. 2.5.
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FIGURE 2.5 — Irradiation diagram (in blue) for the same antenna array of Fig. 2.4, but with a pointing
angle of +2.2°. Note how the array gain displays two power peaks: one at +2.2° (our intended direction)
and —2.2°. This other power peak is unintended, as it’s called a Grating Lobe - a byproduct of the shift
in pointing angle, which shifts the array factor curve (in green) to the right, being modulated in value by
the element irradiation diagram (in orange).

These lobes are called Grating Lobes and are a sub-product side-effect of antenna
array technology. They present a problem because they leak energy to unintended spots
on the ground, and if the pointing angle of the antenna is too far-off the boresight direction
(0°), their power will become comparable or even greater than the power released to the
Main Lobe. In other words, a different, undesired region of the ground will be mapped in
tandem to the target scene, and both signals will be acquired at the same time, leading

to overlapping and therefore an unusable image.

The existence of grating lobes may also heavily impact the performance of target recog-

nition and especially image acquisition, as the ratio of received power by the antenna be-
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tween target and other ambiguous points (Range Ambiguities and Azimuth Ambiguities')
increases, reducing the amount of reflected power by the target in favor of unintended

ambiguous regions.

This limits how far of boresight a system designed with an array antenna may point
to, being the core reason of the steering angle limits of the Spotlight acquisition technique,
which will be dissected in Chapter 3.

After this brief introduction to electromagnetism and the operation of the antenna
embedded in satellites, we can now delve into the study of radars. For further information

on antenna theory and design, we suggest further reading with (Balanis, 1997).

2.5 Introduction to Radars

The general operation of a radar is surprisingly intuitive. Similar to a sonar, a radar
is a device capable of emitting electromagnetic waves to detect the position of a target at
a given moment and, with more advanced techniques, determine more complex charac-
teristics of that target, such as speed and composition. A deeper study, and a reference

book for the concepts here introduced, can be found at (Sullivan, 2004).

2.5.1 Transmission (Tx) and Reception (Rx)

The basic detection mechanism is based on measuring the echo time of transmitted
pulses. Given a target located at a point P, at a distance r, from the radar, a pulse

transmitted by the system takes 7 to return.

Thus, the distance from the target to the radar is given by equation 2.19.

Ty = Cog (2.19)

A radar system routinely sends pulses, as the position or size of the target may change
(either due to the movement of the target itself or the radar, or even if the target is
an extensive body with an irregular shape, such as a mountain or a building). Thus,
the system transmits pulses (Tx) using its antenna for a duration 7,, called the Pulse
Width, and then interrupts transmission for a period 7, to receive echo signals (Rx), an
interval known as the Echo Window. This process repeats, with the time interval of this
procedure known as the Pulse Repetition Interval (PRI), and its inverse as the Pulse
Repetition Frequency (PRF).

!Both Range and Azimuth Ambiguities will be explained in Chapter 3.
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Fig. 2.6 illustrates the continuous pulse transmission process of a generic radar system.

™ ™/

.
1l
*

FIGURE 2.6 — Diagram of a conventional radar’s Echo Window. Pulses are transmitted (Tx), with a
width of 7, periodically in a time interval of PRI. During this interval, no signal is sent to accommodate
received signals (Rx).

In other words, we can say that:

Tp + 7. = PRI
1
PRF = —
PRI

The higher the PRF of the transmission system, the more precise the location of a
point target in space. However, as we will see later, the pulse transmission rate must be
carefully managed, as increasing or decreasing it can cause spurious signals to interfere

with the target signal.

Measuring the target’s distance is only part of the localization process, as an entire

geometric locus (a spherical surface) satisfies this condition.

However, by using techniques derived from gain analysis (G(6, ¢)), it is possible to

precisely locate an imaged target.

2.5.2 SNR

The quantity SNR - Signal to Noise Ratio - measures the ratio between the energy or

power of a signal of interest and the energy or power of the added noise.

Noise is an unwanted signal added to the received signal, originating from sources and
communication channels. It arises from signal propagation through the atmosphere, the

thermal noise of transmission and reception antennas, and other sources.
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The energy of the noise signal in a communication channel is given by

E, = kT,C, . (2.20)

Where C is the bandwidth factor of the signal, associated with each frequency in the

noise spectrum, 7Ty is the temperature, and k is Boltzmann’s constant.

As mentioned in previous sections, it is a fact that the power distribution emitted by
a transmitting antenna is not isotropic concerning the polar and nutation angles (6, ¢),

this anisotropy being accounted for by the gain function.

In a specific direction between the antenna and the target T, given by [0r, ¢r] and
with a gain G := G(0r, ¢r), we calculate the energy transmitted by a pulse. According to
the definition of the Poynting vector, which represents the amount of power transmitted

through an infinitesimal area in the propagation direction, we obtain relation

Pry - G(0r, é7) .

|S(0T7¢T>| - 47TR2

(2.21)

The transmitted wave propagates through space, reaching the target of interest.

This target will have, in the direction of incidence of the emitted wave, an absorption
and reflection value intrinsic to the nature of the material, a nature composed of its
geometry and the material from which it is made. This value is called the Radar Cross
Section (o )—abbreviated as RCS—which measures the fraction of power scattered in the
direction of incidence. In other words, we establish the RCS of a target through the

equation

Sscat
= 2.22
7 S ATR? (222)

For our purposes, we can rearange 2.22 as

or - Sinc

Ssca =
¢ 47 R?

(2.23)

Therefore, the total received power flux, assuming no loss along the path, is the product

of the magnitudes of the Poynting vectors.

To calculate the total power absorbed by the receiving antenna, considering an antenna
with an effective area A, and a loss factor L throughout the entire path, the received power

is given by

A Prx-G-A.-or

Px: inc * Mscat * Ty —
R = Sine * Sheat " 16m2R1L
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From Antenna Theory, the effective area is given by A, = G4’—7’:2 = nA, where A is the

antenna area and A is the wavelength.

Thus, the final received power is given by

A2772UT

- 17T p. .
arrizeL T

Prx

The received energy is the product of the received power and a given amount of time.

What is the time that should be multiplied? This is an interesting question. The
concept of dwell time, or observation time, is routine in radars, referring to the period
during which a target is observed. Normally, during this period, multiple pulses are sent
to the target, but in our case, we are considering only a single pulse. Thus, the time used is
the fraction of the PRI in which the pulse remains active—the pulse width 7,,. Considering
I'= %, the received energy is computed as E, gingle = I'Ppearp for a single transmitted
pulse, and E, e = I' < P > tgyen for an observation period in which multiple pulses are

transmitted.

Finally, we can calculate the SNR as the ratio between the received energy and the

noise energy.

Prx < P> A ortagen

SNR = =
E, AT N2 RAKT,Cy L
Or, in terms of gain:
< P> G%ortayen
SNR = 2.24
6413 RAET,Cy L (2:24)

Eq. 2.24 is the Radar Equation, fundamental in the theory of these devices. It dictates
the amount of signal returning from the target as a function of its nature, distance,
observation duration, and, of course, the alignment between the radar’s line of sight and

the target, manifested in the equation by the parameters G and o7.

The SNR is, therefore, one of the main tools for target localization. While the return
time provides us with the radial distance of a target to a radar device, the SNR facilitates
its identification on a sphere of radius R, through the analysis of the received power and

the boresight direction of the antenna.

2.5.3 Point-Target Localization

Thus, while temporal analysis provides us with radial distance, the study of SNR,

together with other analyses, gives us the angular location of the target (67, ¢r).
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In a more mathematical sense, we could say that extracting the position of a point
target in a spherical coordinate system (p, 0, ¢) follows the system of equations of the

point target

(JZT = pPT sin(ng) COS(@T)
T = (epyr 2p) = 4 V7 = Prom(@n)sin(Br) (2.25)
zp = prcos(or)

pr = 5At

\

2.6 Wave Interaction with Materials

One of the discussed ways in which a wave generated by radar instruments accounts
for interaction with a target or structure is through the parameter o. In fact, the RCS
(Radar Cross Section) is capable of evaluating how much of the incident power at a given

point of the target, in a specific reflection direction, returns to the emitter.

Note, however, that the o factor, for a given set of fixed parameters, is scalar, meaning

it only influences the amplitude of the received wave.

There are other, more complex interactions that a material can establish with the
incoming wave, and consequently, different ways that the received wave can encode this

interaction.

The two main parameters of a returned electromagnetic wave capable of characterizing

the illuminated target are:

e The amplitude of the wave, which internally encodes the distance to the target (

%) and the target’s RCS;

e The phase shift ¢(¢) = £ + A¢; and

The phase shifts reveal the nature of the material, while the amplitude encodes both

the distance to the target and its reflective characteristics.

In the next subsections, we will consider sending a monochromatic wave of the form
E(t) = 25 - cos(3E 4 wt + ¢y), with ¢g = 0 for t = to = 0, A is the wavelength of the

4mr2

emitted signal, and r the radial distance from the emitter to a given distant point.
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2.6.1 Amplitude

For an observer far from the original emission point of an electromagnetic wave, it is
evident—according to the Fraunhofer criterion—that it will be perceived as a plane wave
(TEM wave). Perceiving it as a plane wave may lead one to assume that there is no power

dissipation, but this is a misconception.

For a given spherical wave, at a distance from the emitter where R >> L , L. being the
antenna’s length, the variation of the field with respect to a change in distance Ar may

be determined by analyzing the difference in electric field at small differences in distance.

AE = Er:—d'r - E_{r )

- Ey 2m(r +dr) Ey 27 (r)
AFE = t) — . t
morae O Wb = a5 Tl
. —dr’E, 27 (r)
AFE ~ t) .
(2 cos( 3 + wt)

As, r >> dr, then AE ~ 0.

The previous development displays the low level of variability of the electromagnetic
field, for large distances. Hence, any reflection which takes place at a point of the mate-
rial’s structure may be computed as a multiplying factor . The loss factor per distance

(4==) usually is defined as a scalar A := A(r).

2.6.2 Phase Shifts

Given an extended body as a target, such as a lake, a forest, or a building, each
material distorts the signal’s wavelength to a value different from the one emitted. This

distortion causes a phase difference in the wave that travels through this medium.

Consider a wave that travels a distance r (round trip) without any interference from

detection material. Its phase will follow the expression:

4r
?= N
0
Let L be the length of a structure, in the radial direction, made of material different

from air/vacuum, and let A, be the wavelength assumed by the wave while passing

through the structure of this material. The final phase of the wave upon return is given
by:
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¢ - /\0 )\m ’
ArL  4rw(L)
A = — 1~
¢ N N
4L )\0
Ap= T2 20y

Note that the phase difference is capable of directly computing the size of the imaged
structure in the radial direction. This concept is key in interferometry, a technique widely

used in radar systems, especially in synthetic aperture radar (SAR).

It is important to remember that the structure of the material can also contribute
an additional phase shift during the interaction. This extra addition—linked both to the
radial length of the target and the nature of its structure—allows engineers and technicians
to assess the composition of the sample through its angular deviation rate per meter, a

quantity that can be roughly modeled by a constant k,,.

In other words, the final phase deviation can be expressed as directly dependent on

the length of the structure and its intrinsic electrical parameters:

B¢ =T~ 1)+

A¢:%(j—i—1)+kmm,

A¢:L-(i‘—:—i—:+km),
[ae=1rL-coml.

Where we can define ¢ := ((),,) as a function which synthesizes all physical properties

of the material.

These dielectric and length properties of the materials with which the emitted signals
interact are used to interpret the underlying panorama of the image being acquired. By
leveraging these and other properties (such as polarization plane shifts, not discussed in
this thesis), a radar-embedded system with processing capabilities can understand the
type of structure that reflected said electromagnetic signal. There are tables of dielectric

properties, and by interpolation and estimation, one can deduce if the emitted wave
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interacted with canopy, sand, water, ground, cement or other kind of material.

This is the main workframe to acquire large swaths of scenery on the Earth’s surface,

and build comprehensible images for the human eye to visualize.

The final piece of image composition to comprehend is the resolution and coverage

conundrum on radar imaging.

2.7 Resolution and Coverage

When tackling remote sensing, especially when acquiring more than just a point with
an angle spectrum but an extended body - such as a landscape - we do need to be able
to identify two distinct points within its length, as well as knowing how large can our
scanning be, given the radar parameters used in the process. The variables with account

for these aspects are, respectively, resolution and coverage.

2.7.1 Resolution

Resolution is the quantity associated with the ability to resolve — that is, to dis-
tinguish — between two points, without loss or confusion of information. It states the
minimum distance, in a given axis, that two points must be from each other in order to

be recognized as separate entities.

To resolve two distinct targets, T} and 75, separated by a distance d, consider a pulse
originating from a radar at point O, such that O, T}, and T5 are collinear and T is closer
to O than T,. The emitted pulse has a temporal width 7,. Fig. 2.7 displays the established

scenario.

Note that if the distance d between the targets is sufficiently large, the radar will
receive two distinct pulses at different times. In other words, the two points will be easily

distinguishable.

On the other hand, if that same distance d is small, the pulse reflected from 75 will
not be sufficiently separated in time from the pulse reflected by T;. As a result, these two
pulses will be received as a single pulse—with a longer duration and an irregular intensity

pattern. This means that we cannot, a priori, resolve the targets.
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FIGURE 2.7 — Depiction of the emission of pulses from source O. Two wavefronts are highlighted, with
points 77 and 75 both collinear to O. 7, is the temporal width of the pulse emitted (in blue), and d the
spatial distance between 77 and T5. If d is too small, both points would be mapped by the same pulse,
within the same 7,, being indistinguishable from each other. Hence, there must be a minimal distance
between the two points (radially) for them to be resolved as two separate points, and not mistakenly
interpreted as the same one.

It is straightforward to observe that there is a threshold of distinction, which is the

threshold beyond which two return pulses do not merge into one.

This condition is satisfied when the time difference between the reception of the pulse

from T and that from T is greater than the pulse width 7.
Thus,

t2_t1:T:At>Tpa

CTp
2

d >

In this way, if d satisfies the condition above, we say the targets are resolvable.

Therefore, the system resolution, which is the minimum radial distance that two points

must maintain between them to be resolvable, is given by

§=—2]. (2.26)

Note that the fact that the distance between the targets is radial was emphasized.
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This is necessary because if the three points are not collinear, the condition becomes

more complex.

The idea behind equation 2.26 creates a boundary for radar systems in two different

ways:

1. For two points which preserve a distance between them such that the projection of
this distance onto the radial axis is not null, this projected distance must be greater

than what is given by 2.26 so they can be distinguished in the original direction.

2. For any given direction such that the distance preserved from one point to another
results in a net-radial distance smaller than what is given by 2.26 or even zero, we
say these points are not resolvable in the original direction. This will lead to the
constraint of unoptimal Azimuth Resolution in conventional radar systems, as we’ll

soon analyze in Chapter 3.

2.7.2 Coverage

As import as image resolution, the whole size of an acquisition is an important pa-
rameter in remote radar sensing, as acquiring the largest possible area of a landscape is

extremely desirable.

The most important parameter when defining coverage is the Swath Width, or the
size of the acquired image in the direction perpendicular to the movement of the radar

platform (also called the Range direction).

Swath width is directly tied to the interval between two emitted (Tx) pulses. Fig. 2.6
depicts the trains of Tx pulses, and the received signals from the ground. If the PRF
of transmission is too high, then narrower images can be acquired, as there will be no
space (temporally) to accommodate such scans. If PRF is low enough, larger and larger
swaths can be extracted, although it is impractical to lower indefinitely the frequency of
emission, as it will increase spurious power coming from Range Ambiguities, as will be

shown in Chapter 3.

TerraSAR-X can support at most 30 km of swath width in some acquisition modes,
in the lower values of PRF allowed in its system. If a designer were to double the rate of
pulses, then the maximum allowed swath width, at that particular rate, would be 15 km

and no further.

It is common, however, to image smaller scenes than the maximum allowed width.
This is done in such a way that reducing the echo window (thence, increasing PRF) does
not alter the swath width of the acquired scene. In acquisition modes such as Staring

Spotlight (later to be discussed in Chapter 3), the specified width is so small that even at
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maximum PRF, the received signal is still narrow enough to fit tighter and tighter echo
windows. This will also be one of the key reasons of success of the Extended Staring

Spotlight in doubling the acquired area, as will be shown in Chapter 4.

2.8 Summary

In this introductory chapter, we've established the foundational concepts that must
be understood to fully grasp Synthetic Aperture Radar - the niche technology that is the

basis of this work.

With this brief overview of the main topics of antenna technology and radar systems,
the basis is set for understanding Synthetic Aperture Radar, and the innovation proposed
with the EST technique.



3 Synthetic Aperture Radar

With the basic fundamentals of antennas and radars defined, we may dive further into

the main topics of this Bachelor Thesis.

Within the field of radar communication and remote sensing, many different technolo-
gies and techniques are leveraged to achieve finer image resolution and precision on target
detection. The main differences among the radar methods come in various forms, but
the core concepts of divergence are often related to the algorithms used to process the

received signals and the physical properties exploited.

In this chapter we will first introduce the concept of Side-Looking Airborne Radar as
a mean to organically transition towards Synthetic Aperture Radar. We will then discuss
the more common methods of utilizing SAR technology to acquire ground image products
and their trade-offs, until finally we discuss about one of the most recent breakthroughs

in SAR theory and introduce Concurrent Imaging.

3.1 Side-Looking Airborne Radar (SLAR)

Also called Side-Looking Airborne Real-Aperture Radar, it is an image acquisition
technique which embeds an antenna to an aircraft and points its beam towards the ground,
but maintaining an elevation angle related to the vertical line that contains the aircraft
and its projection on the ground at a particular instant (also called Nadir Line). Fig. 3.1

depicts the general geometry of a SLAR acquisition.
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Altitude

FIGURE 3.1 — Acquisition of a SLAR system. The platform moves with a constant velocity V; and its
direction of movement is the azimuth direction. It has embedded within it an antenna, of horizontal and
vertical apertures of L, and W, respectively. The beam footprint of the antenna pulses (in red) has a
near-range (N) and a far-range (F) extremes, as well as the scene center (C). The distance between N
and F is called the Swath Width (SW) and Ay, is the azimuth length of the footprint. Finally, Ry is the

slant range of the scene and 6, ~ Wi is the angular beam with in the range direction, with £ standing for

the elevation angle between the slant range and nadir. The grey plane is defined by the azimuth direction
and the range direction.

Consider a platform with a SLAR radar, moving at a constant velocity of V. The
direction of movement of the system is called azimuth direction, and the direction which
contains the platform and the antenna target is the range direction. During the movement
of the platform, the antenna constantly emits electromagnetic pulses, each of duration 7,
at a Pulse Repetion Frequency (PRF) of f, to the Earth’s surface. The antenna has
its target center at point C, called scene center, whose direction makes an angle of 3
(elevation angle) with the vertical which contains the platform and its projection on the
ground, called Nadir. A wide region around C is also illuminated, with points N (near-
range) and F (far-range) being the extremes of the beam footprint in the ground range

direction.

It must be stressed: the antenna has a fixed pointing visage, not focusing on any
particular landmark on the ground. Points N, C and F are defined as the near edge,
center, and far edge of the beam footprint, regardless of where the footprint lands on the
ground. This method of image acquisition was briefly introduced in Chapter 1 as the

Stripmap mode, and will be studied later in this chapter.
The illuminated region has a Swath Width (SW) and an Azimuth Length (AL), both

dimensions being related to the main lobe angular apertures of the antenna.
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For a one-dimension antenna of length L emitting electromagnetic pulses with wave-
length A\ |, the HPBW (Half-Power Beam Width) is approximately

01 %)\

5 power Z :

Hence, the azimuth and range beam widths are defined as

A

f ~ — 1

T (3.1)
A

0, ~ — . 3.2
i (52)

We can calculate the dimensions of the illuminated footprint. For a given wavefront

of the beam, its spread in a given dimension z (azimuth or range) is obtained by

ARy
L,

SZQxR()%

In the case of the azimuth length (A;) we may say the azimuth spread of the beam is

approximately equal to the azimuth length of the beam footprint.

AR
AL%R()-Qa: LO .

(3.3)

a

For calculating swath width, however, we need to considerate the deformation of the
wavefront when reaching the ground. The geometry of the wavefront arrival on the ground

is displayed in Fig. 3.2.

Elevation

FIGURE 3.2 — Elevation geometry of pulse spread.

Fig. 3.2 depicts the same scenario of Fig. 3.1, but in the elevation plane. A pulse
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emitted by the platform at S travels as a coherent wavefront (which can be approximated
to a plane wavefront when close to the ground). When it reaches Earth, it does not do
so with all points reaching it at the same time: the first point to reach it will do so at
near-range N, being reflected and then returning to the radar, while other points of the
wavefront NN’ still need to reach the ground. The last point of the wavefront will reflect

on Earth’s surface at far-range F.

It is notable how the wavefront NN’ is mapped to the beam width in ground range

NF. Using the geometry displayed, we can say

NN’ = NF -cosb; ,

.SW =NF = NN’/ cosb; .

Since NN’ is the spread of the signal just as it touches the near-range (N) onto the

ground, the value of the ground range beam footprint is

Ry-0, ARy
SW~ cosf; W, cosb;

(3.4)

Note: We use 0; and not the elevation angle g for generalization purposes. In the case
of an aircraft platform, since the altitude of the flight is low when compared to Earth’s
radius (% ~ 1000), the geometry of the ground may be considered flat, hence 6; ~ .
However, when working with spaceborne SAR systems, this premise is non applicable, as
the curvature of the planet is no longer negligible and the relation between 6; and f is

given by

0; = sin™'((1 + %) -sin 3) | . (3.5)

The range resolution of a radar system (whether a simple radar, SLAR, SAR or any

other similar device), as previously explained in Chapter 2, is given by relation 2.26,
CT,

=
this distance of resolvability onto ground range, we have:

where 9, = However, this is in the slant range (radial) direction. When projecting

C-Tp

Ogr = ———— .
g 2 -sin 6;

However, this is far from solved. This equation, for normal values of 7,, would lead to
range resolutions in the spectrum of dozens of kilometers, which is not acceptable. One

would need to produce pulses in the realm of microseconds just to have ground range
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resolutions below one kilometer, which would limit the amount of energy being sent to

the ground, requesting power peaks in the range of megawatts.

What is commonly done in radar technology is to compress the received pulse via usage
of matched filters'. This eliminates the necessity of sharply reducing the pulse duration

and leverages the bandwidth of the received signal. Thence, ground range resolution is

C

R —
" 9. B, -sinb

(3.6)

Where B, is the bandwidth of the base pulse utilized. Using TerraSAR-X with its

150 MHz of bandwidth as reference, for an incidence angle of 30°, d, ~ 1 m.

When it comes to azimuth resolution, since all points belong to the same wavefront
(in the azimuth direction), there is no resolvability for any two points in the same line, if
both lie within the beam footprint. In other words, the azimuth resolution is the spread

of the beam footprint on the ground, as expressed by the relation below.

%z&%z%ﬁo. (37)

This limitation is acceptable for Side-Looking Airborne Radar, since Ry usually is
limited to at most 50 km. For a SLAR system operating at X-Band (A ~ 3 c¢cm) with
a slant range of 20 km and an antenna with length L, = 2 m, the azimuth resolution
would be §, ~ 300 m, which is acceptable for many different applications. For a research
airplane, at one kilometer altitude, resolution could go as high as d, = 15 m, an excellent

quality parameter.

The image acquired by the radar will be processed in such a way that the resolutions
given by 3.6 and 3.7 can serve as a grid. Any two landmarks acquired in a specific shot, in
order for both to be distinguishable from each other (using resolvability as criteria), must
preserve a distance of at the very least d,, in range and J, in azimuth. Fig. 3.3 shows a

snapshot of the beam footprint up close, with a grid of ¢,, x J, on it.

IPulse compression is used for received signals, as the commonly utilized waveform in antennas, the
Chirp, has a sinclike shape. When compressed with a matched filter, the main lobe becomes sharpingly
stricter, therefore more well defined.
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FIGURE 3.3 — Beam footprint under the resolvability grid of the acquired image.

There are four sets of landmarks onto the footprint: blue, green, yellow and lily.

e The blue landmarks are both in the same resolution pixel - meaning they cannot
be distinguished neither in azimuth nor in range, because they do not differ 9, in

azimuth nor d,, in range.

e The yellow landmarks can be resolved in azimuth, as they have an azimuth distance

between themselves of at least d,. However, they do not differ by J,, in range.

e The green landmarks can be resolved in range, but not in azimuth, as they do
differ by at least d,, in range, yet the same cannot be said in azimuth, as they don’t

preserve a minimum of d, in this direction.

e Finally, the lily landmarks are completely resolvable, as they differ both in range

and azimuth more then their respective resolution minimum thresholds?.

Fig. 3.4 shows an approximate scenario of the received snapshot on the SLAR radar
- only the lily landmarks are completely distinguishable from each other, as the rest are

only partially resolvable at best, if at all.

20ne final comment about resolvability in SAR-embedded systems: two points may be in different
cells and still be unresolvable, as the grid is more of an approximate depiction of the necessary thresholds.
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FIGURE 3.4 — Resolvability under the resolution grid - two objects not sufficiently apart from one another
in one direction will not be resolved.

One limitation of a lower altitude SLAR acquisition: since the altitude of the moving
platform is small (no higher than 10 km), the covered area illuminated by the beam is
limited as well. It is interesting to ponder whether embedding a SLAR system into a
spaceship could provide a far wider coverage, as the altitude would be dozens of times

higher than a simple aircraft.

Unfortunately, as the coverage would increase, so would the minimum distance of
resolvability - using the same equipment as previously, but at the altitude of a satellite
such as TerraSAR-X, the azimuth resolution of such an acquired image would be such as

0, =~ 8 km, which is not tolerable.

The solution to the problem of the azimuth resolution for higher altitudes is provided

by the usage of Synthetic Aperture Radar.

3.2 Synthetic Aperture Radar (SAR)

Synthetic Aperture Radar (SAR) is a subtype of SLAR radars, proposed in 1951 by
Carl Wiley, which utilizes an airborne or spaceborne antenna for imaging with a frequency
processing algorithm that enables the device to synthesize an artificial antenna length,

using the platform’s movement to enhance resolution.
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Altitude

FIGURE 3.5 — Schematic of a SAR/SLAR acquisition, with C as scene center and P as particular point
of interest, at the same range but = apart from it in the azimuth direction, forming an angle of «,, in
along-track. vs. and vs, are the components of velocity vs seen from C and P respectively, with Ry
being the slant range at maximum proximity of the platform with C and R(¢) the slant range of P.

To understand how this improves azimuth resolution of a given acquisition, it is neces-
sary to take into account the effect of the moving platform on the perceived frequency of
received signals. The embedded antenna will be the exact same as the one in the previous

SLAR example, for future comparison.

The movement of the platform inputs a Doppler frequency shift on all points of the
received wavefront echoed from the ground, in the along-track direction. However, as all
points on the ground are slightly off from each other by a small azimuth angle in respect

to the platform, they will all have their unique frequency shifts.

Fig. 3.5 depicts the same scenario of a moving platform as Fig. 3.1, but we now focus
on specific points in the along-track (azimuth) direction. For a given point P, apart from
the scene center C of x in azimuth, its perceived velocity of the platform will change as
it approaches its position - but much more importantly, every single point on the ground
will see the platform velocity differently, along-trackwise. In the schematic, v, = 0 and

s is a non-null velocity component, expressed by:

Vsp = Us - SiD @, . (3.8)

This is important, as it signals that, according to the Doppler Effect, two different
points will have two different Doppler Frequency shifts from the nominal frequency fy

of the emitted frequency pulse by the antenna.
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If we recall the equation for the Doppler Effect, we can estimate the Doppler frequency
shift.

Vsp  UsSinap
c

Ao

Afp=fo

Nonetheless, since the signal is sent to point P (hence P senses a Doppler shift of
Afp) and then P echoes the distorted signal back to the platform, which itself sees P
move towards it with velocity vy, the total frequency shift is doubled (fp =2 Afp).

Hence, we have the total amount for the Doppler Shift given by:

Vg SIN (v

fp=2 N | (3.9)

Point P has a slant-range of R(t) when the satellite is the closest to C (SC = Ry).
One key concept to solidify is that the variable ¢ does not stand for the current instant,
but for the time necessary to be at maximum proximity with P (SP = R,). This implies
that the distance C'P is obtainable as

CP=x=ut. (3.10)

From the geometry of Fig. 3.5 and inputing 3.10, we have:
R(t)* = Ry + v2t*

L R(t) = \/R2 + 022, (3.11)

In most scenarios, whether the radar is carried by an aircraft or a satellite, Ry >> v,t.

Hence, we may approximate R(t).

'U22 /U2t2
R(t) = Roy |1+ =5~ R =
(1) = Roy [1+ o ~ Rot 5

The rate of change for the slant range of P, which itself must be the velocity component

of the satellite seen by P, can be obtained via extracting the time derivative of R(t).

9, 9] vit?
ER(t) = E(RO + o

)
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2
. vit
R(t) = = .
OF
But, again, R(t) = vs,. By 3.8, we obtain:
, vit
Vsp = UsSinay, = =— |
p P RO
. vt T
Sosina = — = — .
Ry Ry

Which could also be directly obtained via the trigonometry of the scheme, assuming

sin = tan o, which is valid since vst << Ry, as previously established.

Accounting for 3.9, we have the final result.

202t 2vy
= =z
Aol Ao Lo

fp (3.12)

The main takeaways from 3.12 are:

1. In the context of small areas of acquisition, where the condition v,t << Ry stays
valid®, points with the same azimuth coordinate will have the same Doppler fre-

quency shift, regardless of range distances.

2. Points on the ground can now be finely distinguished in azimuth even if both lie
within the same beam footprint, which is an improvement from SLAR - the satellite
can analyze the frequency deviation from the nominal pulse frequency to distinguish

two different points in azimuth, associating one frequency with one x position.

The limits of resolvability in azimuth (dz) are tied to how finely can a system distin-

guish two different frequencies (§f).
Extracting the differential and rearranging equation 3.9:

MRy

ox
20,

5f .

How granular is the frequency discretization is dependent on the amount of time a

received waveform is analyzed.

3This condition is necessary for the validity of 3.12, as the locus of all points on the ground with the
same Doppler shift lie on a hyperbole, not a straight line. The azimuth coordinate will need to behave,
alongside the range coordinate, to match this hyperbole locus to ensure it is an iso-Doppler shift curve.
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1

of = .
/ T

Where Tj; is the illumination time of a particular point on the ground, or the amount
of time spent on analyzing a particular waveform. In a more practical sense, it can be
viewed as the duration of time where a point on the ground is illuminated by the antenna

beam footprint.

Since the number of pulses is discrete, one can view the illumination time as the

number of frames or pulses taken by the radar system (T &< Npuses) of the scene.

Henceforth, we arrive at

/\ORO 1
or = . . 3.13
’ 2o, T (3:13)

The main improvement of SAR systems, when compared to regular systems such as
SLAR, is the possibility of leveraging the frequency shift to better resolve two different
points in the azimuth direction, not being limited by the azimuth length of the antenna
beam footprint on the ground. If we compare relations 3.13 and 3.7, we see the gain in

performance.

Ao Ro 't
(S:CSAR v, Tt 1 La
= 2 ——
OTSLAR 72 Ry 2 | vsT

Since L, << vsTy;, the resolvability of SAR is much finer than SLAR’s. This compar-
ison mathematically exposes the secret technique of Synthetic Aperture Radar and why it
receives such name: from the perspective of a point on the ground, it is being illuminated
by an antenna whose aperture (size) is the length traveled by the platform for all the time
the point receives electromagnetic pulses, and not its real aperture of L,. But since this
antenna is not real, it is considered a synthetic aperture antenna, hence the radar system
leveraging it is called a Synthetic Aperture Radar, yielding far wider apertures than any

normal real aperture radars ever could.

Relation 3.13 is the main expression to extract the azimuth resolution of a SAR tech-
nique when the platform behaves similarly to a SLAR, and will be used to calculate the

azimuth resolution of many acquisition modes.
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3.3 Ambiguities

After dissecting SAR technology and its advantages, we must take a step back to

better understand some of the major hurdles of working with this technique.

One of the most important side-affects of radar technology is the concept of ambiguous
signals. When scanning a specific object or area, the returning signal from the intended

direction will not be the only one to be received by the antenna.

While radars leverage antenna technology, whose main purpose is not only to translate
electric pulses into electromagnetic waves, but also focus the injected power mainly to a
particular direction, it is still necessary to recall that the electromagnetic pulses emitted
in transmission do travel through the medium as a spherical wavefront (assuming an
isotropic environment for propagation). The wavefront emitted from the satellite towards

the ground will illuminate a large portion of the Earth’s surface, not only the target scene.

All points illuminated on the ground will reflect the incident energy in all directions,
and one of these directions is towards back to the satellite. For the majority of these
points, the reflected energy is of no concern, so long as they do not interfere with the

received energy directed towards the main scene of interest.

But for some specific spots on the ground, this is not the case. Certain specific positions
on the ground will reflect power in such a way that their reflected signals will overlap with
the signal from the main scene, and this will infect the target image by overlapping it with

the attenuated images of these undesired regions. These spots are called Ambiguities.

In SAR technology, a common metric to study the level of ambiguity of an image is
the Ambiguity-to-Signal Ratio (ASR). It is defined as the ratio between the total power

of ambiguities and the power reflected from the main scene.

N
Pam
ASR = 2=t Pamb (3.14)
Ptarget
Fig. 3.6 depicts the process of image infection. The ambiguities on the ground (in
blue) reflect energy which will overlap with the main scene (in red), degrading the target

scene by overlapping it with the signals from the undesired spots.
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FIGURE 3.6 — Effect of reflected power from ambiguities (in blue) on the image of the focused scene (in
red). These specific spots on the ground are positioned as such that their signals will overlap with the
main scene’s signal, leading to a degraded image. If the Ambiguity-to-Signal Ratio (ASR) is too high,
the extract data is deemed not suitable and it is discarded. The darker pixels in the grid represent the
ambiguities effect on the image extracted of the target scene - all should be red, but other blue scenes on
the ground leak into the main scene, mixing with it and making it purple.

There are two categories of ambiguities pertinent to SAR imaging, each with its unique

mechanism for signal interference: Range Ambiguities and Azimuth Ambiguities.

3.3.1 Range Ambiguities

When a satellite is utilized to scan a specific strip of Earth’s surface, it will transmit
thousands of pulses per second, not just a single unitary pulse. This is done so to increase
illumination time and, therefore, resolution, but also to minimize noise and other outlining

deviations from the expected standard image.
However, this mechanism brings a restriction.

Refer to Fig. 3.7, where a satellite at point S emits a train of pulses towards the
surface of Earth. Since pulses travel in all directions, they will hit the ground in many
different points, of which we highlight three: P, T and Q, where T is the target point,
illuminated by the main lobe of the antenna, represented by the red cone. The red arrows
are the first emitted pulse, the blue ones are the second pulse, and finally the green arrows

represent the third and final transmitted pulse.
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FIGURE 3.7 — Depiction of a satellite transmitting a train of pulses to points P, Q and T, in elevation.
Point T is the acquisition target, since it is illuminated by the main lobe (in red). The train of pulses is
colored such that the first transmitted pulse is red, the second is blue and the third is green. The satellite
travels in azimuth, entering the paper plane.

After a few milliseconds, the pulses will hit P, T, and Q in their respective time-frames,
with part of the incident power reflecting back towards the satellite. However, since the
segments SP, ST, and SQ have different lengths, the travel time of the train of pulses is

different in each respective direction, as shown in Fig. 3.8.

Altitude

‘ Azimuth S
Range

FIGURE 3.8 — Reflected trains of pulses. The train of P is advanced in one pulse related to T, while T is
advanced in two pulses from Q. The circles show how these signals will now arrive in S at the same time,
so it will have the reflected signals of P, T and Q mixed.

For the illustrated scenario, P is exactly one pulse ahead of T, and Q is two pulses
behind T. The received signals will arrive precisely at the same moment in the echo

window of the transmission diagram - in other words, they will overlap.

This happens because SP and SQ differ from ST precisely enough to advance (or delay)

the reflected train of pulses in P and QQ with respective to the train of pulses in T by one
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period and two periods (or Pulse Repetition Intervals), respectively.

P and Q are called Range Ambiguities of T - spots on the surface whose train of
pulses will be shifted in reference to the intended target by a whole number of pulse
intervals. These spots will, therefore, have the same timing as the target when received
by the satellite and will be received in tandem, mixing the target with images of undesired

points on the ground.

In other words, a point on the ground is a range ambiguity of T if its return time ¢,
is such that

ty=to+ k-PRI, keZ"

Where t; is the return time of the target’s reflected signal and PRI is the pulse repe-

tition interval.

We may convert this property to its version in distances, where for a given point target
T, distant of S by Ry (slant range of T), are considered Range Ambiguities all points on

the surface whose distances from the satellite are given by

"PRI
Rk:R0+k-COT (3.15)

These are called "range” ambiguities because they emerge from the difference in path
at the range/ground range axis. Differences in the azimuth position barely change the
overall value of the slant ranges of ambiguities since the half-power beam width of the
antenna’s main lobe in azimuth is too narrow. Any other spots on the ground with the
same timing as other range ambiguities, but in the azimuth direction, are too faint to
detect?.

It must be noted that range ambiguities are not unique to SAR technology, being
present in conventional RAR and SLAR systems.

3.3.2 Range Ambiguity-to-Signal Ratio (RASR)

When comparing the amount of ambiguity power to target power, it is useful to mea-
sure the ratio between them. For this, we often extract the Range Ambiguity-to-Signal
Ratio (RASR) of the image, where the power sourced from all the range ambiguities is
summed, and then compared with the received power from the desired scene. RASR cal-

culation may vary its formulation depending on definition, and we decide to utilize the

4When addressing Staring Spotlight (ST), Extended Staring Spotlight (EST) and Concurrent Imaging,
this is no longer truth.
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equation
ZN P Zi\le Gtwo—way, k' Ok
o k=14 amb, k |sin6; |- R}
RASR o Ptar ot B Gtwo-way, ToT (316)
& | sin Hi,T\-R%

- where N is the total number of range ambiguities on the ground, G is the two-way gain
of the signal emitted by the satellite and reflected by the ambiguity point, 8; the incidence
angle, Ry, the slant range (distance to the satellite) from point the k-th ambiguity.

In summary, range ambiguities are considered to be an unavoidable constraint of radar

imaging, resulting from a time ambiguity of reflected pulses.

One of the main methods of reducing the effect of range ambiguities on the image’s
signal is to utilize higher values of PRI (or smaller values of PRF). However, this increase
cannot be done indefinitely, as it increases also the number of Azimuth Ambiguities, which

will be discussed next.

3.3.3 Azimuth Ambiguities

While range ambiguities are considered to emerge from a return time coincidence of
pulses, and are a necessary hurdle to address for all radar systems, there is another kind
of ambiguities that needs attention, and these are specific to SAR systems - ambiguities

in frequency.

Consider Fig.3.9, where a satellite embedded with a SAR instrument begins the ac-
quisition of a target scene, with attention to its center C. When emitting pulses to the
ground, these will hit the surface of Earth in the same fashion as said previously - they
will illuminate a much larger area than solely the acquired scene. When the satellite
reaches its minimum distance to said center C (its slant range Ry), the firing frequency
will be fy - the natural frequency of the generated pulse. However, to all other points in
the azimuth direction, the relative velocity of the satellite to these points will not be null.
This leads to a Doppler Shift taking effect on the signal sent to a particular point P # C,
so the perceived frequency by P (fp ~ (1 £2- %) fy) is different than fo.
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FIGURE 3.9 — Depiction of the emergence of frequency shifting due to the Doppler Effect. All points on
the ground which are not coincident to C will experience a different signal frequency due to the movement
of the platform. In particular, some specific points (A := {Ay}, k € Z* will experience a shifted frequency
which, when processed back to the satellite, will be processed as the same frequency as the target’s (center
C). These points are call Azimuth Ambiguities.

However, there will be certain spots on the ground whose reflected Doppler frequency

towards the satellite will follow the equation

fe=fo+k-PRF, keZ (3.17)

Where PRF is the Pulse Repetition Frequency (PRF = i) of the signal.

At first glance, this property is of no concern to any acquisition project. Nonetheless,
satellite systems which embed SAR instruments have to process the received data with
some sort of processing frequency. Satellite systems process incoming signals in frequencies

similar to the values of the PRF used to emit signals.

The most important parameter for signal processing in SAR is the Oversampling
Factor B, defined by:

fsampling
B, = (S80PE 1
= IR (3.18)
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An increase in oversampling leads to a higher sampling frequency capability. It is
common to sample signals in SAR systems with oversampling factors of 1, 1.2, 1.5, and
at most 2. The higher the factor, then more data points will need to be stored in the
embedded hardware - which is expensive, since SAR image acquisitions tend to necessitate

hundreds or even thousands of megabytes of storage.

Still, having a limit to sampling frequency means that any frequency f > B, - PRF

will not be accurately mapped. Any frequency which follows the format below:

f=k-B,-PRF+Af, keZ 0<Af < B,

Will be perceived by the sampling hardware and, therefore, the image as its remainder.

This frequency will be ambiguous to the frequency Af.

fe—= Af

If we take B, = 1 for simplicity and Af = fj, we see that it falls under the case of
3.17.

Referring back to Fig. 3.9, it is much clearer how these specific spots may pose a
problem to an acquisition: all points on the ground whose position is such that its Doppler
frequency respects 3.17 will have its frequency recognized by the embedded hardware as
the frequency fy of the center. In other words, signals of different frequencies will mesh
with the scene’s signal due to ambiguity in processing, leading to an infected image due

to limitations in the frequency domain.

These are the Azimuth Ambiguities - points whose frequency will be interpreted as
the scene’s due to an ambiguity in sampling and processing. The signals carrying these
ambiguous frequencies will therefore overlap with the scene’s signal and therefore infect
it.

Azimuth ambiguities can be minimized by an increase in sampling hardware, but as
range ambiguities, they can never be fully eliminated, becoming a real constraint for SAR

systems which must be analyzed beforehand.

Another way to reduce the number of Azimuth Ambiguities is to increase the pulse
repetition frequency used by the embedded hardware, as higher PRF leads to less points

on the ground that will match the frequency fy in a defined spectrum.

The main setback of increasing the PRF indefinitely is that its increase leads to also

increasing the number of Range Ambiguities. Since PRI = ﬁ, higher PRF values lead

to smaller PRI values, and therefore higher quantities of range ambiguities, as 3.15 shows.
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3.3.4 Azimuth Ambiguity-to-Signal Ratio (AASR)

In the same fashion of RASR, we can propose a ratio between the received ambiguous
power that comes from ambiguous frequency processing and the power reflected by the

scanned scene. This is the so called Azimuth Ambiguity-to-Signal Ratio.

There is no fixed formulation of AASR, as the ambiguity in frequency depends of
several factors - most importantly on the acquisition methods that will be detailed in the
next section. But the main principle applies - a ratio between the power coming from

ambiguities and the power of the target.

Both Range and Azimuth Ambiguities become the whole of ambiguity power in a
SAR acquisition. Summing the total power captured in both methods results in the total

ambiguity power that can interfere with the image.

Their effects on the acquired image depend on the mode of acquisition - that is, how

the antenna focuses on the ground to capture the necessary signals.

Some different types of acquisitions will discussed next.

3.4 Acquisition Modes

The hardware of SAR itself does not differ much from a common SLAR set (aside
especially from the frequency processing algorithm). Nonetheless, even with a fixed hard-
ware there are numerous manners to exploit optimal performance of a specific parameter
of choice, so long as the platform and the hardware itself is flexible enough to handle such
strategies. These methods are the so called acquisition modes, where depending on the
behavior programmed into the antenna, as well as the type of movement the platform

executes, one can extract different image specifications and quality parameters.

The two most important and widely used types of acquisition modes are Stripmap
and Spotlight.

3.4.1 Stripmap (SM)

The Stripmap acquisition mode (SM) is executed when the platform moves at a straight
line, with constant speed, while the antenna is maintained at a fixed angle both in elevation
(B:) and azimuth (a, called squint and usually o, = 0). No particular landmarks are

constantly looked for, such that it illuminates a long strip as the platform moves.

Fig. 3.10 displays the acquisition mode of Stripmap.
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FIGURE 3.10 — Stripmap acquisition depiction - the antenna keeps steered at a particular solid angle,
never changing its squint.

The azimuth length of the strip Ay is indefinite, while the swath width SW is limited
by the time size of the signal in the echo window. In TerraSAR-X, the swath width of an

SM acquisition is around 30 km.

A particular point P on the ground is illuminated by the beam for a duration of 75 gas.
This time amounts from the interval between the initial instant where P enters the beam
footprint and the final instant where it leaves the beam. Since the beam travels at the
same velocity as the platform vy, the illumination time of the Stripmap mode can be

obtained as

Rob,  Ro\
Till,SM:—% " :vL )
Ry
“NTusm = y 2 (3.19)

If we refer back to 3.13, applying 3.19 to it results in the final expression for the

azimuth resolution of a SAR system in Stripmap mode as

ARy 1

" Ro)
204 "

dsm =
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L,
s = 1. (3.20)

Eq. 3.20 is the most important result in all of SAR Theory. It states the core
of all that is attractive under this technology for designers to exploit and engineers to

implement, which could be summarized into three main points:

1. The azimuth resolution of a SAR system is completely independent of the distance
between the radar and the target scene. So long as the transmitted pulse has
enough power not to be confused with noise on its return, two points far off by at
least this amount will be resolved, whether the platform is 10 km above the ground

or 10.000 km.

2. The azimuth resolution is now tied directly to the antenna’s length in azimuth -
and reducing its length improves resolution. It is an unintuitive statement, as one
would expect the antenna to increase for this to occur. Designers avoid reducing
too much the length of the antenna in the along-track line, however, as a short
antenna leads to a broad main lobe on the power irradiation pattern, leading to

much spurious power returning in the form of Range and Azimuth Ambiguities.

In the case of TerraSAR-X, with an azimuth antenna length of 4.8 meters, the azimuth

resolution of a SM acquisition is around 2.5 meters.

The advantage of the Stripmap mode is the size of the acquired scene. With a wide
swath of 30 km in TerraSAR-X, as well as an indefinite length in along-track, a sizeable
coverage can be obtained with reasonable image quality - low amount of ambiguity power

due to little to no antenna squint and decent resolution overall.

The disadvantage is not being able to harness ultra-high resolution that other modes

are capable of, such as Circular SAR or Staring Spotlight, which will be the next topic.

3.4.2 Spotlight

While Stripmap maintains its antenna pointing to a fixed angle position, the Spotlight
technique does the opposite. As one would expect, an imaging radar must image a specific
region, therefore it is intuitive to argue the antenna should always point towards this

particular landscape.

This is precisely what the Spotlight mode does - it steers the antenna so it always points
to the same region, regardless of the movement of the platform. Fig. 3.11 illustrates the

mode in action.
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FIGURE 3.11 — Depiction of a Staring Spotlight acquisition, where the antenna keeps steering towards a
particular landscape in spite of the movement of the platform.

This is a clever strategy, since maintaining the beam footprint always at the same
location increases the illumination time of all points in the landscape of interest. Ad-
ditionally, the illumination time of the points on the ground is virtually arbitrary, as it
depends on how much time the antenna is steered towards the scene. Theoretically, if an
antenna could handle such steering, the resolution in the azimuth direction could go as

high as possible. It will be shown, still, why this is currently not possible.

One key note to be raised is that the Spotlight Mode can be subdivided into two
different main groups: Staring Spotlight (ST) and Sliding Spotlight (SL). The former
has the antenna pointing towards a scene center located precisely on the ground, while

the latter points towards a virtual rotation center beneath the surface.

From this point onward, this thesis will solely focus on Staring Spotlight when Spot-

light mode is concerned.

When it comes to ST, the illumination time of the scene is given by the interval of time
between the initial instant where the antenna starts pointing towards the scene, and the

final one where it stops such steering. Fig. 3.12 displays the geometry of such scenario.

The azimuth antenna angle at which the radar starts emitting pulses towards the
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FIGURE 3.12 — Geometry of a Staring Spotlight acquisition, in function of the steering limit angles.

ground is ag;,, and it is determined by restrictions that are intrinsic of the design. For
TerraSAR-X, which implements Array Antenna technology with 12 irradiators spread
over 4.8 meters, the conventional limit for the azimuth antenna angle to start steering is
2.2°. Any further from this threshold leads to an irradiation pattern where Grating Lobes
emanate more power than Main Lobes, directing power to non-intentional spots on the

ground and leading to high ambiguity power interfering with the scanned scene signal®.

This is precisely the reason why it is not possible to illuminate indefinitely a region
and therefore acquire it with outstanding resolution - a Grating Lobe would form,
leading to spurious power mapping other regions of the surface that would overlap with
our intended scene. Even if this were addressed, there would be other limitations, such
as SNR levels plummeting when the platform is too far away, or the curvature of Earth

itself would restrict the maximum azimuth angle limit.

Setting the limit of ag,, Fig. 3.12 shows that the scene is illuminated until the

platform finishes its traversal of Ax;.

According to the geometry of the schematic, we can say:

Az, = 2R tan g, = v Ty st

5The limits of Spotlight were defined for TerraSAR-X in (J. Mittermayer S. Wollstadt; Scheiber, 2014).
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This leads to the illumination time of the Staring Spotlight mode.

2Ryt im
TisT = S tm :n a (3.21)

In expression 3.13, we obtain the resolution of the Spotlight mode.

Mo Ro 1
205 2Rp tan oy,
Vs

dsT =

A

= 3.22
4 - tan oy, ( )

| OsT

It is notable, once again, how the resolution in azimuth is independent from the dis-
tance between the platform and the ground - so long as the satellite traverses more to

complete the arc of 2 - ay;,°.

With TerraSAR-X (TSX) specifications, operating in X-Band with a wavelength of
0.03 m and «y;, = 2.2, the azimuth resolution with the use of Spotlight acquisition is

dstrsx ~ 19.5 cm.

When comparing it with the SM resolution:

2.5
~— = 12.
dsm /st 09 5,

Osnm

.'.5ST - m .

Spotlight is capable of extracting 12.5 times better resolution than Stripmap, which

is a considerable improvement in quality.

While impressive, the best theoretical resolution for TerraSAR-X is still far lower -

around dcgap ~ 0.75 cm

The main disadvantage of Staring Spotlight is the size of the image. The azimuth
length of the acquisition is always limited to the beam footprint in the along-track direc-

tion, which is roughly determined by:

A
AL =~ Roea ~ ROL_a .

For TerraSAR-X, this amounts to A; = 3.6 km at most. However, the full performance

6The formulation of 3.22 is an approximation to the simplified geometric scenario elaborated in this
thesis, and does not constitute the closed formula. It is only valid for small scenes and small ay;,, angles.
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image usually does not utilize the whole extension of the beam footprint, commonly being
restricted to 2.5 - 3.0 km.

A final downside of the Staring Spotlight is the fact that it is rarely useful to acquire
an ST image that is not a square. Since the swath width is far longer than the azimuth

length, this creates a square image that is limited to the shorter edge.

For comparison, a Stripmap acquisition done using TerraSAR-X can encompass areas
of 400 to 900 km?2. Staring Spotlight, on the other hand, works with areas of 6.25 - 9.0

km? at most.

This area extension is extremely limited for ultra-high resolution imagery in wide
coverage. If TerraSAR-X wanted to map a landscape previously scanned using SM mode,
but now utilizing ST mode, it could take as long as 216 hours (or 9 days) to do what

Stripmap could achieve in some minutes, due to the orbit round trips.

If we are able to enlarge the azimuth length - suppose we double it - not only would
the area increase proportionally by maintaining a fixed length on swath width, but we
could even increase it to match the extended azimuth length. We could increase the area
of the acquisition 2-4 times just by finding a reliable method to double the azimuth length,
increasing a typical ST coverage to 12.5 - 25 km?, not just 6.25 km?.

This extremely limited coverage of conventional Spotlight modes in general could be
tackled, using new emergent techniques to solve this conundrum of area x resolution and

extend the size of the Staring Spotlight acquisition.
In the next chapter, the Extended Staring Spotlight will be proposed.

For a deeper dive in Synthetic Aperture Radar, we suggest the reading of (Curlander;
McDonough, 1991).



4 Extended Staring Spotlight

The goal of this Bachelor Thesis is to provide a method of acquiring a larger area
of acquisition while not sacrificing resolution in the process. As previously explained,
increasing the illumination of a region amounts to maintaining it in the beam footprint

for longer intervals.

For a SAR embedded system whose trajectory is linear (or in orbit) the best resolution
achievable is obtained in the Staring Spotlight mode (ST), introduced in 3.4.2.

The first approach to extending the ST azimuth length (and therefore doubling the
covered area) would be to execute two consecutive Staring Spotlight acquisitions, one
right after the other, in such a way that the second acquisition has a ground image that
is juxtaposed, in azimuth, to the first one. This way, both frames, when combined, would
generate an extended image. However, as we’ll show in the next section, this is not

possible.

The following sections will detail the current problems with traditional imaging, how

can we overcome them, and the final product of the Extended Staring Spotlight.

4.1 Discontinuity in Traditional ST

Let’s analyze the possibility of acquiring two consecutive Staring Spotlight images,

with the effort of producing an ST image twice the size of a normal one.

As explained in 3.4.2, the resolution in along-track is dependent on «y;,,, the steering
limit for the antenna to turn. This limit varies from system to system, but in the case
of TerraSAR-X, it is «y;,, = 2.2°. Any further from this would degrade the image far too
much, as spurious power from ambiguous sources would interfere with the received main
signal - as explained in 2.5, this is due to the existence of Grating Lobes, which at this

angle will harness as much power as the Main Lobe.

So in order to maintain the resolution of Staring Spotlight, the radar must traverse
the whole course, from ay,, = 2.2° to —aus, = —2.2°. Any less from this will degrade

resolution, as it will reduce illumination time of the points acquired, and any more will
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infect the image with spurious power.

Fig. 4.1 depicts the necessary procedure to acquire two consecutive ST images.

-————

Azimuth

Range

ST

Aaz
e

FIGURE 4.1 — When acquiring two consecutive ST images, the satellite needs to steer completely within
its steering angle range, and only when it is finished doing so, it can point frontward to the next scene,
with the same starting angle as the first scene. This inevitably leaves a gap A,, between both scenes.

As shown, the consecutive ST acquisitions will leave a gap A,. between them.
This gap is obtainable by the geometry of the azimuth-range plane:
Oa
Aaz ~ 2R0(alim - _) .
2
The sine qua non condition to nullify the gap is given by 4.1.

Oq

Alim — E (41)

This creates a scenario where, in order to generate a continuous strip where two (or
more) images can be consecutively received, the total steering angle range would go, in
the scenario of TerraSAR-X, from 4.4° to 0.3°. This scenario is shown if Fig 4.2.

Range

ST

FIGURE 4.2 — Possible consecutive acquisition of two ST images. The satellites now travel a narrow path
during the illumination of a specific scene before imaging the next one, which heavily impacts resolution.
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This significantly reduces azimuth resolution - in fact, since the points on the scene
would be illuminated in a duration of a half power beam width angle, it would resolve the

same as a conventional Stripmap mode.

This concept on itself is not without merit, and it is explored to produce a different

type of concurrent acquisition mode - the Continuous Staring Spotlight (CST)!.

The current developments show that traditional imaging techniques cannot solve the
area-resolution conundrum in this case, meaning it is necessary to bring more powerful
tools to the table.

4.2 Concurrent Imaging

In 2014, it was initially proposed a new imaging method called Discrete Stepped Strip
(DI2S) in (Calabrese, 2014). This technique breaks the conventional imaging method of
acquiring images by altering the direction of emitted pulses mid-execution, alternating
between one direction and another. This method would eventually be called Concurrent

Imaging.

4.2.1 Core Concepts

Concurrent Imaging changes the proper functioning of the typical trains of transmis-
sion pulses sent to the ground. Consider Fig. 4.3. The imaging done of the scene is
constructed by sending multiple pulses to the ground, in such a way that these pulses
must all match their intended design schedule. In the case of SM, all pulses must be
sent as the antenna keeps a fixed angular position. In ST, all pulses are sent so that
the antenna keeps itself pointed towards a particular spot on the ground (scene center).
Until the intended acquisition is completely finished, the pulse emission routine does not

change.

L. F. S. R. Soares, J. P. T. Ribeiro, T. Kraus and M. Bachmann, "An Extended Staring Spotlight
Mode Enabled by Concurrent Imaging,” 2025 IEEE Radar Conference (RadarConf25), Krakow, Poland,
2025, pp. 508-513
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FIGURE 4.3 — Usual acquisition of a desired scene. All pulses emitted are following the schedule of one,
and one one, acquisition mode. In the case of Stripmap, all pulses are emitted at a fixed antenna angle,
while for Spotlight all pulses are emitted focusing on one, and only one, scene center.

However, the use of Concurrent Imaging challenges this idea. Let’s imagine the situ-
ation now displayed in Fig. 4.4. The moving satellite desires to map two different spots,
both of them being available in the current trajectory. If it utilizes a fixed set of train
pulses, as did the satellite in Fig. 4.3, it will only be able to acquire one scene, and then
it will have to come back to map the remaining one. But if it alternates the emission of
pulses - sending one pulse towards Scene 1, then the next towards Scene 2, and so on - it

will be able to map both scenes during the same flight window.

Essentially, what we’d have would be:

e If the pulse emitted is of Odd order (1,3, ...,2n — 1;n € Z*), it is executing an SM

acquisition on Scene 1.

e If the pulse emitted is of Even order (2,4,...,2n;n € Z*), it is executing an SM

acquisition on Scene 2.

So long as the signals arrive at convenient instants (which can be calculated previ-

ously), the concurrent acquisition is possible.

The rapid alternation between two or more beam directions is made possible due to
the usage of electronic antenna systems such as the Planar Antenna Array, discussed
in 2.3. The ability of switching directions thousands of time per second is possible by
altering the phase step (A¢p) of the input current on each irradiator of the array. This

leads to a shift in the phase (¢y), altering the value of the antenna composite angle psi,
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leading to a different gain diagram, whose main lobe will focus on a different direction
(G(a, B)). In other words:

Agy! — o)) — W — Gi(a, ) |
Acbg] o gbf] — Uy — Go(a, B) .
A fast switch would not be possible if the embedded SAR antenna was an electrome-

chanical system, as the quick rotations could either break the pivots, heat the friction

zones and damage the equipment, or simply not be sufficiently fast enough.

This is a game changer in SAR technology, as it allows a SAR system to acquire

different areas of interest on Earth’s surface without the need of a second or third trip.

Altitude

Tx Tx
Rx Rx

FIGURE 4.4 — Representation of a dual acquisition. Instead of mapping solely one scene with all the
available pulses, the hardware sends interleaved pulses - one towards C; and one towards Cs - being then
doable to acquire two scenes at the same time.

Another important point to stress about Concurrent Imaging is how it isolates the
modes among themselves. While there will be side effects one must take into account
when designing a concurrent acquisition?, each Rx pulse acquired from a specific mode is

concerned solely with the acquisition parameters of itself - the acquisition strategy used,

2The main problem to be addressed is the emergence of Odd Ambiguities - spurious power which is an
ambiguity of another scene, not the focused one at the scanning instant. This emerges from the existence
of two different Tx pulses within the same PRI, each imaging a different region on the ground. There will
be ambiguous regions on Earth’s surface whose timing of Mode 2 will interfere the the scene acquired by
Mode 1, and vice-versa.
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the interval between two Tx pulses solely of the scene in this mode, its echo window

interval etc.

It is also possible, in theory, to leverage multiple modes in tandem, not just two.
The general rule for acquiring N scenes within the same path is given by the following

implication.

k, pulse <= ((k — 1) mod N + 1), scene, k € N* (4.2)

However, in literature there has only been usage and extensive research on Concur-
rent Imaging done with two modes in tandem, as managing three or more concurrent

acquisition modes becomes far more complex than just two.

4.2.2 Limitations on Concurrent Imaging

While a powerful tool, Concurrent Imaging has some trade-offs to it that must be

analyzed before jumping to it as a solution to parallelize acquisitions.

1. If a designer wishes to acquire N different scenes concurrently, all with the same
Pulse Repetition Frequency (PRF), it will be necessary to increase the number
of pulses emitted N times (hence, increase the total PRF N times as well) - if not

done so, each mode will be scanned with % times the repetition frequency expected.

For example, if a designer wishes to scan two regions on the ground, both at PRF =
5000 Hz, the embedded radar system will need to generate a composite PRF (total
number of pulses per second, regardless of the scene the pulse is imaging) of PRF
= 10000 Hz.

This comes with its list of hurdles that may need to be overcome.

e This may be struggling to deliver for some systems. TerraSAR-X, for example,
has its frequency oscillator limited at circa 7 kHz for acquisition purposes.
Hence, if a designer wishes to image two landscapes concurrently, each can be
framed with an individual PRF of at most 3.5 kHz.

e Another important issue relates to the Echo Window in the transmission time
frame. As PRF increases, so does the number of transmission pulses that
populate a given interval. This leads to the reduction of the echo window of a
given mode, which by itself reduces the maximum swath width of the acquired
scene. Concurrently acquiring two landscapes doubles the PRF, which itself
halves the available echo window for each scene and, therefore, its maximum

swath width achievable.
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2. While theoretically possible, it is not practical to leverage more than two modes

(scenes) in Concurrent Imaging, unless in extremely niche and simple use cases.

3. Concurrent Imaging is not capable of imaging any two scenes - both their Rx

signals need to arrive at the proper instants, following mainly three conditions:

(a) The received signals mustn’t interfere with transmission pulses (Tx Interfer-

ence).

(b) The received signals mustn’t interfere with any Nadir signals® (Nadir Interfer-

ence).

(c) The received signals should not interfere with each other. This is a general
condition, as in the case of only two concurrent modes there are some techniques
which do allow signal interference, such as sending up-down Chirp pulses and
de-correlate them when received - however, we will not consider this in our
work (M. Villano; Moreira, 2018).

4. As will be later shown, scanning two scenes at the same time will heavily the quality

of the acquired images due to ambiguity power, which increases considerably.

All of these conditions must be taken into account when designing a concurrent ac-
quisition, and the design must be carefully done beforehand to see whether it is feasible

or not.

Each specific case must be analyzed with care, as different scenarios lead to multiple

variants.

With Concurrent Imaging explained, we will talk about utilizing it to extend the

conventional Staring Spotlight mode.

4.3 Extending the Staring Spotlight

It was seen in 4.1 how it is physically impossible to use continuously the same antenna
beam to scan two azimuth-juxtaposed scenes in Staring Spotlight. In 4.2, it was discussed
how we are able to leverage Concurrent Imaging and its ability to change the direction
of the pulse mid-flight. We are now in conditions of solving the discontinuity problem of

Staring Spotlight with the use of Concurrent Imaging as a support technique.

3Nadir signals are spurious and time-narrow pulses which come from the reflection of transmission
pulses on the ground right at the Nadir line. Even if the antenna gain in the Nadir direction is low, the
incidence angle is small enough that almost all power reflects towards the satellite, becoming too strong
to be negligible.
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4.3.1 The Extension Method

If we wish to enlarge the total covered area in the azimuth direction, instead of con-
secutively acquiring a first then a juxtaposed second scene, we acquire concurrently two
scenes that are juxtaposed in azimuth and have the same elevation angle, as Fig. 4.5

depicts.

3

Altitude

FIGURE 4.5 — Concurrent acquisition of two Staring Spotlight modes. The scenes 1 and 2 (red and blue)
are juxtaposed azimuth-wise, but maintaining the same elevation angle. Note how scene 1 and scene 2
receive pulses in an interleaved manner. The beams from earlier and later positions of the platform were
drawn less vibrantly to avoid pollution.

However, blindly imaging two jointed scenes is careless. As a satellite moves by to
initiate its concurrent imaging process, it will only start to acquire any of the images if it
has an angle within ST imaging range. In other words, if a(t) = agi,, then the focused
scene will start receiving pulses. There are two scenes that need to be acquired in ST.
If the satellite, at the very moment it forms an azimuth angle of a;(t) = ay, with the
first scene center, starts imaging both scenes concurrently, this will present a problem -
acquiring both simultaneously at this instant will force the azimuth angle with the second
scene center - as(t) - to be greater than «ay(¢). This leads to as(t) > y, during an
interval of the flight at entrance. Conversely, at the exit of the acquisition, the value of

aq(t) will be bigger than the limit for another interval, until as(t) = ayip,.
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This is a serious issue - for some considerable portion of the concurrent ST imaging,
both images will be infected with considerable ambiguity power, as the antenna will be
out of their intended steering angle ranges. Grating Lobes with higher power gain than
Main Lobes will redirect emitted power to unintended regions of the surface, such that

these regions will overlap with the intended signals.

One remedy of this would be doing the opposite - only starting the concurrent ST
acquisition if the inner-most scene has its center at an azimuth angle of «y;,,. In other
words, starting the movement at entrance when as(t) = ay;;, and finishing the scan when

a1 (t) = Qim.-

While partially the answer, this on itself would also not be optimal. At entrance, Mode
1 would need to start at a lower azimuth angle than the steering limit of conventional ST,
and so would Mode 2 at exit. As stated in 3.21, the illumination time of all points on the
scene is strictly dependent on the azimuth angle of start and finish, and 3.22 shows how

resolution worsens as illumination time decreases.

The correct approach on how to extend ST acquisitions in a concurrent manner is:

1. At entrance, Mode 1 activates at a;(t) = aim, but Mode 2 remains turned off. In

this phase, only scene 1 is being ST imaged.

2. When as(t) = qim, turn on Mode 2. Both scenes are being ST acquired via Con-

current Imaging.

3. At exit, at some point a;(t) = —ayim, even though as(t) is still within azimuth angle
steering range. At this instant, turn off Mode 1, but keep Mode 2 running. At this
phase, only Mode 2 is kept up, only scene 2 is ST acquired.

4. At last, when as(t) = —ayim, turn off Mode 2.

In a more concise reasoning, at the beginning and at the ending of the ST imaging, the
radar should perform a conventional Staring Spotlight for scene 1 and scene 2, respectively.
Otherwise, both are being concurrently acquired. Fig. 1.3 displays the steps previously

written.

With these guidelines, we can say we extended the ST without leaving any gaps.
Henceforth, it is an Extended Staring Spotlight (EST).

4.3.2 Technical Analysis

The next steps after defining a reliable procedure to enable the EST mode revolve

around studying the consequences and trade-offs of it.
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There are three main consequences of utilizing EST for an enhanced imaging of the

ground landscape.

1. With the increase in acquiring modes, as previously established in 4.2, the available
interval in each echo window to accommodate received signals is reduced by half.
This could be a problem for other acquisitions, but in the particular case of Staring
Spotlight acquisitions, this does not pose a problem. With TerraSAR-X as refer-
ence, the available echo window of a traditional acquisition can accommodate scenes
with swath widths up to 30 km. Halving it by doubling the PRF would still leave 15
km of maximum swath width available for any acquisition. For the same satellite,
ST imaging may use swath widths as up to 7.6 km (although, as said earlier, it
usually enforces 2.5-3.0 km so acquire a square-shaped image). Overall, the size of
the extended image in the range direction would not be reduced. Hence, doubling
the amount of scenes and the azimuth length of the total acquisition does double

the total acquired area.

2. The amount of Range Ambiguities increases dramatically. This is the main quality
trade-off when switching from conventional ST to EST - while the azimuth resolution
is maintained and the size is doubled, the ambiguity power on the scene can increase

to the point of the image being completely unusable.

3. The availability of EST acquisitions with a bare minimum quality is not guaranteed
for all antenna directions. It depends on the size of the desired image, at which
incidence angle 6; is the landscape located, and the quality threshold desired by the
designer - that is, how much ambiguous power overlapping with the intended image

is considered acceptable.

Much more importantly, the timing analysis - checking whether the received signals
fit within their respective echo windows - is much tighter than conventional imag-
ing methods, forcing us to adopt a thorough investigation to find parameters for

achievable acquisitions.

4. The division of one composite pulse into two pulses presents a design cross-roads:
should the designer utilize two transmission pulses, each with the same duty cycle
(1,) as if each were acquired with a single pulse? Or should one pulse be time-
divided into two, giving more space to echo windows at the cost of total energy
emitted, thus reducing the total SNR of both pictures?

All the items in the technical analysis lead us to propose a general methodology on

how to generate a valid EST acquisition.

The step-by-step methodology is proposed in the next section.
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4.4 Methodology

There are five main steps which need to be performed in order to obtain an EST

product:

1. Timing Analysis - at which PRFs and pulse formats the intended scene can be

acquired from a timing perspective;

2. Range Ambiguity assessment - the amount of ambiguity power coming from regions
on the ground whose reflected signals have their return coincident with the returning

signals of the focused scene.

3. Azimuth Ambiguity assessment - the amount of ambiguity power coming from spots
on the ground whose frequency is equal, in module, to the frequency of the main

scene.

4. Ambiguity Signal Ratio threshold - given a threshold of acceptable levels of am-
biguity power onto the scene, filter all the PRFs which do not achieve an spurious

ambiguity power below this threshold.

5. Take the PRF whose ambiguous power is the smallest of all collected, extract-
ing therefore the parameters which provide the best EST image of all under its

geometrical restrictions.

The goal of these steps is to verify the feasibility of the Extended Staring Spotlight,
and under which conditions it is doable. For all possible incidence angles which fit the
range of a given satellite (in the case of TerraSAR-X, the full-performance angle range
would be 20° < 0; < 45°), we verify whether there is a valid PRF which provides an
acquired image with no interferences and acceptable ambiguous power levels. If it is, then

we consider to be possible an EST acquisition for that particular incidence angle.

We'll discuss the implementation of each step of the general methodology, first in-
troducing the techniques for conventional acquisitions and then adapting them to the

scenario of Concurrent Imaging, and especially to the EST mode.

4.5 Timing Analysis

A typical timing analysis in conventional SAR imaging involves studying the return
signal and its time width in the echo window, asserting the Rx signal respects two main

goals:
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1. No Tx Interference - the received signal must not overlap with a transmission pulse;

and

2. No Nadir Interference - the Nadir signal and the received signals must not overlap.

4.5.1 Conventional Timing Analysis

Nadir signals are the result of the reflection of the emitted pulses onto the ground at
the foot of the Nadir line. Fig. 4.6 illustrates their origin. They need to be accounted for
- in spite of the low gain attributed to a signal sent in a direction so far-off the main lobe,
it is still relevant. The reason behind this comes from the fact that, since the emitted
wavefront will be reflected at very low incidence angles (6; ~ 0° — 3°), almost all of the
emitted power reflects back to the radar, even if the gain attributed to it is low. Nadir
interference occurs whenever a Rx signal has its power overlapping with the received power
of a Nadir beam. In order for an echo window to accommodate a Rx signal without Nadir

interference, it must not overlap with Nadir.

ry . h
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FIGURE 4.6 — Image depicting the emergence of Nadir beams. Since pulses propagate in spherical
wavefronts, they will hit the ground in all available positions, regardless of gain. In the case of Nadir
beams, they are the first to return to the system, but since their incidence angle is so low, most of the
energy emitted is transmitted back with the Rx pulse, in spite of the low gain associated with it.

In summary, an achievable acquisition is that which satisfies both of these conditions:
no Tx or Nadir overlapping with the Rx pulse. An example of a valid timing schematic

can be seen in Fig. 4.7, where the received pulse has no intersection with either the
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transmission pulse (hence, free of any kind of transmission interference) or the Nadir

signal (hence, no Nadir interference).

Tx-Rx Diagram: PRF=6000, n_1 = 0, duty cycle=18.0%
1.0
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FIGURE 4.7 — Diagram of a transmission pulse schedule and its echo window. The blue rectangle
corresponds to the transmitted pulse, with a duty cycle of 18% and PRF=6000 Hz, the large indigo
rectangle accounts for the received signal from a scene on the ground, and the narrow purple rectangle is
the Nadir received pulse. The Rx pulse doesn’t overlap with the transmission pulse, and Nadir does not
overlap with the Rx pulse as well, aside from the tail-end 7, (dashed line), which is dismissed in pulse
compression.

Of course, in order to prepare an acquisition, a designer needs to be aware before-
hand which parameters are capable of obtaining the desired landscape. In a conventional

acquisition setting, a Timing Diagram is constructed.

The Timing Diagram is a map which meshes two different plots: the first is the locus
of all PRF values which cannot acquire a particular scene due to transmission interference,
and the second locus is the set of PRF values which are unfit for acquiring a scene due to

Nadir interference, and these loci are evaluated for all incidence angles.

Fig. 4.8 displays a simulated Timing Diagram for a system such as TerraSAR-X, at
519 km from the surface of the Earth, imaging a region close to a mountainous region

such as Mount Everest.

If a designer wishes to acquire, for example, a scene at #; = 40° and PRF = 5000
Hz, the diagram must be checked at those coordinates. In this case, neither the red line
(Nadir Interference) nor the green line (Tx Interference) intercept the point, so no case of

interference happens - it is a valid (0;, PRF) pair for acquisition.
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FIGURE 4.8 — Timing Diagram of availability of scene acquisition for a given pair of (§;, PRF), stretching
from 15° to 60° of incidence angle and 1000 Hz to 6500 Hz of PRF. The red lines represent the pairs where
there will be Nadir interference, while the green lines do the same but for the Tx Interference. Any blank
space is a valid zone to start a conventional imaging technique, from a timing perspective alone. Notice
the distortion around 34° - this is the region of higher terrain on the ground, such as Mount Everest.
This simulation is a proof of concept only, as conventional mountains would not distort the diagram this
much. We use a proof-of-concept topographic model of Earth, where terrain variations such as mountains
are present, with an ellipsoidal approximation of the WGS84 computational model of the planet.
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Timing Diagrams, for conventional imaging, are useful tools to verify the feasibility
of an acquisition for the whole span of incidence angles. They embed within them both
interference sources and give to the designer a clear view of the routes to be taken to

obtain a scan of the Earth’s surface.

In the case of Concurrent Imaging, and more specifically our Extended Staring Spot-
light, we need to be more careful, as now there are twice as much transmitted pulses and

Nadir callbacks we need to address.

4.5.2 Concurrent Timing Analysis

When addressing availability in Concurrent Imaging, one must understand it is not
solely a matter of doubling the amount of transmission interference and Nadir interference
loci in a conventional Timing Diagram. There are mainly two new challenges to overcome

when acquiring scenery concurrently - Scene Overlap and Cross-Nadir interference.

Scene overlapping is the phenomenon where the received signals from different modes
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- Rx 1 and Rx 2, in our case - mix themselves in the echo window. If the same rules of
conventional imaging were to be applied, we could have two Rx signals interfering with
one another whilst not being subject to Tx or Nadir interferences, hence this acquisition

would be considered acceptable, which is not the case.

Similarly, Cross-Nadir interference is the process of having a Nadir signal from one

mode interfering with the Rx signal of another mode.

Both scene overlapping and cross-Nadir interference can be solved if leveraging Chirp
Decoupling®, although it will only solve scene overlapping and cross-nadir interferences
in Concurrent Imaging acquisitions of at most two operating modes. We ignore this

possibility in this thesis.

Henceforth, we need to make sure the two Rx pulses do not overlap neither themselves
or repeat the previous interferences. Fig. 4.9 shows an example of an acceptable EST
acquisition, where there are two ST images azimuth-wise juxtaposed, each acquired by its

respective mode.

In Fig. 4.9, notice how each transmission pulse of each respective mode yields only
9% of duty cycle for their transmission pulses (Tx 1 and Tx 2), instead of the expected
standard of 18% duty cycle for a conventional acquisition. This was done to provide more
space within echo windows and therefore allow more regions to be mapped on Earth’s

surface.

Recalling 2.24, halving the transmission pulse duty cycle comes at the cost of halving
the SNR of the target image, since only half of the usual energy is being emitted to a
particular mode than usual. We chose to do so since SNR levels are far easier to address

if too low, not being considered necessary to analyze in the methodology of this thesis.

4Chirp Decoupling is a powerful technique which decorrelates received signals by mixing them with
an Up or Down Chirp. If the received signal comes from a transmission pulse whose signal uses an up
chirp, it can be passed through an Up-Chirp filter and be reconstructed, while neglecting an overlapping
signal emitted with a Down Chirp pulse, and vice-versa. Due to time constraints, we did not leverage
Chirp Decoupling in the thesis.



CHAPTER 4. EXTENDED STARING SPOTLIGHT 91

Tx-Rx Diagram: PRF=3000 Hz, n_1 = 0.5, duty cycle=9.0%
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FIGURE 4.9 — Transmission diagram of a EST acquisition. Both scenes have a 5 km swath width,
acquired at an incidence angle of 6; = 37°, with PRF=3000 Hz and 9% duty cycle for each Tx pulse.
There are no Tx nor Nadir pulses overlapping with any receiving signals, and each pulse is locked within
a echo window. Each mode has an echo window that occupies 50% of the PRI (aside from the Tx Pulses).

4.5.3 Asymmetrical Concurrent Imaging

The scenario of Fig. 4.9 shows a symmetrical concurrent imaging, where both modes
share an equal amount of the whole period (50 % for each echo window). But in Con-
current Imaging, however, there is one last possibility to be accounted for - the scenario
where Modes 1 and 2 have disproportionate echo windows. In a Pulse Repetition Interval

(PRI) of, say, 1000 us, Mode 1 may use 300 pus and Mode 2 may use the remaining 700
[LS.
This is the scenario of asymmetrical concurrent imaging, where Mode 1 and Mode 2

have each a fraction of the total PRI of the combined period. Let n; be the fraction of

the PRI reserved for Mode 1. In this case, for asymmetrical imaging:

m_ ™
m l—m

#1<=n #05.

This asymmetry also impacts availability, since too narrow of a window for one mode
may not be able to fit the whole scene of its respective mode, while leaving too much

space for the other mode.

Asymmetrical concurrent imaging is an important feature when designing a concurrent
acquisition - especially of two different scenes. Preserving a larger portion of the echo

window to one mode may allow a larger image to be scanned in one mode than what a
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symmetrical pulse share would allow, while also being possible to image a second smaller

scene.

And as will be shown, setting non-symmetrical values to a pulse share of one mode
can also redistribute ambiguity power between two scenes, especially in scenarios such
as EST. While using a pulse setup where 7, = no = 0.5 will bring an acceptable and
equal ambiguity power for both scenes, setting 71 = 0.48 and 7, = 0.52 may lead to lesser

spurious power levels for mode 1, while increasing it for mode 2.

There are situations where this level of control may be useful, such as when imaging
coastlines with EST. Regions with wide water bodies are far more susceptible to be visually
dubious, as spurious power from the continent will overlap with regions such as oceans and
lakes, leading to both landscapes meshing up. Fig. 4.10 displays a Stripmap acquisition
done by TerraSAR-X of Pitima, in Brazil®.

FIGURE 4.10 — Picture of a Stripmap acquisition of the city of Piima, in Brazil, obtained by TerraSAR-
X. Many bright spots can be seen outside of landmass, due to the ambiguous signals coming from the city,
which overlap with the received signal of the ocean. This is an example of the necessity of minimizing
ambiguity power as much as possible in SAR acquisitions. This image was extracted from (Ribeiro, 2021)

5J. P. T. Ribeiro, Concurrent Imaging Mode Design and Performance Prediction for Experimental
SAR Acquisitions using TerraSAR-X, p.72.
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If such regions were to be acquired leveraging EST, one could reduce the amount of
ambiguous power on water bodies by shifting 7; from 0.5 to 0.48, for example. This would
increase ambiguity on the landmass portion of the extended scene, but reduce it on the

water, which is visually more sensible - leading to a visually richer acquisition.

Due to the importance of analyzing assymetrical imaging, thence, instead of building

a Tx Diagram, where the input parameters are PRF and 6;, we build PRF Maps.

4.5.4 PRF Maps

PRF maps are diagrams which indicate the pairs of (n;, PRF) that can acquire the
scenes in tandem. They represent the locus of such pairs which are able to acquire
two concurrent scenes, in their respective incidence angles 6;; and 6,2, with no sort of

interference whatsoever.

In Fig. 4.11, we build a PRF map for an EST acquisition (where both scenes have the
same elevation, just juxtaposed in azimuth) where the extended scene has a 5 km swath

width at an incidence angle of 6; = 27°.
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FIGURE 4.11 — Map of all the points which are capable of imaging an EST image at 6; = 27°, with a
swath width of 5 km (blue). Note how the majority of pairs which are able to concurrently acquired two
ST images lie in the n; = 0.5 axis.
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PRF maps are more convenient to build than Timing Diagrams when operating con-
current modes, as a designer may prefer to check, for a given 6;, which configurations of a
composite pulse will be able to acquire two scenes at once, given their placement on the
ground. Additionally, as will be shown, one may iterate through all the (n;, PRF) pairs
where the acquisition is feasible to check whether the quality of the image at a particu-
lar pair is acceptable. In many cases, one may find other configurations of pulses which

extract better images than the most trivial ones.

For every EST (or any Concurrent Imaging product), we need to build the diagram of

Fig. 4.11, if either the swath width or the incidence angle changes.

Knowing which (n;, PRF) pairs enable the extraction of an EST product, now it
becomes necessary to analyze how does the acquisition fare in terms of image quality -
which to this thesis mainline revolves around calculating the spurious ambiguity power
that each scene is infected with. By checking the amount of spurious power that overlaps

with the image, we can deduct if it is able to use it.

When analyzing the total ambiguity power that is added to the target image power,

the first step is extracting the range ambiguity throughout the scene.

4.6 Ambiguity Power

Although we mapped all the available points for a concurrent acquisition from a timing
perspective in 4.5.4, this only provides information on whether the received signal could
be feasibly accommodated within an echo window - if the received signal interferes with
Tx or Nadir pulses. It does not verse on the quality of the image acquired, which is a
critical point of concern when scanning a particular region of the ground and extracting

an image out of it.

When ordering an acquisition, the designer must be aware of the obtainable levels of
quality. In other words, the amount of spurious power interfering with the target image
power must be known before ordering a satellite to point its antenna towards the region

and start an EST (or any other kind of concurrent imaging technique).

The chosen method to assess and compute the amount of ambiguity power is the
calculation of Ambiguity Signal Ratio (ASR).

ASR encompasses the total amount of ambiguity power, whether it comes from RASR
or AASR. For each valid pair (n;, PRF) of a PRF map, we compute the total amount of
spurious power throughout every pixel of the extracted image and check if it exceeds a
determined threshold. If it does, in any pixel of the image whatsoever, the acquired image

is deemed not sufficiently acceptable, hence this specific (1, PRF) pair is discarded.
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If all pixels of the acquired image fit the minimum threshold, then the (7;, PRF)
pair is deemed acceptable, and the worst ASR value of the entire image is associated

with its respective pair.

The worst ASR value is used as a metric to better inform a potential client. If one
wishes to utilize a satellite to acquire an EST product under certain parameters, it is
necessary to know which is the worst pixel of the acquired image, and if it fits a minimum
threshold of quality. This is helpful to know, as it is a way of being certain that all of the

image has a quality of at the very least the worst value presented.

When analyzing the total ambiguity power that is added to the target image power,

the first step is extracting the range ambiguity throughout the scene.

4.6.1 Range Ambiguities Assessment

For every pair of Fig. 4.11, we create a frame (grid) of pixels to represent the image to
be acquired. For each pixel, we calculate the total RASR using 3.15 and 3.16. By using
3.15, we are able to calculate which are the points on Earth’s surface that emit interfering
pulses, and their associated antenna gain. Via 3.16, the total RASR generated by all

range ambiguities on the ground.

The generated image grid is built as represented in Fig. 3.6. For each resolution pixel,
an RASR value is calculated and associated to it. Fig. 4.12 shows a simulation of the

RASR values for a specific image of the ground, in a grid of 400 by 400 pixels.
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FIGURE 4.12 — Simulation for the RASR of an Extended Staring Spotlight image, which is 2.5 km in
azimuth and 5.0 km in elevation (only half of the scene is present). This was collected for an incidence
angle of §; = 27°, 71 = 0.5, and PRF = 5000 Hz. In the particular case of this simulation, a grid of
400x400 pixels was built, and each one is associated with a specific value of RASR. All values of ambiguous
power are in dB.

For the simulation of Fig. 4.12, the worst RASR value is -25.4 dB. So we take note
and associate the pair (n;, PRF) = (0.5, 5000 Hz) to -25.4 dB in the PRF map of Fig.
4.11.

This procedure is repeated for every single pair which provides timing availability in
Fig. 4.11, and the result is displayed in Fig. 4.13.
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FIGURE 4.13 — PRF map of Fig. 4.11, with each pair of parameters associated with the worst extractable
RASR value of the EST image (first half of the extended scene). The EST acquisition is done at 27 degrees
of incidence angle and has a swath width of 5 km.

This iteration generates a complete PRF map with all RASR values extracted for that
particular direction of acquisition (f; = 27°) and acquisition swath width (5 km). Note
that the map was extracted for the first half of the extended scene (first 2.5 km azimuth-
wise), as the diagram for the remaining 2.5 km is the same as Fig. 4.13, but mirrored
around the 77 = 0.5 vertical line. This behavior concerns all subsequent maps built in
this thesis - RASR, AASR or ASR.

4.6.2 Azimuth Ambiguities Assessment

In similar fashion to what is done to range ambiguities, we must analyze the behavior
of Azimuth Ambiguities and their power spread throughout the scene. After this is done,
we grab the worst value displayed on the grid, and associate it to the respective (1, PRF)

pair.

Fig. 4.14 depicts the result of a simulation which executes an Extended Staring Spot-
light, with 5 km swath width and 5 km of extended azimuth length (only the first 2.5 km
are shown), at 0; = 27°. We utilize n; = 0.5 and PRF = 6500 Hz for this example.
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FIGURE 4.14 — Distribution of ambiguous power (AASR) coming from azimuth ambiguities throughout
the first half of the extended scene. The AASR is shown in dB, and it is approximately symmetrical at x
= 0, since range differences in distance do not alter the influence of azimuth ambiguities. The worst values
of azimuth ambiguities will always be symmetrically at the boarders. For this particular simulation, the
worst AASR value of the whole grid is -24 dB.

For this particular scenario, the worst AASR value throughout the whole scene is
around -24 dB. We associate this value with the respective (1, PRF) = (0.5, 6500 Hz).

As done in the previous section, we do this procedure for every single pair of (1,
PRF) in the correspondent PRF map that can accommodate the EST acquisition at the

detailed specifications of swath width, extended azimuth length and incidence angle.

The result is the image in Fig. 4.15, where all pairs in the PRF map are associated

with the worst extracted AASR value encountered throughout their respective pixel grids.
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FIGURE 4.15 — AASR map built from associating every pair of Fig. 4.11 with the worst AASR value
extracted from the respective image grid. For any kind of Staring Spotlight acquisition, as PRF increases
the AASR quality of the image tends to increase. Note how the AASR value does not change with a
variation of 7.

In the case of AASR, since azimuth ambiguities come from a coincidence in frequency,
changing 7, only alters the shape of the pulse in time, but the frequency experienced from
each mode is the same, regardless of it. Hence, Fig. 4.15 shows no variation of AASR due

to a modification of 7;.

4.6.3 Ambiguity Signal Ratio

Having both RASR and AASR calculated, we now sum both of them to obtain the
general Ambiguity-to-Signal Ratio (ASR)°.

The reader may have realized how RASR maps and AASR maps, although similar,
do change in behavior reasonably. The former is not symmetrical to 7;, while the latter

is. In the same manner, the former degrades as PRF increases, whilst the latter does the

6We incur in a small error when summing directly the values of RASR and AASR for a specific (11,
PRF). This imprecision arises from the fact that the position on the scene where the worst value of RASR
is located does not necessarily match the position of worst value of AASR on the same grid. The total
ASR calculated will be, thence, a bit bloated, but it is sufficient for the proof of concept of this thesis.
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opposite. This leads to a situation where the total ambiguity power will be minimal at
the core of an EST ambiguity map. In other words, the designer will need to evaluate a

sweet spot for the acquisition to be fruitful.

ASR measures the total ambiguity power regardless of its origin. This is important,
since when concerning image quality, any kind of ambiguity will mesh the intended image

to be acquired with overlapping, non-desirable scans of different spots on the ground.

Fig. 4.16 depicts the ASR map - the combination of RASR map (Fig. 4.13) and AASR

map (Fig. 4.15) - where the total amount of ambiguous power is computed.
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FIGURE 4.16 — ASR map, obtained by summing all ambiguities which overlap with the intended scene
(RASR and AASR maps are combined). Notice how almost all points on the map yield far too high of
an ambiguity power to be considered suitable to an acquisition, since the majority of them are in the
red-orange color scheme. Still, there is a wide collection of points with reasonable quality (yellow-green
range) which can be utilized to acquire an EST product as specified.

It is noticeable in Fig. 4.16 how almost all pairs are not suitable for an EST acquisition.
This is natural, since in this methodology we are summing both kinds of ambiguity power.
In particular, ASR becomes far too high for high PRF values - due to an increase in the
number of range ambiguities - but also for low PRF values - due to an increase in azimuth
ambiguities and narrower processing window. In other words, there will be more chance

of encountering a suitable (7, PRF) pair on the map if we analyze it around its core, in
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the yellow zones.

The final step is filtering the whole ASR map, using a specific threshold of maximum

spurious power tolerable as metric.

If at the very least one pair remains after filtering, then the Extended Staring
Spotlight acquisition is considered doable at that 6; with the required specifications of

swath width and extended azimuth length.

4.6.4 Threshold filtering

ASR on itself is unavoidable, but it can be minimized. SAR-equipped systems tend
to establish a maximum amount of accepted ambiguity power for an image to be deemed
suitable for commercial purposes. TerraSAR-X, for example, establishes a limit of -17 dB
for AASR power and -20 dB for RASR power.

In this thesis, in order to simplify the analysis and attest the proof of concept of the

Extended Staring Spotlight, we’ll sum both ambiguity criteria as a common threshold.

ASRthr - RASRHW ‘l— AASRHW y
ASRy,, = —17 dB+ —20 dB

ASRthr,TSX ~ —15.2dB .

We’ll approximate the ASR threshold to -15.5 dB, with this being the maximum
amount of ambiguous power for an image to be considered acceptable. However, we’ll
run the analysis with -17 dB as the threshold which ensures an image to be of decent

quality, not just acceptable.

Therefore, for every (n;, PRF) pair on the ASR map of Fig. 4.16, we’ll check whether
the total ambiguity power detected is lower or higher than -17 dB. If it is higher, this pair

will be excluded from the collection, not being considered suitable for an EST acquisition.

The result of this analysis is shown in Fig. 4.17.
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FIGURE 4.17 — Collection of pairs whose ambiguity power is lower than -17 dB, therefore being considered
suitable for an EST acquisition of 5 km swath width, 5 km extended azimuth length, at 6; = 27°.

Fig. 4.17 displays all pairs whose undesired power is less than -17 dB when compared
to the target scene’s received power. In other words, it is the locus of the EST acquisition

for that particular set of geometric parameters: 5 km swath width, 5 km extended azimuth
length, and 6; = 27°.

However, as it is clear, not all these pairs have the same ambiguity power. Some are
more suitable, while others are more spurious. Which point will be selected depends on

many constraints, such as:

e The maximum composite PRF the satellite system is capable of producing;

e Whether the designer wishes to reduce ambiguities on one half of the extended scene,

but doesn’t care much about the ambiguity levels on the second half of the extended

scene;

In general, it is in the best interest of the client to extract the best quality in general
(both halves of the extended scene), so the pair to be extracted would be whichever PRF
that minimizes ASR at 1, = 0.5. In the particular scenario of Fig. 4.17, at §; = 27°, 5
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km swath width and 5 km of extended azimuth length in an EST acquisition, it would be
(m, PRF) = (0.50, 5680 Hz), yielding -19.6 dB in ASR throughout the whole extended

scene.

If, however, it is in the interest of the designer to minimize ASR in the first half of the
extended scene, thence one must pick the pair on the filtered ASR map that yields the
lowest ASR value, as such map refers to the ASR calculated to the first mode of the EST
acquisition. In Fig. 4.17, this would be the pair (n;, PRF) = (0.46, 5680 Hz), yielding
-19.9 dB in ASR in the first half of the extended scene (mode 1), but leading to a -18
dB ASR level on the second half of the extended scene (mode 2).

4.7 Implementation

The core implementation of the methodology exposed is established for all possible

incidence angles of an acquisition spectrum.

For TerraSAR-X, its full-performance of acquisition is done at the range of incidence
angles from 20° to 45°, according to its product specifications”. To study the feasibility
of the Extended Staring Spotlight, we’ll use this range as a benchmark, checking for all
possible incidence angles within this range whether an EST acquisition attempt yields

fruitful images.

The general results are presented in the next chapter.

"TerraSAR-X Basic Product Specification, DLR, 2013.



5 General Results

The main purpose of this work is to prove the feasibility of the Extended Staring
Spotlight as an acquisition technique, aiming to double the azimuth length of the acquired
image and the total area of the acquisition when compared to a conventional Staring

Spotlight mode.

In order to do so, we’ve established a workflow as a methodology to analyze whether a
given scene - which measures 5 km in swath width and 5 km in extended azimuth length in
our test-bench scenario, but could measure differently - could be acquired at a particular
incidence angle 6;, with ideally less than -17 dB of ambiguous power overlapping with the

target image signal.

With a given workflow ready for a particular 6;, all there is left is to analyze at which
angles the Extended Staring Spotlight technique yields decent acquisitions, providing to
an interested client or designer the possibility of executing this new mode for imaging
larger areas than conventional ST, but with its high resolution and with decent levels of
ambiguity power. Additionally, we keep track of the parameters of such acquisitions (7,
PRF, ASR) to inform the client of which input parameters must be used to achieve the
desired quality level of ASR.

Using the full-performance range of incidence angles of TerraSAR-X (SM mode angle
range), we simulate all the parameters and quality data as detailed in the methodology

workflow for all incidence angles between 20° and 45°, at a step of 0.5°.

After simulation, the core results are subdivided into four main tables. Table 5.1
displays the ASR and necessary PRF values for each incidence angle when utilizing n; =
0.5 (symmetrical concurrent imaging), from 20.0° to 35.0°, while Table 5.2 shows the
results from 35.5° to 45.0°. Table 5.3 compiles the data for a designer who wishes to
minimize ASR in the first half of the extended scene - that is, using any 7, values which
extract the best possible quality, regardless of distribution throughout the extended image
- from 20.0° to 35.0°, while Table 5.4 continues the data from 35.5° to 45.0°.



CHAPTER 5. GENERAL RESULTS 105

0; | PRF [Hz] ASR [dB]
20.0 8000 244
205 7960 -23.9
21.0 8060 -21.0
215 8060 -20.1
220 6640 -23.0
225 6640 -18.0
23.0 6640 -23.7
235 6620 -23.5
240 4040 -15.5
245 6620 -18.2
250 6680 -17.9
255 6620 -21.8
26.0 6600 -20.8
265 6600 -16.0
27.0 5680 -19.6
275 5140 154
28.0 5660 -19.5
285 5180 -16.0
20.0 4940 -18.3
205 4500 -16.2
30.0 4900 -18.7
30.5 4860 -18.7
3.0 4980 174
315 4820 -18.1
320 4940 -18.0
325 4860 -17.7
33.0 4020 -15.9
335 4320 -17.6
340 4340 17.5
345 4340 -17.5
35.0 4320 -17.0

TABLE 5.1 — Table results of simulations for an EST acquisition, with 5 km of swath width and 5 km
in total azimuth length. Until 35°, the ambiguity quality is below the minimum quality threshold of -17
dB. Precision: (An;, APRF, AASR = £+0.01,+10 Hz, +0.2 dB).
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0; | PRF [Hz] ASR [dB]
355 4320 -17.0
36.0 3880 -16.4
36.5 3880 -16.3
37.0 3600 -16.0
37.5 3600 -16.0
380 3540 -15.7
385 3620 -15.5
39.0 3600 154
39.5 3580 -15.1
400 3560 -14.9
405 3300 145
410 4340 17.5
415 3300 -14.1
420 4320 -17.0
425 3260 -13.6
430 3240 -13.2
435 3180 -12.6
440 3260 -12.4
445 3020 -11.9
450 3320 7.5

TABLE 5.2 — Table results of simulations for an EST acquisition, with 5 km swath width and 5 km
total azimuth length. After 35°, the ambiguity power struggles to hit the quality threshold of -17
dB, and after 40° not even the minimum tolerable limit of -15.5 dB. Precision: (An;, APRF, AASR =
+0.01,4+10 Hz, +0.2 dB).
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0, ) m PRF[Hz] ASR [dB]
20.0 045 8100 -26.2
205 046 7960 -25.8
21.0 048 8060 -23.1
21.5 048 8060 -22.1
220 045 6660 -24.8
225 048 8100 -19.3
23.0 046 6640 -25.3
235 046 6620 -25.2
240 06 4560 -16.2
245 048 6620 -18.6
25.0 048 6680 -18.8
255 048 6620 -23.1
26.0 047 6600 -22.2
265 044 5160 -16.0
27.0 048 5680 -19.9
275 046 5140 -15.8
28.0 048 5660 -20.0
285 046 5180 -16.1
20.0 046 4940 J18.7
29.5 044 4500 -16.3
30.0 048 4900 -18.9
305 05 4860 J18.7
3.0 046 4340 -17.8
315 046 4820 -18.4
320 048 4940 -18.2
325 048 4860 -18.4
33.0 048 4020 -16.1
335 048 4320 -17.8
340 048 4340 -17.8
345 048 4340 -17.8
35.0 048 4320 17.5

TABLE 5.3 — Table results of simulations for an EST acquisition, with 5 km of swath width and 5 km
in total azimuth length. This table displays the necessary 7; to achieve maximum image quality at the
first half of the extended scene, but not for the entire picture. Until 35°, the ambiguity quality is below
the minimum quality threshold of -17 dB. Precision: (An;, APRF, AASR = +0.01,+10 Hz, +0.2 dB).
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0, ) m PRF[Hz] ASR [dB]
355 048 4320 17.5
36.0 048 3360 -16.6
36.5 048 3360 -16.5
37.0 048 3600 -16.1
375 048 3600 -16.1
380 048 3880 -15.9
385 048 3620 -15.8
30.0 048 3600 -15.7
305 048 3580 -15.5
40.0 048 3560 -15.2
405 048 3300 -14.8
410 048 4340 -17.8
415 048 3280 -14.4
420 048 4320 175
425 05 3260 -13.6
430 048 3240 -13.2
435 05 3180 -12.6
440 05 3260 -12.4
445 05 3020 -11.9
450 052 3320 7.6

TABLE 5.4 — Table results of simulations for an EST acquisition, with 5 km of swath width and 5 km in
total azimuth length. This table displays the necessary 77 to achieve maximum image quality at the first
half of the extended scene, but not for the entire picture. After 35°, the majority of sampled incidence
angles does not fit the quality threshold of -17 dB. After 40°, the minimum threshold of -15.5 dB is not met
as well, aside from some specific directions. Precision: (Any, APRF, AASR = +0.01, £10 Hz, £0.2 dB).

The subdivision of the full-performance range of TerraSAR-X into two different sec-
tions (20°-35°, 35°-45°) is done not just to fit the tables within page template (officially),
but also show more clearly the distinction between two different trends in the EST ambi-

guity power yield.

Until 35°, aside from some exceptions, all incidence angles respect the quality threshold
of -17 dB, with particular attention to the [20°, 23.5°] and [24.5°, 26°] ranges, which provide
the best quality of ASR by far, below the -20 dB of ambiguity power - or less than 1% of

spurious power overlap.

However, after the 35° incidence angle mark, the levels of ASR struggle to meet the
minimum -17 dB quality threshold, excluding some niche exceptions. After 40°, even the
minimum tolerable limit of -15.5 dB is not sufficiently met, leading to unacceptable levels

of spurious power.
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Fig. 5.1 summarizes in a plot the general trend of the Extended Staring Spotlight
in terms of minimum extractable ASR for all the incidence angles within TerraSAR-X’s

full-performance angle range.

=7.57 —— Best ASR
Tendency

—-10.07 __ 155 dB (TSX)

—12.51

ASR [dB]
o
~
wv

—22.57

—25.01

20 25 30 35 40 45
Incidence Angle [deg]

FIGURE 5.1 — Best extractable ASR (in blue) utilizing the Extended Staring Spotlight method to acquire
an extended scene of 5 km swath width by 5 km composite azimuth length, for all incidence angles within
TerraSAR-X’s full-performance span. The data is presented along with a tendency curve (in orange),
which depicts the upward trend of the ambiguity power. The minimum threshold of -15.5 dB (in red)
is satisfied by all incidence angles below 40°, proving the feasibility of the EST method for a variety of
scenarios.

Fig. 5.1 shows how all incidence angles up to 35° (with a few exceptions) yield EST
images with less than -17 dB of overlapping ambiguity power, and almost all until 40°
respect the minimum threshold of -15.5 dB.

We can say, therefore, that the Extended Staring Spotlight mode is feasible, allowing
a client to request twice the same amount of area than what a conventional Staring
Spotlight technique would yield, while maintaining high resolution and containing am-

biguity power to a tolerable amount, which was the goal of this thesis.

Additionally, the necessary parameters to achieve such levels of quality are documented
in Tables 5.1, 5.2, 5.3, and 5.4, providing the ways of acquiring EST products that resemble

the quality levels simulated.



6 Conclusion

In this thesis, the Extended Staring Spotlight was presented. The extension of the
azimuth length and acquired area to twice the size of the conventional Staring Spotlight

mode can be done while preserving its high resolution.

For many incidence angles within the range of 20° < 0; < 45°, a test workflow was
implemented for each incidence angle analyzed, for an extended scene of 5 km swath width

and 2 x 2.5 km of extended azimuth length.

Due to the limitations of TerraSAR-X, an acquisition of the Extended Staring Spotlight

would not be feasible, so all data were simulated.

The simulated data showed that, for an acquisition height of 519 km, all angles up to
40° present less than -15.5 dB of ambiguity power (roughly 3% of spurious power), and
most until 35° yield less than -17 dB (or 2% of spurious power). Finally, with some care

to oscillation, the 20°-24° incidence angle range yields less than -20 dB (1%).

The results demonstrate the practical feasibility of the Extended Staring Spotlight
as an acquisition method, being able to acquire twice the coverage of the traditional ST

method but still yielding acceptable to excellent levels of image quality.

All the necessary pulse configurations for these quality parameters being extractable
were compiled in Chapter 5 for the particular case of TerraSAR-X, located at 519 km of
Earth’s surface, for the 5 x 5 km scene proposed. This compilation allows a designer to
reproduce these experiments under these restrictions, although for different constraints
the methodology of Chapter 4 needs to be applied from the beginning for all incidence

angles of interest.

Further possibilities for this work could include Cross-Nadir interference filtering tech-
niques, to acquire more (7;, PRF) pairs and achieve better performance. Another possi-
bility is to analyze the variations, such as an Extended Sliding Spotlight (ESL) or a deeper
study into the Continuous Staring Spotlight (CST), both commented in the conference

paper!.

L. F. S. R. Soares, J. P. T. Ribeiro, T. Kraus and M. Bachmann, “An Extended Staring Spotlight
Mode Enabled by Concurrent Imaging,” 2025 IEEE Radar Conference (RadarConf25), Krakow, Poland,
2025, pp. 508-513
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